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Summary Background: A better understanding of the pathophysiology of ischaemia-
reperfusion injury and a possible treatment for it, is of great importance. The deep inferior
epigastric perforator (DIEP) flap is an innovative, clinical model of ischaemia-reperfusion.
There has been an ongoing interest in the health benefits and medical applications of antiox-
idants. We hypothesised that during ischaemia-reperfusion, specific antioxidants are depleted.
Methods: Seventeen DIEP flaps were performed in 15 patients undergoing breast reconstruc-
tion. In each free flap, 3-mm skin biopsies were taken from the DIEP flap at four different time
points during and after surgery. In those tissue biopsies, concentrations of the antioxidants
vitamin E, glutathione (GSH) and uric acid and total antioxidant capacity (TEAC) were
measured.
Results: Unexpectedly, no immediate change was observed in GSH concentrations during
ischaemia-reperfusion. Uric acid concentrations were significantly increased at all time points
following reperfusion. Vitamin E concentrations also showed a significant incline 30 min and 1 h
after reperfusion. However, 1 h after reperfusion, a significant decrease in total hydrophilic
antioxidant capacity (TEAC) was seen. In the next hour, this capacity recovered.
Conclusions: During ischaemia-reperfusion, a deficiency in hydrophilic antioxidant capacity
develops. This is a potential cause for the development of ischaemia-reperfusion injury by
reactive oxygen species.
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Introduction

Ischaemia-reperfusion injury plays an important role in the
dysfunction and failure of tissue and organ transplants.1,2 A
better understanding of the pathophysiology of ischaemia-
reperfusion injury and a possible treatment for it is of great
importance. In this study, the deep inferior epigastric perfo-
rator free flap (FF-DIEP) is used as a human, clinical model of
ischaemia-reperfusion. This tissue flap is dissected from the
abdomen and transplanted to the patient’s thorax for breast
reconstruction. This newmodel of ischaemia-reperfusion has
several advantages over other models of this condition. The
free flap is visible and within reach after surgery, and inter-
ference of donor incompatibility is avoided. It provides the
opportunity to study ischaemia-reperfusion over time.

In this study, we focussed on the role of antioxidants in
ischaemia-reperfusion injury. There has been an ongoing
interest in the health benefits and medical applications of
antioxidants. They are compounds that own the capacity to
neutralise reactive oxygen species (ROS) and thereby
prevent the development of tissue damage when ROS arise
during reperfusion.3 Up-regulation of endogenous antioxi-
dants is observed during oxidative stress.4 However, as
many ROS evolve in a short period of time, the system of
antioxidants is flooded.5 As a result, the antioxidants are
consumed quickly and concentrations in the body
decline.3,6 We hypothesised that during ischaemia-
reperfusion, specific antioxidants are depleted.

Materials and methods

Population

Seventeen DIEP flaps were performed in 15 patients
undergoing secondary breast reconstruction at the depart-
ment of Plastic and Reconstructive Surgery in the Maas-
tricht University Medical Centreþ in The Netherlands. Two
patients underwent bilateral surgery. The population con-
sisted of women who had undergone breast amputation or
mastectomy due to breast cancer or to prevent breast
cancer. All patients aged 18 years or older who were
scheduled for DIEP surgery, were asked to participate in the
research. An informed consent procedure was followed. No
patients met the exclusion criteria that were a medical
history of diabetes mellitus, diseases of the kidneys or liver
or the use of immunosuppressants. The study was con-
ducted according to the principles of the Declaration of
Helsinki (5th version, 24/07/2001) and in accordance with
the Medical Research Involving Human Subjects Act (WMO)
approved by the Ethical Committee of Maastricht University
Medical Centreþ.

Structure of the experiment

During and after the DIEP operation, four 3-mm skin biopsies
were taken from the DIEP flap at four different time points
(Table 1). The first biopsy was performed at the start of the
operation to determine the patient’s antioxidant condition
(baseline measurement). This dynamic condition is depen-
dent on a combination of internal and external factors,
including nutritional status. The next three biopsies were
taken after reperfusion to evaluate the effect of ischaemia-
reperfusion on the patient’s antioxidant condition.

