Common drug interactions leading to adverse drug events in the
intensive care unit: Management and pharmacokinetic

considerations
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Critically ill patients are predisposed to drug interactions be-
cause of the complexity of the drug regimens they receive in the
intensive care setting. Drugs may affect the absorption, distribu-
tion, metabolism, and/or elimination of an object drug and con-
sequently alter the intended pharmacologic response and poten-
tially lead to an adverse event. Certain disease states that afflict
critically ill patients may also amplify an intended pharmacologic

ritically ill patients frequently

receive multidrug regimens

with the goal of providing

pharmacotherapeutic support
and cure of a medical condition. These
patients are at risk for drug interactions
because of the complexity of this poly-
pharmacy, as well as the frequent pres-
ence of altered organ function. Further-
more, elderly, critically ill patients are
particularly vulnerable to adverse events
from drug interactions because of the ad-
ditional presence of multiple comorbid
disease states. Published data that delin-
eate the prevalence of drug—drug inter-
actions (DDIs) and outcomes in intensive
care unit (ICU) patients are scarce. A sin-
gle-center, prospective, observational
study of patients admitted into a medical
ICU found that 7.5% (21 of 281 patients)
were admitted for an adverse drug-related
event; approximately 50% of these events
were related to a DDI (1). A retrospective,
cross-sectional analysis showed that 6.3%
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(25 of 397) of elderly, veteran affairs, non-
critically ill patients had a drug—drug in-
teraction with a detectable adverse out-
come (2). Drug interactions may be
either pharmacokinetic or pharmacody-
namic. A pharmacokinetic interaction
arises when one drug alters the absorp-
tion, distribution, metabolism, or elimi-
nation of another agent. A pharmacody-
namic interaction arises when one agent
changes the pharmacologic response of
another agent in an additive, synergistic,
or antagonistic way. This review focuses
on DDIs and drug-laboratory interac-
tions that are pharmacokinetic in nature.

DDis

A precipitant drug may alter any por-
tion of an object drug’s pharmacokinetic
profile. Absorption, distribution, metabo-
lism, and/or elimination of the object
drug may be affected and can result in
either amplification or minimization of
the object drug’s intended pharmacologic
response and a potential adverse event.

DDIs and absorption

Enteral drug absorption and net bio-
availability are complex processes that
are affected by many variables, including
pharmaceutical dosage form utilized,
gastric pH, gastric motility, extent of gas-
trointestinal drug metabolism, presence
of a binder or chelator, and disruption of
intestinal microflora. The small intestine
is the primary site for drug absorption,
because few drugs are absorbed in the

response and potentially result in an unintended effect. A team
approach is important to identify, prevent, and address drug
interactions in the intensive care setting and optimize patient
outcomes. (Crit Care Med 2010; 38[Suppl.]:S126-S135)

Kev Worps: drug interactions; drug—drug interactions; drug—
disease state interactions; drug-laboratory interactions; inducers;
inhibitors; pharmacokinetics

stomach (e.g., aspirin). The pharmaceu-
tical dosage form utilized may affect the
rate of disintegration and dissolution
with greater dissolution times ranked as
follows: tablets > capsules > suspen-
sions > liquids.

Gastric pH

Weak acids and weak bases transverse
intestinal membranes and reach the
bloodstream when they exist in an un-
ionized state (i.e., weak acids in an acidic
environment and weak bases in a basic
environment). Common utilized inten-
sive care drugs (e.g., H,-receptor antago-
nists, proton pump inhibitors, antacids)
may change the gastrointestinal pH and
alter the rate and extend of an object
drug’s absorption. When the gastrointes-
tinal pH is increased, the absorption of
weak acids (e.g., aspirin, diazepam, furo-
semide, itraconazole) may be impaired,
whereas the absorption of weak bases
(e.g., chlorpromazine, indomethacin, tet-
racycline) may be enhanced (3). This type
of interaction may be significant for nar-
row-spectrum drugs or agents when out-
comes may be linked to specific drug
concentrations (e.g., itraconazole, dipy-
ridamole). When itraconazole capsules
are utilized in the setting of elevated gas-
trointestinal pH, it is recommended that
itraconazole be administered with food or
cola beverages to increase the acidity of
the stomach (4-6). Dipyridamole re-
quires a pH =4 for optimal absorption
and is clearly affected by concomitant
proton pump inhibitor pharmacotherapy
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(7). The combination of aspirin/extended-
release dipyridamole (Aggrenox, Boeh-
ringer Ingelheim, Ridgefield, CT) is pre-
ferred in this setting, because it is formu-
lated with tartaric acid to create an acidic
environment for maximal dipyridamole ab-
sorption (8). An increase in stomach pH
can also interfere with the location of dis-
solution of enteric-coated medications
(e.g., aspirin, bisacodyl). These medications
may cause stomach irritation in this altered
environment. To minimize the impact of
this drug interaction, enteric-coated medi-
cations should be administered 2 hrs before
or after the administration of a medication
that elevates stomach pH (9, 10).

