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Increased inflammatory markers with altered antioxidant status
persist after clinical recovery from severe sepsis: a correlation
with low HDL cholesterol and albumin
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Abstract Markers of oxidative stress and antioxidant

status in relation to inflammatory mediators in septic

patients (SPs) during the course of sepsis and after recov-

ery were analysed. Patients were 30 critically ill adults in

severe sepsis/septic shock, 19 of which completed 3 sam-

plings (S1: within 24 h after onset of sepsis, S7: 7 days

after S1, R7: 7 days after clinical recovery). Comparing

SPs with healthy controls (HCs), enhanced C-reactive

protein, procalcitonin, bilirubin and CuZn-superoxide dis-

mutase activity were found at S1 only. Oxidized low-

density lipoprotein, conjugated dienes and nitrotyrosine

were increased at S1, culminated at S7 and reverted nearly

to HC levels at R7. Reduced catalase activity and serum

amyloid were observed at S1 and endured until R7.

Increase in IL-6, IL-10 and tumour necrosis factor alpha

(TNF-a) with accompanying decrease in apolipoprotein

A1, high-density lipoprotein (HDL) cholesterol, selenium,

zinc, albumin, paraoxonase 1 and glutathione peroxidase 1

activity appeared at S1 and persisted until R7. TNF-a, IL-
10 and markers of oxidative stress were in negative cor-

relation with HDL cholesterol and albumin at R7. After

clinical recovery, increased cytokines and decreased

antioxidants were accompanied by lower albumin and

HDL cholesterol levels. During this important and benefi-

cial period of tissue repair, patients with prolonged

persistence of this status are probably more vulnerable to

secondary infections and should be dealt with as consti-

tuting a high-risk population.

Keywords Sepsis � Cytokines � Oxidative stress �
Antioxidant enzymes � Albumin � HDL cholesterol

Introduction

Sepsis is defined as systemic inflammatory response syn-

drome (SIRS) in the presence of infection progressing with

varying degrees of severity [1]. The inflammatory pro-

cesses, in principle beneficial, can be deregulated in

patients with severe sepsis and septic shock that correspond

to extensive exhaustion of individual functional reserves

and development of organ dysfunction. These patients

require intensive care in order to improve survival [2, 3].

The following phase often taking place in a post-intensive

care unit (ICU) setting is accordingly important, too, for

patients’ successful recovery.

With their capacity to interact with the innate and

adaptive immune responses, lymphocytes play a central

role in modulating the sepsis response. This process occurs

as interplay of changes in the expression and activity of

numerous endogenous mediators of pro- and anti-inflam-

matory processes [4] in order to eliminate the insult and

renew homoeostasis. SIRS, typically present in early sepsis

and lasting 3–5 days, entails a predominately pro-inflam-

matory period [5, 6]. This usually is followed by the

development of so-called compensatory anti-inflammatory

response syndrome (CARS), a complex but incompletely

defined pattern of immunologic responses to promote tissue

renewal and attenuate pro-inflammatory reaction of the

host which, when unbalanced under severe infection, can
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result in anergy and immunoparalysis with increased sus-

ceptibility to developing a new infection [7]. Although

these definitions and the timing of both events are useful in

clinical description, it has become apparent that CARS is

not simply the cessation of SIRS; CARS can exist in par-

allel with SIRS, and both processes often take place

together as mixed antagonist response syndrome (MARS)

[8]. In inflammatory conditions as well as in ageing, the

redox balance shifts to more oxidized state reflecting

activation of oxidative as well as reductive processes,

leading to a new balance which normalizes during recov-

ery. In sepsis, the activation of leucocytes and release of

mediators are inevitably accompanied by increased pro-

duction of reactive oxygen and nitrogen species (RONS).

RONS are well recognized for their dual role as beneficial

and/or deleterious species. Beneficial effects occur at low-

to-moderate RONS concentrations and involve a physio-

logical role in cellular responses, as, for example, in

defending against infectious agents and in the functioning

of a number of cellular signalling pathways [9, 10].

Individuals who survive severe sepsis beyond intensive

care and are clinically recovered continue to undergo intense

tissue healing. In this period, cytokines/growth factors are

operative in tissue rebuilding and reinforcement, steering

substrates from peripheral tissues or food to healing tissues

and also countering oxidative stress [11]. This essentially

beneficial but very energy- and substrate-consuming process

should ensure a successful recovery. On the other hand,

metabolically exhausted patients in recovery phase remain

susceptible to secondary complications with negative

impacts for their long-term prognoses. Recent clinical

studies have shown that increased levels of interleukin (IL)-

6, tumour necrosis factor alpha (TNF-a) and IL-10 persist-

ing after clinical recovery from sepsis—rather than their

initial peaks—are more characteristic of those patients who

ultimately have further complications or who die [12]. This

tends to be the case especially in elderly patients [13]. It

would be useful, therefore, to determine appropriate markers

for identifying those patients who are at risk.

