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ABSTRACT

In order to clarify the role of a circulating digitalis-like substance in the pathogene-
sis of essential hypertension, short (intravenous) and long term (oral administration)
effects of digoxin on the vascular reactivity to infused norepinephrine (NE) at a con-
stant rate (0.22 pg/kg/min) were studied in normotensive male volunteers.

In 14 subjects 90 min after intravenous administration of digoxin, basal intraerythro-
cytic sodium concentration (ENa) before NE infusion was significantly increased due
to inhibition of Na*, K* ATPase activity in cell membrane by digoxin indicated as
erythrocyte ouabain sensitive efflux rate constant (ERCos), and basal plasma NE con-
centration (PNE) was significantly increased. Basal hemodynamic parameters except
for heart rate (HR) remained unchanged, but increases in mean blood pressure and
total peripheral resistance during NE infusion (AMBP and ATPR) were significantly
augmented. Increase in PNE during NE infusion (APNE) tended to decrease. In-
travenous administration of digoxin significantly augmented AMBP/APNE and
ATPR/APNE as the parameters for the pressor response and vascular reactivity to
NE from 3.81 = 1.64 mmHg-mlng? to 4.85 * 2.12 mmHg-ml-:ng” and from 121 +
75 dyne-sec:em®ng? to 147 * 61 dyne-sec:cm®ng’, respectively.

In 14 subjects after 6 days oral administration of digoxin as well as intravenous ad-
ministration of digoxin, basal ERCos was significantly inhibited and basal ENa was
significantly increased. Basal PNE was unchanged, but APNE was significantly
decreased. Oral administration of digoxin also significantly augmented the pressor
response and vascular reactivity to NE from 5.14 = 1.70 mmHg -ml-ng? to 6,25 *
2.00 mmHg-ml'ng® and from 130 * 65 dyne-sec-cm®ng’ to 176 * 53
dyne-sec-cm®ng”, respectively.

These findings suggest that the augmented pressor response to NE is caused by the
enhanced vascular reactivity to NE through inhibition of Na*, K* ATPase activity in
cell membrane by digoxin. Thus, a circulating digitalis-like substance may play an
important role in the pathogenesis of essential hypertension.
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Since 1952 when Tobian and Binion* first
reported that the intracellular concentration of
sodium in the renal arteries obtained on au-
topsy from hypertensive patients was raised,
considerable interest has been focussed on

abnormalities in sodium transport across cell
membrane in the pathogenesis of essential
hypertension. Abnormalities of sodium transport
have been repeatedly demonstrated in
erythrocytes™"**" leucocytes'®* or lympho-
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cytes® of patients with essential hypertension.
A reduced activity of sodium pump has been also
demonstrated in the vascular smooth muscle
cells of animals with volume expanded
hypertension®. These abnormalities have been
explained by a hypothesis that hypertensive pa-
tients have an inherited variability in the abili-
ty of the kidney to eliminate excessive sodium.
The difficulty in eliminating sodium stimulates
the hypothalamus to increase the secretion of a
circulating digitalis-like substance into the
plasma'”. A raised intracellular sodium through
inhibition of Na*, K* ATPase activity in cell
membrane by a circulating digitalis-like sub-
stance results in a raised intracellular calcium,
thus increasing the vascular reactivity to pres-
sor substances®.

Many investigators have also demonstrated
that the augmented vascular reactivity to

vasoactive substances plays a primary role in the

development and continuation of
hypertension'*®**, Although a number of fac-
tors have been postulated to explain the altered
vascular response to vasoactive substances in es-
sential hypertension'*”, changes in intracellular
sodium and calcium concentration have been as-
sumed to be one of the basic factors in augment-
ed response to vasoactive substances?.

