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Abstract Changes of lipoprotein composition have been

mainly reported in conditions of sepsis. This study char-

acterized compositional changes in LDL and HDL during

the acute phase response following cardiac surgery with

cardiopulmonary bypass. Twenty-one patients undergoing

cardiac surgery were included in this study. Blood samples

were drawn before operation and on day 2 post-surgery. In

parallel to plasma lipids and antioxidant status, lipoproteins

were analyzed for lipid, apolipoprotein (apo), hydroper-

oxide and alpha-tocopherol content. Beyond decreases in

lipid concentrations and antioxidant defenses, cardiac sur-

gery induced substantial modifications in plasma

lipoproteins. ApoB decrease in LDL fraction (–46%;

P \ 0.0001) reflected a marked reduction in the circulating

particle number. LDL cholesteryl ester content relative to

apoB concentration remained unchanged post-surgery

while triglyceride (+113%; P \ 0.001), free cholesterol

(+22%; P \ 0.05) and phospholipid (+23%; P \ 0.025)

were raised relative to apoB indicating increased particle

size. In HDL, an abrupt rise of apoSAA (P \ 0.05) was

observed together with a decrease of apoA1 (–22%;

P \ 0.005). Cholesteryl ester content in HDL fraction

decreased in parallel to apoA1 concentration while

triglycerides, free cholesterol and phospholipids increased

relative to apoA1. In contrast to unchanged alpha-tocoph-

erol content, hydroperoxide content was increased in LDL

and HDL. By comparison to sepsis, cardiac surgery induces

a comparable reduction in circulating LDL but a more

limited decrease in HDL particles. Furthermore, in con-

trast, cardiac surgery induces an increase in polar and non-

polar lipids, as well as of particle size in both LDL and

HDL.
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Abbreviations

Apo Apolipoproteins

CE Cholesteryl ester

FC Free cholesterol

HDL High density lipoproteins

LDL Low density lipoproteins

PON Paraoxonase

SAA Serum amyloid A

TC Total cholesterol

TG Triglycerides

TAOS Total antioxidant status

Introduction

Various pathological conditions, such as severe sepsis,

major surgery or accidental trauma and myocardial infarct,

may induce an acute phase response. Such a systemic

inflammatory reaction involves multiple metabolic
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adaptations induced by hormonal changes and the pro-

duction of inflammatory cytokines to fight the infection

and/or facilitate tissue repair. The acute phase response is

characterized by the hepatic synthesis of several acute

phase proteins but also by profound alterations in plasma

lipid and lipoprotein metabolism [1–3]. In man, plasma

concentration of total cholesterol (TC), LDL-cholesterol

and HDL-cholesterol decreases within the first 48 h fol-

lowing infectious or non-infectious insults with variable

changes in plasma triglyceride (TG) levels [4, 5]. The

extent of alterations in the concentration of plasma lipids

notably depends on the type and severity of the insult [4].

The reduction of cholesterol-rich lipoproteins may result

from reduced secretion, increased catabolism and from

increased sequestration of lipoproteins in extra-vascular

compartments. A negative correlation has been reported

between TC as well as HDL-cholesterol levels and clinical

outcome in critically ill and septic patients [4, 6, 7].

The composition of plasma lipoproteins has been mainly

studied in conditions of sepsis with severe inflammation

and substantial changes have been documented in LDL and

HDL [8–11]. Alterations in lipoprotein lipid and apolipo-

protein composition may enhance pro-inflammatory and

pro-atherogenic properties of LDL and convert HDL from

anti- into pro-inflammatory particles with reduced antiox-

idant functions [9, 12].

Major surgical injury also induces a severe acute phase

response with postoperative decreases of plasma (as well as

LDL and HDL) cholesterol concentration as reported after

cardiac surgery [5, 7, 13, 14]. In contrast to sepsis, which is

a very heterogeneous condition, cardiac surgery with car-

diopulmonary bypass follows strict routine procedures and

represents a fairly standardized insult. In addition to sur-

gical trauma, contact of blood cells and plasma

components with artificial membranes of the extracorpo-

real circuit, and ischemia–reperfusion are responsible for

the severe systemic inflammation observed after cardiac

surgery with cardiopulmonary bypass [15–17]. Since the

composition of plasma lipoproteins has not been investi-

gated in depth after surgery, we questioned whether the

acute phase response induced by major cardiac surgery

would affect plasma LDL and HDL composition differ-

ently as compared to previous observations in severely

septic patients. Further, since such operations are associ-

ated to substantial oxidative stress and reduced plasma

levels of vitamin E (alpha-tocopherol) [18], lipoprotein

fractions were also used to determine whether decreased

levels of vitamin E are due to a decreased number of

lipoprotein carriers or to a reduced content of alpha-

tocopherol. Improved knowledge on compositional chan-

ges occurring in plasma LDL and HDL after surgery may

be important to better define strategies preventing pro-

inflammatory changes.

