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Abstract Atrial fibrillation is the most frequently encountered
arrhythmia following cardiac surgery. Since the essential trace
elements zinc, copper, and magnesium are suspected to have an
effect on postoperative atrial fibrillation, the concentrations of
these elements were determined by flame atomic absorption
spectrophotometry in the plasma of 60 patients undergoing
elective coronary artery bypass grafting. Blood samples were
collected every 30 min during cardiopulmonary bypass and
postoperatively. Plasma concentrations of copper, zinc, and
magnesium were measured with flame atomic absorption spec-
trophotometry. All patients were monitored by continuous
electrocardiography until they became outpatients or immedi-
ately after atrial fibrillation had taken place. Atrial fibrillation
occurred in 13 of the 60 patients, corresponding to 21.7%. The
zinc and copper concentrations at postoperative days 1 and 3
were significantly different (P<0.05) between patients with
and without atrial fibrillation. The concentrations of zinc fol-
lowing cardiopulmonary bypass recovered more slowly in
patients with postoperative atrial fibrillation than in patients
without it. Whether or not supplemental zinc could lower the
incidence of postoperative atrial fibrillation should be evaluated
in future prospective randomized clinical trials.
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Introduction

Atrial fibrillation (AF) is the most frequently encountered
arrhythmia following cardiac surgery, although its incidence
varies widely in reported studies, commonly ranging from
20% to 70% [1-3]. The risk of postoperative atrial fibrillation
(POAF) increases with advancing age and the complexity of
the surgical procedure [2, 4, 5]. Although POAF is usually a
well-tolerated problem, it does, in many cases, require specific
therapy, together with the length of hospital stay, more health-
care costs, and it may even be associated with increased
mortality [5-8].

The pathophysiology of POAF is complex and its etiology
multifactorial. Recent studies have implicated inflammation as
a potential contributing factor in the development of POAF, and
elevated levels of C-reactive protein and pro-inflammatory
cytokines have been associated with its occurrence [9—11].

Twenty-seven randomized multiple studies and meta-
analyses [12, 13] have demonstrated that compared with
placebo, -blocker therapy helps to reduce the risk of AF by
up to 61%. As a result, routine administration of (3-blockers
after coronary artery bypass graft (CABG) has become the
standard of medical care at many institutions, and ours is no
exception. Unfortunately, (3-blockade alone is still associated
with a 20-30% incidence of postoperative atrial arrhythmias
[12, 13]; therefore, further improvements are needed.

During cardiac surgery with cardiopulmonary bypass
(CPB), the possible occurrence of a series of immunological
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and inflammatory alterations may trigger oxidative stress
[14, 15]. Under the nonphysiological conditions during the
CPB, the alterations related to ischemia—reperfusion bring
about a large amount of free radicals [16], which might be
responsible for systemic inflammation and considerable
structural and functional cellular lesion [17].

Trace elements (TE; e.g., Zn, Cu, and Mg) are micronu-
trients predominantly obtained from their dietary intake. Zn
is a functional component of enzymes that helps to protect
biomembranes against peroxidative damage [18, 19]. It
presents in many enzymes of the biomembranes and is neces-
sary for maintaining the structure of the cellular membrane.
Also, it has a decisive role in several biological processes,
including protein synthesis, nucleic acid, carbohydrate, and
lipid metabolism. In some of its physiological functions, zinc
resembles an antioxidant as it protects membranes against
lipoperoxidation, and proteins against denaturation [18, 19].
Moreover, as an essential component of the dismutase super-
oxide enzyme, it inactivates the superoxide radicals and turns
them into less harmful forms. A major role of zinc in relation to
the cardiac cells is to decrease the formation of hydroxyl
radicals, which are known to be highly injurious to the myo-
cardium [20]. Additionally, Zn deficiency may increase the
susceptibility of the phospholipid cell membrane to free radical
damage and oxidative changes [21].

