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Abstract

Introduction Sepsis-related multiple organ dysfunction is a
common cause of death in the intensive care unit. The effect of
sepsis on markers of tissue repair is only partly understood. The
aim of this study was to measure markers of collagen synthesis
and degradation during sepsis and investigate the association
with disease severity and outcome.

Methods Forty-four patients with severe sepsis participated in
the study and 15 volunteers acted as controls. Blood samples
were collected for 10 days after the first sepsis-induced organ
dysfunction and after three and six months. Procollagen type |
and lll aminoterminal propeptides (PINP and PIIINP) and cross-
linked telopeptides of type | collagen (ICTP) were measured.

Results The PIIINP concentration was elevated in the septic
patients (8.8 ug/L, 25th to 75th percentile = 6.8 to 26.0) when
compared with controls (3.0 ug/L, 25th to 75th percentile = 2.7
to 8.3; P < 0.001) on day one. Maximum serum PIINP
concentrations during sepsis were higher in non-survivors

compared with survivors (26.1 ug/L, 25th to 75th percentile =
18.7 to 84.3; vs. 15.1 ug/L, 25th to 75th percentile = 9.6 to
25.5; P=0.033) and in multiple organ failure (MOF) compared
with multiple organ dysfunction syndrome (MODS) (24.2 ug/L,
25th to 75th percentile = 13.4 to 48.2; vs. 8.9 ug/L, 25th to
75th percentile = 7.4 to 19.4; P = 0.002). Although the PINP
values of the septic patients remained within the laboratory
reference values, patients with MOF had higher values than
patients with MODS (79.8, 25th to 75th percentile = 44.1 to
150.0; vs.40.4, 25th to 75th percentile = 23.6 to 99.3; P =
0.007). Day one ICTP levels were elevated in septic patients
compared with the controls (19.4 ug/L, 25th to 75th percentile
= 12.0 to 29.8; vs. 4.1 ug/L, 25th to 75th percentile = 3.4 to
5.0; P<0.001).

Conclusions Markers of collagen metabolism are increased in
patients with severe sepsis and can be investigated further as
markers of disease severity and outcome.

Introduction

The host response in sepsis is a dynamic process activating
the pathways of coagulation, inflammation and tissue repair.
When the response becomes overwhelming, it leads to multi-
ple organ failure (MOF) and death [1-3]. Disturbed connective
tissue metabolism is the key element in complications of
inflammatory disease, so it was of interest to determine

whether high systemic inflammation in sepsis has any effect
and whether the level of connective tissue metabolism reflects
disease severity and outcome.

Fibroblasts synthesise a wide array of extracellular matrix pro-
teins, predominantly type | and Ill collagens, which provide
structural support to the organs [4,5]. The aim of this process

APACHE II: acute physiology and chronic health evaluation Il; ARDS: adult respiratory distress syndrome; AUC: area under the curve; Cl: confidence
interval; CV: coefficients of variation; ICTP: collagen | cross-linked telopeptide; ICU: Intensive care unit; IL: interleukin; MMP: matrix metalloproteinase;
MODS: multiple organ dysfunction syndrome; MOF: multiple organ failure; PINP: procollagen | aminoterminal propeptide; PIIINP: procollagen Ill ami-
noterminal propeptide; ROC: receiving operating characteristics; SOFA: sequential organ failure assessment; TGF: transforming growth factor; TNF:

tumour necrosis factor.
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is to maintain tissue integrity in a steady state and restore the
integrity of the organ after injury. Prolonged inflammatory
response may lead to persistent or progressive fibrosis impair-
ing the function of an organ. Collagen synthesis has been
shown to be pathologically increased, not only in wound kel-
oids and wound infections, but also in acute respiratory dis-
tress syndrome (ARDS), chronic liver diseases, myocardial
infarction and kidney diseases [4,6-10]. Indeed, it has been
suggested that progressive fibrosis is a central mechanism of
organ failure, which is related to the host's inflammatory
responses and subsequent fibroblast response [11].