Cardiac glycosides increase the force of myo-
cardial contraction and this inotropic effect is be-
lieved to be a consequence of inhibition of the
membrane Na*, K* ATPase®. Previous reports
have demonstrated that cardiac glycosides have
a potentiating effect on vasoconstrictors in
vitro'*® probably in part due to intracellular
accumulation of calcium ions after Na*, K*
ATPase inhibition, as occurs in myocardium.

In an attempt to clarify the role of a circulat-
ing digitalis-like substance in the pathogenesis
of essential hypertension, in the present study
the effects of digoxin on the vascular reactivity
to norepinephrine (NE) were examined in nor-
motensive subjects.

MATERIALS AND METHODS
Materials
dl-norepinephrine was obtained from Sankyo
Co., (Tokyo, Japan), digoxin from Chugai Co.
(Tokyo, Japan) and methyldigoxin from
Yamanouchi Co. (Tokyo, Japan). *I-angiotensin
I radioimmunoassay (RIA) kit and °3H-

aldosterone RIA kit were purchased from CEA-
IRE-SORIN (Paris, France) and I-tyrosyl-
digoxin RIA kit from Dinabot Co. (Tokyo,
Japan).

Subjects and Study Protocol

In this study, 32 male volunteers aged 24 to
34 years (mean age of 27 + 3 years; mean =
standard deviation (SD) ) were used as subjects.
These subjects were requested to be on a regu-
lar diet containing 10 to 13 g of salt per day
during the study, and 24-hr urinary sodium ex-
cretion (UNaV) was measured for 3 days dur-
ing the study. Adequacy of urine collection was
checked by daily creatinine determinations. No
medication was provided. The study protocol was
explained to each subjects and informed consent
was individually obtained.

Fig. 1 illustrates the study protocol. In the
preliminary study to evaluate the effects of
repetitive NE infusion or placebo on the
parameters before NE infusion and their
changes during NE infusion, NE infusion test
was performed in 8 men (mean age of 29 = 3
years) or in 6 men (mean age of 30 + 38 years)
before and after the injection of 5% glucose so-
lution or oral administration of placebo. The ef-
fects of intravenous digoxin on the vascular
reactivity to constantly infused NE were studied
in 14 men (mean age of 27 + 2 years) before
and 90 min after intravenous administration of
0.25 mg of digoxin. The effects of oral digoxin
on the vascular reactivity to NE were also
studied in 14 men (mean age of 27 + 2 years)
before and after 6 days oral administration of
0.1 mg of methyldigoxin. Five men participat-
ed in more than two different studies. Erythro-
cyte ouabain sensitive efflux rate constant
(ERCos) indicated as Na*, K* ATPase activity
was measured before and after intravenous or
oral administration of digoxin in 5 men for each
study.

NE infusion test

During the morning period when the subjects
were fasting, indwelling venous catheters were
inserted in the antecubital vein and instep vein
for blood sampling and dI-NE infusion, respec-
tively, through which 5% glucose solutions were
slowly infused. Following these procedures, the
subjects were placed in a comfortable supine po-
sition for 30 min. During this period, blood pres-
sure (BP) was measured by sphygmomanometric
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Study Protocol

1) Intravenous administration

Injection of 5% glucose solution

or 0.25 mg of digoxin

NE infusion ‘ NE infusion
Rest 0.22 pg/kg/min 0.22 ug/kg/min
1 30 min | 20 min Ly 90 ming 20 min
Blood Sampling
Echocardiography f t f f
BP and HR  [tTHEEtEEttttttit AiIARRARRARRARRARE!

2) Oral administration

placebo or methyldigoxin (0.1 mg/day)

L 1 | 2 | 3 1

LS5 1 6 ) day

{

NE infusion test

Fig. 1. Study protocol. Abbreviations: NE =

method and heart rate (HR) by electrocardio-
graphy at intervals of 1 to 2 min. Echocardio-
graphy was then taken for determination of
cardiac output (CO) and total peripheral
resistance (TPR), and venous blood was drawn
for determination of plasma NE concentration
(PNE), plasma renin activity (PRA), plasma al-
dosterone concentration (PAC), intraerythrocytic
sodium concentration (ENa), and serum digox-
in concentration (SDC). Thereafter, the subjects
received an infusion of NE for 20 min at a cons-
tant rate of 0.22 ug/kg/min, using an infusion
pump TFV1100 (Nihon Koden, Tokyo, Japan).
BP and HR were measured every minute dur-
ing NE infusion, and echocardiography was per-
formed and blood samples for PNE, PRA and
PAC were obtained at the end point of NE in-
fusion.

