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Abstract. Inoduction; A cascade aof
pathophysiological events occurs with the as-
cension to high altitude (H). We have per-
formed studies on the effects of exposure o H
on the pharmacokinetics of drugs. The hy-
puthesis behind these studies has been that the
exposure to H, which produces narked physi-
ological changes in lhe body, may alter
pharmacokinetics, and consequently, phanma-
codynamics. Our previous studies suggest that
drugs highly bound to plasma proteins are
most likely to exhibit altered disposition. Ob-
jective; In continuation of our research, we
selected furosemide which is about 98%
bound to plasma proteins, renally cxcreted
and has low binding to red blood cells, Sub-
jects, materials and methods: Furosemide
(40 mg) was administered orally o 3 groups
of young healthy volunteers. One group who
had been residing at sea level (group L), the
same group afier 15 hours of exposure ta high
altitude {3,600 m, group HA) and 2 group of
volunteers living at H for at least 6 months
{group HC). Results: Our resulis are in accor-
dance with the most recent pharmacokinetic
studies on furosemide in which a terminal
half-life of approximately 20 — 30 h was re-
ported. Total proteins were 9.3% and 12.7%
higher in groups HA and MO, respeclively,
than in group L. Albumin in group HC was
8.2% lugher than group L. Bilimubin in-
creased | 7.7% and 41.2% in groups HA and
HC. respectively, in comparison with group
L. A vapid disposition rate constant in groups
HA and HC was the only pharmacokinetic pa-
rameter that was significantly differemt fiom
those in group L. Concentration of furose-
mide in plasma water increased significantly
after H exposure, thus, the binding dimin-
ished from 97.2% in group L to 95.1% and
91.1% in groups HA and HC, respectively.
Conclusion: Exposure to H produces an in-
crease in the free fraction of furosemidein hu-
mans, which could be of therapeutic impor-
tance.

Introduction

A cascade of pathophysiological events
aceurs with the ascension w ligh altitude (F0D
[Hackett and Roach 2001, Houston 1992,
Sutten 1992]. The term “high-altitude illness™
is used 1o describe the cerebral and pulmonary
syndromes that can develop in unacclimatized
persens afier ascent to H. In bath the brain and
the lungs. hypoxia elicits neuralwmoral and
hemodynamic responses that resull in over-
perfusion of microvascular beds, elevated
hydrostatic capillary pressure, capillary leak-
age, and consequent edema [Hackelt and
Roach 2001]. The hypoxia stimulates erythro-
poietin resulting in an increased red blood cell

- (REBC) count, and hematocril and fuid accu-

mulate in the membrane of the alveoli prevent-
ing oxygen uptake into the blood. Increased
ventilation decreases carbon dioxide levels
and raises the bleod pH and, a5 a consequence,
the kidneys remove bicarbonate to stabilize the
bleod pH. Failure of the sodium pump at H re-
sults in loss of potassium, disturbances in the
clectrolyie balance, and thus edema, There 15
an Increase in plasma prolein concentration al-
ter reaching H [Surks [966]

Although the problem of medical weat-
ment [Hackett and Roach 2001, Iars el al.
1998] and the efficacy of drugs at high altitude
have been sidied [Albrecht and Albrecln
1969, Aslamand Kahn 1996], there are only a
few reports dealing with pharmacological
changes and hardly any on pharmacokinetics,

Oher groug has performed studies on the
effects of exposure 1o high altitude on the
pharmacokinetics of drugs. The hypothesis
behind these studies has been that exposure
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to H, which produces many physiclogical
changes, may alter drug pharmacokinetics,
and conseguently, pharmacodynamics. The
problem is relevant from a public health point
of view, because an increasing number of
people travel 1o high-altitude locations for
sport, 45 tourists or for military and other rea-
sons, Drug pharmacokinetic changes as a
conscquence of high altitude exposure could
lead to modifications in dosage regimens in
order to maintain efficacy or prevent toxicity.

