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Mechanisms of the hyperkalaemia caused by nafamostat
mesilate: effects of its two metabolites on Na* and K+
transport properties in the rabbit cortical collecting duct
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1 The present experiments were undertaken to determine the mechanism(s) of hyperkalaemia caused by
nafamostat mesilate (NM), a serine-protease inhibitor.

2 We investigated the effects of luminal addition of two metabolites of NM, p-guanidinobenzoic acid
(PGBA) and 6-amidino-2-naphthol (AN), on Na* and K* transport properties of the collecting duct
(CD) cell in the isolated perfused cortical collecting duct (CCD) from rabbit kidneys, because these
metabolites, but not NM, were mainly excreted into the urine.

3 Addition of PGBA at 10~° and 10-* M in the lumen resulted in a hyperpolarization of V, in parallel
with increases in transepithelial resistance (Ry) and fractional apical membrane resistance (fR,). PGBA
added to the luminal perfusate at 10~5 and 10-*M changed V,, Ry and fR, in a dose-dependent
manner. These effects were completely inhibited by pretreatment with luminal amiloride (50 uM). PGBA
at 107°M in the lumen had no effect on the electrical parameters.

4 Luminal addition of AN at 10~*M also caused the apical membrane to hyperpolarize in parallel with
increases in Ry and fR,. These effects were also completely inhibited by pretreatment with luminal
amiloride (50 uM). AN at 10~°M in the lumen had no effect on the electrical parameters.

5 We conclude that two metabolites of NM, PGBA and AN, act on the apical membrane of the CD
cell and inhibit the amiloride-sensitive Na* conductance, resulting in an inhibition of K* secretion. This
direct action of these metabolites, rather than NM, on the CCD might contribute to the NM-induced

hyperkalaemia.
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Introduction

Nafamostat mesilate, 6-amidino-2-naphthyl p-guanidino-ben-
zoate dimethanesulphonate (NM, Torii Pharmaceutical Co.,
Japan), is a novel protease-inhibiting agent (Aoyama et al.,
1984) used for treatment of pancreatitis (Iwaki ez al., 1986)
and disseminated intravascular coagulation (DIC) (Yoshi-
kawa et al., 1983; Hitomi et al., 1985; Takahashi et al., 1989).
It has also been widely used in haemodialysis as an anti-
coagulant in patients with bleeding tendencies (Akizawa et
al., 1985; Yamazaki et al., 1989; Ohtake et al., 1991).
Recently, it has been reported that continuous intravenous
infusion of NM to the patients with pancreatitis or DIC
occasionally causes hyperkalaemia due to reduced urinary
excretion of K* (Okamoto et al., 1990; 1992). However, the
exact mechanism(s) underlying this disorder are not fully
understood. Very recently, Muto et al. (1993) examined the
effects of NM on Na* and K* transport properties in the
isolated perfused cortical collecting duct (CCD), which is one
of the main sites of K* secretion in the kidney (Wright &
Giebisch, 1992), and demonstrated the direct action of NM on
the CCD. They found that NM mainly acted on the apical
membrane of the collecting duct (CD) cell, which plays an
important role in Na* and K* transport in the CCD (Koep-
pen et al., 1983; Muto et al., 1987a,b; 1988), and that it
inhibited the amiloride-sensitive Na* conductance. These find-
ings suggest that the direct inhibitory action of NM on the
apical membrane Na* conductance might contribute, at least
in part, to its hyperkalaemic effect. Although the renal handl-
ing of NM has not yet been elucidated, it has been reported
that NM is metabolized to p-guanidinobenzoic acid (PGBA)
and 6-amidino-2-naphthol (AN) (Figure 1), which are inactive
forms as protease inhibitors (Aoyama et al., 1985; Yang et
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al., 1990). In addition, these two metabolites, but not NM,
are known to be excreted into the urine in rats (Esumi et al.,
1984; Shibuya et al., 1984). These findings strongly suggest
the possibility that PGBA and/or AN might directly act from
the apical membrane of the CD cell and modulate Na* and
K* transport in the CCD. The purpose of the present study
was therefore to determine the effects of luminal addition of
PGBA and AN on Na* and K* transport properties in the
isolated perfused CCD from rabbit kidneys.