Measurements

Hemodynamic assessment was made by
echocardiography (Toshiba SSH-11A with 2.25
MHz transducer, Tokyo, Japan, Honeywell strip
chart recorder, Denver, Colorado). CO was cal-
culated by the method of Teichholz* and TPR
was calculated as mean BP divided by CO.

Immediately after blood sampling, 7 ml of
blood for NE assay were transferred to ice-

f

NE infusion test

norepinephrine; BP = blood pressure; HR = heart rate.

chilled test tubes containing 7 mg of EDTA-2Na
and 100 pl of 10% Na2S204 and plasma was
separated by centrifugation at 1,600 g for 10
min at 4°C. Three ml of plasma was
deproteinized by 8 ml of 0.4 N perchloric acid
and adjusted pH 8.4. After extraction of NE
from plasma by 20 mg of activated alumina II-
III, NE eluated by 100 gl of 0.1 N HCI was de-
tected by an electrochemical method using high
performance liquid chromatography L-4000W
(Yanaco, Kyoto, Japan)™.

PRA, PAC and SDC were determined by RIA
using a kit with '*I-angiotensin I, °H-
aldosterone and *I-tyrosyl-digoxin, respectively.

UNaV was calculated from urinary sodium
concentration measured by flame photometer
(Hitachi 775-A, Tokyo, Japan), with the use of
lithium as an internal standard.

ENa was determined by the modified Kaya’s
method?”. Three ml of freshly drawn venous
blood collected in heparinized tube was cen-
trifuged at 1,600 g for 10 min at room temper-
ature. Erythrocytes were then washed twice
with cold isotonic MgCl2 solution and injected
into a polycarbonate capillary tube (Hematolon,
Kayagaki Irikakogyo, Tokyo, Japan). Following
centrifugation at 15,000 g for 5 min, 30 ul of
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packed erythrocytes was transferred into 3 ml
of a hypotonic hemolysing solution containing
0.5% LiCl. The concentration of sodium was de-
termined by flame photometer in supernatant of
hemolytic solution and expressed in mmol per
liter cells.

ERCos was measured by the modification of
Cumberbatch and Morgan’s method®. Nine ml
of blood was divided into three tubes. One of
them was measured for initial ENa. Ouabain
was added to the second tube to a calculated
plasma concentration of 10* mol/liter and an
equal volume of distilled water was added to the
third tube as control. The latter two tubes were
placed in a shaking water bath at 37°C for 2
hr. After incubation ENa was measured. ERCos
was calculated by the equation: ERCos (h?) =
Eos / initial ENa /2, where Eos is the differ-
ence between ENa after 2 hr incubation in the
absence and presence of ouabain.

Evaluation of pressor response and vascular
reactivity to NE

The pressor response and systemic vascular
reactivity to NE were evaluated using the ra-
tios of increases in mean BP and TPR to in-
crease in PNE during NE infusion, indicated as
AMBP/APNE** and ATPR/APNE, respec-
tively.

Statistical analysis

All the data are expressed as mean * SD.
Statistical analysis was made by nonparametric
methods, using the Wilcoxon matched pairs
signed rank test. P level less than 0.05 was
regarded to be significant.

