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ABSTRACT Medications have been used during space mis-
sions for more than half a century, yet our understanding of
the effects of spaceflight on drug pharmacokinetics and phar-
macodynamics is poor. The space environment induces time-
dependent alterations in human physiology that include fluid
shifts, cardiovascular deconditioning, bone and muscle density
loss, and impaired immunity. This review presents the current
knowledge on the physiological effects of spaceflight that can
translate into altered drug disposition and activity and even-
tually to inadequate treatment. It describes findings from stud-
ies in astronauts along with mechanistic studies in animal
models and in vitro systems. Future missions into deeper space
and the emergence of commercial spaceflight will require a
more detailed understanding of space pharmacology to opti-
mize treatment in astronauts and space travelers.
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INTRODUCTION

Medications have been carried aboard space vehicles since the
beginning of human spaceflight. For instance, the list of med-
ications in the Gemini-7 inflight medical and accessory kits
counted 10 pharmacologically active compounds and that of
Apollo 11 counted 13 (1). In 2014, medical kits on the
International Space Station (ISS) included 78 medications
(2) and the number keeps increasing, counting 107 item ac-
cording to an 2017 evidence report by the National
Acronautics and Space Administration (NASA) (3). Drugs
have been used during spaceflight mostly to manage non-life
threatening problems, with the most common reasons for tak-
ing medications being sleep problems, motion sickness, pain,
congestion, or allergy (4-6). Particularly, falling asleep 1s diffi-
cult in a zero-gravity environment without the normal re-
sponse to lying down to sleep. Additional medications report-
ed to be used by NASA astronauts include anti-infectives (1,6),
wakefulness-promoting countermeasures (1,4), vitamins (1,7),
medications for digestive disorders (1), alendronate (8) and
oral contraceptives (9). During a 166-day Mir mission, cosmo-
nauts used medications for cardiovascular, neurologic and
digestive disturbances (1).

The majority of spaceflights remained in the Low Earth
Orbit and were limited in time (10). To date, only four people
have participated in missions lasting one year or more (7). The
planned next phase of human space exploration to the Moon
and Mars (11) gives rise to many challenges including
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substantial radiation exposure, limited communication with
the ground, and inability to evacuate severely ill crewmembers
to Earth (3,12). In addition, commercial enterprises are ex-
pected to afford less heathy individuals the opportunity to
travel to space (12,13). Medical conditions reported so far in
space travelers include bullous emphysema and ventricular
and atrial ectopy (14—16). Providing medical care within these
limitations requires understanding of spaceflight’s impact on
human physiology, developing appropriate countermeasures,
and adjusting terrestrial treatments to the unique space
environment.

This review will focus mostly on data obtained throughout
spaceflight. The majority of findings presented here were ob-
tained during Low Earth Orbit missions (vehicles in orbit
around Earth at an altitude of 200400 km, e.g., the ISS)
(14). We included relevant information from the recently pub-
lished NASA Twins Study that compared molecular and
physiological traits between monozygotic twin astronauts,
one of whom spent 340 days on the ISS while the other
remained on Earth (7). Several studies were conducted during
exploration class missions (the Apollo missions to the Moon) or
during parabolic flights (repeated parabolas during which the
vertical load factor goes from 1.8 g to near-zero gravity for
about 22 s) (17). However, the latter is not a straightforward
model of spaceflight because of alternating microgravity and
high gravity conditions. Studies in models of weightlessness
such as bed rest and the tail-suspended rats have been
reviewed elsewhere (18—-20) and will not be discussed here.

MEDICAL CHALLENGES OF THE SPACE
ENVIRONMENT

Physiological changes that occur during spaceflight are de-
fined by the duration and the type of the mission and involve
almost every organ system in the human body. Factors con-
tributing to altered human physiology in space are accelera-
tion forces during launch, microgravity, radiation exposure
and sleeplessness. Astronauts additionally encounter noise,
less-then-ideal sanitation, dietary changes, dehydration, and
the psychological challenges of isolation (3,12,14,18,21). Each
of the phases of spaceflight is associated with another set of
physiological challenges to the body that might translate to
changes in pharmacokinetics and pharmacodynamics.
Altered bacterial virulence (22—24) and chemical degradation
of medications (25—27) add to the complexity of drug
treatment in space.

