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Introduction

The journey of a patient suffering from end-stage organ fail-
ure is usually full of pathophysiological alterations and psy-
chosocial challenges. The perspective of organ transplantation
brings about its own host of trials. Rates of anxiety and
depressive disorders in this population are equal or higher
than those in patients with other chronic medical conditions
[1, 2]. If not identified and treated appropriately pre- or post-
transplant, anxiety and depressive disorders may negatively
impact graft and patients’ morbidity and mortality outcomes
[3]. Neurocognitive disorders are common pre- and post-
transplant [4-7]. These disorders can be exacerbated by
exogenous substances as well as by other comorbidities and
need to be recognized and appropriately treated in order to
increase adherence to treatment, optimize quality of life, and
improve graft and patient survival [3].

As with any other medically ill patient requiring psycho-
pharmacological interventions, medication choices derive
from a careful and comprehensive psychiatric and medical
history, a complete mental status examination, collection of
collateral information whenever possible, review of pertinent
tests, and arrival to a psychiatric diagnosis and differential.
In transplant patients, given the severity of their organ failure
as well as the possibility of multiple comorbidities, the phar-
macological management of psychiatric disorders requires
special considerations, including pharmacokinetic, pharma-
codynamic, drug-drug interactions and attention to specific
medical issues.
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Basic Pharmacological Concepts
Pharmacokinetics

Pharmacokinetics describes the processes and transforma-
tions medications undergo in the human body, including
absorption, distribution, metabolism and elimination of the
drugs and their metabolites.

Absorption

Drug absorption refers to the rate at which a pharmacologi-
cal compound leaves the site of administration and reaches
the systemic circulation. Bioavailability refers to the per-
centage of the drug that successfully arrived to the systemic
circulation compared to the initial given dose. It depends not
only on the drug preparation but on the multiple factors that
interfere with absorption in each individual situation.
Absorption of a drug requires its pass through cell mem-
branes. Lipid soluble and non-ionized drugs are more easily
absorbed than hydrophilic and ionized compounds. The oral
route is the most common, inexpensive, and convenient
means of drug administration. Most drug absorption from
the gastrointestinal (GI) tract occurs by passive diffusion. An
orally administered drug reaches the portal vein circulation
after crossing the gastric or duodenal enterocyte and the
endothelium of the capillary portal vein. The portal vein will
carry the drug to the liver. However, the drug may undergo
biotransformation at the intestine and the liver prior to reach-
ing the systemic circulation. This process known as the first
pass decreases drug bioavailability. Other routes of adminis-
tration, such as the intravenous and sublingual, obviate the
process of absorption, hence avoiding hepatic and intestinal
first-pass elimination. Drugs that undergo extensive first-
pass metabolism require a higher dose when given orally
compared to intravenous administration. Factors that alter
drug absorption include the surface area for absorption, the
physical state of the drug (solid, solution, suspension), its
water solubility, the drug concentration at the absorption site,
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the presence of food, the presence of other drugs, gastric pH
changes, vitamin D deficiency, changes in gastric emptying
and intestinal motility, vomiting, intestinal flora, splanchnic
blood flow, and the presence of intestinal edema. Additionally,
the activity of enterocyte and hepatocyte membrane-
embedded transporters such as the ATP-binding cassette
(ABC) transporters can block the entrance of substrate drugs
into the intestinal wall or into the hepatocyte, thus decreasing
drug absorption.

Drug Distribution

Once a drug reaches the systemic circulation, it is distributed
throughout the body and its compartments. Factors that alter
drug concentration and distribution to tissues and fluids
include blood flow, nutritional state, membrane permeability,
as well as drug characteristics such as lipophilicity or hydro-
philicity, drug pH, and protein-binding capacity. The term
volume of distribution refers to the relationship between the
total amount of drug in the body and the concentration of
drug measured in a biological fluid. The volume of distribu-
tion seems larger for lipophilic drugs (most psychotropics)
as these drugs are sequestered into lipid compartments, ren-
dering low serum levels. The opposite takes place for hydro-
philic drugs as they have high serum concentrations, hence,
lower volumes of distribution. However, if edema is present,
this causes expansion of the extracellular volume and may
increase the volume of distribution of hydrophilic drugs,
leading to lower serum concentrations.

Drug Metabolism

Drug metabolism refers to the biotransformation of drug
compounds into more polar, water-soluble, and inactive mol-
ecules that could then be eliminated via urine, bile, or stool.
This biotransformation is accomplished by the metabolic
enzyme systems largely found in the liver and the intestinal
wall, particularly in the smooth endoplasmic reticulum of
enterocytes and hepatocytes but also in the intestinal lumen
and intestinal microbiota. Metabolic reactions are organized
in phases 1 and 2. Phase I reactions are catabolic and involve
oxidation, reduction, and hydrolysis processes. The cyto-
chrome P450 (CYP450) mono-oxidase system contributes to
the large majority of phase 1 reactions. Some benzodiaze-
pines, such as lorazepam, oxazepam, and temazepam, do not
undergo phase 1 metabolic reactions. Phase 2 reactions are
anabolic and involve conjugation reactions, in which water-
soluble molecules are added to a drug or metabolite, leading
to inactive and polar products easily excreted in the urine.
They include glucuronidation, sulfation, and methylation
[8]. The activity of phase 1 and 2 enzymes can be induced or
inhibited by co-administration of other substances, including
drugs, foods, and smoking. Enzyme induction or inhibition
can result in lower or higher than desired drug or metabolite
levels, potentially causing serious clinical consequences.

Additionally, intestinal microorganisms, which include
anaerobic bacteria and yeasts, coexist in the human intestine
and participate in non-oxidative drug biotransformation
reactions such as reduction, hydrolysis, decarboxylation,
dehydroxylation, dealkylation, dehalogenation, and deami-
nation. Medications that alter the equilibrium of the gut
microbiota canin turn alter the metabolism of co-administered
drugs substrates of microorganism enzymes [9, 10]. Other
factors that affect drug metabolism include the presence of
portosystemic shunts, the quality of the splanchnic blood
flow, as well as individual enzyme variations. Recent atten-
tion has been given to alterations in the function of CYP450
enzymes by the presence of chronic kidney disease via direct
uremic toxins or via inhibition of their expression [11-13].

Elimination
Most drugs and their metabolites are eliminated as polar
hydrophilic compounds in the urine. A smaller portion of
drugs are eliminated via the hepatobiliary system in the
feces. Membrane-embedded transporter systems have an
important role in drug elimination. These transporters are
present in the intestinal cells, in the hepatocytes, in the renal
tubule cells, in the capillary endothelial cells of the blood-
brain barrier, as well as in other tissues. Membrane transport-
ers are divided in two superfamilies: solute-linked carrier
(SLC) transporters and ATP-linked cassette (ABC) trans-
porters. P-glycoprotein (P-gp) belongs to the later family and
is also known as ABCBI1 for ATP-binding cassette B1 [14].
When substrate drugs arrive to the intestinal lumen, ABC
efflux transporters located in the apical brush border can
expel them back to the intestinal lumen. In the enterocyte,
substrate drugs undergo phase 1 and 2 metabolism and are
subsequently transferred to the portal capillary system.
Portal blood carries drugs or their metabolites to the liver. At
the hepatocyte level, drugs and their metabolites are trans-
ferred by influx (mostly SLC) transporters from the basolat-
eral border to the cytoplasm where the drug undergoes phase
1 and 2 metabolic reactions. The drug metabolites are then
transferred mostly via ABC transporters to the bile through
the apical border of the cell and then delivered to the duode-
num. In the small intestine, drugs can be reactivated by
microbiota enzymes and then reabsorbed (enterohepatic cir-
culation) or eliminated in the feces. For example, lorazepam
is conjugated in the liver to its inactive metabolite, loraze-
pam glucuronide. This compound may be excreted in the bile
to the intestine, where B-glucuronidase breaks the ester link-
age and converts it back to lorazepam, which in turn can be
reabsorbed to the portal circulation or eliminated in feces.
The elimination of drugs or their metabolites through the
kidney takes place through glomerular filtration, active tubu-
lar secretion, and passive tubular reabsorption. Factors limit-
ing glomerular filtration of drugs include molecular size and
albumin binding. Only unbound drugs pass freely from
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plasma in the glomerular capillary to the glomerular filtrate.
Membrane transporters located in the proximal tubule
including SLC transporters and ABC transporters including
P-glycoprotein secrete drugs into the filtrate. In the proximal
and distal renal tubules the non-ionized fraction of the weak
acids or bases is passively reabsorbed. The ionized fraction
of the drug remains in the filtrate and is excreted in the urine.
Additionally, some drugs undergo active reabsorption to the
main circulation via membrane transporters located in the
distal tubular lumen.

