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Isosorbide dinitrate, a long-acting vasodilator, has 
been tested in human portal hypertension with conflict- 
ing results. In order to determine some of the factors 
that could affect the individual response to this drug, we 
infused isosorbide dinitrate at a low dose (10 to 25 pg 
per kg per min) and a high dose (100 pg per kg per min) 
to rats with portal vein stenosis. Under pentobarbital 
anesthesia, portal pressure was measured with an ileo- 
colic vein catheter while cardiac output and regional 
blood flows were measured with the microsphere tech- 
nique. At a dose that decreased arterial pressure by 
approximately lo%, cardiac output remained un- 
changed while portal vein inflow decreased signifi- 
cantly; portal pressure was not reduced (10.7 2 0.2 vs. 
10.0 k 0.3 mm Hg), indicating a rise in portal vascular 
resistance. At  a high dose of isosorbide dinitrate, arte- 
rial pressure and cardiac output fell markedly; portal 
pressure decreased only modestly (1 1.3 i 0.3 vs. 9.8 k 
0.6 mm Hg, p e 0.05), but portal flow was unchanged, 
indicating a reduction in portal vascular resistance. In 
addition, portal hypertensive rats received a constant 
i.v. infusion of N-acetyl-cysteine; the combination of the 
latter and isosOrbide dinitrate markedly potentiated the 
effects on arterial pressure. Thus, the dose of the drug 
and the presence of cysteine-containing compounds ap- 
pear to modulate the hemodynamic response to h r -  
bide dinitrate. Clinical testing with this drug should be 
undertaken with consideration of these factors. 

Isosorbide dinitrate (ISDN), a long-acting vasodilator, 
has been tested in patients with cirrhosis and found to 
significantly decrease portal pressure (Mols, P. et al., 
Hepatology 1984; 4:762, Abstract). Another group re- 
ported unchanged values in variceal pressure measured 
by endoscopic manometry (1). While hepatic blood flow 
was not affected by ISDN (Mols, P. et al., Hepatology 
1984; 4762, Abstract), animal studies in experimental 
portal hypertension showed that nitroglycerin, a short- 
acting nitrate, reduced portal vein inflow (2). As organic 
nitrates may act on the splanchnic vasculature via mech- 
anisms different from those of drugs currently being 
tested for the pharmacological treatment of portal hy- 
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pertension, it would be important to explain these ap- 
parent contradictory results. 

Organic nitrates result in a dose-dependent venous 
and arterial vasodilatation (3). We postulated that the 
conflicting results could be explained in part by the 
predominance of venous or arterial changes in any par- 
ticular study. In order to separate the effects of either 
component on the hemodynamic response, we continu- 
ously infused ISDN at different doses in a portal hyper- 
tensive model, the portal vein-ligated rat, where splanch- 
nic regional flows and vascular pressures can be directly 
measured, and vascular resistances can be calculated 
from the hemodynamic values (4). 

In addition, we infused ISDN in the presence of N- 
acetylcysteine (NAC), a drug that potentiates the he- 
modynamic response to nitroglycerin (5). This interac- 
tion is presumably due to the enhanced production of 
thiol-containing intermediate compounds that may ac- 
tivate vascular guanyiate cyclase and result in vasodila- 
tation (6-8). We studied whether an increased respon- 
siveness of vascular tissue to ISDN in the presence of 
cysteine-containing compounds was seen in a noncir- 
rhotic model of portal hypertension. Demonstration of 
such an effect would raise the possibility that in cirrhosis, 
where lower levels of circulating thiol groups has been 
reported (9), a different response to organic nitrates 
might be encountered. 

Our results indicate that the splanchnic effects of 
ISDN in experimental portal hypertension differ mark- 
edly with the dose of this organic nitrate, and that NAC 
potentiates the hemodynamic response to this drug. By 
studying the effects of ISDN under different hemody- 
namic and biochemical conditions, we attempted to de- 
fine some of the factors that could modulate the hemo- 
dynamic response in chronic liver disease. 