The role of Cu is still under discussion, however. TE such
as Cu, cobalt, and arsenic may contribute to myocardial
dysfunction [22, 23]. In addition, copper-deficient diets
produce anemia, decrease liver Zn/Cu—superoxide dismu-
tase (SOD), and cardiac cytochrome C oxidase activity [24].
On the other hand, in the body, Zn and Cu levels are
regulated and interact with each another. Therefore, variations
in the Zn content and the Zn/Cu ratio reflect the effects of
these microelements [25].

Mg is an important determinant of the resting membrane
potential of cardiac cell membranes. It regulates the sodi-
um-—potassium—adenosine triphosphatase pump, thus affect-
ing the intracellular/extracellular potassium ratio and the
membrane resting potential of myocardial cells [26]. Extra-
cellular magnesium deficiency results in the loss of cellular
potassium and gain of cellular sodium, which leads to an
increase in myocardial excitability [27]. Mg inhibits the
influx of calcium through sarcolemmal channels and mod-
ulates cyclic adenosine monophosphate, thus blocking the
slow inward calcium current, whereas hypomagnesemia
results in the increase of intracellular calcium. A recent
systematic review of the observed effects of intravenous
Mg2+ after CABG surgery concluded that Mg2+ prevents
POAF [28].

There are some studies evaluating trace elements in
patients submitted to operations with cardiopulmonary by-
pass. However, as none of these trials focused on the rela-
tionships between TE and POAF, we monitored the changes

of the plasma Zn, Cu, and Mg levels in patients with POAF
that submitted to coronary artery bridge grafts with cardio-
pulmonary bypass and looked for possible associations be-
tween them.

Methods
Patient Population

After approval of ethics committee, 60 consecutive patients
presenting for elective initial CABG on CPB were recruited to
participate in this study. Written and informed consent was
obtained from each patient. All patients have had (3-blocker
therapy for more than 1 week. Those undergoing concurrent
valvular surgery and CABG or repeated surgery were exclud-
ed from the study as were the patients with a preoperative
history of paroxysmal or persistent AF, renal insufficiency
(serum creatinine greater than 110 pmol/L), asthma, and
chronic obstructive pulmonary disease. Clinical information
was collected from all patients by reviewing their medical
records.

Operative Technique

By using the same CPB protocol, all patients were assigned
with antegrade cold blood cardioplegia with Mg (5 g/L). Cold
blood cardioplegia was retrograded after completion of each
distal anastomosis. Cold blood cardioplegia or cold blood was
retrograded during each proximal anastomosis. Cold blood
cardioplegia was antegraded after completion of each proxi-
mal anastomosis for all patients with CABG. Ice was used for
topical cooling. Body temperature was diminished from 32°C
to 34°C depending on the anticipated time length of CPB. The
patients were subjected to moderate hemodilution at a flow
rate of 2 Lmin ' m 2, and the mean systemic pressure was
maintained between 50 and 80 mmHg. At 30 min of CPB, one
dose of magnesium sulfate (25%, 10 mL) was injected into
CPB circuit. After the operation, the patients were transferred
into the intensive care unit equipped with an auxiliary breath-
ing machine. The patients were allowed to take food, six hours
after they were disengaged from the ventilator. On the first and
the second day after the operation, magnesium sulfate, 25%
10 mL, was supplied with other liquids. In addition, operative
variables such as the cross-clamp time, the CPB time, and the
postoperative time on the auxiliary breathing machine were
recorded for comparison.

