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The Effects of n-Acetylcysteine and Desferoxamine on IL-6, TNF-a,
and oxLDL after Infrarenal Aortic Clamping
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Abstract

Aim-Background: Treatment of abdominal aortic aneurysms remains a challenging task. We examined the effects of
n-acetylcysteine and desferoxamine on interleukin-6, tumour necrosis factor-a, and oxidized low density lipoprotein
after infrarenal aortic clamping.

Methods: Fifteen piglets were assigned to three groups. The control group (Group C) received saline as placebo (10-
mL dilution, bolus), whereas the Group of n-acetylcysteine (Group NAC) received 150mg/kg IV n-acetylcysteine
30 min prior to aortic clamping and 50mg/kg/h after its release (reperfusion). The desferoxamine group (Group D)
received IM 100mg/kg/d desferoxamine for 3 days prior to the experiment.

Results: Interleukin-6 increased significantly one hour after aortic clamping, while administration of desferoxamine
and n-acetylcysteine had no effect on its production. Tumour necrosis factor-a increased after aortic clamping and
failed to normalise during the experiment in all groups. At 2 hours post-reperfusion, desferoxamine had a modest
effect on tumour necrosis factor-a values, while in Group NAC, tumour necrosis factor-a had decreased by 50% at
10 min post-reperfusion. Oxidized low density lipoprotein in Group C did not increase significantly from baselines
values. In Groups D and NAC, oxidized low density lipoprotein had increased at 10 min post-reperfusion, after
which it progressively decreased until 2 hours post-reperfusion.

Conclusions: Interleukin-6 and tumour necrosis factor-a increased significantly after aortic clamping. Administra-
tion of desferoxamine and n-acetylcysteine had no effect on interleukin-6, while administration of n-acetylcysteine
reduced tumour necrosis factor-a by 50% at 10 min post-reperfusion. Although in Groups D and NAC oxidized low

density lipoprotein increased post-reperfusion, it progressively decreased with time.
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Introduction-Aim

Treatment of abdominal aortic aneurysms (AAA) re-
mains a challenging task despite improvements in periop-
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erative care. The incidence of ruptured AAAs is 5.6-17.5
per 100,000 person-years in Western countries and the
overall mortality rate of these patients is approximately
80-90% [1]. The high mortality rates constitute a significant
medical problem and research has focused on the identifi-
cation of key pathophysiological cascades of I/R after AAA
surgery. To date, the consequences of AAA are known to
be the result of a double physiological phenomenon that
happens because of lower torso ischaemia and subsequent
reperfusion, occurring in a more severe form in patients
with ruptured AAAs.

The mechanisms of ischaemia/reperfusion (I/R) injury
include various mediators which cause cellular dysfunction
and postoperative organ injury failure. The inflammatory
response involves the activation of immune system and the
vascular endothelium, as well as a number of other pathways,
including reactive oxygen species (ROS) mediators gener-
ated from components of blood or tissues. Previous studies
have shown that ROS can participate in reduction-oxidation
reactions, initiate lipid oxidation, and induce proinflamma-
tory cytokines and chemokines [2] which in turn generate
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an increase in concentrations of acute-phase proteins,
increasing postoperative complications and mortality rates.

Although the mechanisms underlying I/R are poorly
understood, there may be an advantage associated with
antioxidant treatment; antioxidant supplementation during
AAA repair has been reported to be beneficial in reducing
oxidative stress during the perioperative period [3]. In this
study, we aimed to examine the effects of n-acetylcysteine
and desferoxamine on the inflammatory cascade after
I/R, with particular focus on interleukin-6 (IL-6), tumour
necrosis factor-a (TNF-a), and oxidized low density lipo-
protein (oxLDL).

Method

The experimental protocol was approved by the General
Directorate of Veterinary Services (permit no. 416/14-01-
2009) according to Greek legislation regarding ethical and
experimental procedures. The experiment was carried out
in the Department of Experimental Surgery in Aretaion
Hospital, Athens, Greece. Fifteen healthy male Landrace/
Large White piglets comprised the study population, all
supplied by the same breeder (Validakis, Athens, Greece),
aged 20-24 weeks, with an average weight of 30+2 kg. The
animals were fasted overnight but had free access to water.