Our previous pharmacokinetic studies
with meperidine and acetazolamide at H, indi-
cated altered drug disposition due to increased
erythrocyte binding and decreased protein
binding [Ritschel etal. 1996a.b, [998a,b] and
indieated that further pharmacokinetic re-
search in this [eld with other drugs was re-
quired. Protein binding of'both acetazolamide
and meperidine was decreased aller H expo-
sure and this was particularly marked with
meperiding. These findings sugpest that H s
mest likely to exhibit allered drug disposition
in those drugs which are highly protein bound
and renally excreted. Furosemide inhibits the
active reabsorption of chloride ion in the thick
ascending limbof the loop of Henle by hind-
ing to ome of the Cl° binding sites of the
Ma2C1 K cotransport system, (D15 a potent
loop diuretic used i the treatment of edema-
tous slales associated with eardiae, renal and
hepatic failure, and for the treatment of
lypertension. 11 is a weak acid with a pKa of
4,7 [Holes and Schocowald [990], is more
than 80% ionized under physiological pH
conditions [Ritschel and Keams 1999] and
about 98% protein-bound. For these reasons,
we sglected this drug to continbe our rescarch
on the effect of H on the pharmacokinetics of
drugs.

Subjects, materials and
methods

Subjects and study design

The study was carried oul in 3 groups of
|2 healthy volunteers, The [nstitutional Re-
view Board of the University of Chile. Santi-
ago. Chile, and the Chilean Armed Forees ap-
proved the protocol. All of the volunteers
were men recruited rom the Chilean Army.
Inclusion parameters included a minimum of

& months of residence at sea level or H {3,600
m). campletion of physical examination, uri-
nalysis and blood chemistry tests, Residence
of & months was considered to be sulficient
for acclimatization to high altitude, which
usually oceurs over a period of a few days o a
few months. Exclusion parameters included
any resulls outside the established nonmal
range for urine and blood chemistey tests, any
previous gastrointestinal. hepatic, cardiovas-
cular, pulmenary, or renal discase, previous
gevere mowntain sickness and use of any drug
in the 10 days preceding the study. Group L
consisted of volunleers living at sea level
{military base at Arica, the northernmaost city
in Chile). Group HA were the same subjects
as group L, but after short-term exposure to
highaltitude 1 week afier the first phase olthe
studly, This involved traveling 160 ki by bus
to the military base at Putre in the Andes of
Morth Chile which is at a height of 3600 m.
Subjects arrived in the afternoon and the
study was performed the following morning,
The ather group HC comprised subjects who
had resided For at least 6 months at the study
site at utre.

The mean (= 50) height of the subjects
was 1.69 + 0,08 m for groups L and H, and

1= 006 m for group HC . Body weighowas
62,0 + 8.5 ko for group Loand H, and 67.5 4
9.0 kg for group HO. All the volunieers were
19 years old.

For all groups, the treatment was the same:
after am overnight fast with water allowed ad
libitum. a dose of 40 mg of furosemide was
given to cach volunteer in a immediate re-
lease tablet {Lasix) along with 250 ml of wa-
ter. Parlicipants were given a standard break-
fast 2 howers alter dosing, Blood samples were
collected via intravenous catheter or individ-
ual needle puncture at appropriate intervals
over 72 hours,

An aliquot of each blood sample was
lyvzed for analysis of drug in whole blood.
Heparinized blood was  centrifuged  and
plasma separated. Half ef the plasma samples
obtained at 0.5, 1.5, 2, and 3 hours after ad-
ministration were filtered  (Micropartition
System MPS-1, Amicon Division, Danvers,
hA. USAY to abtain plasma water. The sam-
ples collected at sea level were immediately
[rozen after separation. At high altitude, sam-
ples were frozen and packed in dry ice for
transportation to the laboratory for analysis,
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Figure 1. Mean whole bload concentration-tima
profiles for furosemide in heallny volunteers at lowe
altivude (L), afier shart-term exposure 10 high alti-
tude (HA], and after leng-term exposurs to high alti-
tude {(HC).
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Figure 2. Mean plasma concentration-ima pro-
files for furcsemide in healthy volunigers at low all-
tude (L}, after shorl-term exposure to high allitude
[HA], and after long-term axposure to high allitude
(HC).

Analytical procedure

All samples were analyzed for furosemide
by a validated high-pressure liquid chroma-
tography method using an L-6200 (Merck
Hitachi) gradient pump, F-1080 (Merck
Hitachi) fluorometric deteotor (A, =345, A,
= 403}, L-7330 (Merck Hitachi), oven col-
wrrn at 30 °C, and L-7250 (Merck Hitachi)

autosampler. A C18# chromatographic column
{Chromolith performance Rp 18e 100 - 4.6
mum) was used. The mobile phase was o lineal
aradient of acetonilrile : orthophosphoric
acidpH 2.1 =395 (t=0).41 : 3% (t=7 min].