MATERIALS AND METHODS 
Male Sprague-Dawley rats (Charles River, Breeding Labs., 

Inc., Wilmington, Mass.), weighing 300 to 400 gm, underwent 
a partial portal vein ligation, as previously described (10, 11); 
in brief, a laparotomy was done under ether anesthesia and a 
20-gauge needie placed parallel to the main portal vein trunk. 
A 3-0 silk ligature was tied around both structures just proximal 
to the bifurcation of the portal vein and the needle removed. 
Portal systemic collaterals rapidly develop; portal hypertension 
remains stable after the fifth day, and features of a hyperdy- 
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namic circulation can be detected (3). Sham-operated animals 
underwent the same procedure, except the ligature was not tied. 

Ten days after the ligation, following overnight fast with free 
access to water, the rats were anesthetized with sodium pento- 
barbital (50 mg per kg i.p.), and a tracheostomy was performed. 
Rectal temperature was monitored with a thermistor probe and 
maintained at 37.5 f 0.5"C with a heating blanket. The abdo- 
men was opened, and a PE-50 catheter (Intramedic) was placed 
in the ileocolic vein to measure portal pressure (PP). The 
abdomen was closed and catheters placed in a jugular vein for 
drug infusion, femoral artery for mean arterial pressure (MAP) 
measurements and blood sampling, and the left ventricle via 
the right carotid artery for microsphere injections. The ven- 
tricular catheter was connected to a transducer (Statham 
P-23) and the tracing continuously inscribed in a Hewlett- 
Packard 7754B recorder; an experiment was discarded if evi- 
dence was noted of penetration of the right ventricle. A second 
transducer was connected to the ileocolic vein catheter and 
calibrated with a water manometer with the zero value at  the 
level of the heart. 

Cardiac output and regional blood flows were determined 
with the microsphere technique (12). Upon receipt of the mi- 
crosphere batch (3M, MN), labeled with either =Sr or l4*Ce, 
the spheres were checked for size (15 +. 3 pm in diameter), 
isotope leaching and radioactive decay. Immediately after ul- 
trasonication and vortexing of a vial, 60,000 to 80,000 micro- 
spheres suspended in saline and a drop of 0.05% Tween 80 
were aspirated into a plastic syringe and injected into the left 
ventricle over 20 sec. Beginning 5 sec prior to injection, femoral 
arterial blood was withdrawn continuously for 1 min (0.786 ml) 
into a glass syringe using a Harvard pump (Model 600, Dover, 
Mass.). Arterial pressure was checked after blood withdrawal 
and varied less than 10% from preinjection values. Total cpm 
of the femoral artery sample and of the injectate was measured 
in a well-type gamma counter (D. S. Davidson 8z Co., North 
Haven, Conn., Model 1056B); experiments were discarded if 
less than 400 microspheres were present in the withdrawn 
blood. Cardiac output was calculated as cpm injected x blood 
withdrawal rate per cpm in the femoral blood (12). 

After sacrifice, lungs, kidneys and splanchnic organs were 
carbonized at  240°F for 48 hr. After crushing, the tissue residues 
were placed in counting tubes of a similar height and radioac- 
tivity measured. Organ blood flow was calculated as cpm organ 
x blood withdrawal rate per cpm of the withdrawn blood. If 
disagreement between left and right renal blood flow was higher 
than lo%, or lung counts indicated penetration of the right 
ventricle, the experiment was discarded. The sum of the radio- 
activity of all splanchnic organs (except the liver) was expressed 
as portal vein inflow (PVI), a term that identifies the arterial 
input to the portal hypertensive venous system (4). 

Experimental Design 
Effects of ISDN Alone: Three groups of portal vein-ligated 

rats (shunt group) were studied. In the first, ISDN was infused 
i.v. at  a high dose (100 pg per kg per min); in the second, ISDN 
was infused at  a dose that decreased MAP by lo%, while the 
third group received physiological saline. A group of sham- 
operated rats was studied after administration of physiological 
saline alone to assure that the hyperdynamic state was achieved 
in the ligated rats. 