Animals were premedicated with an intramuscular
injection of 11 mg/kg ketamine hydrochloride, 0.5 mg/kg
midazolam, and 0.05 mg/kg atropine sulfate. The mar-
ginal auricular vein was catheterized, and anaesthesia
was induced with an intravenous bolus dose of 6.6 mg/
kg thiopental [4]. They were then intubated with a 5-mm
endotracheal tube (Portex, 5 mm ID; Mallinckrodt Medi-
cal, Athlone, Ireland). Animals were immobilized in the
supine position on a surgical table. Additional 2 mg/kg
thiopental, 0.15 mg/kg cis-atracurium and 4pg/kg fen-
tanyl were administered immediately before connecting
the animals to a ventilator (Alpha Delta lung ventilator;
Siare, Bologna, Italy) in 21% oxygen. Thiopental infusion
of 5 mg/kg/hr and additional doses of cis-atracurium at
20 pg/kg/min and fentanyl at 0.6 pg/kg/min were given to
maintain adequate anaesthetic depth. Fluid infusion of 2
ml/kg/h isotonic sodium chloride was started and remained
constant throughout the experiment in order to prevent
an artificial stress response [5].

All animals were volume controlled, ventilated with
a total tidal volume of 15 mL/kg. End-tidal CO, pressure
(ETCO,) was monitored (Tonocap-TC200; Datex Engstrom,
Helsinki, Finland), and the respiratory rate was adjusted to
maintain an ETCO2 of 35 to 40 mm Hg. Non-invasive moni-
toring (Datascope Expert DS-5300 W ECG; Fukuda Denshi,
Tokyo, Japan) also included electrocardiogram and pulse
oximetry. For measurement of aortic pressures, an arterial
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catheter (model 6523, USCI CR; Bart Inc, Papapostolou,
Athens, Greece) was inserted into the aorta via the right
common carotid artery. The systolic (SAP) and diastolic
(DAP) aortic pressures were recorded, while mean aortic
pressure (MAP) was determined by the electronic integra-
tion of the aortic blood pressure waveform. The internal
jugular vein was surgically prepared, and a Swan-Ganz
catheter (Opticath 5.5 F, 75 cm; Abbott, Ladakis, Athens,
Greece) was inserted into the right atrium for continuous
measurement of right atrial pressure. Intravascular catheters
were attached to pressure transducers that were aligned to
the level of the right atrium and were calibrated prior to
their use. CO was measured as the product of time-velocity
integral of Doppler transaortic flow, the diameter of the
aortic valve and the heart rate, as previously described [6].
Arterial blood gases were measured on a blood-gas analyzer
(IRMA SL Blood Analysis System, Part 436301, Diametrics
Medical Inc., USA). Body temperature was monitored by a
rectal temperature probe and was maintained between 38.5
°C and 39.5 °C with a heating blanket.

Before the experimental procedure, the piglets were
randomly assigned to three different groups, of five subjects
each, according to the agents used. Randomization was
achieved with sealed envelopes and only the investiga-
tor that administered the drug regimen was aware of the
animal’s allocation. This investigator was not involved in
the data collection. The control group (Group C) received
saline as placebo (10-mL dilution, bolus), whereas the n-
acetylcysteine group (Group NAC) received 150mg/kg IV
n-acetylcysteine 30 min prior to aortic clamping and 50mg/
kg/h after its release. The desferoxamine group (Group D)
received IM 100mg/kg/d desferoxamine for 3 days prior
to the experiment.

The protocol was divided into three distinct phases: sta-
bilization, laparotomy, maintenance, and the observational
phase. The stabilization phase lasted for approximately
30 min after the instrumentation of the animals. Then,
a laparotomy was performed and the abdominal aorta,
inferior vena cava, renal veins, hepatic veins, and hepatic
portal vein were surgically exposed and cannulated. The
animals were then left to stabilize for another 30 min.
During the maintenance phase, which lasted 60 min, the
aorta was clamped inferiorly to the origination of renal
arteries. During the observational phase, aortic clamping
was progressively removed in order to minimize hypoten-
sion and stress response, and the animals were monitored
for 120 min. Blood samples were collected in all phases for
measurement of IL-6, TNF-a, and oxLDL.