Fluid Shifts and Changes in Local Blood Flow
Gravity plays a key role in fluid distribution. Even the supine

prelaunch position of astronauts with the legs elevated above
the thoracoabdominal plane leads to fluid shifts (20). The fluid
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shift continues during orbit and by the second day of space-
flight the plasma volume decreases by 16-17% (Fig. 1).
During the next days of flight, cardiac output increases and
arteries and veins in the upper body are distended (7,28,29).
However, the plasma volume remains approximately 90% of
preflight values (30,31). Fluid shifts from intravascular to ex-
travascular compartments (31,32) have been attributed to in-
creased permeability of capillary membranes (31). This as-
sumption is supported by the increased permeability observed
i vitro in human umbilical vein endothelial cells in a flight
simulator (33) and aboard the ISS (34,35). Over a period of
a few days, diuresis reduces extracellular fluid and plasma
volume (12), although urine volume decreases over time due
to reduced water intake and low relative humidity of the ISS
environment (7,36). The absence of hydrostatic pressure gra-
dients gradually leads to attenuated baroreceptor responses
that can result in initial orthostatic hypotension upon return
to Earth (12). In the days after landing astronauts additionally
experience fluid retention (7).

The initial changes in plasma volume translate to altered
hematocrit values. A study in the six first sent astronauts into
space during Project Mercury (1961 to 1963) demonstrated
increased hematocrit after several hours of spaceflight (37)
(Fig. 1). During longer flights, the mass of red blood cells has
been generally reported to decrease in association with re-
duced erythropoietin levels (30,38). However, in two cosmo-
nauts who spent a year in space red blood cell-related param-
eters were within normal limits and decreased immediately
after return. The hematological parameters returned to base-
line levels within 1.5-2 months after return (38).

Increased volume of the cerebrospinal fluid (GSF) during
spaceflight, especially long-term missions (longer than
5 months), is an emerging concern (39-42). In one study, these
changes were partially reversible within one month (39). In
another study, long-term follow-up (average, 209 days post-
flight) demonstrated that ventricular CSF volume had
returned toward preflight values, whereas the GSF volume
in the entire subarachnoid space had increased (42).
Recently, a study in seven astronauts who completed shorter
(<30 days) and eight who competed longer-term (<200 days)
ISS missions demonstrated redistribution of cerebral free wa-
ter (43). The increase in intracranial and periorbital CSF vol-
ume contributes to the spaceflight-associated neuro-ocular
syndrome (reduced near visual acuity, optic disk edema, cot-
ton wool spots, and structural ocular changes) (7,12).
Spaceflight has been additionally associated with altered cere-
bral blood flow (44—46).

Pulmonary perfusion is more homogeneous in space com-
pared to preflight and diffusion capacity increases (47,48).
Combined with the higher deposition of aerosol inhaled in
microgravity (19,49), this change can affect the absorption of
drugs given by inhalation and their systemic toxicities (19).
According to a list of medications that was released in 2016
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Duration of flight Postflight period
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in the legs fluid distribution
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Fig. | Timeline of some physiologic changes that occur in astronauts during and after spaceflights and related changes in drug pharmacokinetics. Based on
Williams et al., 2009 (67). CSF, cerebrospinal fluid; GFR, glomerular fittration rate; Hct, hematocrit; MD, mission day; RBC, red blood cells; PV, plasma volume;
T, 2, the time required for the drug’s concentration to reduce to half its initial value; Tmax, time to maximal concentration. Scopolamine data are from Cintron
etal., 1987a (108). Acetaminophen data are from Cintron et al. 1987b (107) and Kovachevich et al., 2009 (I I I). Circles represent individual values. Squares

represent means of five individuals

upon request via the Freedom of Information Act, at least two
types of inhalers (salmeterol and fluticasone) are available at
the ISS (50).

The above mentioned changes in local blood flow and in
plasma and extravascular volumes can potentially affect the
rate and extent of drug absorption, distribution (e.g., cerebral
distribution) and elimination (21,51,52).

Increased Risk of Arrhythmia

Although no fatal arrhythmias have been reported so
far, astronauts experienced arrhythmias during space-
flight and even during extravehicular activity. Reported
cases include atrial and ventricular premature contrac-
tions, short-duration atrial fibrillation and an episode of
ventricular tachycardia (1,12,53,54). Cardiac dysrhyth-
mias and other fluctuations in the cardiovascular system
were the second most frequent medical problem during
the Mir program era (55). A study in 59 cosmonauts
during MIR missions that lasted over 6 months found
prolonged repolarization and T-depression with no pa-
thology in the myocardial bioelectrical activity (56).
However, others reported that corrected QT intervals
(QTc) were prolonged during long-duration spaceflights
(57). Hence, the heart might be more sensitive to drug-
induced QT prolongation during spaceflight.