Baseline characteristics that might intervene with the
main study parameters (confounders) were registered
(Table 2). Amongst them, is duration of ischaemia. The
length of ischaemia time is relatively constant with this
surgical procedure and is around 90 min.

Biopsy procedure

Skin biopsies were taken from zone 1 of the free flap (which
is the central zone near the vascular pedicle) to ensure
adequate reperfusion. The biopsy needle (3 mm dermal
biopsy punch, Miltex, York, PA, USA) was put onto the flap
and turned around 360" once. The biopsies were taken from
the lower border of the free flap. Biopsies were obtained
during surgery, except for the last biopsy that was usually
taken after surgery ended. No local anaesthesia was given
for the taking the biopsies, because patients were under
general anaesthesia and the free flap was not innervated
neurologically after surgery. Skin samples were rapidly
frozen in liquid nitrogen, stored at #80 "C and analysed at
the laboratory at a later point of time.

Tissue preparation

Prior to analyses, the skin biopsies were homogenised in 5%
trichloro acetic acid (5e15 mg in 220 ml TCA) and centri-
fuged. The supernatant was used to measure GSH, uric acid
and TEAC. The pellet was used for the measurement of
vitamin E.

Table 1 Biopsy schedule.

Biopsy number Time point

1 At start of surgery
2 0.5 h after reperfusion
3 1 h after reperfusion
4 2 h after reperfusion

Time points at which biopsies were taken. In total four biopsies
were taken from each patient.
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Laboratory analyses

Chemicals
2,20-Azinobis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS),
uric acid and butylated hydroxytoluene (BHT) were ob-
tained from Sigma Chemical Co., St. Louis, USA. 2,20-Azino-
bis(2-amidinopropane) dihydrochloride (ABAP) was ob-
tained from Brunschwig Chemicals, Amsterdam, The
Netherlands. All chemicals were of analytical purity.

Uric acid assay
Uric acid, the reaction product of xanthine oxidase activity,
was determined using a high-performance liquid chroma-
tography (HPLC) method described by Lux et al.7

Total antioxidant capacity assay
Total antioxidant capacity assay was performed as
described by Fischer et al.8 Briefly, 950 ml of ABTS$þ radical
solution was incubated for 1 min at 37 "C; thereafter 50 ml
of supernatant was added. After 5 min of incubation, the
absorption at 734 nm was measured. The decrease in
absorption after 5 min relative to blank (buffer) was related
to that of Trolox calibrators. The TEAC value gives the
concentration of trolox that has a similar antioxidant
capacity as the sample.

Skin GSH content
Glutathione (GSH) concentrations were measured in the
supernatant of homogenised skin biopsies, as described
extensively by Anderson.9 Total protein concentrations in
the homogenates were measured using the bicinchoninic
acid method, as described by Smith et al.10 Final concen-
trations of GSH were expressed per mg protein.

Skin levels of a-tocopherol
The analysis of the concentrations of the a-tocopherols in
the pellet of homogenised skin biopsies was performed as
described by Broekmans et al.11 Final concentrations of a-
tocopherol (vitamin E) were expressed per mg protein.

Calculations and statistics

Statistical analysis by Statistical Package for Social Sciences
(SPSS) linear mixed models has been performed.12 This
analysis corrects for dependency in repeated measure-
ments. Antioxidant concentrations were compared to that

person’s concentrations at the start of surgery. Baseline
characteristics (Table 2) that significantly influenced anti-
oxidant concentrations were integrated included in the
final model as covariates. Statistical correction had taken
place for patients who underwent bilateral DIEP surgery.
Significance was considered present at P% 0.05.

Results

Out of 17 free flaps, one flap showed partial necrosis
(around 33%). All the other free flaps displayed no compli-
cations postoperatively. Concentrations of the antioxidants
are shown in Figure 1. P-values for antioxidant concentra-
tions compared to baseline measurement are shown in
Table 3.