There have been many studies directed to predicting the

severity of sepsis and patients’ long-term outcomes using

the levels of individual cytokines and other inflammatory

modulators. Mostly, these have been analysed in the early

phase of the disease [14]. In our opinion, this approach

does not provide a tool for assessing risk to these patients

after recovery or appropriate individual follow-up. The

design of this study, therefore, emerges from the findings

of the aforementioned clinical study monitoring the basic

pro-inflammatory (IL-6, TNF-a) and anti-inflammatory

(IL-10) cytokines in a population of patients with severe

sepsis and after recovery together with their clinical out-

comes [12, 15].

In our study, we selected group of patients in the diag-

nostic category early severe sepsis/septic shock with sim-

ilar mortality rate [12, 15]. While this study had used

hospital discharge as the time for last sampling, we con-

sidered that as inappropriate due to the bias caused by such

organizational aspects of the healthcare system as the

accessibility of follow-up care. The timing of recovery in

our study, 7 days after cessation of all clinical signs of

inflammation, reflects the time differences among indi-

vidual subjects in the progress of their illnesses. This

timing enabled us to capture data from patients in similar

stages of recovery, regardless of the duration of their sepsis

and occurrence of subsequent inflammatory complications.

The aim of the study presented here was to describe

inflammatory processes of severe sepsis and/or septic

shock during SIRS, during CARS and 7 days after clinical

recovery in a carefully selected group of ICU patients. The

analysis of inflammatory mediators together with oxidative

stress markers and antioxidant status would help to confirm

clinical stages of sepsis while emphasizing the persistence

of risk after recovery (usually after discharge from the ICU

or hospital) that should be addressed via standard follow-up

measures to determine patient status and the choice of

appropriate interventions for ameliorating the prognosis.

Patients and methods

This prospective study was carried out in the medical adult

ICU of the General Teaching Hospital, Charles University

in Prague. The study protocol was approved by the insti-

tutional review board and the ethics committee of the

General Teaching Hospital in Prague. Written informed

consent was obtained from all participants included in the

study.

Patients

The population under study consisted of two groups: 30

septic patients (SPs) and 30 age- and sex-matched healthy

controls (HCs). Sepsis was defined according to the Society

of Critical Care Medicine/American College of Chest

Physicians (SCCM/ACCP) definitions [1]. SPs needed to

fulfil the following additional inclusion criteria: APACHE

II score[10 and serum C-reactive protein (CRP) concen-

tration[20 mg/l. Exclusion criteria for SPs were the fol-

lowing: antioxidant therapy, chronic dialysis, history of

diabetes, generalized tumours, immunosuppressive ther-

apy, non-steroidal anti-inflammatory drugs therapy and

chemotherapy. Sepsis was treated according to guidelines

[16]. HCs were defined as individuals without a known

major disease.
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Data collection

Samples from SPs were collected three times in various

phases of inflammatory process (Fig. 1): during the first

24 h after ICU admission (S1), 7 days after S1 (S7) and

7 days after recovery (R7). R7 was defined as the seventh

day after cessation of septic clinical signs and

CRP\ 20 mg/l. Samples from the HC group were

obtained once. From the group of 30 SPs, 8 patients died

due to sepsis and 3 SPs were lost from follow-up because

they never fully recovered from sepsis. Thus, all three

samplings were available from 19 patients. These SPs were

compared with the group of 19 sex- and age-matched HCs.

The main source of sepsis was lung, occurring in 13 cases.

In all study participants, the medical history and intake of

any medicaments were documented at study entry. The

sequential organ failure assessment (SOFA) score was

calculated from laboratory and clinical parameters in SPs

for the first 7 days after ICU admission [17]. Blood was

taken after overnight fasting from an arterial line (SPs) or

by puncturing a peripheral vein (HCs).

The concentrations of CRP, procalcitonin (PCT), IL-6,

IL-10, TNF-a, serum amyloid A (SAA), oxidized low-

density lipoprotein (ox-LDL), albumin, bilirubin, uric acid,

Cu, Zn, Fe, Se, vitamins A and E, and lipid parameters, as

well as paraoxonase 1 (PON1), activity were measured in

serum. Serum was prepared (after coagulation in Vacu-

tainer tubes) by centrifugation at 3500 rpm at 4 �C for

10 min. Conjugated dienes (CD) were measured in pre-

cipitated low-density lipoprotein (LDL). Activities of

antioxidant enzymes were measured in haemolysed ery-

throcytes. The samples were stored at -80 �C until assay.