All animals were humanely euthanatized with an IV
bolus dose of propofol 40 mg, followed by 2 gr thiopental
IV. Thoracic and abdominal organs were examined for gross
evidence of traumatic injuries or other pathology.
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Statistical analysis

Quantitative variables were expressed as mean values
+SD, while qualitative variables were expressed as absolute
and relative frequencies. Student’s t-tests and analysis of
variance (ANOVA) were computed for the comparison of
mean values. Bonferroni correction was used in order to
control for type I error. All reported p-values are two-tailed.
Statistical significance was set at p<0.05. The data analyses
were performed with SPSS for Windows (version 19.0; SPSS,
Chicago, IL) software.

Results

The haemodynamic and metabolic parameters in all
groups are presented in Table 1. There was a significant
difference between the three groups in heart rate, SAP,
DAP, CPP and pH (p=0.04, 0.048, 0.046, 0.044, 0.048,
respectively).

Interleukin-6 significantly increased one hour after
aortic clamping in all groups and did not normalize during
the experiment. After 2 hours post-reperfusion, the highest
values were found in the portal vein and inferior vena cava
samples in all groups, while administration of desferoxam-
ine and NAC had no effect on IL-6 production (Table 2).

Tumour necrosis factor-a increased in all groups after
aortic clamping and did not normalise during the experi-
ment. In Group C, TNF-a progressively decreased with time,
although it did not reach baseline levels. In Group D, TNF-a
values rose and remained almost two-fold from baseline,
while they were higher in portal vein and inferior vena cava
at 2 hours post-reperfusion compared to other samples
(p<0.001). At 2 hours post-reperfusion, desferoxamine
had a modest effect on TNF-a values in all samples, while
in Group NAC, TNF-a levels fell by 50% at 10 min post-
reperfusion, maintaining a constant decreased rate until 2
hours post-reperfusion (Table 3).

Oxidized low density lipoprotein was not significantly
increased compared to baselines values in Group C. In
Groups D and NAC, oxLDL was increased at 10 min post-
reperfusion, after which it was progressively decreased until
2 hours post-reperfusion (Table 4).

Discussion

Ischaemia-reperfusion contributes significantly to ab-
dominal aortic aneurysm-related mortality and morbidity.
The main effect of I/R is the activation of inflammatory
pathways with oxidative stress occurring during aortic
clamping and subsequent reperfusion [7]. The synthesis
of cytokines during the inflammatory processes generates
an increase in concentrations of acute-phase proteins as a
response to tissue destruction [8], while high-grade oxida-
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tive stress during AAA repair operation has been related
with a complicated postoperative course and transfer to
intensive care unit [9].

In our study, IL-6 significantly increased one hour after
aortic clamping in all groups and failed to normalise during
the experiment. Interestingly, after 2 hours post-reperfusion,
the highest values were found in portal vein and inferior vena
cava samples in all groups, which is in line with the results
of other authors reporting that I/R during AAA repair is
associated with a marked increase in IL-6 concentration in
the portal vein, suggesting that IL-6 is mainly produced by
the gastrointestinal tract [10]. Circulating IL-6 levels have
been reported to be higher in patients with AAA than those
in subjects without AAA, showing a proportional relation-
ship with AAA diameter [11]. In addition, IL-6 levels have
been shown to increase further in plasma during AAA repair
and they remain elevated in the postoperative period [12].
In a recent study, Vucevic et al. reported that the levels of
IL-6 in supernatants of abdominal aortic aneurysm sample
cultures were 73 times higher than their levels in plasma
[13], thus reflecting the active inflammatory processes in
the aortic lesions [14].

In our study, administration of desferoxamine and NAC
had no effect on IL-6 levels. Similarly, in a prospective,
randomized, double-blinded, placebo-controlled study that
included critically ill patients with hypotension, Fraga et al.
reported that the use of NAC plus desferoxamine decreased
the oxidative damage parameters but not plasma IL-6 levels
[15]. In an experimental pig model combining liver resection
with prolonged ischaemia, administration of desferoxamine
during reperfusion of the remnant liver was associated with
an increase in serum IL-6, and was significantly higher after
12 h compared to controls [16]. Of note, increased doses
of IL-6 during liver I/R have been reported to protect the
liver from damage via its anti-inflammatory effects, as well
as via TNF-a reduction [17]. In another murine study, IL-6
resulted in less intestinal injury and improved barrier func-
tion following I/R of the small bowel while inhibiting both
constitutive and induced enterocyte cell death in vivo [18].
On the other hand, after intestinal I/R injury, NAC has been
reported to protect healing of colonic anastomosis and may
improve mesenteric blood flow and oxygen delivery [19].