Blood Sampling and Analysis
Blood samples for the trace element determinations were

collected after the induction of anesthesia and before CPB
(T1), at 30 min (T2), 60 min (T3), and 90 min (T4) of bypass
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Table 1 Preoperative and postoperative parameters (mean=SEM)

CABG without CABG with

POAF (n=47) POAF (n=13)
Sex
Male 34 13
Female 13 0
Age (years) 59.9+1.3 64.0+£2.0
Stature (cm) 166.9+1.2 171.2+1.2
Weight (kg) 74.5+1.9 74.4+2.0
Left atrium-Ds (A—P) (mm) 37.8+0.5 39.0+1.3
Acute myocardial infarction 5 (10.6%) 1(7.7%)
Hypertension 29 (67.4%) 10 (76.9%)
Diabetes mellitus 11 (25.6%) 2 (15.4%)
Hyperlipidemia 10 (23.3%) 2 (15.4%)
Three-vessel coronary 35 (81.4%) 10 (76.9%)

artery disease
Left main coronary 11 (25.6%) 2 (15.4%)
stenosis (>50%)

CPB duration (min) 70.1+2.2 73.9+6.9
Cross clamping (min) 53.3£2.0 56.0£5.0
Breathing machine 26.2£3.6 27.5+£7.8

auxiliary postoperation (h)

(unless the CPB ceased), 8 h after the CPB ceased (T5), 1 day
(T6), 3 days (T7), and 6 days (T8) postoperatively.

All samples (3-mL blood) were collected in tubes contain-
ing a standard amount of lithium heparin. The sample was
centrifuged at 3,000 rpm for 5 min, and the plasma was
separated and preserved in decontaminated containers. Plasma
Zn, Cu, and Mg determinations were made with flame atomic
absorption spectrophotometry, the process of which was com-
pleted in Tianjin Kingmed Center for Clinic Laboratory. Sam-
ples were stored at 4°C in well-decontaminated containers if it
happened that they could not be analyzed immediately. A

BH5100 multicenter atomic absorption spectrophotometer
(Beijing Bohui Innovation Technology Co., Ltd) was used
for instrumental analyses. Amax 213.9, 324.7, and 285.2 nm
were used for Zn, Cu, and Mg level assessment, respectively.
Subsequently, the concentrations were determined following
the preparation of calibration curves and evaluation of line
equations [26, 28].

Inspection of the Changes of Rhythm

All patients were monitored by continuous electrocardiogra-
phy until they became outpatients or immediately after POAF
had taken place.

Statistical Analysis

The statistical analyses were performed with SPSS 17.0 soft-
ware (SPSS Inc., Chicago, IL, USA). The data were expressed
as the means+SEM and were analyzed applying the indepen-
dent ¢ test. The analysis of variance test was used in the
comparisons of the quantitative variables at each time point
for the patients in each group. The independent ¢ test was used
for comparing the quantitative variables among patients in
each group at every moment. Values of p less than 0.05 were
considered significant.

Results

Patient Characteristics

Baseline and operative characteristics of patients are given in
Table 1. The occurrence of POAF had been recorded in 13 out

of 60 patients (21.7%), 2, 4, 4, 1, 1, and 1 case at the first,
second, third, fourth, fifth, and eighth day after the operation,

Table 2 Changes of zinc, copper, and magnesium concentrations before and following cardiopulmonary bypass in two groups of patients (mean+SEM)

Changes of zinc concentrations (pmol/L)

Changes of copper concentrations (umol/L)

Changes of magnesium concentrations (mmol/L)

Without POAF With POAF Without POAF With POAF Without POAF With POAF
TI 12.540.3 12.7+£0.4 15.4+£0.4 15.0+£0.3 0.940.0 0.9+0.0
T2 7.2+0.2 7.3£0.3 10.2+0.2 10.6+0.5 1.6+0.0 1.5+0.0
T3 6.4+0.2 6.1£0.2 10.4+0.2 9.5+0.2 1.5+0.1 1.4+0.0
T4 5.0+£04 4.9+0.3 9.7+0.5 8.9+£0.4 1.4+0.0 1.3£0.0
T5 5.8+0.4 5.6+0.3 11.8+0.3 12.2+0.5 1.34£0.0 1.3£0.0
T6 8.4+0.4 6.5+0.3*% 12.9+0.4 14.7+£0.5% 1.2+£0.0 1.1+0.0
T7 10.7£0.5 8.3+£0.4* 15.5£0.5 17.4+0.3* 1.1£0.0 1.0£0.0
T8 12.3+£0.3 11.7+£0.5 20.0+0.4 21.0+0.5 0.940.0 1.0£0.0