Methods

Isolation and perfusion of tubules

Japanese female white rabbits weighing 1.5 to 2.5 kg were fed
a standard laboratory chow and had free access to tap water.
They were anaesthetized with intravenous administration of
pentobarbitone (35 mgkg~'). Both kidneys were removed
and placed in a dish containing a cold intracellular-fluid-like
solution of the following composition (mM): KCI 14,
K,HPO, 44, KH,PO, 14, NaHCO; 9 and sucrose 160.
Segments of the CCD were dissected from the cortex, and
transferred to a bath fixed on an inverted microscope (Dia-
phot: Nikon, Tokyo, Japan). Each tubule was perfused in
vitro according to the techniques developed by Burg et al.
(1966) as modified in this laboratory for use of intracellular
microelectrodes (Muto et al., 1990; 1991; 1993). Since the
details of the technique have been published previously
(Muto et al., 1990; 1991; 1993), they will be presented here
briefly. Tubules were suspended between two pipettes. The
perfusion rate exceeded 20 nl min~! in all tubules. The distal
end of the tubule was held in the collecting pipette with
unpolymerized Sylgard 184 (Dow Corning, Midland, MI,
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Figure 1 Structural formulae of nafamostat mesilate (NM), p-gua-
nidinobenzoic acid (PGBA) and 6-amidino-2-naphthol (AN).

U.S.A.). The tubule was perfused in the bathing chamber of
~ 100 ul which permits rapid exchange of the bathing solu-
tion within 5s. The bathing solution flowed at 5-15ml
min~! from the reservoirs by gravity through a water jacket
to permit the bath temperature to be regulated at 37°C.

Microelectrode studies

The transepithelial and cellular electrical properties of the
tubule were measured by techniques used previously in this
laboratory and described by Muto et al. (1990,1991,1993).
The transepithelial voltage (Vi) was measured through the
perfusion pipette, which was connected to one channel of a
dual electrometer (Duo 773; W-P Instruments, Inc., Sarasota,
FLA, U.S.A.) with a 3 M KCI-3% agar bridge and a calomel
half-cell electrode. The basolateral membrane voltage (Vp)
was measured with 0.5 M KCl-filled microelectrodes, which
were fabricated from borosilicate glass capillaries (GD-1.5;
1.5mm o.d., 1.0 mm i.d.; Narishige Scientific Laboratory,
Tokyo, Japan) by using a vertical puller (PE-2, Narishige
Scientific Laboratory). Both voltages were referenced to the
bath and were recorded on a four-pen chart recorder (R64;
Rikadenki, Tokyo, Japan). The electrical potential difference
across the apical membrane (V,) was calculated by the fol-
lowing equation: V, = V1—Vy.

As previously described (Muto ez al., 1990; 1991; 1993),
cable analysis was used to calculate the transepithelial resis-
tance (Ry), and the fractional apical membrane resistance
(fRa) [ = Rs/(R, + Rp)), where R, and Ry are the resistances
of the apical and basolateral membranes, respectively.

Identification of the CD cell

Electrical identification of the CD cell was performed accor-
ding to the criteria described previously by Muto et al.

(1987a, 1990, 1991, 1993). The CD cell has a relatively low
JRa; high Vg; apical Na* and K* conductances; and baso-
lateral K* and Cl- conductances.

Solutions and materials

The composition of the control bathing and perfusing solu-
tion contained (mM): NaCl 10, KCl5, MgCl, 1, CaCl, 1.8,
NaHCO; 25, Na acetate 10, Na,HPO, 0.8, NaH,PO, 0.2, L-
alanine 5 and D-glucose 8.3. This control solution had an
osmolality between 285 and 295 mOsm kgH,O~!, and was
equilibrated with 95% 0,/5% O, and adjusted to pH 7.4 at
37°C.