Materials and Methods

Study Group Selection

The study group included 21 ASA 3 (American Society of

Anesthesiologists class 3) patients undergoing elective

cardiac surgery (coronary artery bypass or mitral valve

replacement) with cardiopulmonary bypass. Clinical char-

acteristics of the patients are shown in Table 1.

Major exclusion criteria were: patients on steroids or

with body mass index [30 kg/m2, plasma creatinine con-

centration [1.5 mg/dl, altered liver function tests, or

diabetes mellitus. None of the patients received corticos-

teroids in the perioperative period. Patients were not on

statin treatment before surgery, except for three of them in

whose statins were not reinitiated during the immediate

postoperative period of the study protocol. The patients

were allowed nothing per os from the evening before the

operation until day 1 post-surgery. The study was approved

by the Ethical Committee of Erasme Hospital (Université

Libre de Bruxelles, Brussels, Belgium) and all participating

patients received complete information and signed a writ-

ten consent form.

Anesthesia and Cardiopulmonary Bypass

Anesthesia was induced and maintained with a target-

controlled infusion of remifentanil and propofol with ci-

satracurium. All patients received a full-dose of aprotinin

(2 · 106 KIU at induction, followed by 5 · 105 KIU/h

until the end of surgery and 1 · 106 KIU in the cardio-

pulmonary bypass). Cardiopulmonary bypass was

performed under mild systemic hypothermia ([35�C).

After cross-clamping of the ascending aorta, anterograde

cold hyperkalemic cardioplegia was induced, followed by

intermittent retrograde cold hyperkalemic cardioplegia

whenever necessary. Mean aortic cross-clamp and cardio-

pulmonary bypass time as well as data on blood transfusion

are shown in Table 1.

Study Protocol

In order to ensure that measurements of lipoprotein com-

position are made during the acute phase response (and the

resulting changes in plasma lipids), measurements of

inflammatory proteins, of selected apolipoproteins, and of

plasma lipid parameters were performed before surgery

and on postoperative day 2 in the first six patients.

Assessment of antioxidant status, of vitamin E and of PON

was also performed in these patients. In addition, alpha-

tocopherol content was analyzed in platelets, white blood
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cells and red blood cells isolated from fresh blood samples

[19]. In the 15 following patients, plasma lipoprotein

fractions were isolated and analysed, before surgery and on

postoperative day 2, for their content in lipid components,

apolipoproteins, alpha-tocopherol as well as hydroperox-

ides. Preoperative concentrations of the different biological

variables did not significantly differ from values recently

measured in a control population from the same region of

comparable age and gender with no known coronary heart

disease [20, 21].

Blood Sampling

Blood samples were drawn at the time of anesthesia

induction (baseline) and again on day 2 post-surgery.

Blood was collected in tubes with EDTA (1 mg/mL) for

plasma separation and without EDTA for serum separation.

Plasma and serum were immediately separated by low

speed centrifugation at 3,500g (4 �C; 15 min) in a J2.21

centrifuge (Beckman Instruments, Fullerton, CA, USA).

Separation of Lipoproteins

Plasma LDL and HDL fractions were isolated by sequen-

tial ultracentrifugation [22] in a L8–55 ultracentrifuge

using a 50–4Ti rotor (Beckman, Palo Alto, CA, USA).

Plasma density was adjusted by addition of solid KBr at

density ranges 1.019–1.063 g/ml and 1.063–1.210 g/ml for

separation of LDL and HDL, respectively. Plasma was

centrifuged at 227,000g (5 �C) during 20 h for LDL and

40 h for HDL. LDL and HDL fractions were then either

kept at 4�C for immediate lipid and protein measurements

or at –70 �C for vitamin E analysis performed within

2 weeks. EDTA and salts present in the LDL and HDL

fractions were removed by filtration on PD10 Sephadex

columns (Amersham Pharmacia, Uppsala, Sweden) prior to

hydroperoxide measurements by the FOX-2 method [23] or

to evaluation of LDL resistance to ex vivo oxidation

according to Esterbauer et al. [24].

Analytical Measurements

TC and TG were measured in plasma, LDL and HDL

fractions using enzymatic kits CHOD-PAP (Roche Diag-

nostics GmbH, Mannheim, Germany) and Triglycerides

Glycerol blanked (Roche Diagnostics GmbH), respectively.

Free Cholesterol (FC) and phospholipid concentrations

were determined using enzymatic kits CHOD-PAP (Sopa-

chem, Brussels, Belgium) and PAP 150 (Biomérieux, Lyon,

France), respectively. Cholesteryl ester (CE) concentration

was calculated by subtracting FC from TC.

Alpha-tocopherol was analysed in plasma and lipopro-

tein fractions by reverse-phase HPLC (Merck-Hitachi Ltd,

Tokyo, Japan) using a Lichrospher column 100 RP 18

(5 lm; 125 · 4 mm, L · ID) with a mobile phase of

methanol:water (95/5, w/w) at a flow rate of 1.5 ml/min;

alpha-tocopherol was monitored by a UV detector at

292 nm [25]. In cells, alpha-tocopherol concentration was

expressed relative to cell phospholipid content.