All samples were marked with unique identification

numbers, and data were merged only after assays had been

completed.

Laboratory measurements

The routine biochemical tests were conducted at the Cen-

tral Biochemical Laboratory of the General University

Hospital in Prague. CRP concentration was measured by

immunoturbidimetric method using a K-ASSAY CRP kit

(Kamiya Biomedical Company, Seattle, WA, USA) on a

Roche/Hitachi Modular SWA analyser (Tokyo, Japan).

PCT concentration was measured by immunoluminometric

assay using a BRAHMS PCT LIA kit (catalogue number

54.1; Brahms Diagnostica, Berlin, Germany). Cytokines

(IL-6, IL-10 and TNF-a) were analysed using Fluorokine

MAP kits (R&D Systems, Minneapolis, MN, USA) and a

Luminex�100 analyser (Luminex, Austin, TX, USA). SAA

concentration was analysed using a solid-phase sandwich

ELISA kit (Invitrogen, Carlsbad, CA, USA). The aryles-

terase activity of PON1 was measured according to the

method as previously described by Eckerson et al. while

using phenylacetate as a substrate [18]. The rate of phenol

generation was monitored spectrophotometrically at

270 nm. The arylesterase activity of PON1 was calculated

using the molar extinction coefficient of the produced

phenol (1310 M-1 cm-1) and expressed as U/ml of serum.

The ox-LDL measurement was performed using an oxi-

dized LDL ELISA kit (Mercodia, Uppsala, Sweden).

Activities of antioxidant enzymes were determined by

spectrophotometric kinetic methods as previously descri-

bed [19], and concentration of CD/LDL was measured

according to Ahotupa et al. [20]. The concentration of

nitrotyrosine was measured using a solid-phase sandwich

ELISA kit (Biovendor, Brno, Czech Republic). The con-

centration of nitrites and nitrates in serum was determined

by the Griess reaction according to a method previously

published [21].

Statistical analysis

Data are expressed as mean ± standard deviation (SD) for

parametric and as median and interquartile range (25th–

75th percentiles) for nonparametric variables. Normality of

data distribution was tested using the Shapiro–Wilk test.

Differences between SPs and HCs were evaluated by t test,

while for nonparametric analysis the Mann–Whitney U test

was used. Friedman ANOVA was used for dependent

analysis. Multivariate discriminant analysis (MDA) based

on analysis of the relationships among multiple variables

simultaneously was used. MDA was carried out in a step-

wise manner using the minimum Wilks k. At each step in

the process, that variable having the most discriminating

power was identified and its coefficient determined. All

Fig. 1 Phases of inflammation and timing of sampling. S1 within

24 h after onset of sepsis, S7 7 days after S1, R7 7 days after

recovery, HC healthy controls
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statistical analyses were performed using version 8.0 of

Statistica software from StatSoft (2007, Czech Republic).

The cut-off for statistical significance was set at P\ 0.05.

Results

Basic characteristics

Table 1 summarizes the demographic and clinical charac-

teristics of 19 SPs at all three samplings and 19 sex- and

age-matched HCs. Hospital mortality was 27 %.

Acute-phase response markers

Serum PCT and CRP concentrations were increased at S1,

but no significant difference was observed at S7 compared

to HCs. Increased concentrations of interleukins (IL-6, IL-

10, TNF-a) persisted from S1 until R7. The IL-10/TNF-a
ratio gradually decreased, mainly due to a decline in IL-10

concentration (S1 = 0.350 [0.173–0.511]; S7 = 0.235

[0.125–0.321]; R7 = 0.128 [0.078–0.279]; HC = 0.091

[0.001–0.098]; P\ 0.001 S1 vs. HC; P\ 0.01 S7 vs. HC).

SOFA gradually decreased from S1 until S7 (Fig. 2).

Serum markers of oxidative stress

The levels of ox-LDL, CD and nitrotyrosine increased at

S1, culminated at S7 and returned to HC values at R7.

Enhanced serum concentration of nitrites/nitrates was

observed only at S7 (Fig. 3).

Antioxidant capacity

CuZn-superoxide dismutase (CuZnSOD) activity was

increased at S1 and returned to HC values already at S7. A

decline in catalase (CAT) activity was found at S1 and S7,

but this returned to HC levels at R7 while the decrease in

glutathione peroxidase 1 (GPX1) activity persisted in all

three samplings. No significant difference in glutathione

reductase (GR) activity between HCs and individual SP

samplings was found (Fig. 4).