Amiloride (Sigma Chemical Co., St. Louis, MO, U.S.A))
was added to the luminal perfusate to achieve a final concen-
tration of 50 uM. PGBA and AN were supplied by Torii &
Co., Ltd. (Tokyo, Japan).

Statistics

Experimental values in the text, tables and figures are pres-
ented as means * s.e.mean. Differences between two groups
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Figure 2 Typical tracings showing effects of p-guanidinobenzoic
acid (PGBA) in the lumen on V and Vj of the collecting duct cell.
Voltage spikes are due to 50 nA constant-current pulses at 10s
intervals.

Table 1 Effects of p-guanidinobenzoic acid (PGBA) in the lumen on the electrical properties of the collecting duct cell in the rabbit

cortical collecting duct

Condition Vr (mV) Vs (mV)
Control -102%1.1 -7713%16
(18) (18)
PGBA 10-*M (lumen) —4.0+09* —-67.5% 1.6*
(18) (18)
Control -10.8+20 —-769%18
) )
PGBA 10~°M (lumen) —4.81 1.3+ — 7231 1.4%
) ®
Control -109%2.1 —-782%21
® ®
PGBA 10-%M (lumen) -10.7%£20 -7714%20
)] )

V, (mV) Rr (Q-cm?) SRy
67.1t 1.4 106.0 £ 8.1 0.48 + 0.03
(18) (15) (15)
71.6+1.3* 132.8+ 7.5* 0.65 £ 0.03*
318) 15) (15)
66.0+ 1.4 103.8£9.8 0.49 £ 0.05
® 9) )
67.5+ 1.7¢ 113.2 £ 10.0* 0.57 £ 0.05*
) ) ®
673+ 1.4 105.3 + 10.1 0.49  0.03
) ) ()
66.6+ 1.4 106.4 £ 10.6 0.49 £ 0.03
) ) ®

Values are mean * s.e.mean; no. of experiments in parentheses. *P <0.001; **P <0.005; +P <0.05 compared with preceding period.



were evaluated with Student’s paired ¢ test. Values of P<
0.05 were considered significant.

Results

Effect of luminal addition of PGBA on electrical
properties of the CD cell

To examine whether or not PGBA acts directly on the apical
membrane of the CD cell, we added PGBA at 10~¢-10"*M
to the luminal perfusate and observed the electrical para-
meters. Figure 2 shows a typical tracing of the changes in Vg
and Vy of the CD cell before and after addition of the drug.
Table 1 summarizes the effects of PGBA in the lumen on
barrier voltages and resistances. PGBA at 10~°M in the
lumen had no effect on the barrier voltages or resistances.
Significant effects of PGBA on the CCD were observed when
the concentrations of PGBA were 10~° and 10-*M. Upon
luminal addition of PGBA at 10~° and 10~*M, the lumen-
negative Vp was rapidly decreased and the — Vy was slightly
decreased, resulting in a significant hyperpolarization of V,.
At that time, both the Ry and the fR, were significantly
increased. However, the changes in V,, Ry and fR, upon
luminal addition of PGBA were greater at 10~*M than those
observed at 10~°M (Figure 3). These results suggest that
PGBA at 10~° and 10~*M in the lumen may inhibit the Na*
conductance at the apical membrane of the CD cell.
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Figure 3 The concentration-response relationships for luminal addi-
tion of nafamostat mesilate (NM, 0), p-guanidinobenzoic acid (O)
and 6-amidino-2-naphthol (@) on the changes in V,, Ry and fR,.
Each point represents the mean of 5-18 separate experiments
+ s.e.mean. The data for NM were taken from the paper by Muto e?
al. (1993).
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To examine whether this luminal action of PGBA is due to
direct inhibition of the apical membrane Na* conductance of
the CD cell, we added a Na* channel inhibitor, amiloride, to
the luminal perfusate, and then examined the effect of PGBA
on the CD cell. Figure 4 shows a typical tracing of the
changes in Vi and Vi of the CD cell before and after
addition of luminal PGBA (10~*M) in the presence of
luminal amiloride (50 puM). Table 2 summarizes the effects of
PGBA in the lumen on the electrical properties of the CD
cell in the presence of luminal amiloride. After addition of
50 uM amiloride to the perfusate, the lumen-negative Vi was
significantly decreased by 18.1 mV, and the Vp was also
significantly depolarized by 10.7 mV, resulting in a hyper-
polarization of V, by 7.3 mV. The Ry and fR, were also
significantly elevated by 26.7 Q-cm? and 0.12, respectively.
However, luminal addition of PGBA in the presence of
luminal amiloride produced no further changes in barrier
voltages or resistances. These results are consistent with the
notion that PGBA inhibits the amiloride-sensitive Na* con-
ductance at the apical membrane of the CD cell.