Gastric motility

Critically ill patients frequently have
alterations in gastric motility and emp-
tying. Impaired gastric emptying was
demonstrated in a medical/surgical pop-
ulation through the use of an acetamin-
ophen absorption model. Additional vari-
ables that alter gastric emptying in this
ICU population were demonstrated to in-
clude age, gender, and the use of opioids
for sedation and analgesia (11). The rate,
but usually not the extent, of bioavailabil-
ity is affected by alterations in gastric
motility. Medications that increase gas-
tric motility include metoclopramide,
polyethylene glycol electrolyte solution,
cisapride, and erythromycin (9). A 30%
increase in cyclosporine bioavailability is
observed when coadministered with met-
oclopramide (12). When this combina-
tion is necessary, monitoring of cyclo-
sporine levels and appropriate cyclosporine
dosage adjustment should be made to pre-
vent toxicity (13). Anticholinergic medica-
tions (e.g., diphenhydramine, benztropine,
hyoscyamine) and narcotics can decrease
gastric motility and can result in an effect
opposite of agents that increase gastric mo-
tility, such as metoclopramide (9).

Extent of gastrointestinal drug
metabolism

Significant presystemic drug metabo-
lism can occur in the gastrointestinal
tract, because there are a number of me-
tabolizing enzymes along the small intes-
tine wall that can biotransform many
compounds. Cytochrome P-450 3A4
(CYP3A4) is the predominant enzyme;
however, glucuronidation, sulfation, and
monoamine oxidation biotransformation
can also occur in the gastrointestinal
tract. Cyclosporine is a calcineurin inhib-
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itor that is extensively metabolized in the
liver by CYP3A and, to a lesser extent, in
the intestine (14). However, it has been
demonstrated that when administered in
combination with rifampin, there is no-
table induction of the CYP gut enzymes,
resulting in a 63% decrease in oral bio-
availability of cyclosporine (15, 16). Al-
though not a common beverage in the
ICU setting, grapefruit juice is well-
known to impair the gastrointestinal
CYP3A4 metabolism of a number of
agents, including amiodarone, carbamaz-
epine, cisapride, cyclosporine, felodipine,
nicardipine, and nifedipine. In one study,
concomitant administration of grapefruit
juice with amiodarone resulted in an 84%
increase in peak amiodarone concentra-
tions (17). In another study, concomitant
grapefruit juice increased the area under
the curve of felodipine by 200% and ni-
fedipine by 34% compared with the ad-
ministration of water (18).

Presence of a binder or
chelator

Commonly utilized enteral agents in
the ICU setting may be able to alter the
bioavailability of an object drug if admin-
istered concomitantly with a drug that
has binding or chelation capabilities.
Phenytoin absorption has been demon-
strated to be reduced when coadminis-
tered with enteral tube feedings and ant-
acids (19, 20). The package insert
recommends that phenytoin be fluoro-
quinolone-form (e.g., ciprofloxacin, levo-
floxacin) complexes with metal ions (e.g.,
iron), antacids (e.g., aluminum hydrox-
ide), and calcium-containing products.
Concomitant gastrointestinal administra-
tion can decrease the bioavailability of
the fluoroquinolone and may result in
therapeutic failure (21, 22). It was dem-
onstrated that when ciprofloxacin is ad-
ministered with calcium carbonate or
aluminum hydroxide, the relative bio-
availability of ciprofloxacin is 60% and
15%, respectively (21). It is recom-
mended that the fluoroquinolone be in-
gested at least 2 hrs before or 6 hrs after
the administration of the binding or che-
lating drug to minimize this interaction
(23). Cholestyramine, a bile acid seques-
trant, can also reduce the bioavailability
of several medications if administered
concomitantly. Digoxin, levothyroxine,
and warfarin are among several drugs
that are bound by cholestyramine and, if
coadministered, can result in decreased
systemic absorption. The recommended

management is to separate the adminis-
tration times of the affected medications
by at least 2 hrs before and 4 hrs after the
administration of cholestyramine (24-26).

Disruption of intestinal
microflora

Commensal intestinal microorgan-
isms may be involved in the presystemic
metabolism of certain medications. The
alteration of bacterial flora by antimicro-
bials has been shown to affect the absorp-
tion of medications that are either ab-
sorbed incompletely in the small
intestine or undergo enterohepatic circu-
lation. One specific example is the use of
oral contraceptives with antimicrobials.
The alteration of intestinal flora results in
a reduction in the circulation of active
estrogen metabolites, which could lead to
the loss of effectiveness of the oral con-
traceptive (27). The concomitant admin-
istration of warfarin and antimicrobials
can result in excessive anticoagulation.
The antimicrobial may reduce the syn-
thesis of endogenous vitamin K by intes-
tinal microflora. An elevated interna-
tional normalized ratio (INR) and
potential bleeding may occur if the war-
farin dose is not adjusted to accommo-
date for this altered vitamin K produc-
tion. INR monitoring should be increased
with appropriate warfarin dosing adjust-
ments while administering concomitant
pharmacotherapy (28). Monitoring
should continue after the antimicrobial is
discontinued and until the gastrointesti-
nal flora is believed to be restored. The
alteration of gastrointestinal flora that
metabolizes digoxin has also been shown
to be affected by antimicrobials that have
activity against Fubacterium lentum (a
Gram-positive anaerobic bacillus). The
coadministration of digoxin with macro-
lides has resulted in an increase in
digoxin bioavailability with resultant
digoxin toxicity (29, 30). Digoxin levels
should be monitored while patients are
concurrently using macrolide pharmaco-
therapy. The risk of this interaction may
be reduced by using digoxin capsules
(Lanoxicaps), because the extent and
probably the rate of absorption are in-
creased with this dosage form (31).