After recovery from surgery, baseline values of arterial pres- 
sure and PP were obtained over 10 min. ISDN (Isordil'" injec- 
tion, generously provided by Ives Laboratories, NY), dissolved 
in physiological saline, was then infused at  a constant rate of 
0.068 cm:' per min (Harvard Model 600-900, Dover, Mass.) 
while pressures were recorded continuously. After 45 min of 
infusion, microspheres were injected into the left ventricle. The 

infusion was stopped and recovery of pressure values observed 
for 20 min; the animal was then sacrificed with intravenous 
KCI. 

Three vascular resistances (mm Hg per ml per min) were 
calculated in the portal hypertensive animals: (i) systemic 
vascular resistance = (MAP - right arterial pressure) per 
cardiac output) and expressed as mm Hg per ml per min; (ii) 
splanchnic arterial resistance, which does not include the re- 
sistance to hepatic arterial flow = (MAP - PP) per PVI, and 
(iii) portal vascular resistance (PVR) = (PP - central venous 
pressure) per PVI; this term expresses the resistance across the 
ligature in the portal vein and the portosystemic shunts that 
developed. In this model, the resistance of the ligature is 
relatively constant and the degree of shunting exceeds 80% of 
PVI (11). Thus, it is assumed that changes in PVR mainly 
represent changes in resistance across the newly formed collat- 
eral vessels (13). Central venous pressure was 0 to 1 mm Hg in 
five experiments and was not included in the calculation. 

Effects of ISDN in the Presence of NAC: Intravenous ISDN 
in saline was continuously administered at  a rate of 0.068 cm8 
per min with cumulative log dose increases (0.01 to 100 pg per 
kg per min) to animals receiving NAC or D5W (n = 6 for each 
group); each dose of ISDN was maintained for 10 min. NAC 
(Sigma Chemical, St. Louis, Mo.) was diluted in D5W and 
continuously infused into the jugular vein at  a rate of 7.5 mg 
per kg per min (0.068 cm:' per min). Six animals received a 
constant infusion of NAC alone. 

One-way analysis of variance was 
used in the shunted rats to compare the value of hernodynamic 
parameters during drug vs. saline infusion; significance between 
means was assessed with Tukey's test (14). As MAP and PP 
were measured before and during drug infusion, comparison 
was made using a paired Student's t test. Dose-response curves 
were compared using the Hotelling t2 test (15). All values are 
expressed as mean f S.E. 

Statistical Analysis. 

RESULTS 
The untreated group of 

shunted rats (Table 1) exhibited mild t o  moderate portal 
hypertension, a high cardiac output and an increased 
splanchnic inflow. In  sham and shunted animals receiv- 
ing physiological saline, MAP and PP remained stable 
throughout the  infusion period. 

T h e  dose of ISDN that decreased MAP by approxi- 
mately 10% ranged between 10 and 25 pg per kg per min. 
With this lower dose, cardiac output was not reduced 
significantly, but both PVI and hepatic arterial flow were 
clearly diminished (Figure 1 and Table 2). T h e  decrease 
in  PP was of a small magnitude and did not reach 
statistical significance (10.7 +- 0.2 baseline vs. 10.0 k 0.3 
mm Hg). 

Effects o f  ISDN Alone. 

TABLE 1. COMPARISON OF CONTROL SHAM AND CONTROL 
PORTAL VEIN-LIGATED (SHUNT) GROUPS 

Sham (n  = 6) Shunt (n = 6) 

CO" (ml/kg/min) 333 f 23 507 rt_ 20** 
MAP (mm Hg) 107 f 4 103 t 4 
PVI (ml/kg/min) 41 * 6  70 * 6** 
HAFh (ml/kg/min) 12 * 2 23 f 3" 
P P  (mm Hg) 11.7 * 0.4: 5.1 * 0.6 

All values are mean * S.E. * ,  p < 0.01 vs. sham; ** ,  p < 0.05 vs. 
sham. These animals did not receive ISDN. 

CO, cardiac output. 
* HAF, hepatic arterial flow. 
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ISDN ISDN 
Control L a  do5c High do* 

ns 6 6 6 

output that perfused the splanchnic system was substan- 
tially raised: 22.9 f 2.2% high dose vs. 12.0 & 0.9% low 
dose ISDN vs. 18.5 f 1.4% control (F = 11.85, p < 0.001). 

