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Elevated free fatty acid level is a risk factor @
for early postoperative hypoxemia after

on-pump coronary artery bypass grafting:
association with endothelial activation
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Abstract

(r=0492, P<0.001).

Background: We aimed to investigate the relationship between increased free fatty acid (FFA) level and early
postoperative hypoxemia after coronary artery bypass grafting (CABG) with cardiopulmonary bypass (CPB).

Methods: Ninety-eight consecutive patients undergoing CABG were enrolled. Early postoperative hypoxemia was
defined as the lowest of the ratio of arterial oxygen tension (PaO,) to inspired oxygen fraction (FiO,) <200 mm Hg
within 24 h without pleural effusion and pneumothorax. The 26 perioperative factors, serum levels of FFA and
inflammatory cytokines between the hypoxemia and non-hypoxemia groups were recorded or detected using
autoanalyzer and enzyme-linked immunosorbent assay, respectively. Additionally, the risk factors for early
postoperative hypoxemia were evaluated using multiple logistic regression analysis.

Results: The incidence rate of early postoperative hypoxemia was 37.8 %. Serum FFA levels were significantly
higher in the hypoxemia group than in the non-hypoxemia group (P < 0.001). Further, postoperative serum FFA
levels were inversely related to the lowest of the ratio of PaO,/FiO, at 24 h after CABG (r=— 0.367, P < 0.001).
Multiple logistic regression analysis confirmed that age, body mass index and postoperative serum FFA
concentrations were independently associated with early postoperative hypoxemia. Notably, patients with
hypoxemia had markedly higher serum intercellular adhesion molecule-1 (ICAM-1) levels than those without

(P <0.001). Moreover, serum FFA levels at 2 h after CABG correlated positively with ICAM-1 concentrations

Conclusions: Elevated FFA concentration is a risk factor for early postoperative hypoxemia after on-pump CABG,
which may be closely associated with endothelial activation.

Keywords: Free fatty acid, Coronary artery bypass grafting, Hypoxemia, Cardio- pulmonary bypass, Mechanism

Background

Coronary artery bypass surgery has traditionally been
performed with cardiopulmonary bypass (CPB). Coron-
ary artery bypass grafting (CABG) with CPB could result in
systemic inflammatory response, lung ischemia-reperfusion
injury, blood transfusion and surgery procedure and further
cause a series of pathophysiological changes of lung injury
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including pulmonary edema, decreased lung compliance,
disturbance of ventilation-perfusion ratio and increased
pulmonary vascular resistance, finally leading to postopera-
tive hypoxemia [1-3]. Postoperative hypoxemia will extend
the stays in intensive care unit (ICU) and hospital, and
increase various complications as well as mortality [2].
Therefore, an understanding of risk factors and mecha-
nisms may help to prevent hypoxemia after cardiac surgery
and improve patient outcomes [2,3].

Free fatty acid (FFA) is a kind of long-chain fatty acids
produced by triacylglycerol hydrolysis. A total of 37
different types of FFAs have been detected in human
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serum [4]. A high-dose heparin was used to anticoagulate
the perfusion circuit during hypothermic CPB [5]; and it
could hydrolyze triglycerides (TG) and increase serum
FFA levels [6—8]. Local increased FFA is the cause of lung
injury secondary to pulmonary fat embolism [9]. Animal
experiments of hypertriglyceridemia demonstrated that
the addition of heparin could result in high FFA level and
lung injury such as pulmonary edema, intrapulmonary
shunt, and increased pulmonary vascular resistance [7].
Furthermore, the calculated ratios of serum FFAs (the
ratio of C18 unsaturated fatty acids linoleate and oleate to
fully saturated palmitate) increased and predicted the
development of acute respiratory distress syndrome
(ARDS) in at-risk patients with sepsis and/or trauma [10].
During CPB, chylomicron could result in elevated levels of
serum FFA, which was associated with ARDS and ische-
mic brain injury [11].