Table 2 presents non-enzymatic antioxidants and

cofactors of antioxidant enzymes. Decrease in concentra-

tions of vitamin A, vitamin E and bilirubin was found at S1

only, while decrease in Zn was observed at both S1 and S7.

Significant decline of uric acid and a rise in Cu were

observed only at S7 compared to HCs. Nevertheless, all

these returned nearly to HC values at R7. On the other

hand, substantial decrease in transferrin, Fe, Se and ferritin

concentrations, as well decrease in albumin concentration,

was observed already at S1, still persisted 7 days after

recovery (R7), and never reached HC levels. The CRP/

albumin ratio gradually decreased from S1 until R7, while

there remained differences versus HCs (S1 = 4.47

[2.2–12.7]; S7 = 1.0 [0.43–4.04]; R7 = 0.51 [0.21–0.76];

HC = 0.045 [0.042–0.187]; P\ 0.05).

Plasma lipids and associated proteins

Figure 5 demonstrates a marked drop in high-density

lipoprotein cholesterol (HDL-C) concentration which

appeared at the onset (S1) and persisted until recovery (R7) in

Table 1 Clinical characteristics

of studied groups
Characteristic Septic patients Healthy controls

S1 S7 R7

N (male/female) 10/9 10/9

Age (years) 74 (56–79) 71 (56–78)

APACHE II 16 (13–23) – – –

Diagnosis (medical/surgical) 11/8 –

Source of sepsis (lungs/others) 13/6 –

Day of sampling 1 7 22 (14–34) –

ICU hospitalization (days) 20 (9–53) –

Hospitalization (days) 24 (16–61) –

Duration of sepsis (days) 14 (6–26) –

SOFA 7 (2–10) 3 (1–9) – –

APV (number/per cent) 7 (36.8 %) 7 (36.8 %) 1 (5.3 %) –

CRRT (number/per cent) 0 3 (15.8 %) – –

S1: within 24 h after onset of sepsis; S7: 7 days after S1; R7: 7 days after recovery from sepsis. SOFA

sequential organ failure assessment, APV artificial pulmonary ventilation, CRRT continuous renal

replacement therapy. Data presented as median and interquartile range (25th–75th percentile)
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positive correlation with apolipoprotein A1 (Apo-A1)

(R = 0.899, 0.925, 0.736) and albumin (R = 0.517, 0.622,

0.490) at S1, S7 and R7, respectively, and in positive corre-

lationwith PON1 only at S1 (R = 0.613). SAA concentration

was significantly increased at S1 and S7 and reached nearly

HC levels at R7; thiswas closely tracked by decrease in PON1

activity. Negative correlation between SAA and HDL-C was

observed at R7 (R = -0.500). For the markers of lipid per-

oxidation, ox-LDL and CD, negative correlation with HDL-C

was found at S1 (R = -0.576, -0.632) and at S7

(R = -0.682,-0.622), respectively. Negative correlation of

HDL-C with CD was observed at R7 (R = -0.490).
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Fig. 2 Changes in inflammatory markers and SOFA in the course of

sepsis. S1 septic patients enrolled within 24 h after onset of sepsis, S7

septic patients 7 days after S1, R7 septic patients 7 days after

recovery, HCs healthy controls. PCT procalcitonin, CRP C-reactive

protein, TNF-a tumour necrosis factor alpha, IL-6 interleukin-6, IL-10

interleukin-10. Data presented as median and interquartile range

(25th–75th percentile). *S1 or S7 or R7 versus HC; ?S1 or S7 versus

R7; Æ S1 versus S7. ***, ???, ��� P\ 0.001, **, ??, ��P\ 0.01, *, ?,

�P\ 0.05; SOFA: *1 versus all other days, Æ 2, 3 or 5 versus 7, x6

versus 2
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Significant decrease in concentrations (mmol/l) of TC

(S1 = 3.3 [2.5–3.5]; S7 = 3.7 [2.8–4.3]; R7 = 4.4

[4.0–5.2]; HC = 5.7 [4.8–6.7]) and LDL cholesterol

(S1 = 1.8 [1.2–2.2]; S7 = 2.2 [1.1–2.4]; R7 = 2.9

[2.2–3.2]; HC = 3.7 [3.0–4.3]) appeared already at S1 and

persisted until R7.

Significant transient increase in triglyceride concentra-

tion was observed at S7 ([mmol/l], S1 = 1.3 [0.8–1.9];

S7 = 1.8 [1.1–2.4] (P\ 0.05); R7 = 1.5 [1.1–2.1];

HC = 1.5 [1.0–1.7]).