RESULTS

1) Preliminary study

(1) Preliminary intravenous study

Fig. 2 shows the time course of systolic BP
(SBP), diastolic BP (DBP) and HR during NE
infusion before and 90 min after injection of 5%
glucose solution as placebo in 8 subjects. A cons-
tantly infused NE induced a gradual and sus-
tained elevation of SBP and DBP for 20 min,
while HR showed a gradual and sustained
decrease. Injection of 5% glucose solution did
not produce any difference in these parameters.
Table 1 summarizes the basal parameters before
NE infusion and their changes during NE infu-
sion before and 90 min after injection of 5% glu-
cose solution in the preliminary intravenous
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Fig. 2. Time course of systolic blood pressure
(SBP), diastolic blood pressure (DBP) and heart
rate (HR) during NE infusion (0.22 ug/kg/min) be-
fore (open circles) and after (closed circles) injec-
tion of 5% glucose solution. Each circle and vertical
line indicate mean and standard deviation.

study. There was no significant difference in
these parameters during NE infusion before and
after injection of 5% glucose solution.

(2) Preliminary oral study

In the preliminary oral study as well as the
preliminary intravenous study, no significant
difference was observed in the basal parameters
and their changes during NE infusion before and
after 6 days oral administration of placebo (Ta-
ble 2).

2) Intravenous administration of digoxin

(1) Effects of intravenous administration of
digoxin on basal parameters before NE infusion

Table 3 summarizes the basal hemodynamic
and chemical parameters before and 90 min af-
ter intravenous administration of digoxin in 14
subjects. After intravenous administration of
digoxin, SDC was 1.52 + 0.42 ng/ml and basal
hemodynamic parameters remained unchanged
except for HR which was significantly decreased
from 66.9 + 8.9 bpm to 63.9 %= 8.2 bpm. Digox-
in significantly inhibited ERCos from 0.213 +
0.020 h* to 0.207 = 0.020 h' and increased
ENa from 8.15 + 0.79 mmol/liter cells to 8.71
+ 0.86 mmol/liter cells. Basal PRA and PAC
were unchanged, but PNE was significantly in-
creased from 0.315 + 0.137 ng/ml to 0.405 =+
0.158 ng/ml.

(2) Effects of intravenous administration of
digoxin on the changes in hemodynamic and hor-
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Table 1. Basal parameters and their changes during NE infusion before and 90 min after 5% glucose

solution as placebo in 8 subjects

Basal values Changes during NE infusion

Before placebo After placebo Before placebo After placebo
SBP (mmHg) 1144 = 96 1146 == 89 259 == 135 276 = 127
DBP (mmHg) 685 = 8.1 680 =+ 89 162 = 7.8 175 = 64
MBP (mmHg) 838 == 171 835 = .7 194 = 6.7 209 £ 6.6
HR (mmHg) 645 = 10.1 665 = 9.8 -98 = 87 -99 =+ 75
CO (liter/min) 453 = 0.64 456 = 079 -049 = 056 —-049 = 044
TPR (dyne-sec-cm's) 1501 + 300 1500 + 320 614 + 337 604 + 256
PNE (ng/ml) 0.247 = 0.082 0.241 = 0.065 5.033 =+ 1.409 5177 = 1.131
PRA (ng/ml/hr) 1.16 * 0.55 125 = 1.14 069 = 091 0.60 = 0.69
PAC (pg/ml) 8.2 £ 253 76.6 = 249 174 == 173 186 =+ 8.0
ENa (mmol/liter cells) 834 = 1.05 837 = 114 n.d. n.d.
AMBP/APNE
(mmHg-mlng™) - - 413 = 175 427 %= 1.63
ATPR/APNE
(dyne-sec-cm®ng™) - - 124 + 58 121 = 52
UNaV (mmol/day) 185.1 = 26.6

All values are mean * standard deviation (SD).
Abbreviations:

NE = norepinephrine; SBP = systolic blood pressure; DBP = diastolic blood pressure; MBP
mean blood pressure; HR = heart rate; CO = cardiac output; TPR = total peripheral

resistance; PNE = plasma NE concentration; PRA = plasma renin activity; PAC = plasma al-

dosterone concentration; ENa
AMBP
ATPR

intraerythrocytic sodium concentration; n.d.
increase in MBP during NE infusion; APNE = increase in PNE during NE infusion;
increase in TPR during NE infusion; UNaV = urinary sodium excretion.

not determined;

Table 2. Basal parameters and their changes during NE infusion before and after 6 days oral administration

of placebo in 6 subjects

Basal values Changes during NE infusion

Before placebo After placebo Before placebo After placebo
SBP (mmHg) 1127 + 138.6 113.0 * 13.7 330 == 94 348 = 124
DBP (mmHg) 69.6 = 72 727 = 87 199 == 7.2 169 = 9.0
MBP (mmHg) 840 + 179 8.1 =+ 92 243 * 65 219 == 65
HR (bpm) 67.7 = 104 658 + 135 -137 =+ 88 -139 * 103
CO (liter/min) 457 = 1.00 472 = 078 -0.34 *= 016 -0.77 = 0.70
TPR (dyne-sec~cm'5) 1515 + 343 1490 + 391 761 + 428 789 + 475
PNE (ng/ml) 0.805 £ 0.055 0.254 = 0.089 4.942 = 2054 4.609 = 1379
PRA (ng/ml/hr) 1.27 = 1.01 135 + 073 072 *= 042 068 += 0.46
PAC (pg/ml) 1005 = 1356 963 = 172 218 = 89 188 = 115
ENa (mmol/liter cells) 893 = 0.74 859 = 0.93 n.d. n.d.
UNaV (mmol/day) 178.1 + 189 1711 %= 25.9 - -
AMBP/APNE
(mmHg-ml-ng?) - - 591 + 371 522 = 201
ATPR/APNE
(dyne-sec-em®ng™) - - 180 + 130 185 + 113

All values are mean * SD.
See Table 1 for abbrevations.

monal parameters during NE infusion

Fig. 8 illustrates the effects of intravenous ad-
ministration of digoxin on increases in systolic
BP (ASBP), diastolic BP (ADBP) and mean BP
(AMBP) during NE infusion. After intravenous

administration of digoxin they were significant-
ly augmented, but a decrease in HR (AHR) dur-
ing NE infusion was not affected (-11.5 + 4.8
bpm to -12.5 * 5.5 bpm). Fig. 4 illustrates the
effects of intravenous administration of digoxin
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Table 3. Basal parameters before and after intravenous administration of digoxin

before digoxin after digoxin
SBP (mmHg) 1168 = 13.6 1148 = 121
DBP (mmHg) 70.8 = 8.7 688 = 88
MBP (mmHg) 86.1 = 96 842 *= 89
HR (bpm) 669 = 89 639 == 82 *
CO (liter/min) 476 = 0.93 466 = 0.95
TPR (dyne-sec-cm™) 1481 + 1477 + 276
PNE (ng/ml) 0.315 = 0.137 0.405 =  0.158*
PRA (ng/ml/hr) 1.26 = 0.66 129 = 0.65
PAC (pg/ml) 88.0 =+ 183 80.0 = 161
ENa (mmol/liter cells) 815 = 0.70 871 = 0.86 **
ERCos (h?) 0213 =  0.020 0.207 =  0.020**
SDC (ng/ml) - 152 = 042

UNaV (mmol/day)

168.8 + 16.8

Abbreviations: ERCos = erythrocyte ouabain sensitive efflux rate constant; SDC = serum digoxin concentra-

tion. See Table 1 for other abbreviations.

* p<0.05, ** p<0.01 vs. before digoxin

ASBP ADBP AMBP
mmHg 5401 p<0.01 p<0.01
e

60%
Before Digoxin  Before Diéoxin Bef:)re Di‘goxin
Lv. L. Lv.