Changes in Drug-Binding Plasma Proteins

Analysis of serum from crewmen of three Skylab flights demon-
strated decreases of 10%—20% in albumin levels during the first
two weeks of flight and low levels as compared to baseline values
for up to 84 days in space (58) (Fig. 1). However, in a later report
of the same group serum albumin levels tended to return to
baseline by mission day 12 (31). In a study in cosmonauts who
participated in long missions on the Salyut and Mir stations,
albumin levels were slightly increased compared to normal
values on the day of landing and decreased on the third day
and 14th day after landing (59). In a later proteomic analysis of
plasma from 18 cosmonauts who conducted long-duration mis-
sions onboard the ISS, albumin levels decreased to 91% and
92% of preflight levels on the first and the seventh day after
landing, respectively, but the decreases were not statistically
significant. The respective values of al-acid glycoprotein 1 were
65% and 62% (60). The fate of albumin and other plasma
proteins is not clear. In the study conducted on the Salyut and
Mir stations urinary albumin excretion was higher in space (61).
However, subsequent works in astronauts and cosmonauts
demonstrated reduced albuminuria during spaceflights to very
low values, below the low-normal range of healthy individuals
(62,63). Extracellular albumin was not elevated in space (31).
On the ground, even if plasma protein levels change, the
clinical exposure to most drugs whose protein binding is high

@ Springer



148 Page 4 of I3

Pharm Res (2019) 36: 148

(e.g., phenytoin, diazepam and ceftriaxone) will usually not be
affected (64). However, given the other changes that may oc-
cur in space, e.g., increased capillary permeability, this as-
sumption cannot necessarily be applied to spaceflight.

Bone Loss and Muscle Atrophy

Prolonged microgravity exposure leads to alterations in all
components of the musculoskeletal system, resulting in loss
of bone mineralization and muscle mass and increased risk
of injury (14,65). For example, after an eleven day flight mus-
cle fibers were 16-36% smaller than before flight (66). Thirty
percent muscle loss has been noted on longer missions, lasting
3—6 months (67). Muscle loss not only contributes to potential
hampering of astronauts’ performance and to postflight ortho-
static symptoms, but can affect the tissue binding of drugs (20).
Onboard excursive countermeasures attenuates but does not
prevent loss of muscle mass and strength (65).

Impaired Immunity

Spaceflight has deleterious effects on the immune system, with
some aspects of immune hypersensitization (68). Changes in-
clude altered leukocyte distribution and T cell function, in-
creased levels of immunoglobulins, and altered cytokine pro-
files (20,38). For example, a study in 23 astronauts participat-
ing in 6-month ISS expeditions demonstrated reductions in
mitogen-stimulated production of interferon vy, interleukins
5,6, and 10, and tumor necrosis factor a, that persisted during
spaceflight (69). In the NASA Twins Study, some functions of
the immune system, including the response to the first test of
vaccination in space, were not significantly altered onboard
the ISS (7). However, the levels of the majority of assayed
cytokines differed between prelight, inflight and postflight in
the brother who spent 340 days in space, with some changes
lasting six month after return to Earth (7).

The immune system is linked with homeostasis of almost
every organ (20) and can affect various aspects of pharmacoki-
netics. As an example, alterations in immune function have
been shown to translate to changes in the pharmacokinetics of
low molecular weight drugs (70,71). Moreover, altered immune
activity may be associated with hypersensitivity symptoms in
astronauts (6,68) and can potentially put them at increased risk
of adverse hypersensitivity reactions to medications.

Altered Function of the Gastrointestinal System

Absorption during spaceflight depends on the formulation
and can be affected by several physiological factors, including
reduced water intake, gastric emptying, intestinal transit rate,
and intestinal microbiota (21). About 60% to 80% of astro-
nauts experience within the first three days of flight space
adaptation syndrome (space motion sickness), which includes
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headache, nausea and occasionally vomiting. Space motion
sickness may require the use of antiemetic medications but
subsides or disappears in 2 to 7 days (12,14,19,67) (Fig. 1). A
similar period of motion sickness occurs upon return to
ground. However, no symptoms of motion sickness have been
reported by the Apollo crew members during acclimatization
to lunar gravity (67). Ground-based studies demonstrated that
motion sickness is associated with gastric stasis, and that the
anti-motion sickness drugs scopolamine, dextroamphetamine
and promethazine add slightly to the inhibition of gastric emp-
tying already present (21,72,73). The slower gastric emptying
in space, combined with potentially related increase in intes-
tinal transit time, may lead to variability in drug absorption
(19).

In a study conducted during the Mir 18 mission in 19953,
breath methane and hydrogen levels were several fold higher
during flight than on the ground, indicative of gut stasis,
change in gut wall bacterial flora, or a combination of both.
However, no anomalies in the bacterial flora were noticed
after return from flight (74). More recently, the NASA
Twins study demonstrated more changes in the composition
of the gut microbiome during the flight period in space than in
the equivalent period on Earth, without a decrease in the
microbiome diversity (7). The alterations in microbiome were
reversible upon return to Earth and were classified into a low-
risk level. Changes were additionally detected in small mole-
cule markers of microbial metabolism, including secondary
bile acid metabolites.