Relationships among individual parameters

The positive correlation of albumin with HDL-C and a

negative correlation with TNF-a and IL-10; negative cor-

relation of HDL-C with TNF-a; positive correlations of

PON1 with CD and GPX-1 with ox-LDL at R7 are pre-

sented in Fig. 6.

Using MDA, we created two discriminate models that

contained dependent variables (albumin and HDL) and the

independent variables, for both models were antioxidant

enzymes (CAT, CuZnSOD, GPX1, GR, PON1), markers of

oxidative stress (CD, ox-LDL) and markers of inflamma-

tion (TNF-a, Il-6, IL-10). The variables with the most

discriminating power in the case of albumin were TNF-a
(P\ 0.001), IL-10 (P = 0.028) and ox-LDL (P = 0.013).

In the case of HDL, these were TNF-a (P = 0.030) and ox-

LDL (P = 0.019).

Discussion

Despite the difference in timing [15], we confirmed the

persistence of increased levels of cytokines after the ces-

sation of sepsis at R7. The authors of this clinical study had

concluded that despite his or her clinical recovery, a patient
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Fig. 3 Changes in activities of oxidative stress parameters in the

course of sepsis. S1 septic patients enrolled within 24 h after onset of

sepsis, S7 septic patients 7 days after S1, R7 septic patients 7 days

after recovery, HCs healthy controls. Ox-LDL oxidized low-density

lipoproteins, CD conjugated dienes in precipitated LDL, LDL-C low-

density lipoprotein cholesterol, NT 3-nitrotyrosine. Data presented as

mean ± SD. *S1 or S7 or R7 versus HC; ?S1 or S7 versus R7

***, ???P\ 0.001, **, ??P\ 0.01, *, ?P\ 0.05
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Fig. 4 Changes in activities of antioxidant enzymes in the course of

sepsis. S1 septic patients enrolled within 24 h after onset of sepsis, S7

septic patients 7 days after S1, R7 septic patients 7 days after

recovery, HCs healthy controls. CuZnSOD CuZn-superoxide

dismutase, CAT catalase, GPX1 glutathione peroxidase 1, GR
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R7 versus HC; ?S1 or S7 versus R7; S1 versus S7. ***, ???,
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Table 2 Non-enzymatic antioxidants, cofactors of antioxidant enzymes and other parameters of antioxidant capacity

Parameter Septic patients Healthy controls (n = 19)

S1 (n = 19) S7 (n = 19) R7 (n = 19)

Vitamin E (mg/l) 12.2 ± 4.6a, c 14.5 ± 4.55 16.4 ± 5.0 18.2 ± 8.6

Vitamin A (mg/l) 0.52 ± 0.20a, b, c 0.81 ± 0.28 0.96 ± 0.44 0.97 ± 0.27

Fe (lmol/l) 2.8 (2.0–3.3)a, b, c 7.1 (4.8–10.0)a, c 11.6 (7.5–13.6)a 20.0 (15.6–27.3)

Ferritin (lg/l) 452 (240–1436)a 356 (222–1347)a 278 (194–646)a 84 (67–161.3)

Transferrin (g/l) 1.58 (1.13–1.91)a, b, c 1.86 (1.55–2.18)a, c 2.19 (2.05–2.35)a 2.65 (2.45–3.09)

Ceruloplasmin (g/l) 0.43 ± 0.08 0.47 ± 0.12 0.45 ± 0.10 0.40 ± 0.07

Cu (lmol/l) 20.3 ± 3.7 22.5 ± 5.1a 21.6 ± 4.7 18.5 ± 3.2

Zn (lmol/l) 8.9 ± 2.9a, b, c 11.8 ± 2.6a, c 14.1 ± 3.6 15.1 ± 1.7

Se (lg/l) 33.3 ± 13.3a, c 46.5 ± 28.4a 53.7 ± 24.3a 72.5 ± 13.8

Albumin (g/l) 28.4 ± 6.2a, c 28.4 ± 7.6a,c 35.6 ± 6.1a 45.9 ± 4.1

Bilirubin (lmol/l) 14.8 (9.4–25.9)c 12.5 (6.1–21.4) 7.7 (6.7–17.0) 10.3 (7.3–14.5)

Uric acid (lmol/l) 270 ± 103 224 ± 106a, c 293 ± 122 331 ± 90

S1: within 24 h after onset of sepsis; S7: 7 days after S1; R7: 7 days after recovery. Data presented as mean ± SD for parametric and median and

interquartile range (25th–75th percentile) for nonparametric variables
a Septic patients (all samplings) versus healthy controls
b S1 versus S7
c S1 or S7 versus R7. P\ 0.05

Clin Exp Med (2016) 16:557–569 563

123



leaving hospital with heightened levels of cytokines is

exposed to increased risk of death during the ensuing year.