Intestinal p-glycoprotein
activation

P-glycoproteins are efflux pumps that
are located on the luminal surface of the
intestinal wall. They are capable of ex-
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truding drug from the circulation back
into the lumen of the intestine. These
pumps work in concert with the CYP450
system and can be either inhibited or
activated. Digoxin is a substrate of both
renal and intestinal P-glycoproteins, and
clearance can be affected by inducers or
inhibitors of this system. Rifampin is a
potent inducer of cytochrome P-450 and
P-glycoproteins and can decrease the
plasma concentration of concomitant en-
terally administered digoxin to a greater
extent than intravenous digoxin (32).
Concomitant administration of digoxin
with known P-glycoprotein inhibitors
(e.g., erythromycin, itraconazole, cyclo-
sporine) can result in an increase in se-
rum digoxin levels and potential toxicity,
thus necessitating extra pharmacovigi-
lance (33-36). Another clinically signifi-
cant interaction can occur between lin-
ezolid and rifampin. The serum
concentrations of linezolid, which is not
metabolized by the cytochrome P-450 en-
zyme system, has been show to be de-
creased when used in combination with
rifampin (37, 38). It is postulated that
this interaction may be attributable to
the induction of intestinal P-glycoprotein
by rifampin (37, 38). Concomitant phar-
macotherapy should be avoided until we
have more data to better delineate this
potentially significant interaction.

DDIs and distribution:
displacement from a carrier
protein

Plasma proteins act as a carrier for
many drugs, transporting them either to
a site of action or to an organ for elimi-
nation. The binding of drugs to these
plasma proteins depends on the physio-
chemical properties of each drug or,
more specifically, the drug’s electrical
charge at physiologic pH. Several circu-
lating plasma proteins exist; however, al-
bumin and alpha;-acid glycoprotein are
the major carrier proteins for acidic and
basic drugs, respectively. The extent of
plasma protein binding will depend on
the concentration of the carrier protein
and the presence of any competing agent
for binding. Albumin is the major carrier
protein for acidic drugs (e.g., warfarin),
because it is negatively charged at a pH of
7.4. Concentrations of albumin may de-
crease in the setting of critical illness,
acute renal failure, nephrotic syndrome,
and cirrhosis. If two or more acidic drugs
compete for binding sites, then the drug
with the higher affinity will bind and dis-
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place the other agent. This will increase
the free fraction and potentially the phar-
macologic effects of the displaced drug.
However, this additional drug effect may
be temporary and self-correcting, be-
cause the volume of distribution and the
rate of elimination of the displaced drug
are increased.

The albumin binding of phenytoin can
be decreased with an increase in free frac-
tion when administered concomitantly
with an nonsteroidal anti-inflammatory
drug (39). The combination of phenytoin
with ceftriaxone, nafcillin, or sulfame-
thoxazole can also result in an increase in
free phenytoin levels because of displace-
ment (40). Management of these interac-
tions includes vigilant monitoring of to-
tal or free phenytoin concentrations and
signs and symptoms of phenytoin toxic-
ity. Warfarin can also be displaced by
nonsteroidal anti-inflammatory drugs
from albumin, with a resultant increase
in free warfarin concentrations (41, 42).
However, the clinical significance of this
displacement is questionable. Clinicians
should consider avoiding this combina-
tion, not only because of the potential for
displacement but also because of the an-
tiplatelet activity and increased bleeding
risk associated with nonsteroidal anti-
inflammatory drugs (43).

Alpha;-acid glycoprotein (AAG) is the
major carrier protein for basic drugs
(e.g., amitriptyline, lidocaine, proprano-
lol). AAG is an acute-phase plasma pro-
tein whose concentrations increase in
critical illness. As a result, the free frac-
tion and thus the pharmacologic effect of
drugs bound to AAG may decrease under
periods of acute stress. An example of this
interaction is the decrease in unbound
fraction of lidocaine as the concentra-
tions of AAG increase in trauma patients
(44). To counter the decrease in free frac-
tion, higher doses and total concentra-
tion of lidocaine have been needed to
achieve an adequate pharmacologic effect
(44). AAG has also been shown to in-
crease during an acute myocardial infarc-
tion, with a resultant increase in lido-
caine binding (45, 46). Monitoring for
clinical response and possibly free lido-
caine concentrations (if available) are
warranted when increased AAG binding is
suspected.

DDIs and hepatic clearance

The liver is the most important drug-
metabolizing organ, although it is gener-
ally recognized that some drug biotrans-

formation and clearance may take place
in the gastrointestinal tract, kidney, lung,
integument, and blood. Drug metabolism
is divided into phase I (oxidation, hydro-
lysis, and reduction [CYP450 enzymes])
and phase II (glucuronide, sulfate, and
glycine conjugation) enzymes. The phase
I process usually produces a more hydro-
philic metabolite than the parent com-
pound, whereas the phase II process pro-
duces an inactive water-soluble product.
The cytochrome P-450 isoenzymes are a
group of heme-containing proteins that
are embedded in the lipid membrane of
the endoplasmic reticulum of hepato-
cytes (47). The three-tiered classification
widely utilized today was first suggested
by Nebert et al in 1987 (47). The name
was derived from the spectral absorbance
maximally produced near 450 nm when
carbon monoxide binds to the enzyme at
its reduced state (48). Drug-metabolizing
enzymes are grouped into families and
subfamilies. Enzymes with 40% genetic
common identity are grouped into the
same family with an Arabic number des-
ignation (e.g., CYP1, CYP2, and CYP3).
Enzymes with 55% genetic common
identity are grouped into the same sub-
family (e.g., CYP1A, CYP2D, CYP3A).
Last, individual enzymes with 97% ge-
netic common identity are named with
another Arabic number (e.g., CYP1A2,
CYP2D6, CYP3A4). There are several cy-
tochrome P-450 enzymes with different
xenobiotic specificity. Appendix A lists
CYP450 isoforms and some common ICU
medication substrates. Enzyme induction
generally affects phase I enzymes and re-
sults in the production of new metaboliz-
ing enzyme.