AN~

Fig. 3. Effects of intravenous administration of
digoxin on the changes in systolic blood pressure
(ASBP), diastolic blood pressure (ADBP) and mean
blood pressure (AMBP) during NE infusion.

on changes in CO (ACO) and TPR (ATPR).
ACO was unchanged, but ATPR was signifi-
cantly increased from 608 + 306 dyne-sec.cm®
to 745 £ 342 dyne-sec-cm®. The increase in
PNE (APNE) tended to decrease from 5.498 +
1.276 ng/ml to 5.324 £ 1.002 ng/ml (Fig. 5). In-
creases in PRA and PAC (APRA and APAC)
during NE infusion were not different before
and after digoxin.

(8) Effects of intravenous administration of
digoxin on the pressor response and vascular
reactivity during NE infusion

Intravenous administration of digoxin signifi-

ACO ATPR
liter/min dyne-sec-cm™®
pP<0.01
10 1500+ ~__
0 1000+
—1.0 500
4

1 1 1 1
Before Digoxin Before Digoxin
i.v. iLv.

Fig. 4. Effects of intravenous administration of
digoxin on the changes in cardiac output (ACO)
and total peripheral resistance (ATPR) during NE
infusion.

cantly augmented the pressor response and vas-
cular reactivity during NE infusion indicated as
AMBP/APNE and ATPR/APNE from 3.81 %
1.64 mmHg-ml-ng” to 4.85 + 2.12 mmHg-ml
‘ng” and from 121 + 75 dyne-secem®ng’ to
147 = 61 dyne-sec-em®ng”, respectively (Fig.
6).

3) Effects of oral administration of digoxin
(1) Effects of oral administration of digoxin on
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Fig. 5. Effects of intravenous administration of
digoxin on the change in plasma NE concentration
(APNE) during NE infusion.

basal parameters before NE infusion

As shown in Table 4, after oral as well as in-
travenous administration of digoxin, SDC was
0.66 = 0.30 ng/ml and basal HR was decreased
from 60.4 + 6.2 bpm to 55.5 = 7.0 bpm. ER-
Cos was significantly decreased from 0.213 =+
0.020 h' to 0.160 = 0.017 h' and basal ENa
was significantly increased from 8.30 * 0.71
mmol/liter cells to 9.06 = 0.99 mmol/liter cells,
but the other basal parameters were unchanged.

AMBP/APNE ATPR/APNE
mmHg-ml.ng™ dyne-sec.cm™2.ng™!
p<0.01 pP<0.01
400 -
10.0—
—_—
8.0 300
6.0+ 4
200
4.0~
100
2.0
-
ob— 0
Before Digoxin Before Digoxin
iv. Lv.

Fig. 6. Effects of intravenous administration of
digoxin on the pressor response and vascular reac-
tivity during NE infusion, indicated as
AMBP/APNE and ATPR/APNE, respectively.

ASBP ADBP AMBP
mmHg 5 o5 p<0.05 p<0.01
60+
s0| i

A
+12Z 121 1 f

-

1 1 1 1 1 1
Before Digoxin Before Digoxin  Before Digoxin
p.o. p.o. p.o.

Fig. 7. Effects of oral administration of digoxin
on the changes in systolic blood pressure (ASBP),
diastolic blood pressure (ADBP) and mean blood
pressure (AMBP) during NE infusion.

(2) Effects of oral administration of digoxin on
changes in hemodynamic and hormonal
parameters during NE infusion