Effect of luminal addition of AN on electrical properties
of the CD cell

To examine whether AN also acts on the apical membrane of
the CD cell, we added AN at 10~° or 10-*M to the luminal
perfusate, and observed the barrier voltages and resistances.
Figure 5 shows a typical tracing of the changes in V1 and Vg
of the CD cell before and after addition of the drug. Table 3
summarizes the effects of luminal addition of AN on barrier
voltages and resistances. AN at 10~>M in the lumen had no
effect on the electrical parameters. When AN at 10~*M was
added in the lumen, the lumen-negative Vr was significantly
decreased by 7.9mV, and the Vy was also significantly
depolarized by 5.7mV, resulting in a significant hyper-
polarization of V, by 2.2 mV. At that time, both the Ry and
the fR, were significantly increased by 13.4 Q-cm? and 0.09,
respectively. These results suggest that AN in the lumen also
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Figure 4 Typical tracings showing effects of p-guanidinobenzoic
acid (PGBA) in the lumen on V; and Vj of the collecting duct cell in
the presence of luminal amiloride. Voltage spikes are due to 50 nA
constant-current pulses at 10 s intervals.
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Table 2 Effects of p-guanidinobenzoic acid (PGBA) in the lumen on the electrical properties of the collecting duct cell in the presence

of luminal amiloride

Condition

Control

Amiloride 50 pm (lumen)

Amiloride 50 pM (lumen)
+ PGBA 10-*M (lumen)

Vs (mV)
-789%22
-68.2+23*
-683%22

V4 (mV) Ry (Q-cm?) SR,
69.1+1.8 11201 6.9 0.46 £ 0.04
(19) (12) (12)
76.4 £ 2.9* 138.7 £ 6.0* 0.58 + 0.03*
(19 (12) (12)
76.8 2.1 139.1+£ 6.0 0.58 £ 0.03
(19) 12) (12)

Values are mean % s.e.mean; no. of experiments in parentheses. *P <0.001 compared with preceding period.

Table 3 Effects of 6-amidino-2-naphthol (AN) in the lumen on the electrical properties of the collecting duct cell in the rabbit cortical

collecting duct

Condition

Control

AN 10-*M (lumen)

Control

AN 107°M (lumen)

Vs (mV)
—-81.3%25
—-75.6+3.2*
-80.8%38

®
-81.0%3.7

V4 (mV) Ry (Q-cm?) /R,
73.9+29 100.6 + 6.0 0.50 £ 0.02
16) as) (15)
76.1£2.9* 114.0 + 6.9* 0.59 + 0.02*
(16) (15) (15)
749 %37 119.1+8.6 0.51 +0.04
® U ™
752136 119.4+9.0 0.50 £ 0.04
® Y] U]

Values are mean % s.e.mean; no. of experiments in parentheses. *P<<0.001 compared with preceding period.