Pharmacodynamics

Pharmacodynamic processes refer to the drug effects on the
organism, including the intended and therapeutic, as well as
the side effects. Drug effects derive from the interaction
between the drug and its receptors and can be altered by the
presence of other drugs and medical conditions. Psychiatric
medications usually act on multiple receptors; hence poten-
tiation of the effects of other nonpsychiatric drugs is com-
mon. For example, amitriptyline is a tricyclic antidepressant
which increases the synaptic concentration of serotonin and
norepinephrine in the central nervous system by inhibition of
their reuptake at the presynaptic neuronal level. However,
amitriptyline also has anticholinergic effects, and its concur-
rent use with diphenhydramine, a histamine HI antagonist,
can increase the risk for side effects, including drowsiness,
xerostomia, blurry vision, constipation, and delirium.

Post-transplant Psychopharmacological
Issues

The administration of psychiatric medications following
organ transplantation should derive from careful review of the
patient’s overall medical status, the graft function, the level of
functioning of the absorbing, metabolizing and eliminating
organs, as well as the potential drug-drug interactions, partic-
ularly with immunosuppressant agents. Unfortunately, some
post-transplant patients suffer primary graft failure requiring
early re-transplantation, while others may suffer delayed graft
functioning, requiring close monitoring and medication dose
adjustments. Once the transplanted organ assumes normal
physiological functioning, and proper absorption, metabo-
lism, and elimination are established, medications could be
prescribed at their regular doses. Acute rejection occurs in
approximately 20% of liver transplant patients in the first
6 months after surgery [15], in 10% of intestinal transplant
recipients within the first month [16, 17], in up to 60% of kid-
ney transplant patients in the first 6 months, and in up to 50%
of heart transplant patients within the first year [16]. Acute
graft rejection usually requires more aggressive management

with immunosuppressant agents [18], including high-dose
steroids, which themselves can cause a wide variety of neuro-
psychiatric symptoms.

Initial postoperative psychopharmacological interven-
tions usually focus on management of delirium and neuro-
psychiatric side effects from immunosuppressants, as well as
treatment of anxiety related to perceived traumatic perioper-
ative events such as intense uncontrolled pain, intubation,
inability to communicate, and the use of restraints. Following
the acute recovery phase, additional indications for psycho-
pharmacological interventions include the presence of anxi-
ety and/or depressive symptoms interfering with recovery,
adjustment to medications side effects, decreased appetite,
and insomnia. Long-term, post-transplant patients have to
deal with the fear of rejection, body image issues, acceptance
of role changes, financial concerns, hospital bills, cravings
for smoking, alcohol or other substances, as well as re-
hospitalizations in the context of organ rejection or
immunosuppression-related complications. These include
neurocognitive impairments, serious infections, increased
cancer risk, and compromise of kidney function in some
cases leading to initiation of renal replacement therapy.
Mental health professionals caring for transplant patients
need to be alert to patients’ post-transplant biopsychosocial
changes and adaptations. Additionally, it is important to
understand basic aspects of immunosuppressants commonly
used in post-transplant patients in order to confidently recog-
nize their psychoactive side effects, as well as recommend
and prescribe psychiatric medications when needed.

Immunosuppressants

Important nonspecific immunosuppressant side effects
include weight gain, hypertension, diabetes, and dyslipid-
emias [19, 20]. These comorbidities are important to con-
siderwhendecidingontheadditionofapsychopharmacological
agent, given that many psychotropics are associated with
weight gain and metabolic syndrome.

Corticosteroids

Steroids play an important role in transplantation at various
stages, including induction, maintenance, and management
of rejection. Steroids bind to glucocorticoid-responsive ele-
ments in DNA preventing the transcription of cytokine genes
and receptors. They also decrease cell-mediated immunity
and T-cell activation. Methylprednisolone, prednisolone, and
prednisone are substrates of CYP3A4. At high doses gluco-
corticoids inhibit and at low doses induce CYP3A4. Several
psychiatric drugs are either inducers or inhibitors of
CYP3A4; therefore, drug-drug interactions are expected
when used concurrently [20]. Common neuropsychiatric
side effects of glucocorticoids include agitation, anxiety,
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cognitive impairments, delusions, delirium, euphoria, hallu-
cinations, as well as personality changes [21]. The most vali-
dated risk factor for these side effects is the dose, particularly
doses higher than 40 mg per day [21]. Other risk factors
include blood-brain barrier damage, hypoalbuminemia and
co-administration of CYP 3A4 inhibitors [21]. On the other
hand, depressed mood, fatigue, mania, and delirium can
occur upon withdrawal of steroids [21-23].

It is important to educate patients and caregivers regard-
ing the possibility of steroid-induced neuropsychiatric
adverse effects including changes in mood and cognitive
abilities. A history of mood disorders as well as previous
neuropsychiatric adverse reactions to steroids alerts the cli-
nician about the need to consider prophylactic interventions.
Unfortunately, there is a paucity of well-powered random-
ized controlled trials informing on the efficacy and safety of
specific agents for this purpose. Similarly, the literature on
the treatment of steroid-induced neuropsychiatric disorders
is based on multiple case reports and small trials. For steroid-
induced mania in the transplant population, the reduction
and discontinuation of the steroid dose are not always pos-
sible, and the temporary addition of a neuroleptic such as
olanzapine could be considered a first step [21, 24, 25]. In
this case, the monitoring of glucose control should be empha-
sized. The use of lithium is second choice due to nephrotox-
icity concerns in the presence of calcineurin inhibitors and
potential co-administration of diuretics. Antiepileptics can
also be used, including valproic acid and gabapentin [24,
26]. Benzodiazepines can also be helpful, particularly clon-
azepam [27].

Calcineurin Inhibitors (CNIs)

Tacrolimus and cyclosporine are the cornerstone drugs in
solid organ transplantation [19]. Although they are not chem-
ically related to each other, they have similar mechanisms of
action since they both bind to cytoplasmic isomerases that
are abundant in all tissues. Cyclosporine binds to cyclophilin
and tacrolimus binds to the immunophilin FK-binding pro-
tein (FKBP) forming complexes that inhibit calcineurin.
Calcineurin is a cytoplasmic phosphatase necessary for the
activation of a T-cell-specific transcription factor involved in
the synthesis of interleukins by activated T cells. CNIs are
highly lipophilic and undergo extensive first-pass metabo-
lism. They are substrates for the cytochrome CYP3A4,
CYP3AS, as well as the P-glycoprotein transporter.