Plasma total antioxidant status (TAOS) was determined

by the capacity to inhibit the peroxidase-mediated forma-

tion of the ATBS (2,20-azinobis-3-ethylbenzothiazoline-6-

sulfonic acid) radical [26]. In parallel, paraoxonase (PON)

activity was determined spectrophotometrically at 270 nm

by measuring the hydrolysis of phenyl acetate [27].

Total protein concentration was determined in plasma

fractions using bovine serum/globulin solution as standard

[28]. Apolipoproteins (apo) B and A1, as well as serum

amyloid A (SAA) were measured in plasma and lipoprotein

fractions by ELISA using rabbit polyclonal antibodies for

apo A1, B or SAA, respectively [29].

CRP level was determined in plasma using high sensi-

tive CRP immuno-turbidimetric method [30].

Calculation of LDL and HDL Particle Size

Assuming a spherical configuration, LDL and HDL radii

were determined by calculating both particle core volume

and surface area. Calculations of core volume were based

on the molar content of CE and TG per particle; values of

1.068 and 1.556 nm3 were used for the molecular volume

of CE and TG, respectively [31]. Total particle radius was

obtained by adding surface monolayer thickness (2.02 nm)

to core radius [32]. Calculations of surface area were based

Table 1 Patients clinical characteristics

Variable Patients (n = 21)

Mean age (range) 69 ± 3 (42–83)

Gender (M:F) 19:2

CABG:mitral valve replacement 15:6

CPB (min) 108 ± 5

Aortic clamping (min) 83 ± 4

Patients requiring blood products 8

Number of patients transfused PRBC

(mean units of PRBC transfused)

6 (3 ± 1)

Number of patients transfused FFP

(mean units FFP transfused)

5 (4 ± 1)

Number of patients transfused platelets

(mean units platelets transfused)

3 (2 ± 1)

CABG Coronary artery bypass graft, CPB cardiopulmonary bypass,

PRBC packed red blood cells, FFP fresh frozen plasma
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on the molar content of phospholipids and FC per particle;

values of 0.310 and 0.685 nm2 were used for the molecular

surface area of phospholipids and FC, respectively [31].

Statistical Analysis

All results are expressed as mean values ± SEM. Statistical

significance of differences between pre- and postoperative

values was assessed by the paired Student’s t-test.

Results

Measurements of Selected Plasma Proteins,

Apolipoproteins, Lipids and Antioxidants

Pre- and postoperative measurements of plasma parameters

in the first six subjects are shown in Table 2 (statistical

significance of tabulated results refers to the paired dif-

ference in pre- and postoperative absolute values, whilst in

the text it often refers to the paired difference in percent

changes relative to preoperative baseline values). Total

protein concentration decreased by 15.7 ± 3.4% on post-

operative day 2 (P \ 0.025). In contrast, CRP

concentration increased from 0.41 ± 0.18 mg/dl (preoper-

ative) to 13.90 ± 3.90 mg/dl (P \ 0.005) and SAA

concentration from 0.22 ± 0.06 to 25.40 ± 5.77 mg/dl

(P \ 0.005) on postoperative day 2. Plasma concentration

of apoB and apoA1 decreased by, respectively,

41.3 ± 6.0% (P \ 0.01) and 31.2 ± 1.1% (\0.0001) post-

surgery. This decrease of plasma apoB and apoA1 was

more marked than that of total plasma proteins. Indeed,

apoB/total protein ratio decreased by 30.6 ± 6.6%

(P \0.01) on postoperative day 2 [from 14.5 ± 2.8 to

9.8 ± 1.7 mg/g (P \ 0.05)]. Similarly, apoA1/total protein

ratio decreased by 17.8 ± 3.2% (P \0.005) post-surgery

[from 28.0 ± 2.7 to 22.9 ± 2.2 mg/g (P \ 0.05)].

Plasma concentration of TC and TG decreased by,

respectively, 35.5 ± 4.3% (P \ 0.001) and 23.7 ± 9.5%

(P \ 0.06) from initial values. Plasma alpha-tocopherol

concentration decreased by 34.9 ± 5.6% postoperatively

(P \ 0.005). Of interest, alpha-tocopherol/TC ratio was not

significantly modified after surgery (P [ 0.25). Postopera-

tive alpha-tocopherol content in red blood cells and platelets

(expressed in relation to phospholipid content) remained

unchanged on postoperative day 2 (P [ 0.4). However,

alpha-tocopherol content in white blood cells, (also expres-

sed relative to phospholipid content), decreased by

20.5 ± 6.1% (P \ 0.03) on postoperative day 2 (Table 3).

A dramatic fall in plasma TAOS was observed postop-

eratively, from 19.0 ± 3.9 to 3.2 ± 2.8% (P \ 0.01).

Similarly, serum PON activity was decreased by

21.7 ± 2.4% (P \ 0.0001) after surgery.

Measurements of LDL and HDL Parameters

In 15 other subjects, plasma CRP concentrations increased

from 0.41 ± 0.14 mg/dl (preoperative) to a postoperative

value of 12.04 ± 1.95 mg/dl (P \ 0.001), these changes

being comparable to those found in the first six patients

(P [ 0.6). Results of pre- and postoperative measurements

of LDL and HDL parameters are given in Tables 4 and 5.

