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ABSTRACT: Furosemide is a potent diuretic that affects water transfer across the
respiratory epithelium, which is closely related to the transepithelial potential difference
(PD). Water is a critical factor that determines mucus transport; an important lung
defence mechanism that removes particles and microorganisms from the respiratory
system.

The aim of the present study was to investigate the acute effects of furosemide and
hypovolaemia on tracheal PD and mucus properties. A total of 36 male mixed-breed
dogs were submitted to anaesthesia, mechanical ventilation and haemodynamic
monitoring. They were randomly assigned to three groups consisting of: a control
group, a furosemide (40 mg i.v.)zhypovolaemia group, and a furosemide (40 mg i.v.)z
volume replacement group. Tracheal PD and mucus samples were collected at time 0, 1
and 2 h after intervention. Mucus properties were analysed by means of a magnetic
microrheometer and in vitro mucociliary transportability on the frog palate.

Compared to controls, furosemide decreased PD to intermediate values, and only
significantly when associated with hypovolaemia (-13¡5 and -8¡2 mV, time 0 and 2 h,
respectively).

In addition to the direct effect of furosemide, these results indicate that hypovolaemia
also affects ion transport in the tracheal membrane. Furosemide and hypovolemia have
no acute effects on respiratory mucus properties.
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Mucociliary transport (MCT) is an important lung
protective mechanism, which removes inhaled particles and
microorganisms from the respiratory system. MCT is
dependant on several factors including: mucus rheological
properties, ciliary activity and mucus-cilia interactions [1–3].
Mucus is a variable mixture of glycoproteins, low molecular
weight ions, proteins, lipids and water [4, 5]. Water constitutes
y95% of respiratory mucus [5], and is a critical factor in
determining mucus clearance rate [1, 4]. Under normal
circumstances, active ion transport in the respiratory epithe-
lium mediates the production and regulation of volume and
composition of mucus [2, 4–7]. The transfer of water across
the airway epithelium is closely related to the transepithelial
potential difference (PD), which is considered an index of
epithelium function [1, 4, 7].

A general clinical concept suggests that systemic dehydra-
tion contributes to the production of thick, highly viscoelastic
mucus or dehydrated tracheobronchial secretions that would
impair MCT and lead to plugging of the airway. However,
this concept is based on little scientific evidence. Previous
studies involving chickens [8] and dogs [9], and the use of
severe dehydration models (up to 72 h), did not determine
which exact mechanisms were behind these processes.

Furosemide is widely used in intensive care units, and other

settings, for the reduction of plasma sodium and volume [10,
11] by inhibiting NaK(Cl)2 co-transporter, located at the
apical membrane in the thick ascending limb of Henle9s loop
[12]. In the respiratory epithelium, furosemide inhibits the
basolateral-to-luminal water flux coupled with chloride ion
(Cl-) transport at the basolateral membrane [12–14]. There-
fore, furosemide may affect the mucus water content and
MCT by a direct effect on the respiratory epithelium and,
indirectly, by systemic dehydration. KONDO et al. [10]
observed a significant decrease in in vitro MCT after
furosemide had been administered to patients undergoing
mechanical ventilation (MV). On the contrary, WINTERS and
YEATES [13] showed an improvement in in vivo MCT in dogs
and baboons after furosemide had been administered. Based
on controversial results, the present study was designed to
investigate the effects of acute dehydration promoted by
furosemide on tracheal PD, mucus rheology and in in vitro
MCT on the frog palate in anaesthetised dogs under MV.

Material and methods

The experimental procedures and protocols for the present
study on dogs were approved by the Animal Care Committee
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of the School of Medicine of São Paulo University (São
Paulo, Brazil), and the National Institutes of Health guide-
lines were followed.