All patients that have been subject to true sepsis go through

a recovery phase during which many plasma constituents

still differ from those of not-stressed patients. In fact, the

cytokine/growth factor response and the change in mem-

brane permeability take months to normalize. Especially in

the first 6-week period, the body cannot adequately gen-

erate a renewed pro-inflammatory response after a repeated

challenge (referred to as the ‘‘second hit phenomenon’’)

[22].

TNF-a and IL-6 are known to mediate mainly the pro-

inflammatory phase, while IL-10 is considered to be an

anti-inflammatory mediator in principle [8]. In our group of

patients, the significant decrease in the IL-10/TNF-a ratio

was caused mainly by gradual decrease in the level of the

anti-inflammatory IL-10, whereas the pro-inflammatory

TNF-a declined between S1 and S7 but remained practi-

cally unchanged thereafter. We cannot exclude the possi-

bility of having missed the peak of the IL-10 concentration

between S1 and S7, but, according to the observation of

Gogos et al. [23], this is unlikely to be the case in

survivors. We also confirmed the typical rapid decline of

IL-6 in sepsis survivors reported earlier [24]. Therefore, we

found no evidence to support the classical two-phase model

of sepsis in this study. We showed that increased cytokine

levels persist 7 days after the cessation of septic clinical

signs and patients’ cytokine concentrations are still far

from the values of age- and sex-matched HCs.

We have shown strong correlation of TNF-a and IL-10

with albumin and ox-LDL over time of the study. This

might be explained by pleiotrophic role of TNF-a (the

catabolic in peripheral tissues and anabolic in healing tis-

sues, immune system and liver) [25]. The persistently high

levels of IL-10 suggest that IL-10 could play more than an

anti-inflammatory role long after the primary event.

Cytokines are also involved in the stopping of the primary

inflammatory activity by regulating the expression and

stability of cyclooxygenase-2 [26] that produces inflam-

mation resolving eicosanoids and docosanoids (resolvins,

etc.) [27].

In the cases of the main acute-phase response markers

(CRP, PCT), the enhanced concentrations were observed

only at S1. This corresponds with other studies showing
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Fig. 5 Changes in PON1 activity and associated parameters in the

course of sepsis. S1 septic patients enrolled within 24 h after onset of

sepsis, S7 septic patients 7 days after S1, R7 septic patients 7 days

after recovery, HC healthy controls. PON1 paraoxonase 1—

arylesterase activity, SAA serum amyloid A, Apo-A1 apolipoprotein

A1, HDL-C high-density lipoprotein cholesterol. Data presented as

mean ± SD. *S1 or S7 or R7 versus HC, ?S1 or S7 versus R7, Æ S1

versus S7. ***, ???, ���P\ 0.001, **, ??, ��P\ 0.01, *, ?,

�P\ 0.05
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particularly PCT to be a typical marker of early sepsis [28].

CRP and PCT are short-lived acute-phase proteins only

correlating with the sepsis severity in the beginning of the

insult, suggesting that our surviving patients were

adequately treated. In this respect in non-survivors, the four

patients that were still alive at S7 and died later, median

PCT was still increased compared to survivors in our study

(4.0 vs. 0.4 mg/l, P\ 0.01). This may indicate that PCT

Fig. 6 Correlations at R7 (septic patients 7 days after recovery);

TNF-a tumour necrosis factor alpha, HDL-C high-density lipoprotein

cholesterol, LDL-C low-density lipoprotein cholesterol, PON1

paraoxonase 1—arylesterase activity, GPX1 glutathione peroxidase

1, Ox-LDL oxidized low-density lipoproteins, CD conjugated dienes
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has only a role in clearance of the primary insult. When

increased after longer follow-up might indicate that the

inflammatory focus (infection, trauma) is still active.

We had supposed that increased levels of cytokines

during the monitored times would be reflected by con-

comitant rearrangement of redox status and that inspired us

to analyse the markers of oxidative damage together with

the levels of enzymatic and non-enzymatic antioxidants.

The lipid peroxidation markers ox-LDL and CD were

elevated at S1, persisted at heightened levels until S7, and

then both returned nearly to the values in their HC ranges at

R7. Similarly, a study by Behnes et al. [29] had reported

increased concentration of ox-LDL in patients with severe

sepsis during the first week of illness. Moreover, endotoxin

administration was shown to cause a sharp rise in plasma

CD levels in the porcine model of burn and sepsis [30].

Another study had shown increased thiobarbituric acid

reactive substances and protein carbonyls to be markers of

lipid peroxidation and protein oxidation, respectively.