Apolipoproteins

LDL apoB concentration was decreased by 45.5 ± 5.7%

(P \ 0.0001) on postoperative day 2. This reflects a sub-

stantial reduction in the number of circulating LDL

particles after cardiac surgery.

Likewise, HDL apoA1 concentration decreased by

21.8 ± 6.5% (P \ 0.005) on postoperative day 2. This may

Table 2 Plasma concentration of selected proteins, apolipoproteins,

lipids and antioxidant measurements

Biological variables Preoperative

(n = 6)

Postoperative

(n = 6)

Protein (g/l) 67.3 ± 2.0 56.0 ± 2.5a

CRP (mg/dl) 0.41 ± 0.18 13.90 ± 3.90c

SAA (mg/dl) 0.22 ± 0.06 25.40 ± 5.77c

ApoB (mg/dl) 94.8 ± 17.3 54.5 ± 10.1 a

ApoA1 (mg/dl) 183.8 ± 14.8 126.4 ± 10.0d

TC (mmol/l) 5.17 ± 0.43 3.31 ± 0.31b

TG (mmol/l) 1.42 ± 0.34 0.97 ± 0.17

a-Tocopherol (lmol/l) 33.76 ± 3.43 22.30 ± 3.44b

PON (lmol/min ml) 84.5 ± 7.3 66.8 ± 7.6e

TAOS (%) 19.0 ± 3.9 3.2 ± 2.8a

CRP C-reactive protein, SAA serum amyloid A, apoB apolipoprotein

B, apoA1 apolipoprotein A1, TC total cholesterol, TG triglycerides,

PON paraoxonase, TAOS total antioxidant status

Values are expressed as mean ± SEM. P values were calculated by

paired Student t test. aP \ 0.05, bP \ 0.01, cP \ 0.005, dP \ 0.001,
eP \ 0.0001 versus preoperative value

Table 3 Alpha-tocopherol content in blood cells (lmol/mmol PL)

Biological variables Preoperative (n = 5) Postoperative (n = 5)

Red blood cells 8.03 ± 0.91 8.22 ± 1.06

White blood cells 17.27 ± 1.89 13.50 ± 1.45a

Platelets 17.04 ± 2.20 16.39 ± 1.75

Values are expressed as mean ± SEM. P values were calculated by

paired Student t test. aP \ 0.03 versus preoperative value

PL Phospholipids
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correspond to a decrease in the number of HDL particles if

an unchanged mean number of apoA1 molecules per HDL

particle is assumed. The HDL apoSAA concentration

increased markedly post-surgery, from 0.5 ± 0.2 to

39.2 ± 17.2 mg/dl (P \ 0.05).

Cholesterol

CE concentration in the LDL fraction decreased from

1.98 ± 0.11 to 1.09 ± 0.13 mmol/l (P \ 0.0001), corre-

sponding to a decrease of 45.9 ± 4.4% (P \ 0.0001) from

initial values. This fall in LDL-CE was comparable to the

decrease in LDL-apoB. FC concentration in the LDL

fraction decreased by 38.1 ± 4.5% (P \ 0.0001) on post-

operative day 2. The FC/CE and FC/apoB molar ratios in

LDL increased by, respectively, 16.9 ± 4.4% (P \ 0.002)

and 21.6 ± 9.5% (P \ 0.05) after cardiac surgery.

Comparable postoperative changes of CE and FC con-

tent were observed in the HDL fraction. HDL-CE

decreased from 0.78 ± 0.08 to 0.60 ± 0.05 mmol/l

(P \ 0.005), i.e., by 18.9 ± 6.6% (P \ 0.02) from preop-

erative values. In contrast, FC concentration in the HDL

fraction remained unchanged after surgery (P [ 0.8). Thus,

the FC/CE ratio in the HDL fraction increased by

36.3 ± 8.3% (P \ 0.001) post-surgery. HDL CE/apoA1

ratio was not significantly modified post-surgery

(P [ 0.31), while FC/apoA1 increased by 42.9 ± 7.1%

compared to preoperative values (P \ 0.0001).

Triglycerides

In sharp contrast to cholesterol, TG concentration in the

LDL fraction remained unchanged post-surgery (P [ 0.6).

Hence, the TG/CE ratio in LDL increased by

101.5 ± 18.9% (P \ 0.0001) on postoperative day 2.

Similarly, TG/apoB ratio in LDL increased by

112.9 ± 26.2% (P \ 0.001) after surgery.

Likewise, TG concentration in the HDL fraction was not

significantly modified after surgery (P [ 0.5). TG/CE and

TG/apoA1 ratios in the HDL fraction, however, increased

by 31.3 ± 16.9% (P=0.08) and 34.3 ± 15.2% (P \ 0.05),

respectively. Thus, TG content relative to either CE or

apoA1 tended to be or increased in HDL but to a lesser

extent than in LDL fraction.