However, the relationship between increased FFA
level and early postoperative hypoxemia after CPB re-
mains not completely understood. In this study, we
hypothesized that elevated FFA concentration in car-
diac surgery with CPB was involved in the development
of lung injury and was a risk factor of early postopera-
tive hypoxemia. The aim of this study was to demon-
strate the hypothesis, and to explore the possible
mechanisms.

Methods

Subject

From March to December 2012, 112 consecutive pa-
tients undergoing CABG in our hospital were enrolled.
Exclusion criteria included preoperative hypoxemia
[arterial oxygen tension (PaO,) < 80 mm Hg with oxygen
inhalation via nasal cannula], chronic obstructive pul-
monary disease, asthma, hepatic and renal failure, acute
left heart failure, acute myocardial infarction, emergency
surgery, low cardiac output syndrome in 24 h after
cardiac surgery, and serious complications of liver,
kidney and brain. Twelve were excluded, and 2 patients’s
blood samples were insufficient for analysis. Ninety eight
patients were eligible for the present study. Early postop-
erative hypoxemia was defined as the lowest of the ratio
of PaO, to inspired oxygen fraction (PaO,/FiO,) <
200 mm Hg within 24 h without pleural effusion and
pneumothorax [3]. The patients were divided into two
groups by early postoperative PaO,/FiO,: hypoxemia
group and non-hypoxemia group. The 26 perioperative
factors between the two groups were compared. The
study was approved by the Institutional Medical Ethics
Committee of Shanghai First People’ s Hospital affiliated
to Shanghai Jiaotong University reviewed all research
and was consistent with the Declaration of Helsinki. All
patients gave written consent.
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Method

The operation was performed in inhalation-intravenous
general anesthesia. Anesthesia was induced with midazo-
lam (2-3 mg), fentanyl (0.2 mg), propofol (0.5-1.5 mg/
kg) and vecuronium, and maintained by isoflurane as
well as continuous infusion of propofol (2-5 mg/kg/h).
Fentanyl (0.1-0.2 mg) was intravenously administered
before skin incision, with total amount of fentanyl less
than 15 pg/kg during operation. CABG was carried out
through median sternotomy using standard CPB with
single venous right atrial and ascending aortic cannula-
tion. Moderate systemic hypothermia (28 °C) was applied
and CBP was carried out with disposable membrane oxy-
genator (Medtronic, AFFINITY NT, Medtronic. Inc. USA)
and centrifugal pump (Stockert III, Germany). Myocardial
preservation was achieved with aortic root infusion of
mild blood cardioplegia, with repetition every 20 min both
from the aortic root and saphenous veins during the
cross-clamp period. A blood gas analyzer (ABL-80 FLEX,
Radiometer, Copenhagen, Denmark) was used to measure
arterial partial pressure of carbon dioxide (PaCO,) and
PaO, perioperatively. All postoperative patients were
ventilated by Drager Savina respirator (Drégerwerk
AG & Co. KGaA, Libeck, Germany).

A 5 ml venous blood sample for each patient was
collected at 4 different time points: preoperation, 10 min
after heparinization, after protamine neutralization, and
2 h postoperation, respectively. Plasma was separated in
10 min after heparinization, whereas serum was obtained
at the rest 3 different time points. All blood samples were
first stored at —80 °C and then thawed as well as assayed
for TG, total cholesterol (TC), FFA using an autoanalyzer
(ADVIA2400 Chemistry System, Siemens Healthcare
Diagnostics Ltd, Germany). Serum samples of 2 h post-
operation were collected to detect inflammatory cytokines
including interleukin-6 (IL-6), endothelin-1 (ET-1), tumor
necrosis factor-a« (TNF-a), and intercellular adhesion
molecule-1 (ICAM-1), using commercial enzyme-linked
immunosorbent assay kits (Zhili Biotechnology,Shanghai,
China) according to the manufacturer’s instructions. PaO,
was measured at 1 h, 2 h, 6 h, 12 h and 24 h after termin-
ation of operation. Perioperative variables were obtained
from patients’ medical records.