Taken together, these data suggest that drug absorption in
astronauts may be affected by both space conditions and in-
teractions with other medications, and that the changes might
not be limited to specific periods of flight.

Changes in Hepatic Function

Currently available data suggest that hepatic configuration
and dimensions in humans change after prolonged space-
flight. However, the activity of hepatic drug-metabolizing en-
zymes in humans has overall not been phenotyped (38). In a
study in two crewmembers antipyrine was used as a marker of
hepatic metabolic activity during space flight (74). Only one
preflight data collection session was completed, and data from
one set of the 24 to 48 h collection period were not available.
Yet, that study demonstrated variable hepatic metabolism
during flight, with a decrease of more than 50% in
antipyrine clearance in one crewmember and an in-
crease of 30% in another. The clearance of antipyrine
postilight decreased approximately 20% in both astro-
nauts. Antipyrine is metabolized by several cytochrome
P450 (CYP) isoenzymes (CYP1A2, CYP2B6, CYP2CS,
CYP2C9, CYP2C18, and CYP3A4) (75), and the ob-
served changes are a composite measure of spaceflight
effect on these isozymes.
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Initial studies in rats flown on Cosmos biosatellites during
the 1970s suggested that their hepatic function is altered dur-
ing spaceflight (76). In 1985, inclusion of six rats aboard
Spacelab 3 for seven days allowed analyzing the activity of
hepatic enzymes involved in the metabolism of endogenous
compounds and xenobiotics (77). In that study, liver weight of
the spaceflight animals remained unchanged compared to
controls but hepatic cytochrome P450 content decreased by
50% (Table I). This finding was supported by subsequent
analyses of liver samples from rats flown aboard Cosmos
1887 for 12.5 days (78). The activities of aniline hydroxylase
and ethylmorphine N-demethylase (later shown to represent
the CYP 1sozymes 2E1 (79) and 3A4 (80,81), respectively) and
glutathione-S-transferase (GST) were also lower in the flight
group. The latter observation was confirmed in a later study in
rats flown on a 8.3-day mission (82).

In the Cosmos 2044 mission the liver weights of rats which
were flown for almost 14 days were comparable between the
flight and the control groups (76). Morphological analysis
demonstrated larger hepatocytes than those of controls, likely
due to increased glycogen storage (83). In contrast to previous
reports, GypP450 content did not differ between the groups.

The hepatic content of some Cyp450 isoforms was evalu-
ated again in 2013 in mice flown aboard the Bion-M]I
biosatellite for 30 days (84). The livers of the flight and re-
adaptation mice were examined in 13-25 h and 7 days after
landing, respectively (85,86). The Cyp content was measured
by targeted proteomics using mass spectrometry. This analysis
demonstrated significant increases in the content of Cyps 1a2
(1.9-fold), 2e1 (1.8-fold) and 2¢29 (1.5-fold) in the flight group
compared to ground controls as well as significant inter-
individual variability. The changes in Cyps lal, 2¢39,
2¢50,54, 2d9, 2d10, 2d26, and 3all were not statistically
significant. In livers form the re-adaptation group, CypZ2el
levels remained elevated, Cyp2c29 levels returned to control
values, and Cyp2d9 decreased in comparison with control
levels (84). A follow-up study extended the analysis of hepatic
protein content to 1046 proteins but focused mostly on the
effects of readaptation. Upregulated proteins in the
readaptation group compared to the flight group included
Cyp2d subfamily members, Cypla2, Cyp2f2, epoxide hydro-
lase and several UDP-glucuronosyl transferases. Members of
the Cyp3a subfamily were down-regulated (85).

Another analysis of Cyp and stress-related gene expression
in the liver of rats after a 9-day spaceflight demonstrated in-
creased Cyp4al expression (Table 1), whereas expression of
CYPs 2cl1, 2a2 and 3a2 did not change (87). The effect of
spaceflight on hepatic Cyp4al expression was confirmed in a
later study in rats flown for 12 days. In that study, the expres-
sion of 20 other Cyp genes did not change (88) (Table I).

The inconsistencies across the above mentioned studies can
be attributed to multiple factors, including small animal num-
bers, species differences, radiation exposure, length of flight,

and duration from flight to tissue preparation. For example,
during the seven day Spacelab 3 flight, the rats had ad libitum
access to food and water, but fasted during the 12—15 h delay
from landing to tissue collection (76,77). In the Cosmos 1887
mission rats were flown for 12.5 days and were sacrificed 53—
56 h after landing (due to unexpected landing location)
(76,89). Hence, some of the findings could additionally repre-
sent changes during the post flight recovery period (78).
Housing conditions could contribute to variability across stud-
ies. Animals were either kept in a 12 h light and 12 h dark
cycle (77) or on a cycle of 16 h of light and 8 h of dark (76,83).
The number of animals kept in each cage could also affect
their behavior, particularly because these studies were con-
ducted in males.