Since these medications have pharmacokinetic and phar-
macodynamic variability, therapeutic drug monitoring is
routine. Low blood levels increase risk of rejection, while
high levels increase risk of adverse effects, including neuro-
toxicity, nephrotoxicity, infection, and neoplasias. Due to
individual variability, rejection as well as toxicities can occur
within therapeutic drug levels. The mechanism underlying
CNIs’ neurotoxic effects is not yet well understood, but it

may be related to the role of calcineurin in neuronal cell
functioning [28]. Tacrolimus and cyclosporine may cause
similar neuropsychiatric side effects, including agitation,
anxiety, cognitive impairment, depression, dysarthria,
fatigue, hallucinations, insomnia, lethargy, neuropathy, and
seizures [19, 29]. Both agents have also been associated with
the development of posterior reversible encephalopathy syn-
drome (PRES), a rare neurologic condition presenting in
approximately 0.5-5% of solid organ transplant patients
[30-32]. The characteristic clinical symptoms in post-
transplant PRES include seizures, headache, acute encepha-
lopathy syndrome, autonomic instability, and visual
symptoms, while magnetic resonance imaging (MRI) find-
ings consist of an abnormal and reversible increased signal in
the fluid-attenuated inversion recovery (FLAIR) images,
with characteristic distribution in the parietal and occipital
lobes, and less frequently in the posterior frontal, temporal
lobe, cerebellum, brainstem, thalamus, and basal ganglia
[33, 34]. Early diagnosis is important, although there is no
clear consensus regarding immunosuppressant management
in this context. Some studies recommend a decrease and
even a complete discontinuation of CNI and switching to
other immunosuppressant agents [35].

Long-term neuropsychiatric side effects of CNIs include
cognitive impairment and tremors [19].

In addition, the long-term use of CNIs can lead to nephro-
toxicity [19]. This emphasizes the need to monitor renal
function particularly when medications that do not undergo
liver metabolism and that are fully or almost fully eliminated
by the kidney are co-administered (i.e., gabapentin, amanta-
dine, lithium).

Cyclosporine

This agent is available for oral and intravenous administra-
tion. The oral absorption of cyclosporine is erratic and incom-
plete and depends on the presence of food, bile acids, and
gastrointestinal motility [36]. Cyclosporine is extensively
metabolized in the liver via CYP3A4, forming many metabo-
lites, and it undergoes extensive first-pass effect following
oral administration. In plasma, cyclosporine is both a sub-
strate and an inhibitor of CYP3A4 and P-glycoprotein. Given
that many psychiatric drugs are metabolized by CYP3A4,
there are multiple possibilities for significant drug-drug inter-
actions [29]. Psychiatric drugs that inhibit CYP3A4, such
as fluvoxamine, nefazodone, and fluoxetine, can increase
cyclosporine levels and risk of toxicity. On the other hand,
CYP3A4 inducers, such as carbamazepine, phenobarbi-
tal, and modafinil, can decrease cyclosporine levels risking
transplant rejection. Furthermore, since cyclosporine itself
is an inhibitor of CYP3A4, it can increase the levels of bus-
pirone, most benzodiazepines, iloperidone, quetiapine, and
ziprasidone. Additionally, P-glycoprotein inducers, such as
Hypericum perforatum (i.e., St. John’s wort), can also induce
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CYP3A4 [37] and thus reduce cyclosporine levels, increasing
risk of rejection. Since cyclosporine inhibits P-glycoprotein,
it can increase the bioavailability of several psychiatric medi-
cations including carbamazepine, lamotrigine, olanzapine,
phenytoin, paroxetine, quetiapine, risperidone, and venla-
faxine, among others. Cyclosporine can cause hyperkalemia
by decreasing potassium tubular excretion. This may be a
mechanism underlying its association with increased cardiac
arrhythmia risk [38]. Therefore, concurrent use of cyclospo-
rine and potentially arrhythmogenic psychiatric drugs needs
to be executed under careful monitoring.

Tacrolimus

Tacrolimus is available for intravenous and oral administra-
tion. Its oral absorption is incomplete and variable and also
reduced in the presence of food. Tacrolimus is highly protein
bound to plasma proteins: 99% is primarily bound to albu-
min and alphal acid glycoprotein. This CNI is metabolized
extensively in the liver via CYP3A4 to several metabolites.
Tacrolimus is a substrate of P-glycoprotein. It is also a sub-
strate and inhibitor of uridine 5’-diphosphate glucuronosyl-
transferase (UGT). Tacrolimus use can be associated with QT
prolongation [39, 40]. Given that many psychotropic agents
can prolong the QT interval [41] and that they often are sub-
strates and/or inhibitors of CYP3A4, caution is advised when
they are co-administered with tacrolimus. Close monitoring
of the electrocardiogram, tacrolimus levels, as well as serum
electrolytes including sodium, potassium, and calcium is
advised. Drug dosage reduction may be necessary.

Mechanistic Target of Rapamycin (mTOR)

Inhibitors

Sirolimus and everolimus exert their principal immunosup-
pressive effects by inhibiting the ability of the cytoplasmic
enzyme complex mTOR to regulate the growth, prolifera-
tion, and survival of lymphocytes and other immunocompe-
tent cells. Sirolimus and everolimus are metabolized in the
liver and intestinal wall by CYP3A4 and CYP3AS and, to a
minor extent, by CYP2CS8. They are both substrates of
ABCBI, while everolimus has inhibitory action on CYP3A4
and ABCB. Its metabolites are excreted primarily in feces.
Neuropsychiatric side effects include tremor, insomnia,
headache, and pain [42].

Polyclonal and Monoclonal Antibodies

Antithymocyte globulin (ATG) is a purified gamma globulin
obtained by immunizing rabbits (thymoglobulin) or horses
(Atgam) with human thymocytes [43, 44]. ATG induces
lymphocyte depletion in the periphery by complement-
dependent cell lysis. Premedication with steroids, acet-
aminophen, and/or antihistamine approximately 1 h prior
to infusion is recommended to minimize the antithymocyte
globulin-induced cytokine release syndrome, characterized

by fever, chills, and rigors, but can also include dyspnea,
nausea/vomiting, diarrhea, hypotension, hypertension, mal-
aise, rash, and headache The metabolism and elimination of
this drug is unknown. The principal neuropsychiatric side
effects of thymoglobulin include chills, pain, headache, mal-
aise, and anxiety [43, 44].

Basiliximab is a monoclonal antibody that blocks the
T-cell IL-2 receptor preventing IL-2-induced T-cell activa-
tion [45]. Basiliximab is a powerful induction agent, but it is
not used to treat acute rejection, as it does not cause lympho-
cyte depletion. Common neuropsychiatric adverse effects
include insomnia, fatigue, pain, headache, tremor, agitation,
anxiety, and depression [45].

Alemtuzumab is a monoclonal antibody that has profound
lymphocyte-depleting effects [46, 47]. It causes cell death by
complement-mediated cytolysis, antibody-mediated cyto-
toxicity, and apoptosis. Alemtuzumab causes a long-lasting
T-cell depletion, which prolongs infection and lymphoprolif-
erative disorder risks. Psychiatric adverse effects include
insomnia, anxiety, and suicidal ideation [46, 47].

Rituximab is a monoclonal antibody that binds specifi-
cally to a B-lymphocyte differentiation antigen on pre-B-
and mature B-lymphocytes [48]. Neuropsychiatric side
effects include anxiety, chills, delirium, depression, dizzi-
ness, fatigue, insomnia, migraine, myalgias, neuropathy, par-
esthesias, and pain [48].

Inhibitors of Purine Synthesis

Mycophenolate Mofetil

The active drug mycophenolic acid inhibits inosine-5'-
monophosphate dehydrogenase (IMPDH), a rate-limiting
enzyme in the purine synthesis. Mycophenolic acid sup-
presses the proliferation of T- and B-lymphocytes. Common
neuropsychiatric side effects include pain, headache, dizzi-
ness, tremor, insomnia, and anxiety [49].

Azathioprine

Azathioprine is metabolized to 6-mercaptopurine
(6-MP). 6-MP substitutes the purine base guanine in
RNA. Mercaptopurine ribonucleotides are incorporated
into RNA and halt DNA synthesis. The immunosuppres-
sive activity of azathioprine is due to its ability to inhibit
delayed hypersensitivity reactions and cellular cytotoxic
activity. Neuropsychiatric side effects include malaise and
myalgias [50].