* pco.05 Vascular Resistance: Absolute values are shown in 
",. EOntrO~ Table 3, and mean percentage differences from the con- 

trol group are shown in Figure 2. Systemic vascular 
resistance decreased at both the low and high doses of 
ISDN. On the other hand, splanchnic arterial resistance 
and PVR rose with a low dose and decreased with a high 
dose of the drug (Table 3 and Figure 2). Thus, a t  a low 
dose of ISDN, splanchnic arteriolar vasoconstriction was 
seen, causing a reduction in portal vein inflow; however, 
PVR rose, accounting for the unchanged PP values. At 
a high dose of ISDN, the decrease in PP was due to a 
reduction in PVR, as PVI was maintained; however, 
marked systemic hemodynamic effects were present with 
this dose. 

Infusion of 
NAC alone did not affect arterial pressure or PP. In 
shunted rats, the decrease in arterial pressure due to 
ISDN was significantly potentiated by the addition of 
NAC (Figure 3). In five additional experiments the lowest 
dose of ISDN that, did not affect arterial pressure in the 
presence of NAC was found to be 1 X lo-* pg per kg per 

** PCO.01 

Effects of ISDN dinitrate and NAC. 

'I'ABLE 3. EFFECTS OF ISDN ON S Y S T E M I C  AND SPLANCHNIC 
VASCULAR RESISTANCE 

10 dav shunt .~ 
FIG. I .  Systemic and splanchnic hernodynamics in portal hyperten- _ _ _  

sive (shunted) rats. The control group received physiological saline: 
ISDN low dose (10 to 25 pg per kg per min) was infused to decrease SVRo O,xx 0,09 o.61 o.04* 
arterial pressure by lo%,. ISDN high dose was 100 ~g per kg per min. 
Mean values are to the left. S.E. is to the ~ i g h f  o f  the bar. Values of 
significance for arterial pressure and PP reflect comparison with the 
experiment's baseline (see text). At a low dose of ISDN, splanchnic 
inflow decreased while cardiac output was unchanged. At  a high dose. 
the reverse was observed. 

('ontrol ISUN ( 1 0  25 pg/kg/rninl ISDN (100 pg/kg/rnin) 

0.64 f 0.04* 
SAR" 4.63 k 0.43 5.94 f 0.60** 3.53 f 0.40 
PVR 0.55 k 0.04 0.71 k 0.06"* 0.44 * 0.02 

Ail values are mm ~~,~l/~i~. * .  [, < 0.05 Vs, baseline, a * ,  < 0.05 
~ s ,  high dose ISDN, = for each group. 

" SVII. systemic vascular resistance. 
" SAR, splanchnic arterial resist.ance. 

TABLE 2. DIFFERENCES I N  THE S P L A N C H N I C  b'ASCULAR 
RESPONSE TO lSDN ACCORDING TO DOSE A N D  UNITS OF 

BLOOD FLOW MEASLTKEMENTS 

PVI 'e 
B ml/min 21 * 1.4 1 5 *  I *  19 f 2.1 

ml/kg/min 70 r+ 6 16 S_ 5' 65 f 5 0 

ml/min/gm tissue 1.5 f 0 .1  1.U f 0.1' 1.5 f 0.2 E e Hepatic arterial flow .L 

ml/min 7 * I .:i 4 & I*  8 f 1.6 w 
ml/kg/min 23 f :I 11 k')* 27 f 5 a 
rnl/min/gm liver 0.9 f 0 . 2  0 . 5  f 0.1 1.1 f 0.2 0 

c 

Y 

.c 

x 
All values are mean f S.E. * , p < 0.05 vs. control. When expressed 

per gram of tissue, the value of hepatic arterial flow in the second 
column did not reach significance (0.10 > p > 0.05). 