CYP3A4 DDIs

DDIs involving CYP3A4 are particu-
larly concerning, because this enzyme
system can metabolize up to 50% of uti-
lized medications (49). Protease inhibi-
tors (e.g., ritonavir), macrolides (e.g.,
erythromycin), and azoles (e.g., flucon-
azole, posaconazole, voriconazole) are
CYP3A4 inhibitors, and serious drug in-
teractions may develop in the ICU if co-
administered with a CYP3A4 substrate
with a narrow therapeutic index (e.g., mi-
dazolam, HMG-CoA reductase inhibitors,
cyclosporine, tacrolimus, verapamil, dil-
tiazem, voriconazole, amiodarone, cisa-
pride) (6, 49-51). Transplant recipient
patients commonly receive concomitant
azole antifungal agents with their main-
tenance immunosuppressant agent (e.g.,
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cyclosporine, sirolimus, tacrolimus).
When itraconazole is combined with cy-
closporine or tacrolimus, the interaction
results in a two-fold and six-fold increase
in cyclosporine and tacrolimus levels, re-
spectively (14, 52-53). Conversely, en-
zyme induction with antiepileptic medi-
cations (e.g., phenytoin, phenobarbital,
carbamazepine) can decrease plasma ta-
crolimus or cyclosporine concentrations,
thus necessitating plasma level monitor-
ing (54). Midazolam, a commonly utilized
sedative in the ICU, can also be involved
in CYP3A4 drug interactions because it is
a substrate for this enzyme system. Mac-
rolides or azoles are known to prolong
sedation when administered with mida-
zolam. Decreasing the dose and daily mi-
dazolam infusion interruption may help
prevent accumulation and avoid pro-
longed sedation, an important end point
to minimize the number of ventilator
days (55, 56).

CYP2C9/2C19 DDIs

Warfarin is metabolized by several
CYP enzymes, including CYP3A4,
CYP1A2, CYP2C9, and CYP2C19. Medica-
tions that inhibit or induce these en-
zymes may produce a significant change
in warfarin plasma concentrations and
pharmacologic effect. Trimethoprim/
sulfamethoxazole, fluconazole, metroni-
dazole, and amiodarone inhibit CYP2C9
and can increase the effect of warfarin.
Rifampin is an inducer of CYP2C9 and
can result in a decreased warfarin effect.
A patient’s INR should be carefully mon-
itored when warfarin is combined with a
CYP2C9 inhibitor or inducer to maintain
a therapeutic INR (57). A common exam-
ple of a significant interaction is the com-
bination of warfarin and amiodarone. The
anticoagulant effects of warfarin are dra-
matically increased because of impaired
metabolism and clearance. Each clinician
should anticipate a warfarin dose reduc-
tion (e.g., 25%-50%) when amiodarone
is initiated with concurrent warfarin
therapy. In the circumstance of amioda-
rone discontinuation, increased monitor-
ing of a patient’s INR should also occur to
ensure that there is not a loss of thera-
peutic levels (58).

Effects of genetic
polymorphisms

Warfarin is administered as a racemic
mixture with an (R)-enantiomer and (S)-
enantiomer. The (S)-enantiomer is three
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to five times more potent than the (R)-
enantiomer. Genetic polymorphism of
the CYP2C9 enzyme may affect the me-
tabolism and pharmacologic activity of
the (S)-enantiomer of warfarin (60, 61).
Genetic testing is available to assist in the
identification of allele variants, although
the clinical utility of these tests is in
question. CYP2D6 and CYP1A2 genetic
polymorphisms may also play a role in
the pharmacologic activity of commonly
utilized medications in the ICU. High se-
rum concentrations and extrapyramidal
symptoms associated with haloperidol, a
CYP2D6 substrate, have been identified
in slow metabolizers (61). Beta-blockers,
such as metoprolol, carvedilol, and pro-
pranolol, are substrates of CYP2D6. The
blood pressure and heart rate-lowering
effects of these agents can be affected by
genetic variations of the CYP2D6 enzyme
(62). Theophylline is a substrate of
CYPI1A2 and can be affected by genetic
polymorphisms. Therapeutic failure and
toxicity have been reported in patients
who are rapid and poor metabolizers, re-
spectively (63).