After oral as well as intravenous administra-
tion of digoxin, ASBP, ADBP and AMBP were
increased (Fig. 7), but AHR was unchanged
(-13.7 = 8.8 bpm to -13.9 * 10.3 bpm). ACO
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Table 4. Basal parameters before and afrter oral administration of digoxin

before digoxin after digoxin
SBP (mmHg) 1084 == 6.5 1086 = 8.2
DBP (mmHyg) 679 == 173 66.1 =+ 6.9
MBP (mmHg) 813 = 6.2 803 = 64
HR (bpm) 604 = 6.2 55656 + 7.0 *
CO (liter/min) 418 = 0.64 420 = 042
TPR (dyne.sec. cm®) 1579 + 282 1503 + 223
PNE (ng/ml) 0.299 = 0.132 0.317 =  0.157
PRA (ng/ml/hr) 168 = 0.85 143 = 1.04
PAC (pg/ml) 1205 = 521 1154 = 49.1
ENa (mmol/liter cells) 830 = 0.71 9.06 = 0.99 **
ERCos (h?) 0.213 £ 0.020 0.160 =  0.017**
SDC (ng/ml) - 066 = 0.30
UNaV (mmol/day) 169.5 = 22.0 1762 = 319

All values are mean %= SD.

See Table 1 and Table 3 for abbreviations and significances.

ACO ATPR
liter/min dyne-sec-cm™

1.0 1500 L
0r % 1000
—10F 5001

—2.0t0—rrt—t— —

Before Digoxin Before Digoxin
p.o. p.o.

Fig. 8. Effects of oral administration of digoxin
on the changes in cardiac output (ACO) and total
peripheral ressitance (ATPR) during NE infusion.

was unchanged, but ATPR tended to increase
from 533 + 219 dyne-sec-em® to 715 + 259
dyne-sec-em”® (Fig. 8). APNE was significantly
decreased from 4.420 + 1.280 ng/ml to 4.148
= 1.196 ng/ml (Fig. 9). APRA and APAC were
unchanged.

(3) Effects of oral administration of digoxin on
the pressor response and vascular reactivity dur-
ing NE infusion

Oral administration of digoxin also significant-
ly augmented the pressor response and vascu-
lar reactivity from 5.14 = 1.70 mmHg-ml-ng

to 6.25 = 2.00 mmHg-ml-ng* and from 130 %
65 dyne-seccem®ng’ to 176 * 538
dyne-sec-ecm®ng”, respectively (Fig. 10).

DISCUSSION

In the last decade, abnormalities in sodium
transport across cell membrane have been im-
plicated in the pathogenesis of essential hyper-
tension. These abnormalities have been explained
by the hypothesis proposed by Dahl®, Haddy®,
de Wardner'”, Blaustein’, and many others
that essential hypertension is, in part, due to an
increase in a circulating sodium transport inhi-
bitor. This hypothesis has been supported by evi-
dence in rats"®®, dogs®™ and human'*®, If this
hypothesis is correct, vascular tone may be in-
creased when intracellular sodium concentration
is increased by cardiac glycosides. In fact, previ-
ous studies have demonstrated extracardiac ef-
fects of cardiac glycosides as following findings.
The administration of ouabain results in a fall
in forearm blood flow and an elevation of fore-
arm vascular resistance and venous tone®.
Cardiac glycosides enhance the contractile
response of excised arterial strips®® and per-
fused hindquaters® to NE. Vascular smooth
muscles have membrane-bound Na*, K*
ATPase’, and inhibition of this enzyme by
cardiac glycosides leads to increased intracellu-
lar sodium concentration as in myocardium. In
the present study, digoxin given either in-
travenouslly or orally in usual therapeutic doses
inhibited ERCos indicated as Na*, K* ATPase
activity and increased ENa in normal subjects.
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APNE
ng/ml

p<0.05
8.0 p—
6.0 p—

-
—p—
4.0 p— 1T
20—
0 | 1
Before Digoxin
p.o.

Fig. 9. Effects of oral administration of digoxin
on the change in plasma NE concentration (APNE)
during NE infusion.

Moreover, digoxin markedly augmented the
pressor response and systemic vascular reactivi-
ty to NE. Therefore, these findings suggest that
augmentation of the pressor response to NE is
caused by the enhanced vascular reactivity to
NE through inhibition of Na*, K* ATPase ac-
tivity in cell membrane, this gives support to the
above-mentioned hypothesis that a circulating
digitalis-like substance is important for blood

AMBP/APNE ATPR/APNE
mmHg-ml-ng™! dyne-sec-cm™2.ng~!
p<0.01 R
4001 p<0.05
10.0+
8.0 300
6.0
200
4.0+
“— 100}
2.0+
Before Digoxin Before Digoxin
p.o. p.o.