After intestinal I/R, an inflammatory response and TNF-
a increase may ensue [20]. In our study, TNF-a increased
after aortic clamping in all groups and failed to normalise
during the experiment, a finding which is in agreement with
other studies [21], although some authors have reported no
change in TNF-a levels in AAA repair or after infra-renal
clamping [22]. Of note, TNF-a levels were higher in portal
vein and inferior vena cava compared to other samples at 2
hours post-reperfusion, supporting recent evidence of TNF-
a increase after intestinal I/R injury in humans [23]. Our
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Table 2. IL-6 values during the experiment.

Group
IL-6 (pg/ml) C D NAC p value ANOVA
Mean+SD Mean+SD Mean+SD
Baseline 5.8+1 5.9+0.9 13.3+£3.3 <0.001
Prior to clamping 7.2%1.1 16.7+£7.4 20.1£9.2 0.339*
1 hour after clamping 122.7+38.6 177.2+45.3 297.3+£275.9 0.151*
Immediately after reperfusion (inferior vena cava) 127.3+48.5 162.5+50.3 335.3+295.2 0.014
10 min after reperfusion 123.5+29.6 160.5+60.8 216.1+73.3 0.002
1 hour after reperfusion 158.4+40.3 242.8+109.3 278.5+54.4 0.324*
2 hours after reperfusion (arterial) 200.2+102.7 249.4+84.6 329.6+121.9 0.016
2 hours after reperfusion (internal jugular) 250.0+103.2 267.8+6.9 284.5+85.3 0.557%
2 hours after reperfusion (renal vein) 194.0+77.2 183.8+86.1 259.1+79.2 0.061
2 hours after reperfusion (hepatic vein) 191.5+89.6 214.3+47.8 304.9+87.2 0.002
2 hours after reperfusion (portal vein) 245.2+104.6 314.5£72.5 365.0+112.8 0.019
2 hours after reperfusion (inferior vena cava/
sl e e ) 207.0+64.8 206.0+65.3 340.0+129.5 0.001
i;\'/c;;:ff:i;:zr;’s::;nd('r:::)o rvena 22274826 24274435 32444937 0.006
*Student’s t-test
Table 3. TNF-a values during the experiment.
Group
TNF-a (pg/ml) C D NAC p value ANOVA
Mean=SD Mean=SD Mean=SD
Baseline 44.9+27.8 157.8+49.8 75+36.5 <0.001
Prior to clamping 55.6+22.7 212.7£93.4 126+104.3 0.043*
1 hour after clamping 191.5+£90.2 262.3161.1 326.3+310.2 0.550%
Immediately after reperfusion (inferior vena cava) 197.9+164.4 338.3+£128.5 611+565.4 0.021
10 min after reperfusion 135.2491.3 324.5+209.2 363.2+302.8 0.097
1 hour after reperfusion 110.7+87.6 345.5+118,8 295.6+279.7 0.575*
2 hours after reperfusion (arterial) 84.8+50.3 312.5+£27.9 158.5£149.5 <0.001
2 hours after reperfusion (internal jugular) 99.5+52.8 312+81.5 167.7+114.6 <0.001*
2 hours after reperfusion (renal vein) 76.9+39.8 241.8+55.1 170£142.5 0.004
2 hours after reperfusion (hepatic vein) 97.8+46.2 291.8+85.1 168.2+120.9 0.001
2 hours after reperfusion (portal vein) 89.8+38.5 299.3+62.6 175.7£134.2 <0.001
2 hours after reperfusion (inferior vena
=l e e 93.5+37.3 331.7£59.8 113.4+82.7 <0.001
2 hours after reperfusion (inferior vena 83.0+27.4 304.5+66.5 192.5£19.3 <0.001

cava/infra-coeliac blood drawn)

*Student’s t-test
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Table 4. 0xLDL values during the experiment.