Statistical analyses

Data management and analysis were performed with
SPSS 17.0 (SPSS, Chicago, IL). Continuous variables
were expressed as mean + standard derivation and
performed normality test. Data with normal distribution
was analyzed by unpaired ¢ test, and data with nonnor-
mal distribution was by Komolgorov-Smirnov Test.
Categorical variables were expressed as percentages and
assessed by chi-square test. Pearson correlations were
analyzed to determine the relationship among FFA, IL-6,
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ET-1, TNF-a, ICAM-1, and lowest PaO,/FiO,. Polyno-
mial regression analysis was used to detect the relation-
ship between FFA and TG levels, FFA and the lowest
PaO,/FiO,, FFA and ICAM, ICAM and the lowest
PaO,/FiO,. Multiple stepwise logistic regression anly-
sis was used to identify independent risk factors for
early postoperative hypoxemia. A P value of<0.05
was considered statistically significant.

Results

Clinical characteristics of perioperative patients

98 patients were eligible for the present study (72 males
and 26 females, mean age 61.69 +9.29 years, ranging

Table 1 Clinical characteristics of perioperative patients
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from 45 to 78 years), and 37 developed early postopera-
tive hypoxemia, accounting for 37.8 %. Perioperative
characteristics of all subjects are shown in Table 1.
There were more elder patients in the hypoxemia group
than in the non-hypoxemia group (65.54+10.11 wvs.
59.36 + 7.97 years, P=0.002). Compared with the non-
hypoxemia group, patients in the hypoxemia group had
more male (86.5 % vs 65.6 %, P =0.033), markedly higher
body mass index (BMI, 26.45 +2.77 vs. 23.98 +2.92, P<
0.001), serum TC levels (4.64+1.05 vs. 4.14+
1.05 mmol/l, P =0.016), number of graftings (2.70 + 0.94
vs. 2.08 £0.73, P =0.001), and serum FFA concentrations
(0.87 £0.28 vs. 0.66 +0.22 mmol/l, P<0.001). The time

Hypoxemia group Non-hypoxemia group P

(h=37) (h=61) value
Preoperative data
Male, n(%) 86.5 (32) 65.6 (40) 0.033
Age, year 6554+ 10.11 5936+7.97 0.002
BMI 2645+277 2398 +£292 <0.001
Hypertension, n (%) 54.1 (20) 50.8 31) NS
Diabetes mellitus, n (%) 243 (9) 14.8 (9) NS
Myocardial infarction, n (%) 10.8 (4) 6.6 (4) NS
Cerebral infarction, n (%) 54 (2) 8.2 (5) NS
Renal insufficiency, n (%) 10.8 (4) 6.6 (4) NS
Cigarette smoking, n (%) 35.1(13) 41.0 (25) NS
Statins, n (%) 486 (18) 344 (21) NS
LVEF, % 56.78 £9.99 56.51+823 NS
Pulmonary hypertension, n (%) 16.2 (6) 164 (10) NS
Serum TC, mmol/I 464 +1.05 4.14+1.05 0.016
Serum TG, mmol/I 2271188 225+2.13 NS
Operative procedures
Number of graftings, n 270+£094 208+0.726 0.001
CPB time, min 103.73+37.01 79.26 £28.10 <0.001
Aortic clamping time, min 64.05 + 2331 51.73 £64.05 0.01
Fluid balance, ml 2605.81 +1235.09 2550.82+771.55 NS
Postoperative data
Volume of transfusion, ml 729.73 £790.52 277.05+382.16 <0.001
Serum TC, mmol/I 2.74+0061 291+£087 NS
Serum TG, mmol/I 148 +1.21 120+ 069 NS
FFA, mmol/I 0.87+0.28 0.66+0.22 <0.001
Outcome
Incubation time, hour 2484+ 1552 2161 +15.09 NS
ICU time, day 3.65+250 259+259 0.027
Hospital time, day 1992 +3.28 1846 +7.11 NS
Mortality, n (%) 27 (1) 0 (0) NS