Some of the studied isozymes well represent the human
orthologues. For example, the rat Cyp2el seems to be the best
model for the human CYP2E1, which metabolizes many en-
dogenous small molecules, ethanol and drugs such as acet-
aminophen (90,91). The murine Cypla2 also exhibits many
similarities to its human orthologue (92). In humans, CYP1A2
metabolizes caffeine, melatonin and lidocaine, which are in-
cluded in the ISS repository (93,94). In contrast, CYP3A iso-
forms expressed in different species differ in their substrate
specificities and in their transcriptional regulation, complicat-
ing the extrapolation from rodents to humans (91). Genetic
variation in some of these enzymes (e.g., CYPs 2C9 and 2C19)
may further compromise prediction of drug disposition in
space (2).

The mechanisms contributing to altered hepatic enzyme
expression in space are largely unknown. A study in mice
flown on the space shuttle Atlantis for approximately 13.5 days
demonstrated a spaceflight-induced increase in the activity of
peroxisome proliferator-activated receptor (PPAR)a-driven
pathways (95), which can regulate the expression of several
drug-metabolizing enzymes (92). Other potentially contribut-
ing factors include altered hormonal and cytokine profile and
changes in DNA methylation (7).

The findings summarized here demonstrate that the many
years of research on hepatic metabolism in space have not yet
yielded a dataset that can contribute to clinical recommenda-
tions or significantly help prioritizing hepatic enzymes whose
activity should be further investigated.

Altered Renal Excretion

Adaptation of the kidneys to space conditions has been studied
since the early 70s, but until the 1990s reliable measurements
were obtained from only few astronauts and cosmonauts, with
creatinine as the reporter of glomerular filtration rate
(GFR) (96). In 1996, Leach et al. (31) reported on a
transient increase of 17%—-20% in GFR on the first two days
and on day 8 of spaceflight using an inulin analog as the GFR
marker. Effective renal plasma flow, estimated using para-
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Table I  Changes in Hepatic Parameters during Spaceflight
Parameter Units Species Duration of flight (days) Fold change vs. controls Reference
Liver weight
g Rat 7 0.89 77)
g Rat 12.5 [.12 (78)
g Rat 14 0.98 (76)
g Rat 8.3 1.02 (82)
Microsomal protein content
mg/g liver Rat 7 0.75 77)
mg/g liver Rat 12.5 0.73* (78)
mg/100 g BW Rat 12,5 0.93* (78)
Cytochrome P450 content
nmol/mg protein Rat 7 0.51* 77)
nmol/mg protein Rat 12.5 0.86* (78)
nmol/mg protein Rat 14 0.98 (76)
nmol/g liver Rat 7 0.45% 77)
nmol/g liver Rat 12.5 0.62% (78)
nmol/g liver Rat 14 .27 (76)
Phase | enzymes
Cyplal fmol/ug total protein Mouse 30 [.15 (86)
Cyplal mMRNA expression Mouse 12 Not changed (88)
Cypla2 fmol/ug total protein Mouse 30 |.87% (86)
Cypla2 mRNA expression Mouse 12 Not changed (88)
Cyp2c29 fmol/jug total protein Mouse 30 | .45% (86)
Cyp2c29 mRNA expression Mouse 12 Not changed (88)
Cyp2c39 fmol/ug total protein Mouse 30 1.36 (86)
Cyp2c50,54 fmol/ug total protein Mouse 30 1.47 (86)
Cyp2d9 fmol/ug total protein Mouse 30 1.39 (86)
Cyp2d9 mMRNA expression Mouse 12 Not changed (88)
Cyp2d 10 fmol/jug total protein Mouse 30 0.86 (86)
Cyp2d10 mRNA expression Mouse 12 Not changed (88)
Cyp2d26 fmol/jug total protein Mouse 30 0.85 (86)
Cyp2d26 fmol/ug total protein Mouse 30 |.5% (85)
Cyp2d26 mRNA expression Mouse 12 Not changed (88)
Aniline hydroxylase activity U/mg Rat 12.5 0.82* (78)
Aniline hydroxylase activity Ulg liver Rat 12.5 0.59* (78)
Cyp2el fmoljug total protein Mouse 30 |.81% (86)
Cyp2el mRNA expression Mouse 12 Not changed (88)
Ethylmorphine N-demethylase activity nmol/{min*mg) Rat 12.5 [.16% (78)
Ethylmorphine N-demethylase activity nmol/min*g liver) Rat 12.5 0.84* (78)
Cyp3al 1,16 fmol/ug total protein Mouse 30 0.98 (86)
Cyp3al6é mMRNA expression Mouse 12 Not changed (88)
Cyp3alé mRNA expression Mouse 12 Not changed (88)
Cyp3al | 41 fmol/ug total protein Mouse 30 0.75 (86)
Cyp4al mRNA expression Mouse 12 Not changed (88)
Cyp4al mRNA expression Rat 9 >3% (87)
Phase Il enzymes
GST activity nmol/min*mg protein) Rat 12,5 0.85* (78)
GST activity Umol/{min*g liver) Rat 12,5 0.9 (78)
GST activity Umol/{min*g) Rat 8.3 0.83* (82)