Pharmacokinetic analysis

The concentration-time data for furose-
mide were analyzed using compartmental
analvsis and the RESID computer program
[Ritschel 1975]. The extent of protein binding
was determined by the following equation:

(e
EPB=-"—" =100
C

where C,,, and C,, arc the concentrations
in plasma and plasma water, respectively.
Binding to ervthrocytes was calculated ac-
cording Lo the following equation [Ritschel
1992]:

L= Sip GitH) % 100

; C,

where Cp 15 hinding o erythrocytes, and
Cy, and O, are concentrations in blood and
plasma, respectively, and H is the hematoerit.

Statistical analysis

Pharmacokinetic parameters were sub
jected to 1-way analysis of variance. A level
of p = (105 was considered to be statistically
significant.

Results

Hoth, blood clinical tests and wrinalysis
were within normal range for all volunteers,
Hematocrit and hemoglobin were 10% and
11.3% higher, respectively, in the group HC
in comparison with group L. The values for
lotal proteins in groups HA and HO were
3% and 12.7% higher, respectively. For al-
bumin, there was no difference between
groups L and HA, but the values in HC group
were 8.2% higher than in group L. The con-
centration of bilirubin increased 17 7% and
41.2% in groups HA and MC, respectively, in
comparison with group L {Table 1.
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Table 1. EBlood parameters of healthy volunieers
al low altitude (LY, after short-term exposure to
high altitude (HA) and after long-term exposure to
high alfitude {HC), The values in parenthesis are
the 5D

L HA, HC

Hamatocrit 44.58 - 48.00
(%) [2.46) [1.5%)
Hemoglobin 14,78 - 16.45
(i) (0.97) (0.57)
Total pratein 7.7 7.84 .08

(qidl) {0.38) (0.41] (048]
Albumin 3.80 375 4.1

{grdly {0.54) (0.22) (0.31)
Bilirubir 0.51 .60 072

gl {0.21) (018 (0.27)

Whole blood and plasma

Figures | and 2 show the concentration-
time profiles for furosemide in whole blood
and plasma, Data were best fitted by a 2-
compartment epen model, Mean pharma-
cokinetic parameters in blood and plasma are
listed in Table 2. The concentration-time pro-
files in whole blood in the 3 situations stud-
ed, L, HA and HC have similar shapes, The
curve peaks earlier in group HA and the ab-
sorption rate constant is higher than in the
other 2 cases, however, the difTerences are not
statistically significant, The slow disposition
half=lifc {h) was 1847 = 4,45, 1609 = 3,16,
and 20054 = 11 44 in whele blood, and 149.41
4+ 507, 16300+ 271, and 21.68 £ [1.56 in

Table 2. Pharmacokinetic paramelars of furosemide in healthy volunieers in plasma and whale biood a1
low altitude (L), afler short-larm exposure 1o high altiude (HA] and after lang-tarm exposure to high altitude
(HE). The values in parenthesis are tha S0

Blocd

Plasma
L Ha HC L HA HC
vz 003280 0.0436 0.0398 0.0395 00445 {0.0419
) (100} (0.0065) (0.0173) (0.0099) [0.0083) 10.0175)
7 0.az 071 a7 076 0,70 061
(h™') (0.26] (0.27) (0.16} 10.24) (0.20) (0.17)
K=z 1.69 170 1.31 1.28 1.70 1.35
th™') (0.594) i0.81) 0.52) {0.43) (0.74} (0.34)
bygan 19.41 16.30 21.68 10.47 16.08 20,54
(h} [(5.07) {2.71) {11.56) {4.45) (3.16] (11.44)
et .84 1.13 1.32 0.8y 1.07 1.24
(h} (0209 (04T {0.52) 0.22) [0.29) (0.45)
11/2a 0.55 .49 0.61 060 048 0.55
{h] {0.34) {0.20) {0.24) [(0.18) (0.13) 10,18}
e 1.65 1.38 1.58 1.54 1.38 1.55
{h] (0.84) (0.57) {0.79) [OLE5) (.57 (0.79)
ey 393 3.54 .70 2.28 1.89 1.89
{pmallly {1.39) (1.35) {1.82) (0.81) (0.72) (0.92)
auC 10,18 a9.23 11.22 5.22 4,96 5.56
{umald = h) (239} (1.91) (4,52} {1.28) (0.99) [2.35)
MRT 10.65 Q.62 13.80 BAT 861 1247
h [¢.44) [4.08) (10.37) - (4,12) (4,16 (12.00)
e 018 0.20 019 0.30 0.1 0.4z
(Ihidkg ) [0.04) [0.05) (0.11) (0.09] (0.08) {0.30]
Wil ol 5.05 .60 5.18 10.44 9.23 10.60
k) {1.89) {2.27) (3.7 {1.87} (5.18)

{1.01)
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Table 3. Furosemide bound 1o plasma protein in
haallhy veluntesrs al low altilude (L), after shart-
tarm exposura ta high allitude (HA). and after
long-term axposure 1o high altitude (HC), The val-
u@s in parenthesis are the S0.