NS not significant, BVl body mass index, LVEF left ventricular ejection fraction, CPB cardiopulmonary bypass, TC total cholesterol, TG triglycerides, FFA free fatty

acid, ICU intensive care unit
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of CPB and aortic clamping in the hypoxemia group
were much longer than those in the non-hypoxemia
group (103.73 £37.01 vs. 79.26 +28.10 min, P <0.001;
64.05 + 23.31 vs.51.73 + 64.05 min, P =0.01). Patients of
postoperative hypoxemia had more volume of transfu-
sion in comparison with those of non-hypoxemia
(729.73 + 790.52 vs. 277.05 + 382.16 ml, P < 0.001). There
were no significant differences in other clinical charac-
teristics such as preoperative hypertension, left ventricu-
lar ejection fraction (LVEF), serum TG levels and the
time of incubation and hospitalization between the
hypoxemia and non-hypoxemia groups. ICU stay was
longer for patients of hypoxemia (3.65 +2.50 vs 2.59 +
2.59,p =0.027). Although a patient in the hypoxemia
group died from ventricular fibrillation at day 3 after
CABG and all subjects in the non-hypoxemia group
survived until discharge, there was no statistically differ-
ent mortality between the two groups.

Risk factors for early postoperative hypoxemia

According to Table 1, the following parameters with
significant difference were selected as covariates for the
logistic regression model: male, age, BMI, preoperative
serum TC levels, CPB time, aortic clamping time, num-
ber of graftings, volume of transfusion, and postopera-
tive serum FFA concentrations. As shown in Table 2,
multivariate stepwise forward logistic regression analysis
confirmed that age, BMI and postoperative serum FFA
concentrations were independently associated with early
postoperative hypoxemia following CABG. Specifically,
A 1 mmol/l increase in serum FFA level was related to
an odd ratio (OR) of 2.523 [95 % confidence interval
(CI), 1.094-14.477, P = 0.002].

Changes of perioperative FFA levels and the correlations
with TG and the lowest PaO,/FiO,

Plasma concentrations of TC and TG decreased signifi-
cantly after CPB, reaching to their lowest levels when
CPB was terminated using protamine. However, both TC
and TG levels increased slightly at 2 h after CABG but
were dramatically lower than those before CPB (P<
0.05). FFA levels elevated rapidly to 2-5 folds after
heparizination, whereas reduced gradually during and
after CABG and were significantly higher than those
before CABG (P < 0.05) (Fig. 1).

Table 2 Logistic regression of risk factors of patients with early
postoperative hypoxemia

P value OR 95 % Cl
Age 0.042 2696 1138 ~7.146
BMI 0.012 1.52 1.098 ~2.103
Postoperative serum FFA levels 0.002 2523 1.094 ~ 14477

FFA free fatty acid, OR odd ratio, CI confidence interval
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Polynomial regression analysis demonstrated that post-
operative serum TG levels had positive correlation with
the postoperative FFA (R [2] =0.350,r = 0.592, P <0.001)
(Fig.2a), and postoperative FFA inversely related to the
lowest PaO,/FiO, within 24 h after CABG (R [2] = 0.134,r
=-0.367, P <0.001) (Fig.2b).

Serum concentrations of inflammatory cytokines and
their correlation with FFA levels

According to Table 3, patients in the hypoxemia group
had markedly higher serum ICAM-1 levels than those in
the non-hypoxemia group (799.26 +198.30 vs. 652.66 +
159.00 ng/ml, P < 0.001), whereas there was no significant
difference in serum concentrations of IL-6, TNF and ET-1
between the two groups. In addition, serum FFA levels at
2 h after CABG correlated positively with ICAM-1 levels
(R [2]=0.241,r=0.492, P<0.001) (Fig. 3a), but had no
correlation with IL-6, TNF and ET-1 levels. furthermore,
the lowest PaO,/FiO, had a negative correlation with
serum ICAM-1 concentrations (R [2]=0.086,r = -
0.293,P = 0.03) (Fig. 3b), but no association with IL-6, TNF
and ET-1 levels.