Phospholipids

Phospholipid concentration in the LDL fraction decreased

by 37.6 ± 4.5% (P \ 0.0001) on postoperative day 2. In

contrast, phospholipid/apoB ratio in LDL increased by

22.5 ± 8.6% (P \ 0.025) post-surgery.

Phospholipid concentration in the HDL fraction was not

significantly modified after surgery (P [ 0.9). Hence,

phospholipid/apoA1 ratio increased by 30.2 ± 6.1%

(P \ 0.001) on postoperative day 2 compared to preoper-

ative values.

In fair agreement with current knowledge [32], FC/

phospholipid molar ratio was, before surgery, about four

times higher in LDL (0.86 ± 0.02 mmol/mmol) than in

HDL (0.23 ± 0.01 mmol/mmol). This ratio was unaffected

by surgery in LDL but increased by 17.6 ± 7.4%

(P \ 0.05) in HDL.

Calculation of LDL and HDL Particle Size

Before surgery, LDL particle radius calculated from the

sum of core lipid molecule volumes averaged

9.98 ± 0.29 nm, in fair agreement with current knowledge

[32] and also with LDL radius calculation from surface

area molecules (including one apoB molecule), which

averaged 9.60 ± 0.34 nm. After surgery, unchanged CE

and increased TG content (+113%) per LDL particle imply

an increase in the size of LDL particles. Consistently, FC/

apoB and phospholipid/apoB ratios increased by 21.6 ± 9.5

and 22.5 ± 8.6%, respectively (P \ 0.05) after surgery;

Table 4 LDL and HDL absolute values

Biological variables Preoperative

(n = 15)

Postoperative

(n = 15)

LDL-apoB (mg/dl) 71.5 ± 9.5 43.2 ± 8.7e

HDL-apoAI (mg/dl) 142.4 ± 12.3 108.5 ± 11.2c

HDL-apoSAA (mg/dl) 0.5 ± 0.2 39.2 ± 17.2a

LDL-TC (mmol/l) 2.67 ± 0.15 1.52 ± 0.17e

LDL-CE (mmol/l) 1.98 ± 0.11 1.09 ± 0.13e

LDL-FC (mmol/l) 0.69 ± 0.04 0.43 ± 0.04e

HDL-TC (mmol/l) 0.97 ± 0.10 0.79 ± 0.07b

HDL-CE (mmol/l) 0.78 ± 0.08 0.60 ± 0.05c

HDL-FC (mmol/l) 0.19 ± 0.02 0.19 ± 0.02

LDL-TG (mmol/l) 0.20 ± 0.02 0.19 ± 0.02

HDL-TG (mmol/l) 0.08 ± 0.01 0.07 ± 0.01

LDL-PL (mmol/l) 0.80 ± 0.04 0.50 ± 0.05e

HDL-PL (mmol/l) 0.77 ± 0.06 0.73 ± 0.05

LDL-hydroperoxides (lmol/l) 14.1 ± 4.3 15.5 ± 4.4

HDL-hydroperoxides (lmol/l) 10.5 ± 2.0 13.8 ± 4.6

LDL-a-tocopherol (lmol/l) 11.3 ± 0.7 6.6 ± 0.6e

HDL-a-tocopherol (lmol/l) 8.3 ± 1.0 6.3 ± 0.6d

Values are expressed as mean ± SEM. P values were calculated by

the paired Student t test. aP \ 0.05, bP \ 0.01, cP \ 0.005, dP \
0.001, eP \ 0.0001 versus preoperative value

apoB Apolipoprotein B, apoA1 apolipoprotein A1, TC total choles-

terol, FC free cholesterol, TG triglycerides, PL phospholipids
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comparable changes were found for LDL-FC/CE

(+16.9 ± 4.4%) and LDL phospholipid/CE ratios

(+18.0 ± 3.9%) after surgery. These ratios suggest a post-

operative increase of surface area and of particle radius by

14 ± 5% (P \ 0.03) and 6 ± 2% (P \ 0.03), respectively.

Before surgery, the HDL core volume corresponded to a

core radius of 2.56 ± 0.09 nm and a total particle radius of

4.58 ± 0.09 nm, in fair agreement with current knowledge

[32, 33]. Calculations from the sum of surface components

(assuming a mean of 3 apoA1 molecules per HDL particle)

correspond to a core radius of 3.02 ± 0.05 nm, in fair

agreement with the HDL calculated core radius from core

volume. The unchanged CE content and increased TG

content in postoperative HDL particles imply an increase in

core lipid molecules and volume. Accordingly, both FC/

apoA1 and phospholipid/apoA1 ratios increased in HDL

post-surgery, with a mean increase of, respectively,

42.9 ± 7.1% (P \ 0.001) and 30.2 ± 6.1% (P \ 0.001).

Comparable percentages were obtained for HDL-FC/CE

(36.3 ± 8.3%) and HDL-phospholipid/CE ratios

(23.6 ± 6.7%). This suggests an increase of HDL area by

31 ± 6% (P \ 0.001) and of HDL radius by 14 ± 3%

(P \ 0.001) after cardiac surgery. Note that calculations of

HDL size are underestimates since the molecular volume

of apoSAA is not taken into account.