Preparation of animals

A total of 36 mixed-breed adult male dogs, 11–14 kg in
weight were studied. Each dog had free access to water and
was fasted 8 h before the intervention. The animal was
initially anaesthetised with inhaled halothane using a facial
mask, and placed in the supine position. Tracheal intubation
was performed with an 8-mm sized tube. The cuff of the
tracheal tube was positioned distal to the larynx. MV was
initiated after intubation (Linea A Ventilator; Intermed
Equipamento Médico Hospitalar, São Paulo, Brazil). An
airway gas monitor (Monitor 252; Datex Instrumentarium,
Helsinki, Finland) was employed throughout all the experi-
ments. A hydrophobic heat and moisture exchanger (Pall
BB100F; Pall Biomedical Products, New York, NY, USA)
was placed between the "wye-connector" of the ventilator
tubing and the dog to condition the inspired gases. Pulse
oximetry, placed at the tongue, and ECG records were
continuously monitored. A cephalic catheter was placed on
the left limb, thereafter, inhaled halothane was discontinued
and sodium pentobarbital (10 mg?h-1) was infused to keep the
animal under general anaesthesia along the study period. A
central venous catheter was inserted in the right cardiac
atrium via the right femoral vein to measure central venous
pressure (CVP). The right femoral artery was cannulated to
continuously monitor mean arterial blood pressure (MABP),
and to evaluate blood gas analysis and plasma sodium. The
bladder was cannulated to measure urine output and to
obtain urine samples in order to estimate fractional sodium
excretion. A tracheostomy was performed and PD was
measured in the lower part of the opened trachea. Body
temperature was maintained at 36–38uC with warm-water
blankets and an electrical heating pad, as necessary.

Study design

All procedures previously described were completed and all
animals received an infusion of 10 mL?kg-1 of isotonic saline
solution (0.9% NaCl), through peripheral venous catheterisa-
tion. The haemodynamic variables were allowed to stabilise
for 30 min to get a steady state in all animals, after which,
time 0 was set. Animals were randomly assigned to three
groups (n=12 per group): a control group, which received no
therapeutic intervention; a furosemidezhypovolaemia group
(FzH), which received 40 mg of i.v. furosemide; and a
furosemidezvolume replacement group (FzR), which
received 40 mg of i.v. furosemide and 0.9% NaCl every
10 min, to replace the volume of urine lost to ensure a
normovolaemic status. The FzR group was included in the
present study in order to distinguish the effects between
furosemide and hypovolaemia on PD and mucus properties.
Data were recorded at time 0 h, time 1 h and time 2 h in all
groups.

Data collection

Urine output, volume infusion, fluid balance and fractional
sodium excretion were determined at time 0 h and time 2 h.
Arterial blood samples were drawn for gas analysis at time 0,
1 and 2 h, and for determination of plasma sodium and

haematocrit at time 0 and 2. Haemodynamic variables
included in the current study were heart rate, MABP and CVP.

Transepithelial potential difference

PD technique was modified after that described by KNAUF

et al. [15]. Measurements were performed across the epithelial
membrane using two microelectrodes connected with KCl-
saturated agar bridges to calomel half-cells. The calomel half-
cells were connected to the high input of an electrometer
(Fisher Accumet 950; Fisher Scientific Co. L.L.C., Pittsburg,
PA, USA), which was grounded. Due to the KCl-saturated
agar bridges, a correction for diffusion potentials was not
necessary; liquid junction problems associated with perfusion
methods were also avoided. The reference electrode was
guided with a polyethylene catheter and placed in the s.c.
space [1, 16] with a perfusion of 0.9% NaCl solution, near the
dog9s trachea. The measuring electrode was carefully placed
in contact with the posterior membranous part of the lower
tracheal epithelium, which is similar to previous studies [1,
17]. Prior to each experiment, the electrodes and agar bridges
were connected to a common Ringer9s solution bath.
Whenever electrode pairs differed by w1 mV of PD, the
bridges were discarded. The results are presented in mV as
mean¡SE.

Mucus collection

Respiratory mucus samples were gently collected using a
sterile suction technique [14] at times 0, 1 and 2 h and the
samples stored at -70uC for further analysis, as previously
described [18].

Mucus analysis

Mucus properties were assessed with two ex vivo bench tests
that have been established in the literature: mucus rheological
properties and in vitro MCT.