Discussion

The description of predisposing factors for postoperative
pulmonary dysfunction can help future identification of
high-risk patients before surgery. Manipulation of poten-
tial factors or implementation of novel therapy to attenu-
ate or prevent pulmonary injury can be applied in a
selected group of high risk patients. Nevertheless, the
respiratory failure in patients with cardiac surgery could
not be diagnosed technically as ARDS, because it was not
usually accompanied by typical radiological pulmonary
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Fig. 1 Serum or plasma levels of total cholesterol (TC), triglycerides
(TG) and free fat acid (FFA) at four time points. Time point 1,
preoperation; Time point 2, 10 min after heparinization; Time point
3, after protamine neutralization; and Time point 4, 2 h
postoperation. *P < 0.05 vs. Time point 1; #P < 0.05 vs. Time point 2
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infiltrates. Therefore, previous research varied the defin-
ition of hypoxemia [3,12—17]. Several studies focused on
early period. Rady et al. [15] reported 12 % incidence of
early hypoxemia (PaO,/FiO, <150 mm Hg at the time of
admission to the cardiovascular ICU). Weiss et al. [17]
suggested that hypoxemia (PaO,/FiO,<300 mm Hg)
within first 12 h happened in only 1.32 % patients, and
had no effect on clinical outcome. In the present study,
early postoperative hypoxemia was defined as PaO,/
FiO, <200 mm Hg in the first 24 h after cardiac surgery.
In this study, the incidence rate of postoperative hypox-
emia was 37.8 %, which surpassed markedly the 27.8 %
found in another report [18].

Recent studies have shown that the main risk factors
for hypoxemia after cardiac surgery are age, BMI, pro-
longed CPB time, smoking, reduced cardiac function,
hypoalbuminemia, previous myocardial infarction, and
history of cerebral vascular disease [14-18], In this
study, multiple logistic regression analysis revealed that
age, BMI and postoperative serum FFA levels were inde-
pendently associated with early postoperative hypoxemia
in patients undergone on-pump CABG. The present
study for the first time demonstrated that serum FFA
levels were significantly higher in the hypoxemia group
than in the non-hypoxemia group, and that elevated FFA
concentration was a risk factor for early postoperative
hypoxemia after on-pump CABG, which may be closely

Table 3 Inflammatory parameters of the postoperative patients

Hypoxemia group  Non-hypoxemia group P

(n=37) (n=61) value
IL-6 (pg/mi) 88.22 £69.55 7212+4530 NS
TNF (pg/ml) 56.72+35.12 67.15+57.86 NS
ET-1 (pg/ml) 10.73+6.78 1083 +567 NS
ICAM-1 (ng/ml) 799.26 + 19830 652.66 + 159.00 <0.001

IL-6 interleukin-6, TNF-a tumor necrosis factor-a, ET-1 endothelin-1, ICAMn1
intercellular adhesion molecule-1

associated with lung injury secondary to endothelial
activation.

Some research delineated that advanced age and BMI
were risk factors related to hypoxemia after CABG [14—
17]. Each year after age 34 increased the risk by 0.32 %
[16]. Akdur et al [12] found that obesity had a detri-
mental effect on blood gas measurements, pulmonary
function, exercise capacity and complications rates in
postoperative period following CABG surgery. With re-
semblance to the above-mentioned results, the present
study also verified that age and BMI were independent
risk factors for early postoperative hypoxemia.

