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N-acetylcysteine induces shedding of selectins from liver and intestine during
orthotopic liver transplantation
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SUMMARY

In orthotopic liver transplantation (OLT), N-acetylcysteine (NAC) reduces ischaemia/reperfusion (I/R)
injury, improves liver synthesis function and prevents primary nonfunction of the graft. To further
elucidate the mechanisms of these beneficial effects of NAC, we investigated influence of high-dose
NAC therapy on the pattern of adhesion molecule release from liver and intestine during OLT. Nine
patients receiving allograft OLT were treated with 150 mg NAC/kg during the first hour after
reperfusion; 10 patients received the carrier only. One hour after reperfusion, samples of arterial, portal
venous and hepatic venous plasma were taken and blood flow in the hepatic artery and the portal vein
was measured. Absolute concentrations of SICAM-1, sVCAM-1, sP-selectin and sE-selectin were not
markedly different. However, balance calculations showed release of selectins from NAC-treated livers
as opposed to net uptake in controls (P = 0-02 for sP-selectin). This shedding of selectins might be a
contributing factor to the decrease in leucocyte adherence and improved haemodynamics found

experimentally with NAC-treatment.
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INTRODUCTION

In liver transplantation, various types of stress such as prolonged
storage or ischaemia can damage grafts inducing liver dysfunction
or failure in the recipient [1-3]. During graft reperfusion,
injurious mechanisms involving activation of vascular endothe-
lium as well as leucocytes with release of oxidative radicals can
cause hepatocellular damage [4]. Due to liver graft donor
shortage, marginally suitable organs often have to be considered
for transplantation. Thus it is of paramount importance to reduce
reperfusion injury.

The radical scavenging properties of N-acetylcysteine have
been proven beneficial in several conditions involving oxidative
damage, namely ischaemia/reperfusion injury in rat liver trans-
plantation [5]. Consequently, NAC has been evaluated as a
hepatoprotective agent in clinical OLT and has shown favourable
results in a recent study [6], whereas other studies did not
demonstrate clinical benefit [7,8]. More detailed investigations
with NAC treatment in OLT are needed [7].

In the inflammatory cascade, expression of adhesion mole-
cules induced by LPS, TNF alpha and IL-1 beta [9,10] is a
prerequisite for neutrophil adhesion on and transmigration through
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activated endothelium [11-13]. These adhesion molecules can be
shed from the cell surface [14,15]. The soluble forms can bind to
leucocytes in the bloodstream. Thereby, firm leucocyte—endothe-
lial interactions may be inhibited, the inflammatory response
attenuated and endothelial injury limited [16].

To further elucidate effects of NAC during liver transplantation,
we investigated the pattern of release of adhesion molecules from
liver and intestine in NAC-treated and control transplant recipients.

PATIENTS AND METHODS

Patients and treatment

After approval by the ethics committee of the University of
Heidelberg and informed consent, 19 consecutive patients
receiving orthotopic liver transplantation were included in the
study. Immunosuppressive therapy with prednisolone and either
cyclosporin A or tacrolimus was initiated at reperfusion.

In an alternate fashion, the patients either received N-
acetylcystein dissolved in 5% glucose solution at 150 mg/kg of
body weight during 15 min after reperfusion, 50 mg/kg during the
following 4 h and 100 mg/kg during the following 16 h, or
received the same volume of 5% glucose without NAC to serve as
controls. In addition, livers of patients in the treatment group were
rinsed with 1 [ Ringer’s solution containing 1 g NAC//
immediately before reperfusion.
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Measurements, sampling and analysis

One hour after graft reperfusion, blood flow in the hepatic artery
and the portal vein was measured by Doppler sonographic flow
probe [17]. At the same time, samples of arterial, portal venous
and hepatic venous blood were drawn in heparinized tubes.
Samples were immediately cooled on ice; plasma was separated
by centrifugation within 1 h, aliquoted, frozen at — 20°C and
stored for awaiting further analyses.

To quantify adhesion molecule concentrations, we used
commercially available enzyme-linked immunoassays with 96-
well microtitre plates: SICAM-1 (Biosource, Ratingen, Germany),
sVCAM-1, sP-selectin and sE-selectin (R&D Systems, Minnea-
polis, MN, USA).

Calculations

Individual haematocrit values at time of flow measurement were
used to convert blood flow into plasma flow by multiplying by (1
— haematocrit). Mean haematocrit value was 0-28. The sum of
hepatic arterial and portal venous flows (= inflow) was taken for
hepatic outflow. Portal venous flow was taken for intestinal flow.

Adhesion molecule balances (ug * min’!) were calculated as
the arteriovenous differences multiplied by plasma flow [18]. For
net hepatic balance, hepatic arterial and portal flow were
considered according to their actually measured ratio.

‘Intestinal balance’ refers to the portal-draining viscera
(extrahepatic splanchnic tissues), ‘splanchnic balance’ refers to
portal-draining viscera plus liver. Positive values denote net
uptake, negative values denote net release of substrates.

