Understanding Potential Drug Side Effects

Can We Translate Molecular Mechanisms to Clinical

Applications?
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LINICAL  pharmacology

is one important basis of
modern anesthesiology. In this
month’s edition of ANESTHESIOLOGY,
Lecker et al.' report the results
of an investigation of high con-
centrations of tranexamic acid
(TXA) on N-methyl-p-aspartate
(NMDA) and glutamate receptors
in cultured murine hippocampal
neurons. The investigation was
prompted by reports of seizures
in patients receiving TXA during
cardiac surgery. It is an excellent
example of “reverse translation”: f
taking clinical problems to the
laboratory to understand their eti-
ology and mechanism.

The role of antifibrinolytic
therapy for bleeding continues
to expand in medical practice.
The antifibrinolytic agent most
extensively used in 2016 is the
lysine analog TXA, a drug devel-
oped in the 1950s by Okamoto
Utakoin in Japan when searching
for a therapy to treat postpartum
hemorrhage. From the late 1960s until today TXA has been
used in a growing number of surgical and nonsurgical set-
tings to reduce bleeding including menorrhagia, cardiac sur-
gery, orthopedic surgery, and in trauma. The results of the
Clinical Randomization of an Antifibrinolytic in Significant
Hemorrhage 2 (CRASH-2) trial in trauma patients had a
major impact on its growing use in clinical practice.? TXA
also is used for prophylaxis in patients with hereditary angio-
edema and may have important antiinflammatory effects as a
protease inhibitor.? Despite this extensive use, reported side
effects are infrequent. In 2009 TXA acid was entered into
the World Health Organization list of essential medicines.

In 2010, reports began to emerge suggesting increased
nonischemic clinical seizures after cardiac surgery and car-

diopulmonary bypass (CPB) with the use of high-dose TXA
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“[This study] is an excel-
lent example of ‘reverse
translation’: taking clinical
problems to the laboratory
to understand their etiology
and mechanism.”

infusions.> Additional analyses
from larger retrospective evalu-
ations also reported an increase
in convulsive seizures after CPB
even when TXA was used at lower
doses.> Despite these reports, it

[

is important to realize that case
reports are anecdotal. Retrospec-
tive analyses of clinical databases
and even the gold standard of
clinical studies, a double-blind,
randomized,
prospective trial, can only sug-

placebo-controlled

- gest a potential association or sta-
tistical probability between drug
administration and adverse effects.
After cardiac surgery, seizures have
multiple causes that range from
emboli to the cerebral circula-
tion, producing cerebral anoxia
to other potential drug-induced
effects. However, a cause—effect
relationship of adverse events
is best proven by elucidation of
the  molecular/pathophysiologic
mechanisms of the potential
adverse effect.

Multiple mechanisms may be responsible for TXA pro-
ducing seizures. Current reports suggest TXA increases neu-
ronal excitation by antagonizing inhibitory y-aminobutyric
acid neurotransmission and inhibits neural glycine recep-
tors.” When one examines the chemical structures of TXA,
v-aminobutyric acid, and glycine and their similarities, addi-
tional mechanisms may be involved; however, epsilon ami-
nocaproic acid, another lysine analog antifibrinolytic agent,
has not been reported to produce seizures.’

Lecker et al.' report that high concentrations of TXA
inhibit NMDA receptors. The NMDA receptor is an ion
channel receptor present in neural cells that is activated after
glutamic acid or glycine binding to control neurotransmis-
sion in what is called synaptic plasticity. Thus, inhibiting
these receptors will allow for neuronal excitation and thus
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seizures. However, despite this interesting finding, the TXA
concentrations that are effective to inhibit NMDA receptors
are much higher than concentrations found in the cerebral
spinal fluid and 5- to 500-fold higher than plasma concen-
trations measured after a high-dose TXA protocol in cardiac
surgery.”’As the authors note, such concentrations are cur-
rently not systemically achieved viz intravenous administra-
tion but only topically viz local application.