*Statistically significant difference

BW, body weight; CYR cytochrome P-450; GST, glutathione S-transferase
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aminohippurate (which is also a prototypical organic anion
substrate (97)), did not differ significantly from preflight values.
GIR returned to baseline values on the landing day (31). In
another study GIR increased after landing, probably due to
the saline-loading countermeasure (98). A series of organ on
chip studies launched to the ISS in May 2019 by a team from
the University of Washington (PIs Edward Kelly, Jonathan
Himmelfarb and Cathy Yeung) evaluates the effects of space-
flight on several parameters of renal function.

Increased Membrane Fluidity

Studies in plain lipid membranes and in a human neuroblas-
toma cell line demonstrated that membrane fluidity increases
in microgravity (99). The same group later assessed alterations
in membrane fluidity at the presence of lidocaine, a local
anesthetic agent included in the ISS medical kit (2,50). The
study was conducted in the microgravity phase during a
sounding rocket flight (up to 6 min). Fluidization of asolectin
vesicles was measured by fluorescence polarization (100).
Lidocaine increased the membrane fluidity under both study
conditions, but the increase was significantly lower in micro-
gravity. The authors speculated that the anesthetic effect of
lidocaine may be reduced in space, and that altered mem-
brane fluidity might affect both drug pharmacodynamics
and pharmacokinetics.

Altered Transporter Activity

Adenosine triphosphate binding cassette (ABC) transporters
are a large family of efflux pumps widely expressed in many
organisms. The expression of ABC transporter genes has been
shown to be upregulated in space in fungi (101) and in bacte-
ria (102) and is high in microbial communities in ISS environ-
mental locations (94). The effect of spaceflight on mammalian
ABC transporters has not yet been systemically studied, but
several observations were made in the course of
transcriptomic or proteomic analyses. For example, Zhang
et al. (103) studied changes in global gene and miRINA expres-
sion in confluent human fibroblast cells in an experiment con-
ducted aboard the ISS. After a 3-day incubation, both the
flown cells and ground control cells were still proliferating
slowly. Among the genes that were differently expressed in
space was ABCBI (encoding P-glycoprotein; P-gp), whose ex-
pression was upregulated 2.3-fold. However, when the same
comparison was made in cells that have been in space for two
weeks, no significant changes in gene expression was found. It
was concluded that the microgravity of space affects human
fibroblasts more in the proliferating stage, but the authors
commented that the results may not be valid for living organ-
1sms. Changes in P-gp expression in humans can have clinical
implications, because this transporter plays an important role
in the pharmacokinetics of many drugs (51).

A vesicular transport assay was adapted to evaluate the
ATP-activated transport activity of estradiol-17-p-
glucuronide by ABCC2 (multidrug resistance-associated pro-
tein 2; MRP2) (104), an efflux transporter whose typical sub-
strates include glucuronide—, sulphate— and gluthatione-
conjugated drugs (105,106). Experiments were performed
during parabolic flights. MRP2 net transport activity was sig-
nificantly reduced in microgravity when compared to ground
1 ¢ controls. The microscopic structure of the vesicles
remained stable during simulated hypergravity, but confor-
mational changes of lipid structures could not be ruled out
(104), in line with the above mentioned changes in membrane
fluidity and membranal incorporation of small molecules.

The limited data available so far suggest that efflux trans-
porter activity might be altered in space, although the exact
mechanisms of such changes have yet to be clarified. Whether
the activity of uptake transporters is altered in microgravity
conditions is currently unknown.

CASE STUDIES
Pharmacokinetics in Space

Until today, the only three drugs whose pharmacokinetics
have been assessed in space are acetaminophen, scopolamine,
and antipyrine (the latter used as a marker of hepatic clear-
ance, as described above). Acetaminophen and scopolamine
concentrations were measured noninvasively in saliva based
on the consistent saliva/plasma concentration ratio over the
entire measurement period of both drugs (107,108). These
limited studies are now over 30 years old, no new pharmaco-
kinetic studies have been published in recent years. It 1s diffi-
cult to understand why the issue of dosing astronauts when far
away from the next hospital in an unknown environment has
not risen to the level of conducting a pharmacokinetic study.
Since pharmaceutical companies are probably not interested
in sponsoring such a study, it would be NASA or other inter-
national space agencies that should perform these studies to
make sure that the doses used in astronauts in space have the
same or similar risk-benefit-assessment as on Earth. This is
particularly important in the field of anti-infective agents since
even very healthy astronauts can get infected in the closed
environment of a space station. A potential therapeutic failure
of an anti-infective agent due to changes in pharmacokinetics
and /or pharmacodynamics could be potentially disastrous.