GSH

Unexpected, no immediate change was observed in GSH
concentrations compared to the concentrations at the start
of surgery. However, concentrations 2 h after reperfusion
displayed an increasing trend (PZ 0.088).

Uric acid

The concentrations of uric acid showed obvious changes. In
comparison to the baseline measurements, concentrations
were significantly increased at all time points following
reperfusion.

Vitamin E

Vitamin E concentrations were significantly increased
30 min and 1 h following reperfusion. Two hours after
reperfusion, vitamin E concentration had normalised again
to baseline level.

Table 2 Baseline values.

Time point Baseline values

Pre-operative Age, BMI, smoking, previous
chemotherapy or radiation therapy.

Per-operative Weight of flap, duration of ischaemia,
operative time.

Post-operative Bleeding, infection, necrosis, flap loss.

Baseline values that were included integrated as covariates in
statistical analysis. In the end, only those values that showed
significant interaction (P% 0.05) with antioxidant concentra-
tions were included in the linear mixed models analysis (see
Results section).

Figure 1 Antioxidant concentrations. Antioxidant concen-
trations at the start of surgery and 30 min, 1 h and 2 h after
reperfusion. GSH, uric acid, and TEAC are expressed in nmol/
mg, Vit E in mg/mg. Error bars represent SEMs. Significance
compared to baseline is marked by an asterisk.
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TEAC

TEAC is a measure for the cumulative capacity of the
present hydrophilic antioxidants in neutralising ROS. Thirty
minutes after reperfusion, TEAC concentrations did not
significantly differ from those at the start of surgery.
However, 1 h after reperfusion, a significant decrease in
TEAC concentration was seen. In the next hour TEAC
concentrations recovered, followed by a significant
increase in concentration 2 h after reperfusion.

Discussion

Through the process of ischaemia-reperfusion, ROS are
produced. We hypothesised that during ischaemia-
reperfusion, a depletion of certain antioxidants would
occur. Depletion of antioxidants does not necessarily mean
oxidative tissue damage has occurred: it might simply
indicate that the antioxidant system has removed the ROS
and thereby consumed the present antioxidants to protect
the tissues.13 However, if the amount of produced ROS
exceeds the capacity of the antioxidant system, tissue
damage may develop. Except for one, the free flaps in our
experiment recovered from the ischaemia-reperfusion
without tissue damage. The damaged free flap remained
included in the study and its antioxidant concentrations did
not differ from concentrations of undamaged free flaps. A
possible explanation might be that necrosis occurred in the
lateral part of the free flap, while biopsies were performed
in the central part of the flap.

Vitamin E

The antioxidants that were focussed on in our research are
GSH, uric acid and vitamin E. Vitamin E (a-tocopherol) is
one of the most important fat-soluble antioxidants and
represents in this study the lipophilic antioxidant
compartment, while GSH and uric acid account for the
hydrophilic compartment. Vitamin E is localised in cellular
membranes. It plays an important role in stabilisation of
these membranes and in protecting them by capturing
peroxyl radicals.4 It is also important in protecting low-
density lipoprotein (LDL) from oxidation and in processing
glucose in the body. Through acting as a chain-breaking

antioxidant, a-tocopherol is transformed into the toco-
pheroxyl radical.13 After antioxidants have donated an
electron to neutralise a free radical, they become free
radicals themselves. Subsequently, they can be regen-
erated by other antioxidants.4 Ubiquinol, GSH, vitamin C
(ascorbic acid) and some flavonoids are able to recycle the
tocopheroxyl radical.3,4,13 However, despite evidence, it is
generally believed that recycling by ascorbic acid is the
most important recycling system in vivo.13