DDI time of onset

Predicting the time of onset for a par-
ticular DDI may be a challenge, because
numerous factors can affect evolution
and eventual manifestation of a particular
DDI. This prediction can allow the clini-
cian to develop the most appropriate plan
for patient monitoring, dosing adjust-
ments, and follow-up. The half-life of the
precipitant drug and object drug must be
taken into consideration. Maximum en-
zyme inhibition or enzyme induction will
take place as the precipitant drug reaches
steady-state levels. The effect on the ob-
ject drug may begin during initiation of
the precipitant drug but peaks after the
steady-state of any precipitant drug. At
this point, a new steady-state of the ob-
ject drug will occur based on the “new”
half-life of the object drug, at which point
the maximum onset of this drug interac-
tion will be observed. Phenobarbital
(half-life between 53 and 140 hrs) and
rifampin (half-life between 3 and 4 hrs)
are two well-known hepatic enzyme in-
ducers. If each is added separately to a
regimen of warfarin, then it may take
approximately 7 to 14 days for phenobar-
bital to reach steady-state compared to 1
to 2 days for rifampin, with a 10-day to
14-day onset for a phenobarbital-warfarin
DDI vs. a 2-day to 5-day onset for a ri-
fampin-warfarin DDI. It is generally rec-

ognized that hepatic enzyme induction
takes time to dissipate after the discon-
tinuation of an enzyme inducer, because
it takes time for the inducing drug to be
cleared and time for the enzymatic activ-
ity of the liver to abate. Thus, any effect of
phenobarbital on warfarin may take more
than 14 to 21 days to abate vs. 5 to 7 days
for rifampin-warfarin.

Enzyme inhibition is usually compet-
itive, because precipitant drug and object
drug compete for binding sites of the
metabolizing enzymes; however, the pre-
cipitant drug may not always be a sub-
strate for the metabolizing enzyme. Inhi-
bition generally follows the same
principles as enzyme induction but usu-
ally reaches maximal intensity within 1 to
2 days; offset will generally abate within
the same timeframe. Cimetidine (half-life
approximately 2 hrs) and amiodarone
(half-life between 50 and 150 days) are
two well-known enzyme inhibitors. If
each is added separately to a regimen of
warfarin, then it may take approximately
1 day to reach steady-state with cimeti-
dine as compared to many weeks with
amiodarone. The time course of onset for
a cimetidine-warfarin drug interaction
may be within 1 to 2 days, whereas the
effects of an amiodarone-warfarin drug
interaction may take 2 or more months
to be fully expressed. To make matters
more complicated, the dose of the precip-
itant drug complicates the predictive pro-
cess whether the object drug has a nar-
row-therapeutic index, whether the
clearance of the object or precipitant
drug follows zero-order pharmacokinet-
ics (i.e., phenytoin), whether there is the
presence of other enzyme inducers or en-
zyme inhibitors, and whether there is the
presence of any hepatic dysfunction or
altered genotypic phenotype (e.g.,
CYP2C19 deficiency in patients from
Asian descent).

DDIs and renal elimination

The net renal clearance of a drug de-
pends on the extent of glomerular filtra-
tion, tubular secretion, and tubular re-
sorption. The proximal convoluted tubule
is the site for active tubular secretion of
organic acids and bases. Nonionized
forms of weak acids and weak bases un-
dergo passive resorption predominately
in the distal convoluted tubule.

Glomerular filtration

Glomerular filtration is a passive pro-
cess as a drug diffuses across the glomer-
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ular capillary membrane into Bowmann’s
capsule and the proximal convoluted tu-
bule. Filtration is impeded by a molecular
weight >60 daltons, negative charge of
the glomerular membrane, and if a drug
is bound to a carrier protein as it reaches
the glomerular membrane. Agents that
increase cardiac output (e.g., inotropes)
can have a direct effect on the clearance
of renally eliminated drugs (e.g., amino-
glycosides). The clearance of these med-
ications is flow-dependent and affected by
an increase in renal blood flow and filtra-
tion, respectively (64). In response to this
possible alteration in drug clearance, the
clinician should obtain levels of the ami-
noglycoside to ensure adequate plasma
concentrations (65).

Tubular secretion

Tubular secretion is a carrier-medi-
ated active transport process. It facilitates
removal of drugs from plasma into the
tubular lumen. There are four distinct
channels that can secrete drugs: anionic
system that secretes acidic drugs; cat-
ionic system that secretes basic drugs;
nucleoside transporters; and the P-glyco-
protein transporters. Substrates for these
systems are listed in Appendix B. The
elimination of methotrexate through glo-
merular filtration and proximal tubule
anionic secretion can be affected by weak
organic acids, including ascorbic acid,
penicillin, and nonsteroidal anti-inflam-
matory drugs. Delayed methotrexate ex-
cretion resulting from this interaction
has been reported to cause serious toxic-
ity (66, 67). It is prudent to avoid the
administration of nonsteroidal anti-
inflammatory drugs within 10 days of
high-dose methotrexate pharmacother-
apy. Increased monitoring (e.g., plasma
levels and signs/symptoms of toxicity) is
warranted if concomitant therapy with a
competitor for tubular secretion is un-
avoidable (68). Competition for active tu-
bular cationic secretion can occur be-
tween procainamide and cimetidine,
resulting in elevated procainamide levels
(69). Increased monitoring of procain-
amide levels and dose reductions are nec-
essary to prevent toxicity. Digoxin toxic-
ity has resulted from competition of
tubular cationic secretion when given
with quinidine. A 50% decrease is digoxin
dose is warranted when quinidine is
added to a patient’s digoxin regimen (70,
71). The renal tubular anionic secretion
of penicillins is affected by a concomitant
administration with probenecid. The
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competition for tubular secretion results
in increased and prolonged blood levels of
these penicillins, which sometimes is uti-
lized for therapeutic reasons (72).