Others

Belatacept is a selective T-cell costimulation blocker. This
medication is indicated for rejection prophylaxis in adults
receiving kidney transplant. Neuropsychiatric side effects
include anxiety, dizziness, headache, insomnia, pain, tremor,
and Guillain-Barre syndrome, and it has been implicated in
post-transplant lymphoproliferative disorder (PTLD) [51].
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Psychiatric Medications
Antidepressants

Antidepressants are commonly used in the transplant popu-
lation to assist in the management of various psychiatric syn-
dromes, including depression, anxiety, insomnia, pain, and
appetite stimulation.

Selective Serotonin Reuptake Inhibitors (SSRIs)
Among transplant patients, most SSRI studies have taken
place in patients with end-stage heart or kidney disease [13,
52-54]. As a family, SSRIs share some side effects.

SSRIs increase bleeding risk as they inhibit platelet acti-
vation and thus may increase bleeding time [55, 56]. This
can be particularly problematic in end-stage liver disease,
since patients with cirrhosis are prone to bleeding in the con-
text of coagulopathy, thrombocytopenia, and variceal forma-
tion. Additionally, platelet dysfunction can also be present in
patients with kidney failure. Many end-stage organ dis-
ease patients are managed with anticoagulants and/or aspi-
rin, and special caution needs to be taken when
co-administration of an antidepressant is needed.

All SSRIs can potentially prolong QT interval; therefore,
caution is needed in the context of predisposing medical con-
ditions and co-administration with other QT prolonging
drugs [41]. Of note, of the SSRI agents, citalopram is associ-
ated with the most QT prolongation [41]. In addition, SSRIs
have been associated with hyponatremia [57, 58]. The use of
SSRI agents has been associated with bone metabolism dys-
function; thus they may increase the risk for fractures.
Therefore, caution is required when use in the context of
chronic corticosteroid therapy [59]. Despite of these poten-
tial issues, SSRIs remain the first-line treatment for the treat-
ment of depression in transplant patients due to their superior
safety profile and less drug-drug interactions when compared
to other antidepressants [60].

Sertraline

Sertraline is well absorbed after oral administration. It is
98% protein bound and is metabolized by CYP3A4 to des-
methylsertraline [61]. At low doses the parent drug and its
metabolite cause weak inhibition of CYP2D6, which can
become clinically relevant at high doses [62, 63]. Sertraline
does not inhibit CYP3A4 in vivo [64], which is favorable for
patients taking immunosuppressant agents. However, at least
one study found an association of sertraline and increased
cyclosporine levels [65]. Sertraline elimination half-life
increases in the context of liver failure. Sertraline has been
helpful in decreasing pruritus in cholestatic jaundice patients,
which constitutes an added benefit in this clinical scenario
[66]. It has been shown to be helpful for sensation of dyspnea
in patients with chronic obstructive pulmonary disease [67].
In addition, sertraline has been helpful in reducing dialysis-

related hypotension which makes this medication appealing
in patients with difficulty tolerating dialysis [68]. Dose
adjustment is not recommended in kidney failure. However
in mild liver failure, it is advised to decrease the dose to half
of the usual. Furthermore, in moderate to advanced liver fail-
ure, sertraline is not recommended [69].

Citalopram

Citalopram is composed of S and R enantiomers. The S
enantiomer (escitalopram) is pharmacologically active.
Citalopram is absorbed rapidly following oral administration
and is metabolized by CYP3A4 and CYP2CI19 [61].
Citalopram is a weak inhibitor of 2D6, and concurrent
administration with metoprolol leads to increased levels of
the beta-blocker [70]. Citalopram has the Food and Drung
Administration (FDA) warning regarding its potential to pro-
long QT [41]. Citalopram is also the only agent that carries
specific recommendations, including a maximum daily dose
of 20 mg/day in patients suffering with hepatic impairment
or in those older than 60 years and a maximum 40 mg dose/
day in young and healthier patients [71], although the merit
of this warning has been debated [72].

Escitalopram

The S enantiomer of citalopram is rapidly absorbed follow-
ing oral administration. Escitalopram is 56% protein bound
[61]. It is metabolized by CYP2D6, 2C19, and 3A4 and
weakly inhibits CYP2D6 [61]. Dose adjustment is recom-
mended in hepatic and severe renal impairment [69]. QT can
still be prolonged by escitalopram, although to a lesser
degree compared to citalopram [41].

Paroxetine

Paroxetine is metabolized by CYP2D6, strongly inhibits
CYP2D6, and has a mild inhibitory effect of CYP2C9 and
CYP2C19 [61]. Paroxetine has significant anticholinergic
properties, which can contribute to many side effects, includ-
ing delirium and cognitive impairment. It has a relatively
short half-life, which may be associated with severe sero-
tonin withdrawal, upon abrupt discontinuation. In addition,
its use is associated with significant weight gain, as com-
pared to other SSRIs. In severe renal (creatinine clearance
<30%) and hepatic impairment, the manufacturer recom-
mends slower titration and lower maximum daily dosages.

Fluoxetine

Fluoxetine is metabolized by CYP2D6 and CYP2C9 [61].
Fluoxetine and its active metabolite, norfluoxetine, inhibit
CYP2D6, CYP2C9, CYP2C19, and CYP3A4 [61].
Fluoxetine has the longest half-life of all the SSRIs (i.e.,
7 days) [69]. In patients with severe impaired renal function,
additional accumulation of fluoxetine and norfluoxetine may
occur. Patients with liver cirrhosis require lower than usual
doses or less frequent administration intervals.
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Fluvoxamine

Fluvoxamine is metabolized primarily by deamination and
acetylation. Fluvoxamine is a substrate of CYP1A2 and
CYP2D6 [61]. This drug is a potent inhibitor of CYP1A2 and
exerts less inhibition of CYP2C19, CYP2C9, and CYP3A4.
There is limited information regarding its safety in kidney
and liver impairment. Due to its significant potential for inter-
actions, it is usually avoided in the transplant population.

Serotonin Norepinephrine Reuptake Inhibitors
(SNRIs)

SNRIs are chemically unrelated to each other. As in the case
of tricyclic antidepressants (TCAs), SNRIs inhibit serotonin
and norepinephrine reuptake [61]. However, in contrast to
TCAs, SNRIs do not have much affinity for other receptors.
In addition to their use in major depression, SNRIs may be
useful in the treatment of pain disorders. SNRIs are associ-
ated with increases in blood pressure and heart rate; there-
fore, caution is recommended in patients with hypertension,
cerebrovascular disease, and cardiac disease.

Venlafaxine

Venlafaxine is a potent inhibitor of neuronal serotonin and
norepinephrine reuptake and weak inhibitor of dopamine
reuptake [61]. Venlafaxine functions like an SSRI in low
doses and as a dual mechanism agent affecting both sero-
tonin and norepinephrine at doses above 225 mg per day.
Venlafaxine has a short half-life and is associated with
increased risk of serotonin withdrawal. Venlafaxine is metab-
olized by CYP2D6. Two cases of serotonin toxicity have
been reported in patients receiving venlafaxine and CNIs,
likely due to CNI-inhibitory effect of P-glycoprotein [73].
Dose reduction of venlafaxine is indicated in kidney and
liver impairment.

Desvenlafaxine

Desvenlafaxine is the major active metabolite of venlafaxine
[61]. Desvenlafaxine undergoes hepatic metabolism primar-
ily by conjugation and in less proportion by oxidation via
CYP3A4. Desvenlafaxine is a weak inhibitor of CYP2D6
and a weak inductor of CYP3A4; however, clinical studies
have not found clinically relevant interactions when this
medication is co-administrated with CYP2D6 and CYP3A4
substrates, at doses up to 100 mg/day. Desvenlafaxine dosing
needs to be adjusted in the setting of renal and hepatic
impairment [74].

Duloxetine

Duloxetine is metabolized by the liver, via CYPIA2 and
CYP2D6 into multiple inactive metabolites [61]. Duloxetine
is associated with increased risk of idiopathic hepatic failure
[75,76]. Duloxetine use should be avoided in hepatic impair-
ment and in cases of kidney failure with creatinine clearance
lower than 30 mL/min.