While in that study thiobarbituric acid reactive substances

had normalized during the first 7 days of sepsis, increased

protein carbonyls still had persisted 3 months after the

onset of sepsis, probably due to the slow protein turnover

[31]. In our study, the increased level of nitrotyrosine

appeared already at S1 and persisted until S7; the nitrites/

nitrates were increased only at S7. Both these parameters

normalized after recovery at R7. The observed rise in these

nitrogen compounds accords with previous studies on

septic shock patients indicating elevated nitric oxide and

reactive nitrogen species formation during the generalized

inflammatory response [31]. The observed shift between

initiation of the increase in nitrotyrosine and nitrites/ni-

trates is in line with results of Strand et al. [32], who had

shown that the peak concentration of nitrotyrosine need not

coincide with the peak of nitrites/nitrates during septic

shock.

We confirmed reduced antioxidant defence capacity in

septic critically ill patients, as reported by Crimi et al. [9].

Moreover, we found that the reduction of some antioxidant

components lasted until R7. In our study, increased

CuZnSOD and decreased CAT and GPX1 activities in

erythrocytes were observed at S1. While CuZnSOD nor-

malized already at S7, the decrease in GPX1 and the

declining trend in CAT activities persisted still at R7.

Likewise, Warner et al. [33] had found increased activity of

CuZnSOD in erythrocytes at the onset of sepsis. In pae-

diatric sepsis, too, there has been observed an apparent

trend towards increased CuZnSOD activity in erythrocytes

[34]. CuZnSOD is one of the most important antioxidant

enzymes responsible for decomposition of the superoxide

radical while producing H2O2 that is further transformed to

H2O by the CAT and GPX1 action [35]. It is important to

note that the increase in CuZnSOD activity observed in the

early stage of sepsis cannot in principle result from the rise

in protein amount because mature erythrocytes possess no

transcriptional apparatus. Rather, it results from the activ-

ity’s stimulation [36]. We propose that the increase in

CuZnSOD activity in combination with simultaneous

decrease in CAT and GPX1 activities may intensify the

H2O2 accumulation with subsequent spontaneous forma-

tion of highly reactive hydroxyl radicals causing escalation

of oxidative damage. Therefore, the increased CuZnSOD

activity at S1 may act predominantly as a pro-oxidant [37].

The short-lived increase in CuZnSOD activity may pre-

dominantly play a role in the beginning of sepsis for sup-

porting clearance of the debris and bacterial products.

Results published on erythrocyte CAT in sepsis are

rather controversial for our study. Warner et al. [33] and

Leff et al. [38] had described increased CAT activity in

plasma and red blood cells during sepsis. The decrease in

CAT activity observed in our group of SPs could possibly

be explained by high severity of the illness.

We found decreased GPX1 activity during sepsis and

after recovery. The main reasons could be a low level of

glutathione (GSH) [39] as well as the observed decline in

Se concentration during sepsis. Reduced GSH acts as a

reducing substrate of GPX1. Selenium, bound in the active

site of the enzyme in the form of one SeCys residue, is a

cofactor essential for GPX1’s activity [40]. Accordingly,

suppressed GPX1 activity was accompanied by decrease in

Se concentration lasting until R7. Supplementation with Se

has been shown to improve antioxidant capacity, as

demonstrated by increased GPX1 activity [41]. With a

view to the decrease in GPX1 activity at R7, we also must

consider the possibility of relatively prolonged regenera-

tion of the enzyme due to the slow turnover of mature

erythrocytes. The enzyme has been shown to protect red

blood cells against haemoglobin oxidation and haemolysis

[42], and for that reason the diminished antioxidant

capacity of erythrocytes could impact upon the patient

outcome in case of any secondary insult.

In accordance with other studies [10, 43, 44], we report

decreased serum concentrations of vitamins E and A at S1.

These vitamins are lipid phase antioxidants, crucial for

preventing lipid peroxidation [45]. We also observed a

persistence of decreased albumin level at R7, which

underscores the low antioxidant capacity [35]. The long-

persisting inflammatory response including increased cap-

illary permeability leads to an increase in the third space,

together with the distribution volume of albumin, which is

diluted to low concentration. This is well acknowledged to

be a predictor of bad outcome, complications and mortality

[46]. Albumin is an indicator of capillary leakage, probably

playing a role in getting the cells, the proteins and other

substances at the place where healing occurs. All these

substances are therefore playing useful roles and indicate
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that the process of proliferation and regeneration is still

active. This low albumin level is also in part responsible

for the decreases in vitamins, trace elements and elec-

trolytes like Ca/Zn because albumin is a binding protein for

many of these substances [47, 48]. Nevertheless, we have

to take into account that a low total Ca/Zn does not always

indicate a deficiency, but that only the low ionized fraction

does. This active part which may be normal was not

measured in this study.