In addition, other studies indicated that CPB was also
the important cause of lung injury [1-3,13]. CPB initi-
ates a profound systemic inflammatory cascade that can
lead to pulmonary injury. Moreover, there was pulmon-
ary ischemia-reperfusion (IR) injury occurred during and
after CPB [1,2]. CPB increased intrapulmonary shunt
and atelectasis, impaired the oxygenation [13]. CPB time
was a risk factor of postoperative pulmonary insuffi-
ciency [3,15,17]. However, in this study, although CPB
time was longer in the hypoxemia group than in the
non-hypoxemia group through univariate analysis, it was
not a risk factor for hypoxemia in multivariate regression
analysis. This result may be related to lower pump time
(less than 120 min) in 80 % of patients, which was simi-
lar to the finding by Santos et al. [14]. However, little
was known about the role of FFA in lung injury associ-
ated with CPB. FFA derives from the decomposition of
TG. It was indicated that FFA could result in lung injury
secondary to lung fat embolism [19]. Additionally, oleic
acid, an eighteen-carbon monounsaturated fatty acid,
has been used to make the animal model of acute lung
injury [19]. The present study demonstrated that elevated
serum FFA concentration was positively associated with
an increase in TG level. FFA levels elevated markedly after
heparinization, whereas decreased gradually during and
after CABG and were significantly higher than those
before CABG. Of note, patients with early postoperative
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hypoxemia had significantly higher FFA levels in compari-
son to those without hypoxemia. Furthermore, elevated
serum FFA levels correlated inversely with lowest PaO,/
FiO, in 24 h after CABG. Multiple logistic regression ana-
lysis suggested that FFA was an independent risk factor
for early postoperative hypoxemia.

There were a variety of mechanisms whereby FFA in-
duced lung injury. Vadasz et al. [20] revealed that oleic
acid could suppresses both amiloride-sensitive sodium
channels and the Na', K'-ATPase, and thus promote
alveolar edema formation as well as prevent edema reso-
lution, thereby contributing to the development of ARDS.
Golbidi et al. [21] showed that oleic acid could reduce the
intracellular ATP level and increase vascular permeability,
thus leading to pulmonary edema. Recently, several stud-
ies have assessed the role of FFA as a trigger for endothe-
lial activation, inflammation and thrombosis. Moreover, a
clinical experiment conducted by Mathew et al. [22] found
that lipid infusion could increase significantly plasma FFA
concentration, and that mean plasma FFA levels corre-
lated closely with endothelial activation markers: ICAM-1
and other adhesion molecules. It is well known that
ICAM-1 is one of adhesion molecules which are largely
found on endothelium, and that an increase in soluble
ICAM-1 level resulted either from increased expression in
activated endothelial cells or from fortified proteolytic
cleavage of endothelium bound forms secondary to endo-
thelial cell injury [23]. The present study confirmed that
increased FFA concentration after CPB had a significantly
positive correlation with serum ICAM-1 level, which per-
haps indicated that FFA could induce endothelial activa-
tion and damage.

Additionally, Gorlach et al. reported that respiratory in-
sufficiency after CPB was associated with a distinct in-
crease in the ICAM-1 [24]. A small study of pediatric
cardiac surgery indicated that there was a significant in-
verse relationship between plasma levels of ICAM-1 and
PaO,/FiO, ratio [25]. Similarly, the current study also

demonstrated that serum ICAM-1 levels were inversely
related to lowest PaO,/FiO,, suggesting that endothelial
dysfunction may be the reason of lung injury. Further,
ICAM-1 was thought to play an important role in neutro-
phil recruitment and trafficking into the lung [26]. An
elevated expression of ICAM-1 in the lung was associated
with an increased accumulation of neutrophils in a canine
model of CPB [27]. Once adherent to the endothelium,
neutrophils release cytotoxic proteases and oxygen-
derived free radicals, which are responsible for the lung
edema and oxygenation impairment [28].

Briefly, CPB-induced systemic inflammatory response
remains extremely complex and far from being fully
understood. Previous research verified elevated levels of
TNF-a, IL-6 and ET-1 were associated with oxygenation
impairment during CPB [29,30]. However, we did not find
any relationship between one of those cytokines and
hypoxemia.

This study has several limitations. First, the patient
population was relatively small. Second, the overall impact
of different kinds of fatty acids on the vascular bed had
not been clearly clarified. Third, as we excluded patients
with obvious organ dysfunction and emergency surgery,
the potential selective bias could not be completely
avoided.

Conclusion

Serum FFA levels played an important part in the develop-
ment of postoperative hypoxemia after cardiac surgery.
Elevated FFA concentration was a risk factor for early
postoperative hypoxemia after CABG with CPB and may
induce lung injury via endothelial activation.
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