All data in the text, tables and figures are presented as mean
* s.e.m. (standard error of the mean). For statistical analysis, the
Mann—Whitney U-test and Wilcoxon’s two-tailed test were used.

RESULTS

Nine patients were included in the treatment group; 10 patients
served as controls. Indications for transplantation included
cirrhosis for alcohol abuse, chronic hepatitis, haemochromatosis,
amyloidosis, Wilson’s disease, primary biliary cirrhosis and
hepatocellular carcinoma. Age at time of transplantation was
54-0 £ 5-5 years in the NAC group and 47-7 £ 15-0 years in
controls (mean = s.d.; difference not significant).

Plasma levels of SICAM-1, sVCAM-1, sP-selectin and sE-
selectin were as shown in Table 1. Absolute levels in artery, portal
vein and hepatic vein 1 h after reperfusion of the liver graft were
not different between NAC and control groups (for absolute sP-
selectin values, see Fig. 1).

NAC treatment caused intraoperative release of selectins as
opposed to net uptake in the control group (Table 2). For sP-
selectin (Fig. 2), the differences in hepatic and total splanchnic
balance (i.e. intestinal and hepatic balance combined) were
significant (P = 0-02 and P = 0-01, respectively). There was a
trend towards increased splanchnic release of sE-selectin in the
NAC group. Balance values of SICAM-1 and sVCAM-1 showed
high interpatient variability and were not statistically different
between the groups (Table 2).

DISCUSSION

High-dose therapy with N-acetylcysteine has become part of the
standard treatment for patients with acute liver failure. Primarily,
the regimen was developed for liver failure due to paracetamol

Table 1. Absolute concentrations (ng/ml) of sSICAM-1, sVCAM-1, sP-

selectin and sE-selectin in arterial, portal venous, and hepatic venous

plasma in orthotopic liver transplantation 1 h after reperfusion. Mean

* s.e.m. NAC treatment group: n = 9; control group: n = 10. None of the
differences are statistically significant

Absolute concentrations NAC group Control group
sICAM-1
arterial 1632 = 330 2044 = 47-0
portal venous 2442 + 31-3 226-2 + 48-6
hepatic venous 200-5 % 435 253:6 * 486
sVCAM-1
arterial 5582 £ 198:1 503-0 £ 89-3
portal venous 616-0 £ 1842 533-1 £ 102-6
hepatic venous 595-8 £ 177-6 400-3 £ 66-6
sP-selectin
arterial 474 £ 4.5 644 £ 12-8
portal venous 59-1 £ 105 562 £ 63
hepatic venous 655 £ 86 53-6 £ 7-8
sE-selectin
arterial 294 £ 60 477 = 131
portal venous 393 = 110 46-4 = 10-7
hepatic venous 38573 40-0 £ 10-5

(acetaminophen) poisoning [19]. In the treatment of acute liver
failure from other causes, NAC has also proven beneficial [20].
In animal models, the use of NAC caused an improvement in
hepatic macro- and microcirculation after reperfusion following
cold and warm liver ischaemia [21,22]. In rat liver transplantation,
NAC treatment reduced early phase reperfusion injury [5] and
decreased leucocyte adherence to sinusoidal endothelium [23]. In
a model of hypothermic I/R injury of the steatotic rat liver, NAC
given before cold storage for 24 h diminished sinusoidal
microcirculatory injury and lowered enzyme release after
reperfusion [24]. In an endotoxin sepsis model of the rat, NAC
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Fig. 1. Absolute concentrations (ng/ml) of sP-selectin in arterial, portal
venous and hepatic venous plasma 1 h after reperfusion of the liver graft.
The data show the mean values * s.e.m. of the NAC-treated (n = 9) and
control patients (n = 10). The differences are not significant. [J, Control

group (n = 10); W, NAC group (n = 9).
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Table 2. Balance values (ug/min) of sSICAM-1, sVCAM-1, sP-selectin
and sE-selectin across the intestinal organs, the liver, and the total of both
(= splanchnic balance) in orthotopic liver transplantation 1 h after
reperfusion. Mean values * s.e.m. NAC treatment group: n = 9; control
group: n = 10. P-values are shown in parentheses. NS, not significant

Balance values NAC group Control group
SICAM-1

intestinal balance — 1209 = 47.1 — 222 = 29.0 (NS)

hepatic balance 524 + 644 — 67-5 = 32.0 (NS)

total splanchnic balance — 68-3 £ 54.1 — 89-8 £ 38.9 (NS)

sVCAM-1
intestinal balance — 513 £ 1764 — 1153 £ 111-.8 (NS)
hepatic balance 80-9 = 333.3 2844 = 108-3 (NS)

I+ 1+

total splanchnic balance 29-7 = 406-8 1692 = 107-6 (NS)

sP-selectin

intestinal balance — 146 £ 11-8 59 £ 11-6 (NS)
hepatic balance - 201 £ 114 137 = 6:6 (P = 0-02)
total splanchnic balance — 347 * 122 19-6 = 113 (P = 0-01)

sE-selectin
intestinal balance — 105 £ 10-6
hepatic balance — 74 *94
total splanchnic balance — 17-8 * 9-8

— 2.5 + 7.7 (NS)
14-5 = 5.0 (NS)
12:0 = 10:0 (NS)

treatment given before as well as after induction of sepsis
decreased leucocyte adherence in mesentery vessels and improved
haemodynamics [25,26].