The results of our experiment show that directly after
reperfusion a compensatory increase in the tissue concen-
tration of vitamin E occurs. An increase in vitamin E
concentrations is against expectations, as other studies
have shown that serum concentrations of a-tocopherol
decrease after reperfusion.14,15 Zinchuk et al. as well as
Kadkhodaee et al. demonstrated that not only a-tocopherol
levels in venous blood, but also in tissue decreased signifi-
cantly at the end of reperfusion.16,17 Others confirmed this
decrease in tissue vitamin E concentration, while some
experiments showed no change in tissue a-tocopherol
concentration.18,19 A possible explanation for these differ-
ences is that the concentration of an antioxidant is
dependent on the types of free radicals that are formed. If
lipophilic free radicals are formed and cell membranes are
damaged, lipophilic antioxidants (e.g., vitamin E) will be
consumed. If hydrophilic antioxidants are formed, only
hydrophilic antioxidants can scavenge the free radicals and
will therefore decrease in concentration. In our study, the
latter is the case.

Uric acid

The second antioxidant studied is uric acid. Uric acid is the
final product of purine metabolism and is thought to display
antioxidant capacities.20 It is produced from hypoxanthine
and xanthine by the enzymes xanthine oxidase and
xanthine dehydrogenase. Ames et al. demonstrated in 1981
that uric acid is a potent scavenger of ROS in vitro.13,20 By
being favourably oxidised as a substrate for oxidation by
haem protein or H2O2 systems, uric acid can protect tissues
from oxidative damage.13 It has been demonstrated that by
infusion of uric acid, neuroprotective effects can be exer-
ted in animal models.13 Uric acid is a potent antioxidant,20

whose concentrations have shown to increase strongly after
ischaemia and after reperfusion.21e23 It is known that in
patients who are subjected to oxidative stress, concentra-
tions of uric acid degradation products are increased.13 The
expected increase in uric acid concentration following
ischaemia-reperfusion was obviously visible in our experi-
ment. At every time point following ischaemia-reperfusion,
uric acid concentrations were significantly elevated
compared to baseline levels. This confirms that the anti-
oxidant uric acid plays an important role in attenuating
oxidative stress caused by ischaemia-reperfusion.

GSH

GSH is a tri-peptide that plays an important role in regu-
lating the cellular redox potential in general.4 It is syn-
thesised in the cytoplasm of all cells, the liver being most
active.13 It is produced from cysteine, glycine and glutamic

Table 3 P-values for antioxidant concentrations
compared to baseline measurement.

0.5 h 1 h 2 h

GSH 0.328 0.132 0.088[
Uric acid 0.002[ 0.000[ 0.040[
Vitamin E 0.000[ 0.046[ 0.847
TEAC 0.373 0.046Y 0.000

P-values for antioxidant concentration measurements 30
minutes, 1 hour and 2 hours after reperfusion compared to
baseline concentrations. Values marked red show significance,
values marked yellow show a trend. Significance was considered
present at p % 0.05. Arrows indicate an increase or a decrease
in concentration.
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acid by the enzymes glutamateecysteine ligase and gluta-
thione synthetase.13 Important functions of GSH are pro-
tecting the cell against oxidative damage or damage due to
radiation, and regenerating antioxidant vitamins.4 During
oxidative stress, GSH donates an electron to neutralise
hydrogen peroxides and lipoperoxides.24 Through this, the
GSH changes into oxidised GSH, glutathione disulphide
(GSSG).24 GSSG is subsequently reduced to GSH by GSSG-
reductase.4

Reduced GSH plays an important role in protecting cells
against ROS. Research has proven this by showing that
inhibition of the endogenous production of GSH during
ischaemia-reperfusion of the heart causes an increase in
tissue damage.5 Furthermore, it has recently been
demonstrated that suppletion of GSH before the onset of
ischaemia-reperfusion of the heart decreases myocardial
damage.5 On the contrary to what literature describes,4,25

ischaemia-reperfusion did not significantly alter GSH
concentrations in our study. This is against expectations, as
GSH is one of the most important antioxidants of the
body.24,25 It is present in high concentrations in every body
cell and one of the first to come into action during
ischaemia-reperfusion. Most animal studies have shown
that ischaemia-reperfusion is characterised by a decrease
in GSH tissue concentration.18,24,25 However, others did not
observe changes in total GSH concentration during
ischaemia and reperfusion in myocardial and liver
tissue.19,26 A study in rats only showed a significant
decrease in myocardial GSH level after 40 min of ischaemia
and 40 min of reperfusion; shorter periods of ischaemia and
reperfusion induced no significant changes in GSH
concentration.27