The magnetic microrheometer technique, as described by
KING and MACKLEM [19] and modified by SILVEIRA et al. [20],
was used to measure the rheological properties of mucus.
Briefly, a small steel ball was inserted into the mucus sample
and its displacement, under the influence of a sinusoidal
oscillating magnetic field, was measured. This ball acts as a
rheological probe, because its movement is opposed by
viscous and elastic forces. The mucus sample was mounted
in a plexiglass container, inserted into the gap of a magnetic
toroid and mounted on the stage of a projecting microscope,
which was driven by a sine-wave generator. The shadow of
the ball was projected onto a pair of photocells providing an
electrical output in proportion to the displacement of the
moving ball. The toroid current and photocell outputs were
transmitted to a digital oscilloscope connected to a computer
for storage and off-line processing. Measurements were made
at 1 and 100 rad?s-1 applied frequencies, and the results were
expressed as logarithm of G* (Log G*; dyne?cm-2), a rigidity
factor, and tangent d (tan d; viscosity-to-elasticity ratio), a
recoil factor.

To evaluate in vitro MCT, the ciliated frog palate
preparation was used [21]. Briefly, the velocity of tracheal
samples from the dogs was compared with the velocity of the
autologous frog mucus, and the results were expressed in
terms of relative speed (dog mucus/frog mucus). The transport
velocity of mucus placed on a mucus-depleted frog palate was
determined with the aid of a stereoscopical microscope
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equipped with a reticulated eyepiece. The samples were rinsed
with petroleum ether to remove the oil before placement on
the surface of the palate. The clearance experiments were
performed at an ambient temperature, which was kept at
20uC (68uF). During the measurements, the frog palate was
maintained inside an acrylic chamber, 100% relative humidity
was provided by an ultrasonic nebuliser system using a 1:1
solution of 0.9% NaCl:Ringer9s solution [16, 18].

Statistical analysis

The sample size was calculated using a power of 80%, with
a significant level of difference of 5%. Based on a previous
study by the current authors [10], the desire was to detect a
specified difference of 1.50 between any pair of treatment
means. Statistical comparisons among groups over time were
performed by two-way ANOVA for repeated measures.
Differences among groups were tested by Tukey9s test.
Values of pv0.05 were considered statistically significant.

Results

Mean values of all ventilatory and oxygenation parameters
were stable and presented no significant differences among
groups along the study period: tidal volume (237¡36 mL),
minute volume (4.5¡0.8 L), mean airway pressure
(5¡2 cmH2O), positive end expiratory pressure
(2¡1 cmH2O), inspired oxygen fraction (21%), pulse oxyme-
try (98¡1%), and end expiratory carbon dioxide fraction
(32¡5%).

Table 1 summarises volume infusion, fluid balance, frac-
tional sodium excretion and plasma sodium in the three
groups. Furosemide promoted greater urine output and
higher fractional sodium excretion in the FzH and FzR
groups compared with the control group (pv0.001, for both
parameters). Fluid balance was significantly negative in the

FzH group (pv0.001). Volume infusion was greater in the
FzR group compared with the control and FzH groups
(pv0.001). Each dog of the FzH group lost y30% of their
total intravascular volume, which resembled an acute
hypovolaemia. The small but significant increase in plasma
sodium observed in the FzR group can be explained by the
large volume infusion of isotonic saline solution, matching the
urine losses in order to maintain normovolaemia in this
group. No animal developed hyponatraemia.

Haemodynamic data and haematocrit are shown in table 2.
The FzH group presented greater heart rate (p=0.025) and
decreased CVP as compared with control and FzR groups
(p=0.005) along the study period. MABP decreased in all
groups (p=0.002). Haematocrit showed a nonsignificant trend
to be higher in the FzH group (p=0.09).

Figure 1 presents the mean values of PD¡SE in the three
groups. At time 0 h, mean values of PD (-15 mV) were similar
to other findings [1]. These values remained stable up to time
2 h in controls. Furosemide promoted a significant decrease
in PD only in the FzH group (p=0.011).

Figure 2 shows the mean values of in vitro MCT¡SE for the
three groups. MCT increased (pv0.05) in all groups during
the study period. There were no significant differences among
the groups.

Table 3 depicts the mean¡SE rheological measurements
performed at 1 rad?s-1 and 100 rad?s-1 in all groups. Mucus
rheology was evaluated in nine dogs of each group because of
the lack of sufficient sample or discoloration of the collected
mucus. The rigidity factor at 1 rad?s-1 diminished in all groups
(pv0.001), and remained stable at 100 rad?s-1. There were no
significant differences among the groups in tan d.