Blood samples were collected after the induction of anesthesia and before CPB (T1), at 30 min (T2), 60 min (T3), and 90 min (T4) of bypass (unless
the CPB ceased), 8 h after the CPB ceased (T5). The samples were also taken at the postoperative days 1 (T6), 3 (T7), and 6 (T8)

*P<0.05, compared between CABG without POAF and CABG with POAF
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respectively. There is no significant difference in age, stature,
weight, CPB duration, cross clamping, and breathing machine
auxiliary postoperation in two groups (Table 1). None of the
patients developed heart failure or other serious complications
in the early postoperative period.

Plasma Zn Changes Before and Following CPB

The plasma Zn concentrations changed in each group
during the study period; these changes were statistically
significant with p<0.01. Table 2 and Fig. 1 depict the
alterations of the Zn concentrations. It decreased after the
onset of CPB and reached the lowest concentration at T4
and then gradually recovered after the CPB ceased. The
concentration of Zn was completely recovered at the postop-
erative day 6 (T8). By comparison, the Zn concentration was
significantly higher in CABG patients without POAF than in
patients with POAF (p<0.05) at T6 and T7 (Table 2 and
Fig. 1).

Plasma Cu Changes Before and Following CPB

The Cu concentration was altered during the study period
(»<0.01) in each group. Table 2 and Fig. 2 depict the
alterations of Cu concentrations. It decreased after the onset
of CPB and reached the lowest concentration at T4 and then
gradually recovered after the CPB was ceased. The concen-
tration of Cu was completely recovered at the postoperative
day 3 (T7) and was even higher at the day 6 (T8) than the
preoperative value. By comparison, the Cu concentration
was significantly higher in CABG patients with POAF than
in patients without POAF (p<0.05) at T6 and T7 (Table 2
and Fig. 2).
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Fig. 1 Changes of zinc concentrations during and after cardiopulmo-
nary bypass in patients undergoing coronary artery bypass grafting
(CABG). **P<0.01 compared to T1. *P<0.05 compared between
CABG with POAF and without POAF. Blood samples were collected
after the induction of anesthesia and before CPB (77), at 30 min (72),
60 min (73), and 90 min (74) of bypass (unless the CPB ceased), 8 h
after the CPB ceased (75). The samples were also taken at the postop-
erative days 1 (76), 3 (T7), and 6 (78)
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Fig. 2 Changes of copper concentrations during and after cardiopul-
monary bypass in patients undergoing coronary artery bypass grafting
(CABG). **P<0.01 compared to T1. *P<0.05 compared between

CABG with POAF and without POAF. See Fig. 1 for the meaning of
TI-T8

Plasma Mg Changes Before and Following CPB

What is more, the Mg concentration was also altered during
the study period (p<0.01) in each group. However, opposite
to the concentrations of Zn and Cu that decreased after the
onset of CPB, the Mg concentration increased after the onset
of CPB and reached the highest concentration at T2 and then
gradually recovered after that time. Obviously, our CPB
protocol includes the addition of Mg (1 g/L) in the blood
cardioplegia as well as the addition of 2.5 gMg (magnesium
sulfate) into the CPB circuit at 30 min of CPB (see “Methods”
section) that should be responsible for the increase of the Mg
concentration after the onset of CPB. The concentration of Mg
was completely recovered at postoperative day 6 (T8). Table 2
and Fig. 3 depict the alterations of the Mg concentrations.
By comparison, there were no significant differences regard-
ing the Mg concentration between the two groups (p>0.05;
Table 2 and Fig. 3).
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Fig. 3 Changes of magnesium concentrations during and after cardio-
pulmonary bypass in patients undergoing coronary artery bypass graft-
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Discussion

The results of this study show that (1) the concentrations of Zn
and Cu decreased considerably during cardiopulmonary by-
pass, (2) the concentrations of Zn and Cu recovered gradually
after cardiopulmonary bypass, arriving at preoperation levels
at the sixth day postoperation, (3) the recovery of Zn and Cu
concentrations after CPB demonstrates the differences be-
tween patients with POAF and without POAF, and (4) with
the current protocol of CPB, the concentration of Mg is
sufficiently maintained.