Group
oxLDL C D NAC p value ANOVA
Mean+SD Mean+SD Mean+SD

Baseline 21.9£12.7 53.9+36.1 24.4+8 0.002
Prior to clamping 23.5%7.8 32.7%9.5 22255 0.003*
1 hour after clamping 25.2+3.9 33.5+13.5 18.2+5.3 <0.001
Immediately after reperfusion (inferior vena cava) 16.4+4.9 54.2+37.6 16.2+6 <0.001
10 min after reperfusion (inferior vena cava) 16.5+4.3 59.2+24.2 28+15.7 <0.001
1 hour after reperfusion (inferior vena cava) 22.8+4.1 34.2+6.1 24.1+11.6 0.015*
2 hours after reperfusion (arterial) 23.1+£12.2 35.2+12 23+12.5 0.029
2 hours after reperfusion (internal jugular) 23.3+11.9 38.5+13.8 22.743.5 0.009*
2 hours after reperfusion (renal vein) 26.7+10.1 30.7£5.4 20.7+8 0.016
2 hours after reperfusion (hepatic vein) 21.1+£12.3 32.8+8.1 19.2+6.4 0.002
2 hours after reperfusion (portal vein) 20.2+11.5 47.6+24.3 23.6+8.8 <0.001
2 hours after reperfusion (inferior vena

e =l e Slo ) 27.0+10.2 35.2+9.8 19.9+10 0.003
2 hours after reperfusion (inferior vena 16,0417 31.040.1 24.816.8 <0.001

cava/infra-coeliac blood drawn)

*Student’s t-test

results strengthen the available evidence and highlight the
role of intestinal I/R injury in the inflammatory response
during abdominal aortic aneurysm repair. Although ad-
ministration of desferoxamine did not result in a significant
TNF-a decrease after reperfusion, TNF-a levels fell by 50%
in Group NAC at 10 min post-reperfusion, maintaining a
constant decreased rate until 2 hours post-reperfusion. In
a study investigating the effect of NAC preconditioning on
the small bowel transplantation-I/R-induced inflammatory
cascade, the authors reported that NAC may ameliorate the
inflammatory cascade mediated by TNF-a, which was in
line with the results of other authors [24]. Of note, several
other studies have demonstrated an anti-inflammatory
effect of NAC, confirming our results [25,26].

Although LDL particles pose a risk for cardiovascular
disease when they invade the endothelium and become
oxidized, oxLDL levels did not rise significantly in our
study; only a mild increase was noticed at 10 min and 1
hour after reperfusion. Oxidized LDL accumulates in several
tissues after intestinal I/R and acts synergistically with I/R
to promote leukocyte recruitment, indicating that cellular
oxidative stress is a critical step in I/R injury in both the
intestine and end organs, mediating via endothelial acti-
vation and dysfunction and subendothelial migration of
inflammatory cells [27]. In our study, all animals suffered a
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modest haemodynamic fluctuation during the peri-clamping
period, which in turn affected CPP values. Myocardial I/R
is known to upregulate lectin-like oxLDL receptors which
have been associated with apoptosis, necrosis, and left ven-
tricular functional deterioration [28], while activation of
the lectin-like oxidized low-density lipoprotein receptor-1
pathway is involved in determining the extent of myocar-
dial ischaemia-reperfusion injury [29]. Also, oxLDL may
play a role in renal tissue damage after intestinal I/R [30].
Given the aforementioned significant evidence, as well as
the fact that our animals were monitored for only 2 hours
after reperfusion, further research is warranted to fully
clarify the role of oxLDL after abdominal aortic clamping.

We recognize several limitations in this experimental
study. Firstly, the sample size was small. Secondly, our
experiment was conducted on apparently healthy pigs
with no underlying disease. This is not the case in human
patients who, most of the time, have various comorbidities.
Another limitation is the relatively brief observation period
of animals. However, this study protocol was designed
to focus on the early effects of NAC and desferoxamine
administration. Despite these limitations, it is hoped that
this study will enlighten further clinical and experimental
research in reducing I/R after AAA surgery.

Within these limitations, IL-6 and TNF-a levels sig-
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nificantly increased after aortic clamping. Administration
of desferoxamine and NAC had no effect on IL-6, while
administration of NAC decreased TNF-a by 50% at 10 min
post-reperfusion, maintaining a constant decreased rate until
2 hours post-reperfusion. Although in Groups D and NAC
oxidized low density lipoprotein increased post-reperfusion,
it progressively decreased with time.
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