Discussion

In the present study, furosemide promoted any30% loss of
total intravascular volume and it significantly increased heart
rate and decreased CVP, which resembled an acute and

Table 1. – Volume infusion, urine output, fluid balance, fractional sodium excretion and plasma sodium in control (C),
furosemidezhypovolaemia (FzH) and furosemidezvolume replacement (FzR) groups at time 0, 1 and 2 h

Time h C FzH FzR

0 1 2 0 1 2 0 1 2

VI mL 97¡20 91¡17 63¡7 94¡5 50¡5 38¡3 106¡23 336¡70* 327¡65*
UO mL 43¡16 20¡5 19¡3 54¡16 300¡33* 113¡20* 46¡11 299¡70* 284¡60*
FB mL 94¡21 79¡16 56¡7 94¡21 -250¡36* -76¡21* 106¡24 38¡26 38¡15
FSE % 0.32¡0.1 0.19¡0.1 0.22¡0.1 0.45¡0.1 9.02¡0.8* 5.82¡0.8* 0.40¡0.1 8.08¡1.3* 8.11¡1.6*
Naz mEq?L-1 145¡1 # 147¡1 146¡1 # 146¡1 147¡1 # 149¡1*

Data are presented as mean¡SE, n=12 per group. VI: volume infusion; UO: urine output; FB: fluid balance; FSE: fractional sodium excretion; Naz:
plasma sodium. #: not measured. *: mean values were different from control (pv0.05).

Table 2. – Haemodynamic variables and haematocrit in control (C), furosemidezhypovolaemia (FzH) and furosemidezvolume
replacement (FzR) groups at time 0, 1 and 2 h

Time h C FzH FzR

0 1 2 0 1 2 0 1 2

HR bpm 127¡10 128¡7 132¡5 122¡10 156¡9* 151¡7* 146¡11 139¡8 127¡8
CVP mmHg 7¡0.3 7¡0.3 7¡0.3 7¡0.6 5¡0.6* 5¡0.6* 6¡0.3 6¡0.6 7¡0.3
MABP mmHg 119¡5 121¡5 117¡7 110¡5 128¡3 111¡10 116¡3 120¡5 109¡7
Ht % 34¡2 # 33¡2 35¡2 # 38¡2 33¡1 # 32¡1

Data are presented as mean¡SE, n=12 per group. HR: heart rate; bpm: beats per minute; CVP: central venous pressure; MABP: mean arterial blood
pressure; Ht: haematocrit. #: not measured. *: mean values were different from controls (pv0.05).
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moderate hypovolaemia in the FzH group. The inclusion of a
group (FzR), in which volume replacement matched urine
output, allowed the effects of furosemide and hypovolaemia
to be separated. Furosemide, a potent Cl- secretion inhibitor
in the respiratory epithelium, promoted a significant fall in
PD only when associated with hypovolaemia. The present

study provides evidence that volume status is an important
variable contributing to the decrease in PD. As all the groups
maintained normal plasma sodium along the study period,
there was no unique relationship between plasma sodium and
airway PD. This is evidence that hypovolaemia has an
independent effect from changes in plasma sodium. These
results occurred within an acute intervention with no
significant changes in mucus properties among the groups.