In clinical use of NAC during liver transplantation, two studies
failed to show improved clinical outcome. In the study by
Bromley er al. [8] modest intermittent haemodynamic improve-
ment was seen initially during the loading dose. Whether this
advantage is methodologically valid remains controversial [27].
Steib et al. used higher maintenance doses of NAC but found no
differences at all between the groups [7]. The most recently

P<0-02 P<0-01

sP-selectin balance [ug/min]
o

Intestinal Hepatic Total

splanchnic tissues

Fig. 2. Balance values of sP-selectin (ug/min) across the intestinal organs,
the liver and the total of both (= splanchnic balance), 1 h after reperfusion
of the liver graft. Mean values * s.e.m. Positive values indicate an uptake,
negative values indicate the release of sP-selectin. [J, Control group
(n = 10); W, NAC group (n = 9).

published study by Thies et al., however, demonstrated attenuated
reperfusion injury as histologically graded, significantly increased
flow in the portal vein, improved liver synthesis function, and
prevention of primary graft non-function in NAC-treated liver
graft recipients [6]. Since the dosing regimen of the two latter
studies differs only in an additional rinsing of the graft with NAC
containing solution (Thies et al.), the divergence of the results
may be attributable to the high interpatient variability in
orthotopic liver transplantation. Larger multicentre studies would
be needed to finally answer the question of whether NAC is useful
in this setting. On the other hand, we believe that investigating
immunological questions in lower scale studies may contribute to
this ongoing discussion.

Our principal finding is that in NAC-treated liver transplant
recipients P-selectin is released from the graft 1 h after
reperfusion, as opposed to control patients. It has been shown
that P-selectin expression is high 30 and 60 min after resuscitation
in murine [28] and rat [29] liver tissue, respectively, in I/R
models. Therefore we assume that NAC enhances shedding of
these adhesion molecules from liver endothelial cells. Soluble P-
selectin has shown to inhibit binding of activated neurophils to
endothelium in vitro [30] and was postulated to play an important
protective role in murine glomerulonephritis [16].

If shedding reduces the amount of endothelial P-selectin, this
may further decrease neutrophil rolling and adhesion, which
possibly is of therapeutic benefit in NAC treated liver transplant
recipients. A study on rat liver microvasculature could not
demonstrate an involvement of endothelial selectins in the
recruitment of leucocytes [31]. However, a clear dependency of
leucocyte—endothelial interaction on functioning P-selectin mo-
lecules has been proven in murine hepatic [32,33] and splanchnic
[34] I/R models. Similarly, in a murine renal I/R model, P-selectin
deficiency as well as blocking P-selectin by antibodies resulted in
less neutrophil infiltration and in better organ function [35]. The
role of selectins in the human liver has yet to be further clarified.

Apart from this hypothesis, possible clinical benefits of NAC-
treatment might also be due to unspecific attenuation of oxidant
stress and subsequent inflammatory injury in endothelium and
hepatocytes [36]. Advantages of NAC treatment could also be
attributed to its vaso-relaxant properties [37], most probably via
formation of S-nitrosocysteine [38].

For the short amount of time passed since the beginning of the
NAC-treatment (60 min), modulations of the expression of
selectins [39] at the transcriptional level by NAC as an inhibitor
of NFkB-activation [40—42] are unlikely to explain our findings.

In our study, we found no difference in the absolute plasma
concentrations of SICAM-1, sVCAM-1, sP-selectin, and sE-
selectin 1 h after reperfusion. Only by calculating the organ
balances [18] was the shedding of selectins discovered. We used
the unique opportunity of direct and easy access to vessels of liver
inflow and outflow presenting only intraoperatively. In the study
by Miiller er al. [43], hepatic venous concentrations of adhesion
molecules were taken into account in addition to systemic
concentrations, but balances were not determined.

Our study reflects only the intraoperative situation 1 h after
reperfusion, giving some limited insight into early NAC effects.
With the small number of patients studied here it was not intended
to show differences in clinical outcome between the groups. To
better understand the mechanisms involved as well as the long-
term consequences of NAC treatment in OLT, further studies
including more patients are needed.

© 2001 Blackwell Science Ltd, Clinical and Experimental Immunology, 124:337-341
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In conclusion, by calculating intraoperative net organ balances

we could demonstrate early shedding of selectins in NAC treated
liver grafts. This is in line with experimental findings of decreased
leucocyte adherence and improved microhaemodynamics and
might help to explain favourable clinical results found recently
with the use of NAC in orthotopic liver transplantation.
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