Milnacipran

Milnacipran is a SNRI that has been used in the treatment of
depression in Europe for many years but only approved in
the USA for the treatment of fibromyalgia. Milnacipran
undergoes hepatic metabolism and should be used with cau-
tion in kidney and liver impairment. Its dosage should be
reduced if the creatinine clearance is lower than 30 mL/min-
ute and its use is not recommended in end-stage renal dis-
ease. However, the manufacturer does not recommend dose
adjustment in case of hepatic impairment.

Levomilnacipran

Levomilnacipran is an enantiomer of racemic milnacipran.
Levomilnacipran is metabolized in the liver primarily by
CYP3A4 to inactive metabolites. Levomilnacipran is a weak
substrate of P-glycoprotein. More than half of the dose of
levomilnacipran is excreted by the kidney. Dosage adjust-
ment is needed in the context of renal impairment with cre-
atinine clearance lower than 30 mL/min.

Other Antidepressants

Mirtazapine

Mirtazapine has central presynaptic alpha,-adrenergic antag-
onist effects, leading to increased release of norepinephrine
and serotonin [61]. Additionally it is a potent antagonist of
5-HT, and 5-HTj; serotonin receptors and H, histamine recep-
tors and a moderate antagonist at peripheral alpha,-adrenergic
and muscarinic receptors. Mirtazapine is metabolized by
CYP2D6, CYP1A2, CYP3A4, and CYP2C9 [61]. This medi-
cation has been associated with rare potentially life-threaten-
ing agranulocytosis [77]; therefore, caution is necessary when
given concurrently with immunosuppressant agents and in
patients before and after hematopoietic cell transplantation.
Common side effects include sedation, increased appetite,
and weight gain, which are desirable effects in patients who
need to increase oral intake and improve sleep, particularly
pre-transplant. Mirtazapine does not inhibit CYP enzymes.
By blocking 5-HT2A receptors, mirtazapine potentially
blocks JC virus from entering into glial cells, and for this rea-
son, it has been used in the treatment of progressive multifo-
cal leukoencephalopathy (PML), a condition that can occur in
immunosuppressed patients. However, data on transplant
patients treated with mirtazapine for PML is scarce, and the
level of evidence supporting mirtazapine use in this scenario
is low so far [78]. Mirtazapine clearance is decreased in the
context of kidney and liver impairment.

Vilazodone

Vilazodone inhibits the reuptake of serotonin and is a 5-HT1A
receptor partial agonist. It is metabolized mainly by CYP3A4;
thus caution should be used when combined with immunosup-
pressant agents. Vilazodone is metabolized in less degree by
2C19 and 2D6 [79]. No dose adjustments are reportedly
needed in renal or hepatic impairment based on small studies.
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Nefazodone

Nefazodone inhibits neuronal reuptake of serotonin and nor-
epinephrine and also blocks 5-HT and alphal receptors [61].
Nefazodone is rapidly absorbed following oral administra-
tion. Nefazodone is metabolized by CYP3A4 and CYP2D6,
and it is an inhibitor of CYP3A4. It also exerts weak inhibi-
tion of CYP2D6 [80]. It undergoes extensive first pass, with
abioavailability of 20%. It is 99% protein bound. Nefazodone
has been associated with rare cases of acute liver failure,
leading to liver transplantation and death in few, and its prod-
uct label has a black box warning to this respect [81]. For this
and its potential for drug-drug interactions, nefazodone is
not recommended in transplant patients.

Trazodone

Trazodone inhibits the reuptake of serotonin and acts as a
5-HT2a receptor antagonist [61]. Additionally, trazodone
blocks H, histamine and alphal-adrenergic receptors, mecha-
nisms involved in its sedative effect. Trazodone is rapidly
absorbed after oral administration. Its concentration peaks at
1 hour. It is 90% protein bound and its bioavailability is 80%.
It is metabolized by CYP3A4 and CYP2D6 and it does not
seem to inhibit or induce CYP enzymes. It is associated with
orthostatic hypotension due to its alphal-adrenergic effects.
Trazodone should be used with caution in patients with kidney
and/or liver impairment due to the possibility of accumulation,
reduction in its excretion, and increased risk of side effects.

Vortioxetine

Vortioxetine inhibits the reuptake of serotonin and has ago-
nist activity at the 5-HT) , receptor and antagonist activity at
the 5-HTj; receptor. Vortioxetine is metabolized by CYP2D6
isoenzyme. Its use in severe hepatic impairment is not rec-
ommended. Dosage adjustment is recommended for
CYP2D6 poor metabolizers and when given concurrently
with strong CYP2D6 inhibitors.

Bupropion

Bupropion is a relatively weak inhibitor of the neuronal
uptake of norepinephrine and dopamine, and does not inhibit
monoamine oxidase or the reuptake of serotonin [61].
Bupropion is a substrate of CYP2B6 and a strong inhibitor of
CYP2D6 [61]. Dose needs to be adjusted in end-stage liver
disease. Bupropion lacks sedative side effects; hence it is an
alternative for patients suffering from decreased energy. It is
also used for smoking cessation [61]. It can cause tachycar-
dia and increased blood pressure [61]. It can decrease seizure
threshold, especially in patients with electrolyte abnormali-
ties or structural brain abnormalities.

Monoamine Oxidase Inhibitors (MAOIs)

By inhibiting the monoamine oxidase enzyme, MAOIs
(tranylcypromine, phenelzine, isocarboxazid, selegiline)
increase monoamine concentrations in the presynaptic
neuron [61]. These monoamines include dopamine, tyra-
mine, serotonin, norepinephrine, epinephrine, and phenyl-
ethylamine. There are two monoamine oxidase
isoenzymes: A and B. MAO-A is found primarily in the
brain, liver, gut, and placenta; its primary substrates are
norepinephrine, epinephrine, and serotonin. MAO-B is
found in the brain, liver, and platelets; its main substrates
are dopamine, phenylethylamine, histamine, and tyra-
mine. Some MAOIs inhibit both isoenzymes (A and B)
and are irreversible inhibitors, while others are selective
for one or the other and are mostly reversible inhibitors.
Most MAOIs produce a nonspecific reduction in the activ-
ity of hepatic drug-metabolizing enzymes. MAOISs inhibit
MAQO in the gut which can lead to life-threatening tyra-
mine pressor effects. Due to drug-drug and food-drug
potential interactions, MAOIs are not considered as first
line in the treatment of depression in patients with medi-
cal comorbidities, including transplant candidates and
recipients [69, 82].

Tricyclic Antidepressants (TCAs)

TCAs’ tolerability and lethality in overdose have placed
them as second choice in the management of depression,
behind SSRIs. By virtue of their involvement in the blockade
of several receptors, including acetylcholine muscarinic,
alphal, and histamine receptors, the use of TCA increases
the risk of arrhythmias, QTc prolongation, intraventricular
conduction delays, orthostatic hypotension, weight gain, as
well as lipid changes. Use of TCAs in the transplant popula-
tion requires careful follow-up [69]. TCAs are metabolized
by the CYP system. Secondary amines such as desipramine,
nortriptyline, and protriptyline are primarily substrates of
CYP2D6, while tertiary amines such as imipramine, clomip-
ramine, and amitriptyline are substrates for CYP1A2 and
CYP2C19. Dose adjustment is necessary in kidney and liver
impairment.

Herbal Supplements

Patients might be using herbal supplements; thus it is impor-
tant to inquire about this use and properly counsel patients.
For example, St. John’s wort, an herbal known for its antide-
pressant actions, extracted from the plant Hypericum perfo-
ratum, is actually an inducer of 3A4 and P-glycoprotein [83].
In fact, concurrent use of St. John’s wort and cyclosporine
has caused graft rejections [83-85].
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Stimulants

Besides attention deficit and hyperactivity disorders, psycho-
stimulants can be used in the treatment of apathy and depres-
sion, when faster effect is needed [86]. In 2006, the
FDA requested that all manufacturers of stimulant medica-
tions include a class label change that sudden death has been
reported in pediatric patients with structural cardiac abnor-
malities receiving stimulants [87]. Prior to initiation of stim-
ulants, patients need to be evaluated for possible heart
conditions including physical examination, electrocardio-
gram, and family history of cardiac illness.