The direction of net water flux across the tracheobronchial
epithelium has been suggested to result from transepithelial
ion transport with secondary osmotic water movement [7, 13].
PD variation might represent a mechanism for controlling
water content within the airway via ion fluxes, which could be
associated with modulation of mucus rheology and clear-
ability [1]. PD is considered as an index of epithelium function
[1, 4, 7] and it has been used in the diagnosis of lung diseases
like cystic fibrosis [3, 22] or in characterising pulmonary
injury [1, 7]. Tracheal PD values were measured in the lower
part of the opened trachea and mean values werey-15 mV in
all groups at time 0 h. These results fit with data reported by
others in dogs [1] and in anaesthetised subjects [7]. PD
remained stable along the study period in controls. In the
current study, inhibition of the NaK(Cl)2 co-transporter by
furosemide did not cause a marked decrease of tracheal PD,
similar to a previous report [14]. Given the known effects of
furosemide on epithelial bioelectric properties, a similar PD
decrease should have been obtained in both groups that
received identical furosemide dosing. However, an intermedi-
ate PD decrease was found in the FzR group and a marked
decrease in the FzH group as compared to controls (p=0.011)
(fig. 1). Plasma sodium remained within normal limits in all
groups, and there was no unique relationship between plasma
sodium and PD, indicating that this was not the reason for
differences in PD behaviour among the two groups that
received furosemide. As PD is a sensitive index of mucosal
perfusion and function, the current authors have raised the
possibility that hypovolaemia might have caused tracheal
hypoperfusion, which in turn could have further decreased
PD. ANEMAN et al. [23] showed a significant decrease in
duodenal transepithelial PD after hypovolaemia, which was
associated with critical reductions in mucosal perfusion.

The acute effects of furosemide on mucus properties and
MCT have shown conflicting results. Furosemide is more
effective from the serosal, than the luminal, side of the tissue
[12, 24], and has been associated with the inhibition of
basolateral-to-luminal water fluxes [14]. If Cl- flux is
associated with water flux from mucosa into the lumen,
then inhibition of NaK(Cl)2 co-transporter may reduce mucus
water content and ultimately MCT. Consistent with this
hypothesis, KONDO et al. [10] showed a decrease in in vitro
MCT in mechanically ventilated patients that received
furosemide for up to 4 h. On the contrary, WINTERS and
YEATES [13] observed that furosemide (40 mg) increased
in vivo MCT in dogs and baboons. These authors raised some
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Fig. 2. – Results of the in vitro mucociliary transportability as relative
speed in the control ($), furosemidezhypovolaemia (') and furose-
midezvolume replacement (&) groups at time 0, 1 and 2. Data are
presented as mean¡SE. n=12 per group.

Table 3. – Mucus rheology (logarithm of G*, rigidity factor at 1 and 100 radians?s-1, frequency of deformation) was evaluated in
each group at time 0, 1 and 2 h

Time h C FzH FzR

0 1 2 0 1 2 0 1 2

Log G* 1 radian?s-1 1.6¡0.1 1.3¡0.1* 1.1¡0.1* 1.8¡0.1 1.7¡0.2* 1.7¡0.2* 1.9¡0.1 1.4¡0.2* 1.4¡0.3*
Log G* 100 radians?s-1 1.7¡0.1 1.5¡0.1 1.4¡0.1 1.7¡0.1 1.8¡0.2* 1.8¡0.1* 1.8¡0.1 1.5¡0.1 1.7¡0.1
Tan d 1 radian?s-1 0.7¡0.1 0.5¡0.1 0.6¡0.1 0.6¡0.1 0.6¡0 0.5¡0 0.6¡0 0.5¡0.1 0.6¡0.1
Tan d 100 radians?s-1 0.7¡0.1 0.7¡0.1 0.6¡0.1 0.6¡0.1 0.5¡0.1 0.8¡0.1 0.7¡0.1 0.7¡0.1 0.6¡0.1

Data are presented as mean¡SE. C: control; FzH: furosemidezhypovolaemia; FzR: furosemidezvolume replacement; tan d: tangent d (ratio
between viscosity and elasticity). *: mean values were different from controls (pv0.05).
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Fig. 1. – Results of the tracheal transepithelial potential difference
(PD) of nine animals in the control group ($), 11 animals in the
furosemidezhypovolaemia group (') and 11 animals in furosemi-
dezvolume replacement group (&) at time 0, 1 and 2 h. Data are
presented as mean¡SE. *: pv0.05.
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potential mechanisms triggered by the diuretic that may have
stimulated MCT, such as release of vasopressin and/or
angiotensin, the inhibition of sensory nerves that regulate
secretion, and the induction of microvascular leakage.
Differences between studies could be related to the method-
ology. In vitro MCT only evaluates mucus transportability
properties, while in vivo MCT may be affected by mucus, cilia
and the mucus-cilia interactions. Differences between species
may also be relevant. Ion transport and effects of furosemide
in the airway have been studied most extensively in the dog9s
tracheal epithelium. Dog trachea is similar to human trachea
in dimension and alveolar ventilation [25]. However, it has
been established that the canine tracheal epithelium actively
transports electrolytes, and its activity is largely that of Cl-