Hydroperoxides

The hydroperoxide concentration in the LDL fraction was

not significantly modified after surgery (P [ 0.3). How-

ever, hydroperoxide/apoB and hydroperoxide/TC ratios

increased by, respectively, 189.1 ± 83.0 and

191.3 ± 89.2% on postoperative day 2 (P \ 0.05).

Similarly, the hydroperoxide concentration in the HDL

fraction was not significantly modified (P [ 0.5) post-

surgery but, when expressed relative to TC content, the

hydroperoxide/TC ratio in HDL increased by 62.4 ± 29.3%

(P \ 0.03) after surgery.

Alpha-tocopherol

In the LDL fraction, alpha-tocopherol concentration

decreased by 41.0 ± 3.9% (P \ 0.0001) on postoperative

day 2. However, alpha-tocopherol content relative to apoB

Table 5 LDL and HDL ratios

Values are expressed as

mean ± SEM. P values were

calculated by the paired Student

t test. aP \ 0.05, bP \ 0.025,
cP \ 0.01, dP \ 0.001,
eP \ 0.0001 versus

preoperative value

CE Cholesteryl ester, FC free

cholesterol, TG triglycerides,

PL phospholipids, apoB
apolipoprotein B, apoA1
apolipoprotein A1

Biological variables Preoperative (n = 15) Postoperative (n = 15)

LDL-CE/apoB (mmol/g) 3.30 ± 0.33 3.46 ± 0.46

LDL-FC/apoB (mmol/g) 1.18 ± 0.14 1.46 ± 0.21a

LDL-FC/CE (mmol/mmol) 0.35 ± 0.01 0.41 ± 0.02c

HDL-CE/apoA1 (mmol/g) 0.59 ± 0.06 0.62 ± 0.07

HDL-FC/apoA1 (mmol/g) 0.14 ± 0.01 0.20 ± 0.02d

HDL-FC/CE (mmol/mmol) 0.23 ± 0.01 0.31 ± 0.02d

LDL-TG/apoB (mmol/g) 0.34 ± 0.04 0.75 ± 0.12d

LDL-TG/CE (mmol/mmol) 0.10 ± 0.01 0.20 ± 0.02e

HDL-TG/apoA1 (mmol/g) 0.06 ± 0.01 0.08 ± 0.01

HDL-TG/CE (mmol/mmol) 0.11 ± 0.01 0.14 ± 0.02

LDL-PL/apoB (mmol/g) 1.36 ± 0.16 1.71 ± 0.24b

LDL-PL/CE (mmol/mmol) 0.41 ± 0.01 0.48 ± 0.02d

LDL-FC/PL (mmol/mmol) 0.86 ± 0.02 0.86 ± 0.02

HDL-PL/apoA1 (mmol/g) 0.57 ± 0.05 0.75 ± 0.08d

HDL-PL/CE (mmol/mmol) 0.98 ± 0.06 1.18 ± 0.06a

HDL-FC/PL (mmol/mmol) 0.23 ± 0.01 0.26 ± 0.01a

LDL-hydroperoxides/TC (lmol/mmol) 6.40 ± 2.45 17.27 ± 7.17

LDL-hydroperoxides/apoB (lmol/g) 22.45 ± 7.98 55.58 ± 16.32b

HDL-hydroperoxides/TC (lmol/mmol) 10.87 ± 1.70 16.50 ± 3.94

HDL-hydroperoxides/apoA1 (lmol/g) 8.26 ± 1.51 15.03 ± 4.85

LDL-a-tocopherol/TC (lmol/mmol) 4.32 ± 0.25 4.59 ± 0.27

LDL-a-tocopherol /apoB (lmol/g) 18.99 ± 2.05 22.62 ± 2.97

LDL-a-tocopherol/FC+PL (lmol/mmol) 7.69 ± 0.44 7.27 ± 0.34

HDL-a-tocopherol/TC (lmol/mmol) 8.63 ± 0.37 7.94 ± 0.30a

HDL-a-tocopherol/apoA1 (lmol/g) 6.21 ± 0.67 6.41 ± 0.72

HDL-a-tocopherol/FC+PL (lmol/mmol) 8.61 ± 0.40 6.74 ± 0.26d
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or TC content in the LDL fraction was not decreased by

surgery. Similarly, the alpha-tocopherol/FC+phospholipid

ratio was not modified after surgery.

In the HDL fraction, alpha-tocopherol concentration had

decreased by 21.6 ± 4.4% (P \ 0.001) on postoperative

day 2. Alpha-tocopherol content relative to apoA1 or TC

content was not or little affected after surgery. In contrast,

the alpha-tocopherol/FC+phospholipid ratio had decreased

by 20.5 ± 2.9% (P \ 0.001) after surgery.

Notice that alpha-tocopherol/TC ratio was two times

higher (P \ 0.001) in HDL versus LDL in pre- and post-

operative conditions.