LOW DOSE HIGH DOSE 

-t 
*20 

0 

0 SVR - 20 

-40 

At a high dose Of ISDN (loo pg per kg per min), MAP 
decreased markedly from 107 +. 7 to 76 _+ 3 mm Hg (p < 
0.001). PP was also reduced from 11.3 +_ 0.3 to 9.8 +_ 0.6 
mm Hg (p < 0.05). In contrast to the low dose of ISDN, 

cardiac output was significantly decreased when corn- 
pared to control (Figure 1). Thus, the fraction of cardiac 

FIG. 2. Mean percent changes in vascular resistances of ISDN- 
treated shunted animals when compared to control infusion. While 
svstemic resistances fell at both doses, an increase in arterial and 
portal resistances was seen with low dose ISDN: a decrease of portal 
resistance with a high dose indicates portal venous dilatation (see Table 
3 lor absolute values). SVR, systemic vascular resistance; SAR, 
splanchnic arteriolar resistance (exclude hepatic artery): PVR in this 
model mainly reflects the resistance of the newly formed collaterals. 

and hepatic 'Ow were 
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FIG. 3. Effect of NAC (7.5 mg per kg per min) on cumulative dose 
response to ISDN in shunted animals (n = 6 for each group). A 
significantly greater fall in MAP was seen with added NAC (p = 0.009); 
no enhancement was seen in the effect of ISDN on PP. 

min. The effects of ISDN on PP were not increased 
significantly by the added NAC, even at the highest doses 
of ISDN (100 and 250 pg per kg per min; unpaired t test 
with Bonferoni correction). 

DISCUSSION 
Our goal in this study was to determine the effects of 

systemically administered ISDN in an experimental 
model of portal hypertension. Although parenchymal 
liver disease is not present in the portal vein-ligated rat, 
the hemodynamic features are in concordance with those 
seen in chronic liver disease (4), as observed in our study. 
In this model, changes in PVR were assumed to reflect 
changes in the resistance of the collateral vessels, as the 
resistance of the ligature remains relatively fixed and 
flow through the narrowed portal vein accounts for less 
than 20% of PVI in rats studied 10 days after the ligation 
(11). Results of PVR cannot be directly extrapolated to 
cirrhosis, where changes in intrahepatic resistance may 
be in a different direction than those of the collateral 
bed. 

Our main finding was that the effects of ISDN on 
portal hypertension will vary according to the infused 
dose. At low doses, when venous effects predominate, 
arterial pressure fell modestly while cardiac output was 
unchanged. However, portal venous inflow decreased 
significantly, a reflection of venodilatation and reflex 
splanchnic arterial vasoconstriction elicited by barore- 
ceptor activation. Vatner et al. (16) have shown that this 
mechanism accounts for mesenteric arterial vasocon- 
striction in conscious dogs receiving low dose i.v. nitro- 
glycerin. A similar reduction in splanchnic blood flow 
has been observed in portal hypertensive rats receiving 
low dose nitroglycerin (2) and in patients with congestive 
heart failure (17). At high doses, when generalized arte- 
rial vasodilatation occurs, PVI remained unchanged in 
spite of a marked reduction in arterial pressure and 
cardiac ouput; the reflex sympathetic discharge seen with 

low dose ISDN was now presumably overwhelmed, re- 
sulting in splanchnic arterial vasodilatation. Thus, if PVI 
is expressed as a fraction of cardiac output, low doses of 
ISDN resulted in shunting of blood away from the 
splanchnic bed, while a t  high doses, pooling of blood 
occurred in the splanchnic territory. Splanchnic pooling 
has been seen with other arterial vasodilators (18). 

The effects of ISDN on PP can be interpreted as the 
net sum of multiple hemodynamic effects induced by the 
drug. With low dose ISDN, PP was not significantly 
decreased, in spite of the venodilatation and the reduc- 
tion in PVI. Thus, calculated PVR rose; possible expla- 
nations for this increase include the effects of sympa- 
thetic stimulation secondary to the fall in arterial pres- 
sure, or a possible reduction in collateral vessel diameter 
that accompanies the reduction in flow (13). In support 
of the latter mechanism, increases in PVR accompany 
the reduction in flow induced by drugs with different 
hemodynamic properties such as vasopressin (19), pro- 
pranolol (2) and nitroglycerin (2). On the other hand, 
high dose ISDN resulted in a small but significant re- 
duction in PP unaccompanied by changes in flow. PVR 
was decreased, a reflection of both venodilatation and 
arteriolar vasodilatation. 