An important finding of our study, therefore, is the

revelation that in the septic state increased amounts of

peroxidation products are made. The antioxidative

response dealing with these products appears to worsen

antioxidant status (at S1 and S7). At R7, the peroxidation

products are nearly normalized and accompanied by a

persisting low, but for the moment probably sufficient,

level of antioxidants. The antioxidant capacity for further

insult could nevertheless be diminished.

As for lipids, our observation of hypocholesterolaemia is

in line with studies presenting the decrease in cholesterol

level in septic, surgical and other critically ill patients [49].

Decreased HDL-C accords with findings from other studies

on SPs [50]. Given HDL’s various beneficial functions,

such as its pivotal role in reverse cholesterol transport and

its anti-inflammatory, antioxidant and antithrombotic

properties [51], its decreased level may impair immune

response to sepsis and during recovery. Several clinical and

experimental studies suggest that high circulating levels of

various cytokines are associated with low cholesterol level

during acute illness [52]. Accordingly, the drop in HDL-C

is in strong negative correlation with the persisting increase

in TNF-a and IL-10 found in this study. The correlation of

HDL-C with albumin and CRP at S1 points to HDL’s being

an acute-phase reactant [53]. Changes in HDL synthesis are

mediated by cytokines produced in response to a variety of

stimuli in multiple cell types that include macrophages,

monocytes, T lymphocytes, endothelial and parenchymal

cells [54]. Nevertheless, recent evidence suggests that it is

the change in the functional properties of HDL particles

rather than merely their concentration, measured as HDL-

C, which properly reflects the life-saving importance of

HDL for acute or chronically ill patients [55]. We have

shown that the decline of HDL-C was followed by decrease

in Apo-A1 and PON1 as well as increase in SAA. More-

over, the changes in these HDL-associated proteins con-

tinued to persist after clinical recovery from sepsis. HDL-

associated PON1 is considered to be another antioxidant

enzyme playing an important role in defence against

oxidative stress [56, 57]. We confirmed our pilot study’s

finding that had shown a decline in PON1 activity during

sepsis [58]. Simultaneously, other authors had reported

decrease in PON1 activity in patients at the onset of sepsis

[59, 60]. They had demonstrated that antioxidant effect of

HDL on LDL oxidative modification is mediated by HDL-

bound PON1. The ability of PON1 to protect LDL against

oxidation consists in the interaction of oxidized lipids with

free sulfhydryl groups of the enzyme accompanied by its

inactivation [61]. There is some evidence suggesting that

apolipoproteins are also responsible for the antioxidant

properties of HDL [62]. In this study, the decrease in HDL-

C, PON1 and apo-A1 was closely followed by a marked

increase in SAA concentration persisting until R7. It is

known that during inflammation SAA replaces Apo-A1 and

displaces PON1 from the association with HDL, which

event is accompanied by decrease in PON1’s activity [63].

These changes transform originally anti-inflammatory

HDL into pro-inflammatory HDL. McGillicuddy et al. [64]

reported that acute-phase HDL enriched in SAA has an

impaired capacity to remove cholesterol from macrophages

during acute endotoxemia, thus indicating impaired reverse

cholesterol transport during inflammation. Our patients

also show signs of hypertriglyceridemia that correspond to

some studies that have observed increased serum TAG

levels in patients with infection [65, 66]. The hyper-

triglyceridemic effect induced by sepsis/inflammation is

mostly alarming landmark of extreme severity of illness

and bad prognosis.

Conclusions

The persistence of enhanced TNF-a and IL-10 concen-

trations in combination with decreased antioxidant level is

in correlation with the decrease in albumin and HDL-C

concentrations during the recovery phase. This finding

corresponds with the well-known and often neglected

poorer outcome of these high-risk severe sepsis/septic

shock survivors, which might be explained by a prolonged

combined presence of persisting low-grade inflammation

and hypometabolic state. Moreover, the present results

suggest that determination of the HDL-C and albumin

concentrations is relatively affordable and provides satis-

factory monitoring of these high-risk patients during the

recovery period. Nevertheless, to confirm this assumption,

a larger, long-term outcome study should be undertaken.

In addition, such simple interventions as balanced nutri-

tional supplementation and physiotherapy as well as the

prevention and vigorous treatment of subsequent compli-

cations in various post-ICU settings (internal medicine,

general practice, long-term care) might comprise a

promising approach to improving the outcomes of patients

discharged after severe sepsis. The follow-up care effort

and resources should be directed to facilitating sufficient

functional recovery.
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