Tubular resorption

Tubular resorption is mostly a passive
process that occurs in the distal convo-
luted tubule. The extent of drug reab-
sorption is influenced by urine flow rate,
the drug’s lipophilicity, and the pH of the
urine with subsequent ionization rate of
the drug. In acidic urine, weakly acidic
drugs tend to be reabsorbed whereas
weakly basic drugs tend to be eliminated.
Conversely, weakly basic drugs tend to be
reabsorbed and weakly acidic drugs tend
to be eliminated in basic urine.

Drugs that alkalinize the urine (e.g.,
acetazolamide, sodium bicarbonate) de-
crease the renal elimination of quinidine
and can result in significant increases in
serum quinidine levels (73, 74). Quini-
dine levels should be monitored when
initiating, changing the dose, or discon-
tinuing medications that alter urine pH.

Specific disease-state drug
interactions

Critically ill patients are at an in-
creased risk for the development of ad-
verse effects of a drug interaction because
of polypharmacy, impaired organ func-
tion, and altered drug disposition and/or
protein binding (75, 76). The importance
of patient-specific characteristics with
specific disease states should also be con-
sidered when assessing the significance of
a drug interaction. The prevalence may
vary because of interpatient variability
based on multiple patient-specific factors,
such as smoking status, alcohol con-
sumption, gender, age, body habitus, and
genetics (9). One study that evaluated the
significance of drug interactions in the
cardiac and cardiothoracic ICU observed
that drug interactions occurred fre-
quently in the ICU, with 287.5 noted drug
interactions per 100 patient days (77).

Sepsis, surgery, trauma

Critical illness is complicated by infec-
tions and stress-related events (e.g., sur-
gery, trauma) that result in increased re-
lease of cytokines. Studies have
illustrated that the CYP450 metabolism
of medications may be inhibited by the
production of interleukin-6 and tumor
necrosis factor-a and can predispose the

critically ill patient to DDIs (78, 79). The-
ophylline is one example of a medication
that has caused toxicity in patients who
had critical illness when they previously
had been stabilized on a regimen (80). A
prolonged elimination rate of theophylline
has also been reported in patients acutely
infected with a respiratory virus (81).

Not only can the increased release of
cytokines affect the metabolism of medi-
cations but also changes in hepatic blood
flow also may later effect drug metabo-
lism by changes in the delivery rate of a
drug to the hepatocyte (10). Sepsis is one
particular manifestation in the critically
ill that can lead to changes in hepatic
blood flow (82). For example, during hy-
perdynamic sepsis and an increase in car-
diac output, hepatic blood flow is in-
creased, which increases the delivery rate
of the drug to the hepatocytes. The oppo-
site is true when there is a decrease in
cardiac output during late sepsis, which
would result in a decrease in hepatic blood
flow and a decrease of the clearance of
medications (82). Recently, one study eval-
uated the effects of sepsis on the CYP450
enzyme system. They utilized antipyrine
clearance as the gold standard to measure
the activity of CYP450 drug metabolism.
The authors observed that septic patients
had a two-fold reduction in antipyrine
clearance compared to controls and that
antipyrine clearance was inversely related
to interleukin-6, nitrate, and nitrite plasma
levels (83).

Prolonged QT-interval
syndromes

Torsades de pointes is a life-threaten-
ing arrhythmia that can occur in the set-
ting of electrocardiographic prolongation
of the QT interval. Medications known to
prolong the QT interval include class TA
and III antiarrhythmic agents, macro-
lides, fluoroquinolones, azole antifun-
gals, prokinetic agents, antipsychotics,
and certain nonsedating antihistamines
(84). These medications cause QT-inter-
val prolongation by blocking the human
ether-a-go-go-related gene potassium
channels in the cardiac muscle cells and
block potassium currents (85, 86). In one
evaluation of noncardiac medications,
39% of QT-interval prolongation involved
the combination of more than one QT-
interval prolonging medication and 38%
involve a QT-interval prolonging medica-
tion with a drug that inhibited its metab-
olism (87). The combination of erythro-
mycin with a strong CYP3A4 inhibitor
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was shown in one study to increase the
risk of sudden cardiac death up to five
times as compared to patients not using
these medications (88). Additive QT-
interval prolongation may result when
fluoroquinolone therapy is used concom-
itantly with either sotalol or amiodarone
(89-92). QT-interval prolongation may
also occur if azole antifungal agents (e.g.,
fluconazole, voriconazole) are utilized
concomitantly with class III antiarrhyth-
mics (6). The risk and benefit must be
weighed when a decision is made to use
these combinations. Patients should be
evaluated for the risk of an arrhythmia
developing and precautions should be
taken to minimize the risk if interacting
medications are to be continued. Certain
precautions can include not exceeding
the manufacturer’s recommended doses,
obtaining a baseline electrocardiogram
before therapy initiation, and remaining
vigilant in the prevention of additional
drug interactions that could produce ad-
ditive QT-interval prolongation. Clini-
cians should also consider therapeutic al-
ternatives in patients who are at high risk
for an arrhythmia, such as the presence
of a dilated cardiomyopathy, hypothy-
roidism, hypokalemia, hypomagnesemia,
hypocalcemia, and anorexia nervosa (93).
Please see discussion of management of
QT-interval prolongation syndromes else-
where in this issue.