Acetaminophen
Acetaminophen has been a standard for inflight absorption
measurements because it is readily and quickly absorbed by

passive diffusion in the small intestine, and it has been given
therapeutically many times during flight (21). Hence, it was
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used as a marker of absorption processes in two inflight studies
during the 1980s.

The first study investigated the pharmacokinetics of acet-
aminophen after oral administration of two 325 mg tablets in
five crewmembers on three different missions (107). On mis-
sion day 2 peak acetaminophen concentrations (Cmax) that
were measured in two individuals were elevated and the time
to peak concentrations (T'max) was shorter than before flight.
However, on day 4 of the mission absorption rate was slower
than during preflight in two other individuals. In the
crewmember who underwent the inflight study on mission
day 3, Cmax was higher but the peak was delayed as com-
pared to control values. The elimination of the drug appeared
unaffected, but oral clearance or AUC values were not report-
ed. The variability in absorption was attributed to differences
among crewmembers in response to spaceflight, including se-
verity of space motion sickness and degree of hydration, and to
differences in mission days (107,109). It is not clear if the
subjects used additional drugs. Extension of the analysis to
12 subjects on seven different flights confirmed the reduced
absorption rate during spaceflight (110). Cmax tended to de-
crease on flight day 0 compared to preflight values and in-
creased on flight days 2 and 3. Tmax tended to increase along
the four first days of flight.

In the second study, five crewmembers took a tablet and
five took a capsule of 500 mg acetaminophen during a long
term mission on the ISS (111). The mission day of the study
was not specified. The change in AUC in space was modest
(approximately 20%) and Cmax was only marginally affected,
but absorption was significantly delayed, with a Tmax of
1.80 h versus 1.12 h under usual living conditions. The delayed
absorption during spaceflight was associated with two peaks in
salivary acetaminophen concentrations, at 0.5 h and 2 h after
administration of the drug.

When acetaminophen was administered as capsules, the
Tmax decreased by 30% as compared to ground condition
(0.6 h versus 0.9 h, respectively), and it was one third of the
tablet value (111). The drugs’ half life as determined by mea-
surements in saliva was 2-fold longer than under usual living
conditions. The AUC did not differ significantly between the
space and the ground measurements. The changes in the rate
of absorption from the capsule could result from altered posi-
tion of the formulations in the stomach: the tablet may not sink
toward the pylorus and the capsule that contains a small
amount of trapped air may not float on top of the liquid
contents of the stomach (21).

The results of these studies suggest that spaceflight mostly
affects the rate of acetaminophen exposure, whereas the
changes in its extent are smaller. Based on the current data,
and given that there have been no reports on symptoms of
acetaminophen overdose or of reduced efficacy during flight,
it appears that alterations in prescribing are probably not
warranted (21). However, the changes in drug
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pharmacokinetics and effects are dynamic and can depend
on the mission length. Therefore, these findings cannot be
extrapolated to longer missions.

Scopolamine

The pharmacokinetics of a 0.4 mg dose of oral scopolamine
combined with 5 mg dextroamphetamine as a capsule were
studied in three astronauts. The saliva sampling frequency was
less than optimal due to dryness of the mouth caused by both
dehydration and scopolamine itself (108). Scopolamine has an
erratic oral absorption even on the ground but its combination
with dextroamphetamine was among the most commonly
used drugs during the first 33 space shuttle missions (109).
The inflight kinetics of scopolamine were also erratic and
highly varied across subjects and between two study days in
the same subject. Besides the above mentioned sources of
variation in the acetaminophen studies, scopolamine absorp-
tion could be affected by simultaneous ingestion of other med-
ications (and vice versa) (108,109).

Pharmacodynamics in Space

Very little is known if the assumption that therapeutic drug
concentrations on Earth and in space do not differ significant-
ly is correct. There is some evidence that bacterial growth
rates and antibiotic potency change in zero-gravity which
may require dose adjustments in infected astronauts (22-24).
Also, since sleep medication use is very frequent in astronauts,
studies should be performed in zero-gravity to explore if the
pharmacodynamic response to drugs like zaleplon or
zolpidem 1is the same as on Earth or if space-specific dosing
1s warranted to avoid overdoses or impair the performance of
astronauts. The use of biomarkers (electroencephalography)
could be an appropriate tool to perform these studies in space.
Furthermore, drugs that increase alertness and overcome
tiredness such as armodafinil should be studied to assess their
appropriateness during spaceflight.