Our results may explain the apparently contradictory 
results of preliminary testing with organic nitrates in 
human cirrhosis. Thus, PP has been noted to decrease 
(Mols, P. et al., Hepatology 1984; 4762, Abstract) or 
remain unchanged (1). Total hepatic blood flow was 
unchanged with ISDN (Mols, P. et al., Hepatology 1984; 
4:762, Abstract), but azygos blood flow, an indirect meas- 
ure of collateral blood flow, was either increased or 
decreased with sublingual nitroglycerin (Garcia-Tsao, G. 
et al., Gastroenterology 1985; 88:1659, Abstract). If our 
data can be extrapolated to man, variable results will be 
encountered according to which of two interacting factors 
predominates: the direct effect of the drug or the com- 
pensatory mechanisms triggered by the drug itself. After 
oral administration, the hemodynamic response will also 
be influenced by the variable bioavailability of the drug, 
as the degree of portal-systemic shunting will affect the 
disposition of organic nitrates (11). In spite of the fact 
that ISDN was not very useful in lowering PP in our 
study, organic nitrates are the first category of drugs that 
may decrease portal hypertension via a reduction in 
PVR. This is in contrast to vasopressin and propranolol, 
where the reduction of PP is mediated by a reduction in 
flow. Assessment of the drug's safety and efficacy in 
human cirrhosis is currently being tested at  our labora- 
tory. 

ISDN and NAC: The mechanisms by which organic 
nitrates result in vascular relaxation are incompletely 
understood. Ignarro et al. (7, 8) have shown that S- 
nitrosothiols, generated from the metabolism of organic 
nitrates, increase the accumulation of vascular cyclic 
guanylic acid and exert a vasodilatory effect (20, 21). In 
support of this sequence, S-nitrosocysteine has a similar 
vasodilatory potency in the cat as nitroglycerin (7). 

We observed that NAC, at  a dose that has been used 
clinically, clearly potentiated the effects on arterial pres- 
sure of cumulative doses of ISDN. As such, our results 
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confirm previous observations with low doses of nitro- 
glycerin in man (5), and by constructing a dose-response 
curve, further support a role of S-nitrosothiols in eliciting 
vasodilatation. We cannot exclude the possibility that S- 
nitroso-cysteine, formed in the blood stream and not the 
blood vessel wall, was responsible for our findings. In 
support of the former, addition of cysteine to isolated 
aortic strips did not potentiate the relaxation induced by 
nitroglycerin (22). Preliminary experiments in our labo- 
ratory also suggest that chronic treatment of rats with 
NAC does not enhance the response of their subse- 
quently isolated aortic strips to nitroglycerin in uitro 
(Blei, A. T. et al., unpublished observations); this favors 
the concept that intravascular S-nitrosothiols may be 
the mediators of the hemodynamic effect. 

The availability of sulfhydryl groups may be abnormal 
in patients with cirrhosis. The levels of circulating cys- 
teine are decreased and in the presence of hypoalbumin- 
emia, total circulating thiol groups may also be reduced 
(9). Whether individuals who exhibit these changes will 
be less responsive to organic nitrates is unknown, but 
this possibility merits additional studies. If the vessel 
wall content of sulfhydryl groups is the critical factor 
responsible for the hernodynamic effects, in uitro studies 
in experimental models of cirrhosis and not of prehepatic 
portal hypertension, as the one used in this study, should 
yield useful information. 

In summary, the effects of ISDN on portal hyperten- 
sive rats varied according to the dose of the drug. Organic 
nitrates, at a dose that cause a reduction in PP, reduce 
PVR but affect systemic hemodynamics. An increased 
vascular responsiveness to organic nitrates in the pres- 
ence of cysteine-containing compounds was also noted. 
Clinical testing of organic nitrates for the treatment of 
portal hypertension should be undertaken with attention 
to these factors. 
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