Studies evaluated the changes of plasma or serum TE, such
as Zn, Cu, and Mg, in patients submitted to operations with
cardiopulmonary bypass. The concentrations of TE in plasma
decreased considerably during cardiopulmonary bypass. Var-
iability in blood levels could be partly accounted for hemodi-
lution caused by the administration of colloids and crystalloids
without TE. It has been demonstrated that Cu and Zn blood
concentrations were considerably lower in patients who de-
velop heart failure in the early postperfusion period than in
those with an uncomplicated postoperative period [29]. Zn,
Cu, and Mg concentrations increased during postoperation
period [30]. However, little is known about the relation be-
tween the concentration of TE and POAF.

Zn has been shown to elicit mitogenic actions in many
cellular populations [30, 31]. Thus, Zn levels were found to be
higher in peri-infarct tissue, and notably in the microsomal
fraction of myocardial cells, with an attendant increase of the
activities of Zn-dependent enzymes, reflecting the ongoing
repair of cell damage [32]. In patients with advanced clinical
heart failure, the observation of profound hypozincemia was
much clearer [33].

Cu also plays an important part in preserving the mitochon-
drial function of cells in skeletal and cardiac muscle. A
decrease in the tissue level of this cation can influence the late
recovery after a myocardial ischemic attack [34]. The de-
creased Zn levels have been associated with deterioration in
Cu levels and function [35]. Cu and Zn have both been stated
to have an important role in protecting membrane structures
from toxic injuries produced by superoxide anions. This ac-
tion is mediated by enzymatic activities such as that of super-
oxide dismutase, which can regulate the membrane lipid
peroxidation [36, 37].

In the body, Zn and Cu levels affect one another [24]. Since
both Zn and Cu are crucial in the regulation of antioxidant
enzymes such as Cu/Zn-SOD [38], a significant imbalance
between Cu and Zn blood concentrations may contribute to a
higher systemic oxidative stress. Irrespective of the etiology,
oxidative stress is important and correlates with the severity of
symptoms and signs of heart failure [39, 40]. These defenses
(such as Cu/Zn-SOD) could be overwhelmed, thus creating an
antioxidant deficit particularly in cases when the activity of
these oxireductases is dependent on Zn concentrations. This
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deficit may be further worsened if Zn bioavailability is com-
promised [41]. Zn deficiency due to malnutrition was also
associated with a decline in Cu/Zn-SOD activity [41].

The present study demonstrates that with current CPB
protocols, the maintenance of Mg is adequate. In fact, we
did not find any Mg deficiency in our patients. This is
obviously due to the active supplement of Mg during and
after CPB. But we have not gained a lower incidence of
POAF, like in another study [42]. And we find that Zn
concentration recovered more slowly after operation in
patients undergoing CABG with POAF. Moreover, copper
concentration changes reversely. It is observed at first to
third day after operation, when it is much easier for POAF to
take place.

In conclusion, our study has demonstrated that the current
CPB protocol is adequate for the maintenance of Mg levels
during CPB. However, the low Zn and Cu concentrations
observed in the present study may suggest that, in the future,
consideration will have to be given to the need of supplement-
ing Zn and Cu in cardiac surgery. Whether or not supplemen-
tal zinc could lower the incidence of postoperative atrial
fibrillation should be evaluated in future prospective random-
ized clinical trials.
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