LDL Peroxidation

LDL resistance towards oxidative stress, reflected by the

lag phase preceding the generation of conjugated dienes

from LDL exposed to CuSO4, did not significantly

decrease after surgery (73 ± 3 vs. 71 ± 3 min; NS). The

propagation slope decreased slightly after surgery (by

10.4 ± 4.0%; P \ 0.025). This coincided with a trend

towards a lower maximal value for the generation of con-

jugated dienes, with a postoperative/preoperative ratio for

dienes averaging 91.8 ± 4.5% (P \ 0.09).

Discussion

The present study was aimed at characterizing changes in

plasma lipoprotein composition induced by cardiac surgery

with cardiopulmonary bypass, notably in comparison to

alterations reported in sepsis. Indeed, most current data on

LDL and HDL alterations occurring in acute phase reac-

tions comes from observations in patients with severe

septic conditions [8, 9].

Analyses of plasma lipid parameters are in agreement

with prior observations on the effect of surgical stress, i.e.,

decreased levels of TC, TG and alpha-tocopherol [5, 14,

34, 35]. An important decrease of apoB and apoA1 level

was also observed in the present study that largely excee-

ded the reduction of total plasma protein concentration.

The marked increase of SAA levels paralleled and even

exceeded that of CRP. Reduced TAOS indicates decreased

antioxidant defenses and/or consumption of antioxidant

scavengers in response to oxidative stress as previously

described after cardiac surgery with cardiopulmonary

bypass [36]. Furthermore, the activity of the antioxidant

enzyme PON, largely associated to HDL particles, was

decreased post-surgery; this may substantially reduce pro-

tection against LDL oxidation [12]. Such alterations in

antioxidant parameters have also been described in sepsis

[37–39]. In this study, alpha-tocopherol content in blood

cells was analysed to evaluate whether the decreased

antioxidant defenses and more specifically whether the

marked reduction in circulating alpha-tocopherol level are

associated to impaired alpha-tocopherol delivery to cells.

Indeed, apart from one study reporting unchanged alpha-

tocopherol content in erythrocytes after surgery [40], no

data is currently available on alpha-tocopherol content in

blood cells of surgical or septic patients. Since blood cell

counts are modified after surgery, alpha-tocopherol content

was expressed relative to cell phospholipid concentration,

which to our knowledge, is not affected by the operative

procedure, Alpha-tocopherol content was unchanged in

erythrocytes and platelets on postoperative 2, but was

decreased in leukocytes. This may reflect increased

consumption by white blood cells or an impaired alpha-

tocopherol uptake, or both; after surgery, another possi-

bility is that, leukocytes released in great number in the

circulation after surgery have a lower alpha-tocopherol

content.

Analyses of lipoprotein fractions in 15 subjects charac-

terize the effect of cardiac surgery on changes in the

number, composition, and size of circulating particles.

LDL-cholesterol markedly decreased (–45%) after sur-

gery. Such a decrease in LDL cholesterol is commonly

observed after surgery [5, 14, 34] and in other types of

acute phase reactions, including sepsis [11, 41, 42] and

acute myocardial infarct [43]. In the later condition, how-

ever, cholesterol production and secretion appear not to be

reduced but are rather augmented [44]. If this was also the

case in the surgical acute phase, the lower LDL-cholesterol

level would largely result from increased particle disposal

(endocytosis via LDL B, E and scavenger receptors, and

possible margination of LDL particles outside the plasma

compartment).

ApoB concentration in the LDL fraction also substan-

tially decreased (–46%) after cardiac surgery. Since LDL

particles contain one single apoB molecule, this change

reflects a proportional reduction of the number of circu-

lating LDL particles. Lipid content per LDL particle was

reflected by the concentration of each component relative

to LDL-apoB (Fig. 1). CE content per LDL particle

remained unchanged after cardiac surgery, while TG con-

tent was increased (+113%) together with surface

components FC (+22%) and phospholipids (+23%). Such

increase of both core and surface lipid components strongly

suggests an increased LDL particle size postoperatively.

This is in sharp contrast with changes observed during

sepsis where the decrease in LDL number is associated

with the appearance of small sized and denser LDL parti-

cles, in which an increased TG content is largely

compensated for by a reduced CE content [45, 46]. Such

small dense LDL particles are more sensitive to peroxi-

dative damage, are more cytotoxic, and have an increased
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atherogenic potential [47]. Of interest, alpha-tocopherol

content per LDL particle remained unchanged after surgery

and no difference of susceptibility to peroxidation was

observed between pre- and postoperative circulating LDL

particles when subjected ex vivo to copper oxidative stress.

Still, as reported in sepsis [47], an increased hydroperoxide

content was measured in circulating LDL particles after

cardiac surgery, suggesting that the (unchanged) alpha-

tocopherol content in postoperative LDL particles could

not completely prevent the oxidative stress associated to

cardiac surgery with cardiopulmonary bypass. From cur-

rent data it is difficult to speculate whether these changes in

LDL composition and size can modulate properties of LDL

and influence (in one or another direction) the inflamma-

tory response.