STABILITY OF MEDICATIONS IN SPACE

An additional factor that can affect medication efficacy and
safety, especially in long missions (two years or more) in space
is drug stability. Although the temperature and humidity con-
ditions on the ISS are within the ideal ranges for medication
storage (26), radiation may accelerate degradation of medi-
cines in space. In a study by Du et al., four out of 14 solid
dosage forms of medications stored for 28 months on the
ISS did not meet the United States Pharmacopeia (USP) re-
quirements, as compared to two of the ground controls (26).
The physical characteristics of six medications were altered in
space, whereas those of two medications were altered on the
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ground. The number of medications failing stability require-
ments was associated with time in space, and degradation was
faster especially in light-sensitive medications. However, loss
of Active Pharmaceutical Ingredient (API) content was gener-
ally less than 20% oflabel claim. In a later opportunistic study,
in which each medication was available for one time point,
eight of nine medications met stability requirements (27). An
exception was a melatonin preparation that failed to meet
USP requirements at 11 months after expiration. No unusual
degradation products were identified. Notably, stability might
be affected by repacking of medications on the ISS into bags
to reduce the volume of the medication kit (27).

Several approaches have been suggested to prevent
radiation-induced degradation of drugs, including the use of
radiation-attenuating containers and packaging materials
with appropriate designs, cryogenic temperatures and space-
hardy formulations, e.g. micro- and nanoformulations (112).
In the future, pharmaceuticals may be produced in space, for
example by radiation-resistant fungi (113).

OUTLOOK

The limitations of the studies presented in this review stem to a
large extent from the unique conditions that restrict research
in space. However, lessons learned through these earlier stud-
ies, together with technological advances, can significantly en-
hance our understanding of space pharmacology, with some
projects already underway. It would be desirable to prioritize
studies related to drugs which are commonly used by astro-
nauts, such as antibiotics, sleep inducing agents and anti-
emetics. Mechanistic studies focusing on processes common
to multiple drugs such as major elimination mechanisms are
urgently required as well. The latter may not require studies in
humans as they can imply experimental models such as organ
on chip systems.

For i vwo studies in humans, an important consideration is
minimal invasiveness. For instance, liquid biopsies
(plasmasomes), supported by omics- approaches, can be used to
probe changes in the expression and activity of enzymes, trans-
porters and receptors. In addition, sensors can be used to contin-
uously monitor biomarkers. One example is the above men-
tioned electroencephalography. Near infrared and other types
of imaging can detect changes in various processes with or with-
out the use of exogenous compounds (e.g., indocyanine green as
a marker of hepatic blood flow and hepatic transporter activity
(114,115)). Computer-based simulated tasks might be used for
monitoring drug effects on astronaut performance i space.

Future studies to be conducted on the ISS should be de-
signed to be as automated as possible due to the very busy
schedule of astronauts. An emerging alternative approach is
conducting automated studies onboard unmanned space ve-
hicles that can transmit signal to ground stations, return the

specimens to Earth, or both. Organ on chip systems are ideal
for such studies.

The use of physiologically based pharmacokinetic (PBPK)
models can be used for simulating system changes in space. A
preliminary PBPK model for estimating the plasma
concentration-time profile of acetaminophen under different
experimental conditions has been suggested 25 years ago
(116), but in the absence of data this approach has not been
applied to other medications. With the expanding information
obtained from various experimental systems, PBPK could
prove very useful for predicting drug effects in space.

CONCLUSIONS

Current anecdotal evidence suggests that physiological chang-
es that occur during spaceflight are likely to alter drug poten-
¢y, efficacy and safety. The changes depend on the drug and
even the formulation, as well as on the duration of flight and
on environmental factors. Hence, the available data may not
apply to longer missions, e.g., to Mars, which are expected to
involve substantial radiation exposure and overall increased
likelihood of significant changes in human physiology and in
drug stability. Given the huge gap of knowledge, future studies
aimed at understanding drug effects in space should be prior-
itized, e.g. based on medication utility. Such studies are likely
to increasingly rely on newer, less-invasive technologies, au-
tomatization that reduce the workload of astronauts, and un-
manned space vehicles. Importantly, conventional assump-
tions cannot be applied to pharmacokinetics and pharmaco-
dynamics, and studies should be controlled for factors such as
changes in membrane fluidity. Better understanding of space
pharmacology can help select drugs whose effects in longer
missions are more likely to be predicted, e.g., based on expect-
ed changes their receptor binding or predominant route of
elimination, adjust dosage, and eventually improve treatment
outcomes.
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