Coagulopathies

Patients in the ICU are at increased
risk for bleeding events because of a mul-
titude of factors, such as trauma, surgical
procedures, renal failure, liver failure,
and/or stress ulceration (94-96). The
critical care clinician should familiarize
themselves with common drug interac-
tions that would increase the risk of
bleeding in patients on concomitant an-
tiplatelet or anticoagulant pharmacother-
apy. For example, selective serotonin re-
uptake inhibitors, such as paroxetine and
fluoxetine, may enhance the antiplatelet
effects of aspirin. This is thought to be
caused by the blockade of platelet seroto-
nin reuptake leading to platelet serotonin
depletion and impaired platelet aggrega-
tion (97). Because of the potential plate-
let dysfunction associated with this drug
combination, discontinuation of the se-
lective serotonin reuptake inhibitor is
recommended in patients admitted to the
ICU for gastrointestinal bleeds. The risk
for an upper gastrointestinal bleed may
be reduced when a proton pump inhibitor
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(PPI) is used concomitantly (98). Another
potentially problematic drug interaction
is the combination of a PPI with clopi-
dogrel. Clopidogrel is metabolized by
CYP2C19 to an active metabolite. PPIs
are substrates but also inhibitors of this
enzyme system. Thus, PPIs may reduce
the conversion of clopidogrel to its active
metabolite and reduce the intended ther-
apeutic response (99). Retrospective
studies suggest that the combination of
clopidogrel with a PPI may increase the
chance of an adverse cardiac outcome in
patients with an acute coronary syn-
drome (100, 101). In a case-control study,
it was observed that the concomitant use
of clopidogrel with a PPI increased the
risk of re-hospitalization or death from
acute coronary syndrome (101). Clini-
cians should avoid the combination un-
less a clear indication for both medica-
tions exists (102). A histamine-2 receptor
antagonist should be utilized for acid re-
duction in this patient population (103).
If the use of a PPI is warranted, then
pantoprazole may be the agent of choice
because it has been demonstrated that
pantoprazole has a lower affinity for the
CY2C19 enzyme than the other PPIs and
may have less of a propensity to decrease
the effectiveness of clopidogrel (104).

Infection

Patients in the ICU are at higher risk for
infections than patients in general medi-
cine wards and receive anti-infective agents
that are known to cause drug interactions
(e.g., azole antifungals, macrolides, fluoro-
quinolones) (105, 106). The area under the
curve and maximum concentration of
sirolimus, cyclosporine, and tacrolimus
may increase with resultant toxicity when
combined with an azole antifungal agent;
plasma levels should be closely monitored
with these combinations (107, 108). Anti-
fungal agent inhibition (particularly vori-
conazole) of CYP3A4 may increase the area
under the curve of fentanyl, haloperidol
and midazolam, possibly resulting in an
increased therapeutic effect (109-112). The
maximum concentration of midazolam is
increased by 3.8-fold when combined with
voriconazole and can result in longer
arousal times in patients receiving this
combination (112). Lorazepam is a logical
alterative to midazolam because it does not
inhibit the CYP450 enzyme system.

Cases of serotonin syndrome have
been reported when linezolid, a weak
monoamine oxidase inhibitor, was com-
bined with an selective serotonin re-

uptake inhibitor (113). It is not clear if
linezolid will affect the clearance of cat-
echolamines used in the ICU. Appropri-
ate monitoring is warranted if these
combinations are utilized in critically
ill patients.

Drug-laboratory interactions

More than 40,000 effects of drugs on
laboratory tests have been reported in the
literature (114). The interference of lab-
oratory tests by drugs can occur through
several mechanisms. The interference
may be a result of a pharmacologic or
toxic effect or a chemical interference
with the testing media or process (115).

A pharmacologic or toxic interference
would be considered a change in a labo-
ratory value because of the action of the
drug in the body. An example of a phar-
macologic effect would be electrolyte ab-
normalities, such as hypokalemia, result-
ing from furosemide administration
(116). A chemical or analytical interfer-
ence occurs when the true value of the
laboratory test is not measured accu-
rately because of a problem with in vitro
testing (117). Causes of chemical inter-
ferences include a direct interference
with a chemical reaction used in the test-
ing process by the interfering drug or by
a drug mimicking the substance that is
the object of the laboratory test. False
results may be reported when a medica-
tion or its metabolite share similar prop-
erties with the substance that is being
tested (115). If a known drug-laboratory
interaction can occur between a medica-
tion that a patient is using and a needed
laboratory test, then the patient should
be advised not to use the medication, if
possible, for 72 hrs before the test (116).

Several drug-laboratory interactions
are of particular importance to the ICU
clinician because of the frequent use of
the offending medication or laboratory
parameter that is affected. Aspirin has
been demonstrated to affect several com-
mon laboratory tests. Significant in-
creases in laboratory values were found
for chloride and a decrease was demon-
strated for total protein, calcium, total
cholesterol, uric acid, bilirubin, and thy-
roxine (118). Chloride is also falsely ele-
vated by carbamazepine, cefoxitin, bro-
mide, and fluoride salts (119, 120).
Serum creatinine measurements can be
falsely increased by cephalosporins and
falsely decreased by ascorbic acid and ace-
tylcysteine when the Jaffe method is uti-
lized to determine plasma creatinine con-
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centrations (121-125). Argatroban can
falsely elevate the INR value by causing a
dose-dependent false decrease in fibrino-
gen and factor X levels (126, 127). Dap-
tomycin is another medication that has
been observed to falsely increase INR
values and prolong the prothrombin
time (128).