Methylphenidate

Methylphenidate blocks dopamine uptake in central adrener-
gic neurons by blocking dopamine transport proteins. This
causes increase of the sympathomimetic activity in the cen-
tral nervous system. Methylphenidate is available for oral
and transdermal administration. Methylphenidate is not
metabolized by the CYP system, and it does not seem to be
an inhibitor of CYP isozymes. Instead, methylphenidate is
metabolized via de-esterification to its main metabolite, rital-
inic acid, which is inactive and is eliminated by the kidney.
This drug has not been studied in renal or hepatic
impairment.

A small retrospective study in liver transplant patients tar-
geting psychomotor and cognitive slowing, lack of motiva-
tion for recovery, poor rehabilitation effort, social withdrawal,
and apathy found positive effect from methylphenidate [88].
A recent meta-analysis also provided further support for effi-
cacy of methylphenidate in treatment of fatigue in patients
with cancer and those undergoing hematopoietic cell trans-
plantation [89]. Patients need to be monitored for risk of
developing tachyarrhythmias and hypertension. A case report
described the successful use of methylphenidate in a patient
with heart transplant and depression who developed cata-
tonic symptoms after initiation of sertraline [90]. However, a
recent publication also reported a case of a 12-year-old child
who developed liver failure, requiring liver transplantation,
presumed to be associated with methylphenidate hepatotox-
icity [91].

Dextroamphetamine

Dextroamphetamine is the D-isomer of amphetamine and is
twice as potent as racemic amphetamine. Escalating doses of
dextroamphetamine produce the progressive release of nor-
epinephrine, dopamine, and serotonin from storage sites in
the nerve terminal. Dextroamphetamine is available in oral
presentation. Its metabolism is hepatic, via CYP monooxy-
genase and glucuronidation, with renal elimination. Renal
and hepatic impairment may lead to decreased elimination
and prolonged exposure; therefore, doses should be titrated
carefully [92].

Modafinil

Modafinil mechanism of action is not fully understood. It
appears that modafinil induces alertness by activating
wakefulness-related systems such as hypocretin, histamine,
a-adrenergic, glutamate, and dopamine, likely by blocking
the activity of the dopamine transporter and modulating nor-
epinephrine and serotonin transporters [93]. Dose reduction
is recommended in patients with severe hepatic impairment.
Elimination half-life is around 15 hours. Modafinil is metabo-
lized by and weakly induces CYP3A4; thus it can hypotheti-
cally lead to decreased blood levels of immunosuppressants
also metabolized by CYP3A4. Elimination is mostly hepatic,
with kidney excretion of inactive metabolites.

Benzodiazepines

Benzodiazepines produce central nervous system depression
including sedation, skeletal muscle relaxation, anticonvul-
sant activity, and coma by interacting with gamma aminobu-
tyric acid A (GABA-A) receptors. Potentiation of GABA
effects increases the inhibition of the ascending reticular
activating system. The use of benzodiazepines in patients
with end-stage organ disease requires vigilance due to the
potential to cause excessive sedation, respiratory depression
(worsened by co-administration of opioids), increased risk of
falls, and worsened cognition. Some benzodiazepines such
as diazepam, lorazepam, and midazolam are available for
parenteral use. In liver disease, oxazepam, temazepam, and
lorazepam are preferred as they do not undergo phase 1
metabolism (i.e., oxidation), but only phase 2 by glucuroni-
dation. Benzodiazepines act within few minutes of adminis-
tration, which makes them very appealing for rapid anxiety
relief. Due to their potential for tolerance and cognitive
decline in the longer term, prolonged use of benzodiazepines
should be avoided. Their use pre- and post-transplant can
also increase risk of delirium. Cigarette smoking may
increase clearance of alprazolam, lorazepam, oxazepam,
diazepam, and demethyldiazepam [94].

Lorazepam

Its availability for oral, intravenous, and intramuscular use
makes lorazepam a very appealing medication in many set-
tings. Lorazepam elimination half-life is 12—15 hours and
protein binding is around 90%. Its metabolite, lorazepam
glucuronide, is inactive and excreted in urine. Use in severe
renal impairment is not recommended. Use in severe hepatic
impairment requires caution and dose adjustment.

Clonazepam

Clonazepam is orally administered. It undergoes extensive
hepatic metabolism including involvement of the CYP sys-
tem as well as conjugation reactions. Its metabolites are
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inactive and undergo renal excretion. Clonazepam is 85%
bound to proteins. Its half-life eliminations is 17-60 hours in
adults. In renal and hepatic impairment, clonazepam should
be used with caution due to risk of accumulation.

Alprazolam

Alprazolam is available for oral use. Extended release presen-
tations are available. Alprazolam undergoes metabolism via
CYP3A4 to active and inactive metabolites, which do not
appear to be clinically significant. Protein binding is around
80-90%. Elimination of immediate release formulations is
between 6 and 16 hours. Dose adjustment in advanced hepatic
impairment is necessary. Pharmacokinetic studies in special
populations such as in patients with liver or kidney impair-
ment are lacking for the extended release formulation.

Other

Buspirone

Buspirone is a non-benzodiazepine anxiolytic used in the
treatment of generalized anxiety disorder. Its mechanism of
action is not well understood, but it is likely through suppres-
sion of serotonergic activity and enhancement of noradrener-
gic and dopaminergic cell firing [95]. Its main action seems
to be a partial agonism of 5-HT1A receptors. Buspirone
undergoes extensive first-pass effect, and it is metabolized
via hepatic oxidation, primarily via CYP3A4 to active and
inactive metabolites. Buspirone elimination half-life is
1-10 hours. Anxiolytic activity starts around 4 weeks into
the initiation. Use in patients with pulmonary pathology may
be advantageous given its lack of respiratory depression.
Half-life elimination is prolonged in renal and hepatic
impairment. The administration of buspirone in advanced
kidney and liver disease is not recommended.

Antipsychotics

Typical and atypical antipsychotics are used in the transplant
population for treatment of preexisting and new onset psy-
chosis and mood disorders, delirium, and refractory anxiety.
Antipsychotic use in the post-transplant patients brings about
concerns related to QTc prolongation [41], particularly when
co-administered with tacrolimus which can also prolong the
QT and/or cyclosporine which could increase the risk of
arrhythmia.

Typical Antipsychotics

Haloperidol

Haloperidol is a high-potency typical antipsychotic. The
therapeutic effect in the treatment of positive psychotic
symptoms is thought to result from the central postsynaptic

dopamine-2 receptor blockade in the mesolimbic pathway
[96]. Haloperidol is available for oral and parenteral (i.e., IM
and IV) administration. Intravenous use of haloperidol is not
approved by the FDA; however, it is frequently used in the
intensive care setting where cardiac monitoring is continu-
ous and for the management of postoperative agitation and/
or delirium or immunosuppressant-induced psychotic symp-
toms. Haloperidol is metabolized by glucuronidation and via
CYP2D6 and CYP3A4 isozymes, to inactive metabolites.
Haloperidol is 90% protein bound. No dose adjustment is
needed in renal or hepatic impairment. Frequent monitoring
of QTc for potential prolongation is recommended.
Pseudoparkinsonism and other extrapyramidal symptoms
can result from dopamine blockade in the nigrostriatal path-
way; therefore, this is an additional aspect that requires close
monitoring, taking into account that calcineurin inhibitors
can cause myoclonus and tremors. Slow CYP2D6 metabo-
lizers may be at increased risk for haloperidol side effects.

Atypical Antipsychotics

Atypical antipsychotics can increase risk of dyslipidemias,
obesity, glucose intolerance, and hypertension [96]. In the
transplant setting, this side effect profile represents an added
concern given the similarities with that of the immunosup-
pressant agents.