In contrast to LDL particles, which are characterized

by the presence of one single apoB molecule, HDL

particles contain 2 to 4 apoA1 molecules in physiologi-

cal conditions [33]. In addition, HDL apolipoprotein

composition is substantially modified during the acute

phase reaction, notably by a massive increase of SAA

[48, 49]. While high SAA concentrations had previously

been suggested to displace apoA1 from HDL particles,

apoA1 decrease during acute phase response seems to

result mainly from an increased catabolic rate, which

parallels that of HDL particles [50]. If one assumes that

the mean number of apoA1 molecules in HDL is not

appreciably modified by cardiac surgery, the number of

circulating HDL particles would decrease by 20% on

postoperative day 2. Such a decrease in HDL particles is

lower than that observed for LDL and it is not as

marked as in patients with sepsis [42, 51]. Of interest,

HDL-CE decreased by 18.9 ± 6.6% (P \ 0.02) postop-

eratively so that HDL-CE/apoA1 ratio remained virtually

unchanged (Fig. 1). As indicated by the increased HDL-

TG/apoA1 (+34%) and HDL-TG/CE (+31%) ratios, TG

content in HDL particles increased after surgery, but to a

lesser extent than in LDL particles. Such an increase in

LDL- and HDL-TG content on postoperative day 2

contrasts with a lower plasma TG concentration. Lower

plasma TG concentrations do not usually induce cho-

lesteryl ester transfer protein-mediated exchanges of core

lipids between TG-rich and CE-rich lipoproteins [52, 53].

Hence, TG enrichment in LDL and HDL may result

from reduced hepatic lipase activity as reported in con-

ditions of sepsis and inflammation [41]. The increase of

core lipid molecules in postoperative HDL is associated

to an increase of surface components, as indicated by

increased FC/apoA1 and phospholipid/apoA1 ratios

(Fig. 1). All together these changes and the presence of

SAA molecules in HDL surface indicate an increased

particle size after cardiac surgery. Changes in the bal-

ance between HDL surface lipid components were also

observed after surgery with a higher FC relative to

phospholipid content. This is in agreement with obser-

vations in septic patients where reduced

lecithin:cholesterol acyltransferase activity is associated

with an increased FC content in HDL particles [54, 55].

Finally, the alpha-tocopherol level decreased in the HDL

fraction after cardiac surgery in close relation to the

reduced number of circulating HDL particles. The

hydroperoxide content in HDL increased after surgery

but to a lesser extent than in LDL particles. The global

reduction of alpha-tocopherol transport by LDL and

Fig. 1 Postoperative changes in LDL (A) and HDL (B) composition.

LDL and HDL lipid components are expressed relative to LDL-apoB

and HDL-apoA1, respectively. The figure shows an unchanged

cholesteryl ester (CE) content in LDL and HDL particles, an

increased triglyceride (TG) content (particularly in LDL) together

with an increase in surface components [free cholesterol (FC) and

phospholipids (PL)]; in spite of unchanged alpha-tocopherol content,

LDL and HDL showed increased hydroperoxide content. Values are

expressed as mean ± SEM. P values were calculated by paired

Student t test. aP \ 0.05, bP \ 0.01, cP \ 0.005, dP \ 0.001, eP \
0.0001 versus preoperative value
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HDL may affect alpha-tocopherol delivery to cells and

organs in a condition (ischemia–reperfusion) character-

ized by oxidative stress.

There are some limitations that need to be addressed

regarding this study. First, it does not allow one to

distinguish between the impact of surgical trauma, that

of cardiopulmonary bypass and that of anesthesia on the

inflammatory response and more particularly on the

changes in plasma lipoproteins and oxidative stress.

Second, measurements reflect changes in circulating LDL

and HDL particles, but more profound alterations may

occur in those lipoproteins that marginate outside the

plasma compartment. Third, measurements were per-

formed at two time points, i.e., before (=baseline) and at

48 h after surgery, the latter corresponding to the peak of

the inflammatory response but not to the peak of sys-

temic oxidative stress, which takes place during surgery

(after reperfusion) and in the immediate postoperative

period [56]. Finally, since the measured postoperative

alterations of lipoprotein composition probably last over

a limited period of time, their impact on the functional

properties of circulating plasma lipoproteins remains to

be determined.

In summary, the present study indicates that the acute

phase response that occurs after major cardiac surgery

induces profound alterations not only in the concentration

but also in the composition of circulating LDL and HDL

particles. Several of these surgery-induced alterations in

the lipid composition of LDL and HDL particles differ

from changes previously observed in sepsis. Thus acute

phase reactions caused by different conditions may affect

the properties of plasma lipoproteins differently and should

be considered specifically. Although the increase in LDL

and HDL particle size probably limits the pro-inflamma-

tory risk, additional experiments are required to fully

determine the impact of postoperative modifications on the

roles and function of circulating lipoproteins. Reduced

levels of circulating lipoproteins post-surgery may also

affect the delivery to cells and tissues of substrates such as

alpha-tocopherol.
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