From a molecular perspective, the chemical structure of
TXA is very similar to the amino acid glycine, which in the
brain and spinal cord acts as an inhibitory neurotransmit-
ter. In a previous study, Lecker ez /.7 reported that TXA, in
concentrations found in the cerebrospinal fluid after a stan-
dard high-dose protocol in cardiac surgery, inhibits cerebral
glycine receptors as a potential mechanism to cause seizures.
However, in cardiac surgery the increase in seizures poten-
tially associated with TXA has been observed predominantly
in older patients after procedures with CPB.> In open-heart
surgery, air enters the heart and circulation, and despite efforts
to prevent systemic embolism, microbubbles may enter the
systemic circulation, produce local microvascular injury,
and damage the blood-brain barrier (BBB). Other potential
sources of emboli include atheromatous material or calcified
plaques from the aorta, thrombotic material from the left side
of the heart, particulate matter after valve surgery, and poten-
tial right-to-left communication with a patent foramen ovale.
Local sites of vascular injury may cause local disturbances of
the BBB, increase TXA concentrations at the site of injury of
the brain, and potentially promote seizures. This effect may
be aggravated in older patients, who already often present
with age-related dysfunction of the BBB.® Additionally, using
newer sensitive laboratory methods, large variations in TXA
plasma levels and the interindividual ratio between plasma
concentrations and concentrations found in the cerebral spi-
nal fluid have been reported.”” Therefore, additional mecha-
nisms may be responsible for producing seizures in addition
to circulating levels of TXA. This is particularly important
because the risk of seizures seems insignificant in women
receiving approximately 4g/d TXA for menstrual bleeding,
in trauma patients in the large CRASH-2 trial who received
2¢ TXA, and in noncardiac surgical patients.

Glycine is also an obligatory co-agonist of the NMDA
subtype of ionotropic glutamate receptors that control
numerous calcium-dependent processes. These receptors are
not only distributed widely in the central nervous system
but also in renal, myocardial, and other tissues. The NMDA
receptors are currently under intensive investigation as tar-
gets for treatment of psychiatric disorders such as depression,
schizophrenia, and Alzheimer disease.!® The NMDA recep-
tors outside the central nervous system also are discussed as
potential targets for new pharmacologic targets.!!

One of the interesting aspects of TXA use is the increasing
application of this agent topically. A recent Cochrane review
addressed the topical application of TXA in a large variety
of clinical settings such as cardiac surgery, knee arthroplasty,
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and spinal surgery.'” The authors concluded that topically
administered TXA may reduce bleeding and transfusions but
expressed concern that safety data, particularly with regard
to thromboembolic complications, are missing.'” High topi-
cal concentrations of TXA may lead to lower plasma levels
that depend on the dose used, the application site, and local
readsorption and may achieve plasma levels that are consid-
erably lower than concentrations measured after a high-dose
intravenous protocol in cardiac surgery but are effective at
inhibiting systemic hyperfibrinolysis.!*

Important for the elucidation of the causes of adverse drug
reactions is the understanding of drug actions on nontarget
receptors, proteases, or other pharmacologic processes as well
as on-target effects. As in this case, TXA, a hemostatic agent,
potentially facilitates seizures. In understanding key functions
of NMDA receptors in controlling neurotransmission, their
distribution in the different organ systems, and the effects of
TXA as noted by Lecker ez a/.,'”” molecular mechanisms are
important to explain better and potentially earlier-recognized
potential side effects. However, there are likely additional
mechanisms behind both TXA and seizures after cardiac sur-
gery. Multiple factors may be important in producing seizures
that involve multiple receptors, disruption of the BBB, and
other potential concomitant events that contribute to the
clinical side effects. We look forward to further investigation
of the mechanisms of TXA-induced seizures in patients.
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ANESTHESIOLOGY REFLECTIONS FROM THE WOOD LIBRARY-MUSEUM
Stamping Out Pain with Brandy Anesthesia: McDowell’s

Cystolithotomy of Polk

A 32-cent commemorative U.S. postage stamp was released (right) in 1995 on the 200th anniversary of the birth of Tennes-
see politician James K. Polk (1795 to 1849). As a sickly 12-yr-old, Polk had drunk the brandy prescribed him as his only anes-
thetic for bladder stone removal. This cystolithotomy likely required that the boy be secured for surgery by leather straps and
strong assistants—brandy was an impotent anesthetic. And impotence likely precluded future children for the young patient
after his scarring from the rapid perineal dissection of his famous surgeon, Ephraim McDowell (1771 to 1830). A 4-cent com-
memorative U.S. postage stamp was released (left) in 1959 to commemorate McDowell on the 150th anniversary of ovarian
surgery, which he pioneered. Ironically, Polk’s surgeon, McDowell, hailed as the “Father of Abdominal Surgery,” would die from
appendicitis and never live to see Polk reject brandy and all alcohol in adulthood as the teetotaling eleventh president of the
United States. (Copyright © the American Society of Anesthesiologists’ Wood Library-Museum of Anesthesiology.)
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