Clinician awareness that laboratory
results may be altered by pharmaceutical
agents is an important step in the accu-
rate assessment of laboratory data. The
effects of drugs on laboratory tests have
been published in extensive reviews and
should be utilized as a reference when
needed (115, 120, 129-132).

Team approach to DDI
identification and resolution

Each member of the multidisciplinary
team can take responsibility for the pre-
vention and resolution of DDIs (132).
Physicians should justify and review each
drug regularly, screen for DDIs with each
drug addition or deletion, and integrate
information discussed on multidisci-
plinary rounds. Nurses should assess and
monitor drug administration and docu-
ment any adverse drug events or change
in patient status. Pharmacists should re-
view each medication order for DDIs, as-
sist in drug selection or substitution, and
monitor for any adverse drug events.

DDI identification process

Several resources exist that can assist
in the identification of DDIs. Tertiary ref-
erences such as Hansten and Horn’s
Drug Interaction Analysis and Manage-
ment, American Hospital Formulary Ser-
vice, Physician’s Desk Reference, and
Lexi-Comp’s Drug Information Hand-
book are useful for DDI identification.
Additionally, several electronic databases,
such as Micromedex and Clinical Phar-
macology, are useful. Computer decision
support systems and computerized phy-
sician order entry systems can be de-
signed to alert the prescriber to potential
DDIs. Alert fatigue is a problem with
these systems and careful design is im-
portant to maximize the value of these
electronic systems. Furthermore, not all
DDIs are identified by every DDI detec-
tion tool. This necessitates that each cli-
nician become familiar with common
DDIs in their area of practice. Clinical
judgment is required when evaluating
any information identified on a particular
DDI. A clinical pharmacist can assist in
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the detection and interpretation of DDI
data and can assist in the development of
an alternative pharmacotherapeutic plan.

Action steps when a DDI is
identified

It is important that the clinical signif-
icance of each identified DDI be assessed
in the context of the patient involved. The
significance, mechanism, and predicted
onset should be determined. Whether to
continue, discontinue, or substitute an-
other drug is an important decision that
needs to be made on a case-by-case basis.
The decision is easy if a clear therapeutic
alternative exists; however, this may not
always be possible. A clear plan for mon-
itoring and follow-up is essential to main-
tain therapeutic effectiveness and avoid
toxicity (e.g., drug levels, laboratory val-
ues, electrocardiography). Good commu-
nication among all healthcare providers
and the patient is essential.

Conclusion

Critically ill patients frequently re-
ceive multidrug regimens that can pre-
dispose them to significant DDIs. Prelim-
inary data suggest that these events may
adversely affect patient outcomes. Knowl-
edge of the different mechanisms is par-
amount to either preemptively identify a
possible DDI or to address an interaction
in a patient’s drug regimen. A multidis-
ciplinary approach would be ideal in de-
veloping a pharmacotherapeutic regimen
designed to optimize patient outcomes
and minimize any potential DDIs.
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Isoform Substrate Inducer Inhibitor

CYP1A2 Theophylline, lidocaine, R-warfarin Omeprazole, phenobarbital Cimetidine, ciprofloxacin, diltiazem,
erythromycin

CYP2B6 Propofol Phenobarbital

CYP2C9 Phenytoin, voriconazole, S-warfarin Phenobarbital, phenytoin, rifampin Amiodarone, fluconazole, metronidazole,
voriconazole

CYP2C19 Clopidogrel, diazepam, phenytoin, proton pump Phenobarbital, phenytoin, rifampin Fluconazole, fluoxetine, oxcarbazepine,

inhibitors, voriconazole, R-warfarin proton pump inhibitors, voriconazole

CYP2D6 Beta-blockers, haloperidol, phenothiazines, SSRIs Amiodarone, haloperidol, SSRIs

CYP2E1 Acetaminophen Isoniazid Disulfiram

CYP3A4 Alfentanil, amlodipine, cyclophosphamide, Carbamazepine, oxcarbazepine, Cimetidine, diltiazem, erythromycin,

cyclosporine, dexamethasone, diazepam,

phenytoin, rifampin

haloperidol, methylprednisolone, midazolam,
nicardipine, verapamil, voriconazole,

R-warfarin

fluconazole, verapamil, voriconazole

SSRIs, selective serotonin reuptake inhibitors.

Appendix B. Proximal tubule transport system substrates

Anionic system substrates

Acetazolamide, amantadine, ampicillin, aspirin, bumetanide, cephalosporins, ciprofloxacin,
ethacrynic acid, folate, furosemide, methotrexate, nafcillin, NSAIDs, penicillin G, probenecid,

thiazides, zidovudine
Cationic system substrates

Amiloride, amiodarone, cimetidine, digoxin, diltiazem, morphine, NAPA, procainamide,
quinidine, quinine, ranitidine, triamterene, trimethoprim, vancomycin, verapamil

Nucleoside transporters system substrates
Zidovudine, didanosine
P-glycoprotein transporters substrates

Clarithromycin, cyclosporine, digoxin, losartan, procainamide

NSAIDs, nonsteroidal anti-inflammatory drugs; NAPA, N-acetyl-procainamide.
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