L HA HC

Time (h) (%) {50) (%)
0.5 av.57 9408 a0.41
{0.80) (1.00) [1.80)
1.5 g7.56 9317 81,70
[1.20) (0.50) (1.30)
2.0 a7.28 55.34 41,79
{1.00) {0L60) {1.20)

2.0 5,39 94,81 Q012
(1.90) {0.50) {1.50)

MMean 0720 9507 91.00
+ 5D (0.40% {0.20) (0.40)

Table 4, Pharmacakinatic paramelers of furose-
mide in healthy volunlaars in urine at low altitude
(L}, after shart-term expasura to high altitude (HA),
and after long-larm expasure e high altiude (HE),
The valugs in parenthesis are the SD.

L HA HC
i (R 0.0398 0.0348 0.0344
(0.01) {0.01) (0,01}
ty (R 18.21 21.51 21.75
(4.1 (6.109 (8,20}
Huw (mg) 12.02 14.958 11.29
(0.50) (0,509 (0,30}
fu/F (%) 30,04 37.45 28.21
(3.20) (2.30) 1,70}

plasma for groops L, HA and HC, respec-
tively, MRET tends 1o increase with chronic ex-
posure 1o high altitude in both whole bloed
and plasma. The values for the Loand FLA
groups were very similar {approximately
10 hours) and the values for group HO were
12,97 hoand 1389 h for whole blosd and
plasma, respectively, but the differences were
not statistically significant. Al volunleers ex-
posed to H exhibited a rapid disposition con-
stant measured both with whole blood and
plasma. There were no slatistically signifi-
cant difTerences in the other pharmacokinetic
parameters between the 3 groups studied and
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this was true fordata on bhoth whole blood and

plasma.

P:'asma_ water

Furosemide in plasma water increased af-
ter cxposure 1o H (Table 3). There were sig-
nificant differences between data obtained at
sea level and those from the HA and HC
aroups al all time points measured. The con-
centration data were pooled to obtam a valoe
for the protein binding of furosemide in the
3 gitwarions studied (L, HA and HC ) and these
data showed a decrease in binding alter expo-
sure 1o H. The value of 97.2 = (L.40% at sca
level dropped o 95.07 + 0.20% afler shiort-
term exposure and 91,00 + 0.40% after long-
term exposure. The differences were statisti-
cally significant.

Binding to erythrocytes

The hinding to erythrocyies alse dimin-
ished in the group exposed w 1 for at least
6 months. The binding was 5.4% in the group
at the sea fevel and 0.70% in the group atter
chronic exposure to high altitude.

Lrin ar}ﬁgcc_r_eﬁan

Table 4 contains the phammacokinetc pa-
rameters caleulated from urnnary data, Excre-
tion rate constants and 1, were caleulated
from the slopes of the urinary excretion rate-
versus time plots at the middle of the collection
interval. The mean + SD values of t) 2 (h) were
[B.21=4. 00,2151 0. 10and 21.75 =620 for
aroups L, HA and HC, respectively. The dift
ferences are statistically nol signilicant,

The cumulative amouns excreted uncor-
rected for bioavailability fw/F were 30,04 £
3.20%, 37,45 = 330% and 28.21 = | TON for
groups L, HA and HC, respectively. The dif
ference between HA and the other 2 situations
is statistically significant,

Discussion

The results of this study are in accordance
with the most recent pharmacekinetic studies
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of furosemide [Vree et al. 1995, Vree and van
Der Ven 19949] in which a terminal half-life of
approximately 20 — 30 h has been reported.
During this slow elimination phase, only
4.6 4 1.53% of the administered dose are ex-
creted, which is 14%, of the amount excreted
during the first 15 h. The terminal half-life in
our study was approximately of 20 h, both in
plasma and whole blood, Volume of distribu-
tion, ¢learance and mean residence time are
also in accord with this earlier study,

In the case of 1,2, although the differences
are not statistically significant, we noted a
faster elimination in group HC compared with
proups HA and L, both in plasma and whele
Blacd, The velume of distribution, although
not statistically significant, is decreased in
group HA . which is consistent with the physi-
ological findings of reduced plasma volume
in subjects 24 hours after arrival at high alti-
tute [Poulsen el al, 1999, Sawaka clal. 1996].
This reduction 15 stabilized with long-lenm
exposure to high altitude and WV, tends to be
approximately the same as at sea level.