Table 4 Effects of 6-amidino-2-naphthol (AN) in the lumen on the electrical properties of the collecting duct cell in the presence of

luminal amiloride

Condition

Control

Amiloride 50 uM (lumen)

Amiloride 50 pm (lumen)
+ AN 10-*M (lumen)

Figure 5 Typical tracings showing effects of 6-amidino-2-naphthol
(AN) in the lumen on Vy and Vj of the collecting duct cell. Voltage
spikes are due to 50 nA constant-current pulses at 10s intervals.

Vs (mV)
-856+1.7
(6)
- 77.1+2.5¢
(6)
-765+28

V4 (mV) Ry (@-cm?) IR,
787124 1148 £ 19.8 0.50 £ 0.03
6) ) ()
86.4 £ 3.7** 146.1 £ 20.3** 0.60 £ 0.03*
©6) ©6) ©6)
85.6+3.8 14531178 . 0.58 £ 0.03
© ©) ©)

Values are mean t s.e.mean; no. of experiments in parentheses. *P <0.001, **P <0.005, +P<0.005 compared with preceding period.
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Figure 6 Typical tracings showing effects of 6-amidino-2-naphthol
(AN) in the lumen on V; and Vj of the collecting duct cell in the
presence of luminal amiloride. Voltage spikes are due to 50 nA
constant-current pulses at 10s intervals.



inhibits the apical membrane Na* conductance of the CD
cell.

To examine this possibility, we determined the luminal
effects of AN on the barrier voltages and resistances of the
CD cell in the presence of luminal amiloride. Figure 6 shows
a typical tracing of the changes in V1 and Vj of the CD cell
before and after addition of luminal AN (10~*M) in the
presence of luminal amiloride (50 pM). Table 4 summarizes
the effects of AN in the lumen on the electrical properties of
the CD cell in the presence of luminal amiloride. When
amiloride was added to the luminal perfusate, the lumen-
negative Vr was significantly decreased by 16.1 mV, and.the
Vs was also significantly depolarized by 8.5 mV, resulting in
a significant hyperpolarization of V, by 7.7mV. However,
luminal addition of AN in the presence of luminal amiloride
had no effects on these electrical parameters. Taken together,
these results indicate that AN also inhibits the amiloride-
sensitive Na* conductance at the apical membrane of the CD
cell.

Discussion

This study was designed to determine the mechanism(s) of
hyperkalaemia caused by NM. The present study focused
especially on the luminal action of two metabolites of NM,
PGBA and AN, on Na* and K* transport properties in the
CCD in vitro, because both metabolites are secreted into the
urine and are in contact with the tubular cell apical mem-
brane. We observed that luminal addition of PGBA or AN
brings about changes in the electrophysiological behaviour of
the CD cell quite similar to those of luminal addition of NM.
Thus, the most important findings of our study were that
both PGBA and AN act on the apical membrane of the CD
cell to inhibit the amiloride-sensitive Na* conductance.
The mechanism for Na* reabsorption and K* secretion in
the CCD is well established (Koeppen et al., 1983; O’Neil &
Sansom, 1984; Sansom & O’Neil, 1985 and 1986; Muto et al.,
1987a,b; Sansom et al., 1989). For Na* reabsorption, the
first step is passive diffusion of Na* from the tubular lumen
into the cell via amiloride-sensitive Na* conductance across
the apical membrane. Na* is then actively extruded from the
cell across the basolateral membrane via the Na*-K*-ATP-
ase pump, thereby maintaining a low intracellular Na*
activity. On the other hand, the first step in K* secretion is
active uptake across the basolateral membrane via the Na*-
K*-ATPase pump, thereby maintaining a high intracellular
K* activity. K* can then diffuse passively across the apical
membrane via Ba®*-sensitive K* conductance to bring about
net K* secretion. In the present study, we found that both
PGBA and AN acted from the apical membrane of the CD
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