secretion with a small component of sodium absorption [4,
12–14, 17]. In human epithelium, sodium absorption is the
major active ion transport across excised airway, and Cl-

secretion does not occur under basal conditions [3, 4, 7].
Therefore, the effects of furosemide could be, theoretically,
different in dogs and humans. In the present study, no
significant acute effects of furosemide and hypovolaemia on
tracheal mucus properties and in vitro mucus transportability
by cilia were observed. It is possible that effects on respiratory
mucus could have been present if a longer period had been
examined.

Anaesthesia, tracheostomy, MV and the use of a heat and
moisture exchanger have all been related to reductions in
MCT [18, 26–28]. However, in the current study, these factors
were equally applied to all groups. Also, the animals were
carefully allowed to attain haemodynamic and ventilatory
stabilisation before random assignment in the present study.
The current study protocol allowed us to distinguish the acute
effects of furosemide and hypovolaemia on mucus properties.

One limitation of the present study which was observed,
was that the three experimental groups showed a time-
dependent decrease in Log G* at 1 rad?s-1 (pv0.001) and an
increase in in vitro MCT (pv0.05). An artificial humidification
system was employed for the inspired air that passively
preserves the exhaled air-water content and heat. The current
authors tried to avoid two situations: breathing dry air or
breathing air with an additional water content provided by a
heated water humidifying system [18, 29]. In a previous study
[18], in patients with acute respiratory failure submitted
to MV, the artificial nose, as compared to a heated water
humidifier, promoted changes in mucus properties only after
72 h of MV. As dogs use the airway for evaporative cooling
(panting) [6], the heat and moisture exchanger may have
retained too much water [29]. In contrast, offering dry air
during MV would be a model of little clinical relevance.

There is a general belief that hydration status may affect
respiratory mucus properties. Although physiologically inter-
esting, the effects of hydration and dehydration on respira-
tory mucus properties have received little attention. BANG

and BANG [8], in an old study in chickens, demonstrated that
severe dehydration, up to 72 h, resulted in progressive
deterioration of nasal mucociliary function, most probably
due to viscid mucus. The nasal MCT dysfunction was
reversed with spontaneous rehydration. CHOPRA et al. [9]
found that i.v. saline solution (0.9% NaCl) increased tracheal
clearance rate in anaesthetised dogs. MARCHETTE et al. [30]
showed that systemic hydration at volumes ranging from
5–35 mL?kg-1 did not significantly alter baseline tracheal
mucociliary transport in the normal state of conscious sheep.
However, in the allergic sheep airway, the volume infusion
further impaired MCT. SHIM et al. [31] found no effects of
fluid regimens, oral hydration and a modest dehydration, on
volume sputum and rheological properties in patients with
chronic bronchitis. The present study employed a model of
dehydration induced by furosemide, which influences ion and

water fluxes across the respiratory membrane by inhibition of
NaK(Cl)2 co-transporter, as previously discussed. Never-
theless, no significant changes in mucus physical properties
and transportability by cilia were observed, suggesting that
the association of dehydration and furosemide has little or no
effect on mucus properties in this acute experimental model.
The current authors9 interpretation is that the primary effect
of hypovolaemia is directed towards peri-ciliary fluid hydra-
tion and only secondarily, if at all, towards mucus hydration.

In summary, furosemide promoted a nonsignificant
decrease in potential difference by a direct inhibitory effect
on the NaK(Cl)2 co-transporter located in the basolateral
membrane of the tracheal epithelium. In contrast, furosemide,
associated to intravascular volume depletion, decreased the
potential difference significantly. These results indicate that,
in addition to the direct effect of furosemide, hypovolaemia
also affects ion transport in the tracheal membrane. However,
these changes in potential difference were not associated with
significant changes in mucus properties with up to 2 h of
intervention. Acutely, furosemide and hypovolaemia have
little or no effect on respiratory mucus properties or mucus
transportability by cilia.
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