Fig. 10. Effects of oral administration of digoxin

on the pressor response and vascular reactivity dur-
ing NE infusion, indicated as AMBP/APNE and
ATPR/APNE, respectively.

pressure control in humans.

An elevated intracellular sodium concentration
leads to an increase in intracellular free calci-
um concentration*®® which is the most impor-
tant factor regulating vascular smooth muscle
tone”. Abnormal calcium handling and in-
creased intracellular free calcium concentration
have been reported in erythrocytes and plate-
lets of patients with essential hypertension.
In our previous study, it was observed that in-
tralymphocytic free calcium concentration
showed a positive correlation with intralympho-
cytic sodium concentration and that both in-
tralymphocytic sodium concentration and free
calcium concentration were higher in hyperten-
sive patients than in normotensive controls®.
In addition, inhibition of calcium inflow using
slow channel blocker nifedipine or verapamil
blunted the pressor response to NE and an-
giotensin II in normal subjects’. Although in-
tracellular free calcium concentration was not
measured in the present study, it is suggested
that the augmented vascular reactivity to NE
after digoxin may be caused by elevated intracel-
lular free calcium concentration.

Since there is a considerable individual varia-
tion in PNE during NE infusion®* and inhibi-
tion of Na*, K* ATPase activity by digoxin
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affects the function of the adrenergic
terminal®®'®%2 it is reasonable to use the ratios
of increases in MBP and TPR to increase in
PNE during NE infusion as the pressor
response and systemic vascular reactivity to NE.
In the present study, the effects of intravenous
administration of digoxin on basal PNE and an
increase in PNE during NE infusion were not
different from that of oral administration of
digoxin. Intravenous administration of digoxin
increased basal PNE and tend to decrease an
increase in PNE. On the other hand, oral ad-
ministration of digoxin did not alter the former
but decreased the latter. Although digoxin might
alter NE kinetics, the pressor response and vas-
cular reactivity to NE were finally augmented.

Either intravenous or oral administration of
digoxin augmented the pressor response and
vascular reactivity to NE, but basal hemodynam-
ic parameters except for HR remained un-
changed in spite of increased basal ENa after
digoxin. Furthermore, intravenous digoxin in-
creased basal PNE. The reason for this dis-
crepancy is unclear, but one possible reason is
that there is the threshold of a concentration in
NE for the augmentation of the pressor
response to NE after digoxin. In other words,
elevation of blood pressure by digoxin may be
necessary for a certain level of sympathetic
stimuli.

The possibility that this augmentation of the
vascular reactivity might be related to the
change in endogenous angiotensin II by digox-
in should be considered. In the present study,
however, both intravenous and oral administra-
tions of digoxin did not affect the renin-aldoster-
one axis before and during NE infusion.

Consideration should also given whether the
findings observed after digoxin might be relat-
ed to the effects of repetitive NE infusion or of
the placebo. In the preliminary study, however,
the basal prameters and their changes during
NE infusion were not different before and af-
ter administration of placebo.

In summary, either intravenous or oral ad-
ministration of digoxin increased intraerythro-
cytic sodium concentration due to inhibition of
Na*, K* ATPase activity and augmented the
pressor response and vascular reactivity to NE
in normal human subjects, but had not effects
on basal hemodynamic parameters except for

heart rate and the renin-aldosterone axis. These
findings indicate that digoxin augments the vas-
cular reactivity to NE through inhibition of
Na*, K* ATPase activity in cell membrane,
suggesting that a circulating digitalis-like sub-
stance may play a key role in the pathogenesis
of essential hypertension.
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