Comparison of the fast disposition rate

comstant obtained in plasma inthe 3 groups of

this study shows that o decreases from (L82 =
0.26 ' to 071 £ 0.27 h? (—13%) afier
short-term exposure Lo high altitude and Lo
05720160 1 (-30%) alter chronic exposure
1o high altitude; this kind of decrease in a is
also observed in whole blood. We alse ob-
served an increase in MRET when comparing
chronic exposure 1o high altitude and at sca
level. This increase, although not statistically
significant, was 30.7% and 37.0% 0 plasma
and whaole blood, respectively. This increase
in MRT after chronic exposure 1o high alti-
tuce is not consistent with the faster elimina-
tion half-lives noted and could be related to
the rapid disposition rate constanl on expo-
sure to H.

The hal -life of furosemide obtained from
urine data in the 3 situations of this study
{18.21 4410 h) was comparable to those ob-
tained with plasma and whole blood in volun-
teers at sea level but this value inereased sig-
nificantly afler exposure to H being 21,51 =
6,10 0 and 21.75 £ 6,20 h for groups HA and
HE, respectively. The fraction excreted in the
uring uncorrected for bicavailability was
24.7% higher in group HA than in the volun-
teers at sea level and 32.8% higher than in
wropy HC,

The erythrocyle uptake of furosemide was
5.4% in the volunteers at sea level and this
value decreased to 0.7% on chronic exposure
at high altitude in spite of the fact that red
blood count is known o be higher in subjects
exposed 1o high altitude and that hematocril
was higher i group HC compared 10 the
aroup at sea level. Erythrocyte experiments
indicate some changes during the process of
acclimatization to the altitude. An expansion
of the erythrocyte volume has been deseribed
[Sanchez et al. 1970] which would be medi-
ated by erythropoietin, A more recent study
has shown that envthrocyte velume does not
change during the first 13 days. However, the
ime course and magnitude of erythrocyte
volume adaptation during altitude acclimati-
zation is still not well vnderstood. Tt is not
lnown at the present time i these alierations
in erythrocyles on exposure to altitude affeet
the binding of dugs in general or of furo-
semide in particular. Furosemide is highly
bound 1o protein and almost exclusively to
albumin [Boles and Schoenwald 18907, In-
creases in plasma concentrations of 1otal pro-
tein, thyroxine binding globulin, and cerulo-
plasmin and a depression in prealbumin have
been detected during the first 2 weeks athigh
altitude [Surks 1966]. High altitude exposure
caused an increase in 1he synthesis of albumin
and fibrinogen i human volunteers [Imaber-
dorf et al. 20017, In ouwr study. we found a
9.3% and 12.7% increase in total proteins in
groups HA and HC, respectively, and an in-
crease of 5.2% in albumin in group HC com-
pared 1o the group at sea level. Nevertheless,
we found an ingrease in the concentrations in
plasma watcr of furosemide in the volunteers
exposed to altitude with the percentage bBoumnd
to proteins equal to 97.2%, 95, 1%, and 91.1%%
for groups L, HA and HC, respectively (Table
31, The free froction remained relatively con-
gtant 0,3 T = 3.0 h afler administration when
the determinations were performed. Furose-
micle has been classified in the group of drugs
susceplible to displacement from buman se-
rum albumin by bilirubin [Maruyama et al,
1984]. W observed higher concentrations of
biliruhin a5 n consegquence of exposure 1o alli-
tude, this increase was 20% for group HA and
449, for group HO. The increases in bilirubin
plasiia concentration might explain m part the
increase in free fraction of furosemide, From
the pharmacokinetic parameters obtained in
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this study, it is not hﬂ'ssibll: to draw conclu-
sions regarding changes in excrefion or me-
tabolism as a consequence of the exposure o
high altutude. Howewver, the finding that the
free fraction of furosemnide is increased could
be aftherapeutic importance s.i nce itcould af-
fect the intensity and duration of the effects.
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