Possibly, the unchanged GSH concentrations in our study
can be explained by the fact that skin is less sensitive to
ischaemia-reperfusion than for example muscle, fat tissue
or liver.25,28 This can prevent major antioxidant defence
reactions (and thus changes in antioxidant concentration)
from occurring. Furthermore, the human metabolism is
slower than the rat metabolism and for that reason a longer
ischaemia duration might be necessary in humans to display
the same effects as seen in animals. Another possible
explanation for differences with other research can be that
our model is a model of true ischaemia-reperfusion, while
related studies are possibly looking at ischaemia while
there is no adequate reperfusion.

TEAC

TEAC is a measure for the cumulative capacity of the
present hydrophilic antioxidants in neutralising ROS. Major
components of TEAC are uric acid (35e65%), plasma
proteins (10e50%) and ascorbic acid (up to 24%).13 In some
analyses, TEAC can also include some vitamin E activity. In
this study, however, TEAC was measured in the supernatant
of the tissue homogenates. Because no cell membranes are
present, no vitamin E can be measured. Our TEAC analysis
represents activity of hydrophilic antioxidants only. TEAC
does not only represent the known antioxidants, it also
displays activity of an unidentified antioxidant component.
This can either be an antioxidant not yet identified or be
caused by synergy between antioxidants.13

One hour after reperfusion, a significant decrease in
TEAC was seen. This is remarkable because the tissue
concentrations of its major components uric acid and GSH
did not display a decrease. This indicates that the decrease
in hydrophilic antioxidant capacity is caused by hydrophilic
antioxidants other than those measured in our experiment.
Which antioxidant component(s) is (are) responsible for the
decrease in TEAC, is not clear. An antioxidant not yet
identified or synergy between antioxidants as described in
the literature,13 or an antioxidant that is known but is not
measured in our study could be responsible for this
phenomenon. The latter could for instance be ascorbic
acid.

It is probably the same antioxidant(s) that, 2 h after
reperfusion, causes the TEAC to recover and even to
increase concentrations above baseline levels. Indeed, the
increase in hydrophilic antioxidant capacity can only be
partially explained by the changes in concentrations of the
hydrophilic antioxidants measured. A slight increase in GSH
concentration is shown (trend, PZ 0$088) and uric acid
concentration is significantly increased. However, this
cannot explain the overall change in TEAC concentration,
as the increase in GSH is only mild and an increased uric
acid concentration was also seen 1 h after reperfusion,
when TEAC dropped.

Our results correspond with the literature. The rat study
of Sivonova et al. also demonstrated an increase in total
antioxidant capacity after 3 h of reperfusion, which was
followed by a decrease during late reperfusion (after
72 h).22 The patient study of Monge et al. confirmed
a significant decrease in total antioxidant values 1 day after
ischaemia-reperfusion.29 Remarkably, some rat studies
showed an increase in serum total antioxidant capacity at
the end of ischaemia and during reperfusion.23,30 However,
the absence of a drop in TEAC concentration after
ischaemia could be explained by the fact that rats are able
to produce ascorbate (vitamin C) de novo, which enables
these animals to increase their TEAC.23

Conclusion

From these data, it can be concluded that during
ischaemia-reperfusion a deficiency in hydrophilic antioxi-
dant capacity develops. An unknown hydrophilic antioxi-
dant is probably responsible for it. This is a potential cause
for the development of ischaemia-reperfusion injury by
ROS. Suppletion with hydrophilic antioxidants may inter-
cept the initial decline in hydrophilic antioxidant capacity
and thereby prevent the development of tissue damage.
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