Aripiprazole

Aripiprazole is available in oral and intramuscular extended
release forms. The oral forms include tablet, disintegrated
tablet, and solution. The mechanism of action of aripiprazole
is unique among antipsychotics due to its partial agonism of
dopaminergic D-2 receptors. It is also a partial agonist of
5-HT1A receptors and an antagonist of 5-HT2A receptors.
This medication seems to be one of the least QTc prolonging
among the antipsychotics [41]. Aripiprazole is metabolized
by CYP3A4 and CYP2D6 to an active metabolite, dehy-
droaripiprazole. No dose adjustment is needed in hepatic or
renal impairment. The elimination half-life of immediate
release aripiprazole is 75 hours and 94 hours for dehydroar-
ipiprazole. For poor CYP2D6 metabolizers, half-life elimi-
nation of aripiprazole is 146 hours [97].

Olanzapine

Olanzapine can be administered by mouth in the forms of
regular tablet form and orally disintegrated tablet. Olanzapine
is also available for intramuscular administration in immedi-
ate and extended release injections. Olanzapine is a potent
antagonist of serotonin 5-HT2A and 5-HT2C, dopamine D
1-4, histamine H1, and alphal-adrenergic receptors [96].
Olanzapine has moderate antagonism of 5-HT3 and musca-
rinic M1-5 receptors. Olanzapine is metabolized by direct
glucuronidation and oxidation via CYP1A2 and CYP2D6.
Cigarette smoking may alter its metabolism via CYP1A2
induction. Olanzapine dose does not need to be adjusted in
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renal impairment and is not dialyzable. Olanzapine dose
does not require adjustment in liver impairment except when
given in combination with fluoxetine. In that case the manu-
facturer recommends that the initial olanzapine dose should
be limited to 2.5 to 5 mg daily [98].

Quetiapine

Quetiapine is available in immediate and extended release
oral forms. Quetiapine is an antagonist of serotonin 5-HT1A
and 5-HT2, dopamine D1 and D2, histamine H1, and adren-
ergic alphal- and alpha2 receptors. It is metabolized by
CYP3A4 to active and inactive compounds. In the setting of
hepatic impairment, there is a 30% reduction in the medica-
tion clearance. Half-life of quetiapine in patients with normal
hepatic function is roughly 6 hours. Patients with creatinine
clearance between 10 and 30 mL/min have a decrease in the
clearance of the drug of approximately 25% [99]. Due to its
alphal-antagonist effect, it can cause significant hypotension,
which can be an issue in fragile postoperative patients.

Risperidone

Risperidone is available for oral administration in the forms
of tablet, orally disintegrated tablet, and oral solution.
Risperidone can also be administered intramuscularly in the
form of reconstituted suspension. Risperidone has a high
5-HT2 and dopamine D2 receptor antagonist activity. It also
antagonizes alphal, alpha2-adrenergic, and histaminergic
receptors. Risperidone has low to moderate affinity for
5-HT1C, 5-HTID, and 5-HT1A receptors. Risperidone is
metabolized mainly by CYP2D6 to 9-hydroxyrisperidone.
N-dealkylation is a second minor pathway. Risperidone dose
needs to be adjusted in renal and hepatic impairment [100].

Lurasidone

Lurasidone is an atypical antipsychotic with mixed serotonin-
dopamine antagonist activity. Lurasidone exhibits high affin-
ity for D2, 5-HT2A, and 5-HT7 receptors and moderate
affinity for alpha2C-adrenergic receptors and is a partial ago-
nist for 5-HT1A receptors. Lurasidone is available in tablet
form. The absorption of lurasidone is increased in the fed
state. Lurasidone is metabolized via CYP3A4. It requires
dose adjustment in moderate kidney and hepatic impairment.
Lurasidone seems to have a minimal impact on QTc prolon-
gation [101].

Antiepileptic Drugs (AEDs)

Gabapentin

Although gabapentin is structurally similar to the neu-
rotransmitter GABA, it does not bind to GABA, or GABA;
receptors, and it does not appear to influence synthesis or
uptake of GABA [102]. High-affinity gabapentin binding
sites have been located throughout the brain; these sites cor-

respond to the presence of voltage-gated calcium channels
specifically possessing the alpha2-delta-1 subunit [102].
This channel appears to be located presynaptically and may
modulate the release of excitatory neurotransmitters which
participate in epileptogenesis and nociception. Gabapentin
is not metabolized by the liver. It is only 3% protein bound
and it lacks significant drug interactions. It was developed
as an anticonvulsant, and it has been used as adjunct in the
treatment of partial seizures. It has also been used in the
treatment of spasticity in multiple sclerosis, amyotrophic
lateral sclerosis, postherpetic neuralgia, and moderate to
severe primary restless legs syndrome. Gabapentin has also
been used in the setting of alcohol withdrawal and depen-
dence, with positive results for decreased cravings and anxi-
ety and improved sleep [103—105]. In addition, it is used for
acute and neuropathic pain and can be helpful for treatment
of social phobia [106]. Gabapentin is also used for treatment
of anxiety [102] and has been suggested for such use in
transplant populations, especially when benzodiazepines
are to be avoided [69]. However, further studies specific to
transplant populations are needed. Due to its renal excre-
tion, gabapentin dose needs adjustment based on creatinine
clearance. Additionally, after a 4-hour hemodialysis, a small
supplemental dose may be necessary. Side effects include
sedation and myoclonus.

Valproic Acid

Valproic acid is approved for the treatment of different sei-
zure types, prophylaxis for migraine, and management of
mania associated with bipolar disorder. It has also been used
for delirium management [107]. Valproic acid undergoes
extensive hepatic metabolism mainly via glucuronide conju-
gation, mitochondrial beta-oxidation, and in lesser extent
oxidation by CYP2C9, CYP2CI19, and CYP2A6 [108].
Protein binding is 80-90% and dependent on drug concen-
tration. Half-life elimination is 9-19 hours in adults [108].
Valproic acid does not need dose adjustment in renal impair-
ment; however, monitoring of free fraction of the drug
instead of the total fraction is more appropriate, given that in
kidney disease protein binding decreases. The use of val-
proic acid is not recommended in patients with liver impair-
ment due to decreased clearance and the risk of hepatotoxicity.
Hepatic disease is also associated with decreased albumin
concentrations and increase in the free drug fraction. Free
instead of total concentrations of valproic acid should be
monitored in liver impairment, if the medication is indeed
used in this setting [109]. Other conditions that lead to
increased free fraction of the drug are cachexia and elevated
free fatty acids. Elevated free fraction increases risk of leth-
argy and cognitive slowing. Of note, valproic acid is
decreased by 80% when combined with carbapenems [108].
Other undesirable side effects for the transplant patients
include thrombocytopenia and platelet dysfunction; hence,
close monitoring is needed [110]. Moreover, valproic acid
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carries a black box warning against life-threatening pancre-
atitis. It is contraindicated in pregnancy due to significant
risk of congenital malformations, such as neural tube defects,
and decreased intelligence quotient (IQ) scores in offspring.

Carbamazepine
Carbamazepine has multiple properties including anti-
convulsant, anticholinergic, antineuralgic, antidiuretic,

muscle relaxant, mood stabilizing, and antiarrhythmic.
Carbamazepine is metabolized via CYP3A4 to an active
metabolite. Carbamazepine is considered a potent inducer of
CYP3A4 (autoinduction). Given that immunosuppressants
are for the most part metabolized by this isozyme, the con-
current use of carbamazepine will likely reduce their levels
risking rejection. As carbamazepine is an autoinductor, its
half-life is variable for the first 3—5 weeks after initiation of a
fixed carbamazepine dose. In addition to drug-drug interac-
tions with immunosuppressants, another problematic aspect
of carbamazepine use in transplant patients is the risk for
leukopenia and blood dyscrasias, such as aplastic anemia
and agranulocytosis [110]. Carbamazepine can alter bone
metabolism and vitamin D levels. Carbamazepine should
be used with caution in hepatic impairment, and it may
require discontinuation if liver function worsens or dysfunc-
tion becomes apparent. It requires dose adjustment in renal
impairment.

Oxcarbazepine

Compared to carbamazepine, oxcarbazepine is not associ-
ated with blood dyscrasias. It is a weak inducer of CYP3A4
but can still decrease immunosuppressant levels. It has also
been associated with decreased vitamin D levels.
Autoinduction has not been observed. Oxcarbazepine is
metabolizedinthe liverto an active compound. Oxcarbazepine
is a dose-dependent CYP2C19 inhibitor. Hyponatremia is a
common side effect. Oxcarbazepine has not been studied in
severe hepatic impairment. In renal impairment the clear-
ance of the active metabolite changes from approximately
9 hours to 19 hours.

Topiramate

Besides its uses in the treatment of several types of seizures
and migraine prophylaxis, topiramate continues to be studied
as adjunctive therapy for bipolar disorder. It also has emerg-
ing evidence for treatment of alcohol dependence [111].
Topiramate is not extensively metabolized, with nearly 70%
of the dose being eliminated by the kidney unchanged.
Topiramate requires adjustment for renal impairment and an
added post-dialysis dose. It should be used with caution in
hepatic impairment given that its clearance can be reduced.
Overall, due to its side effects, including cognitive dysfunc-
tion, topiramate is not desirable in patients receiving poten-
tially neurotoxic medications such as CNIs.

Lithium

Lithium is available in oral form. Lithium is approved for
the treatment of manic episodes and as maintenance treat-
ment for bipolar I disorder. Lithium is also effective as an
adjunct for refractory depression and for reducing the risk
of suicide in patients with mood disorders [96]. Lithium is
not metabolized by liver and is eliminated solely by the kid-
ney [96]. It has minimal protein binding of 15%. Dose needs
to be adjusted according to creatinine clearance and dialy-
sis status. Its half-life elimination in adults is 18-36 hours.
Lithium clearance is affected by kidney function as well as
by hyponatremia, hypernatremia, diuretic use, and dehy-
dration [112]. Potential electrolyte changes and fluid shifts
in transplant patients and the potential concurrent use with
sodium-depleting diuretics, especially thiazides and angio-
tensin-converting enzyme inhibitors, make the safe use of
lithium challenging in the post-transplant patient, particu-
larly early after surgery. Lithium can cause adverse effects in
the heart, believed to be related to intracellular hypokalemia
and extracellular hyperkalemia imbalance that can give rise
to cardiac arrest. It can also cause nephrotoxicity, tremors,
weight gain, and cognitive slowing, all potential side effects
of commonly used immunosuppressants. Therefore, the use
of lithium in the late post-transplant patient needs to be care-
fully considered using the best clinical judgment and indi-
vidualized approach based on the patient’s history.

Medications Used in the Treatment
of Substance Use Disorders

Acamprosate

Acamprosate appears to increase the activity of the GABA-
ergic system, and decreases activity of glutamate within the
CNS, including a decrease in activity at N-methyl D-aspartate
(NMDA) receptors. Acamprosate may affect CNS calcium
channels. Acamprosate does not undergo hepatic metabo-
lism and is eliminated unchanged via the kidneys. It requires
dose adjustment in renal impairment, and it is contraindi-
cated when creatinine clearance is lower than 30% [113].

Disulfiram

Disulfiram interferes with the hepatic oxidation of acetalde-
hyde, which leads to its accumulation and unpleasant symp-
toms if the patient ingests ethanol. Symptoms include
throbbing headache and neck, dyspnea, vomiting, diaphore-
sis, thirst, chest pain, palpitations, hypotension, blurred
vision, vertigo, weakness, anxiety, syncope, and confusion.
Cardiac collapse and deaths have been reported [114, 115].
Disulfiram has also been associated with rare cases of fulmi-
nant hepatic failure, and liver transplantation in such a patient
has been reported [116]. Due to multiple potential interac-
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tions with other drugs, disulfiram is not recommended in
transplant patients.

Naltrexone

Naltrexone is an opioid antagonist used to help maintain an
opioid-free state in patients with opioid use disorders and in
the management of patients with alcohol use disorder,
decreasing the cravings, alcohol use, and alcohol relapse.
Naltrexone is associated with increased risk for hepatotoxic-
ity [117]. The CYP system is not involved in the metabolism
of naltrexone. Dose adjustment may be necessary in hepatic
and renal impairment. Naltrexone needs to be discontinued
when pain control requires opioid agonists, such as prior or
after surgical procedures.

Methadone

Methadone is an opioid agonist used in the maintenance of
opioid use disorder [118, 119]. It undergoes hepatic metabo-
lism via CYP3A4, CYP2D6, CYP2B6, CYP2C19, and
CYP2C9 and is a substrate of P-glycoprotein [119]. It
requires dose adjustment in severe renal impairment and
caution is needed in hepatic impairment. Methadone can
prolong QTc, and thus monitoring is required [118].
Methadone half-life varies between 8 hours and 59 hours in
adults. Management of pain postoperatively can be accom-
plished by continuing the pre-transplant methadone dose and
adding another opioid temporarily or increasing the pre-
transplant methadone dose. With chronic use, methadone
can autoinduce its metabolism. Please see Chap. 45 on fur-
ther discussion of methadone in transplant patients.

Buprenorphine

Buprenorphine is a semisynthetic mixed opioid agonist-
antagonist. It has a ceiling effect which may make it com-
paratively safer than full opioid agonists [119]. It is
metabolized by CYP3A4. See Chap. 45 on further discus-
sion of buprenorphine in transplant patients.

Alpha2 Agonists

Dexmedetomidine
Dexmedetomidine is a selective alpha,-adrenoceptor agonist
with sympatholytic, sedative, and analgesic effects, similar
to clonidine. Intravenous dexmedetomidine drips are used in
intensive care settings for the management of sedation in
patients requiring ventilatory support or periprocedurally. It
has been shown to decrease risk of delirium in ICU popula-
tions, as compared to other sedative drips, such as propofol
or benzodiazepines [120, 121].

Protective neurocognitive effects in orthotopic liver trans-
plantation are being studied with encouraging results; how-
ever, further research is needed [122]. Dexmedetomidine

undergoes hepatic metabolism via N-glucuronidation,
N-methylation, and CYP2A6. Its elimination half-life is 2
hours. Although no dose adjustment is recommended in kid-
ney impairment, dose reduction should be considered in
hepatic impairment as the clearance is reduced in varying
degrees based on the level of impairment. Dexmedetomidine
can cause bradycardia and lower blood pressure.

Conclusions

Transplant recipients are at increased risk for cognitive,
anxiety, and mood disorders; thus they may require treat-
ment with a variety of psychopharmacological agents.
Clinicians should be aware of neuropsychiatric side
effects of medications used in transplant recipients, phar-
macodynamics and pharmacokinetics of psychotropic
agents in patients with end-stage organ disease and post-
transplant, and drug-drug interactions. Some general
guidelines are summarized below:

* Most immunosuppressant agents are substrates of
CYP3A4; hence, attention needs to be given to the
multiple potential interactions with psychiatric
medications.

e In general, start psychiatric medications at a low dose
and titrate slowly while monitoring for potential side
effects and drug-drug interactions.

e Monitor for recent changes of concurrent medications,
as additions or discontinuations may alter the metabo-
lism of the remaining medications, and adjust
accordingly.

e CNIs are nephrotoxic, and mTOR inhibitors can cause
kidney function alterations; hence, close monitoring
and adjustment of psychiatric medications such as lith-
ium and gabapentin may become necessary.

e Discontinue medications when they are no longer
needed and caution patients and team members of the
potential consequences of introduced changes as well
as the signs and symptoms that need to be monitored.

e Inquire about all medications the patient is taking,
including herbal supplements.

* Avoid starting new medications in a long-acting form
if possible. This will allow rapid withdrawal of the
medication in case of intolerable side effects.
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