In the course of collagen biosynthesis, procollagen-derived
peptides are deposited in the extracellular matrix and released
into the circulation. Aminoterminal propeptides are cleaved
from procollagens in a one to one proportion and thus reflect
the synthesis of collagen. Increased serum levels of procolla-
gen type lll propeptide have been found in severely injured
patients and have been associated with MOF and death [12].
Additionally, procollagen Il propeptide levels in plasma and
bronchoalveolar lavage fluid from patients with ARDS are
increased in early phases and are related to disease progres-
sion, multiple organ dysfunction and death [7,13].

Cross-linked type | collagen telopeptides (ICTP) were
assessed as markers of collagen | degradation. Previously,
Wenisch and colleagues have reported elevated ICTP levels
in Gram-negative septicaemia [14].

As fibrosing activity, measured by synthesis and degradation
of collagen, seems to have an important role in inflammatory
processes, we hypothesised that procollagen propeptide
serum levels have a prognostic value in MOF and death sub-
sequent to severe sepsis. The collagen metabolism through
the period of sepsis in humans has not been profoundly stud-
ied before.

Materials and methods

Patients

The study was conducted in Oulu University Hospital, Finland,
which is a 900-bed tertiary-level teaching hospital. In this pro-
spective observational study all the patients admitted to the
12-bed mixed-type adult intensive care unit (ICU) during the
period from May 2005 to December 2006 were screened for
eligibility for the study. The study protocol was approved by
the hospital's ethics committee and all the patients or their next
of kin gave written consent for inclusion in the study. The
patients were treated according to the normal ICU protocol
and severe sepsis guidelines [15], including steroid supple-
mentation in septic shock. Severe sepsis and septic shock
were defined according to the American College of Chest
Physicians/Society of Critical Care Medicine criteria [3].

Exclusion criteria included age under 18 years, a bleeding dis-
order, immunosuppressant therapy, surgery not related to sep-
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sis, surgery during the preceding six months, malignancy,
chronic hepatic failure, chronic renal failure and steroid ther-
apy not related to sepsis.

A patient entered the study when the diagnosis of severe sep-
sis had been confirmed and the patient or his or her next of kin
had given informed consent for the study. If the time window
of 48 hours from the fulfilment of the first organ dysfunction cri-
terion was exceeded, a patient was no longer considered to be
an eligible candidate for the study. Sampling was started
immediately on study admission. Fifteen healthy Caucasian
sex- and age-matched volunteers were used as controls
(seven male and eight female). This is a part of a larger study
investigating wound healing and collagen metabolism in sep-
sis.

Measurements

The following information was collected from all the study
patients: age, sex, type of ICU admission (medical or surgical),
reason for ICU admission, focus of infection, severity of the
disease on admission as assessed by acute physiology and
chronic health evaluation (APACHE) Il, evolution of daily organ
dysfunctions assessed by daily sequential organ failure
assessment (SOFA) scores and presence of chronic underly-
ing diseases. The length of the ICU and hospital stays, as well
as the ICU, hospital and 30-day mortalities, were recorded.
Organ dysfunction was defined on a daily basis as an organ
specific SOFA score of one to two and organ failure as a
SOFA score of three to four. A patient was defined to have
MOF if the daily SOFA scores of two or more organ systems
were three to four on one or more days during the study
period. Additively, multiple organ dysfunction syndrome
(MODS) was defined as daily SOFA scores of one to two in
two or more organ systems on one or more days [16,17].

Blood samples and collagen analysis

First blood samples for procollagen types | and Ill aminotermi-
nal propeptides (PINP, PIINP) and ICTP were obtained imme-
diately after study admission. The blood samples were
collected at six-hour intervals up to 48 hours and thereafter
once a day for 10 days. If a patient died or was discharged
from the hospital, the follow-up was discontinued earlier.
Blood samples were collected once in the control group. After
centrifugation, the serum was stored at -70°C. PINP, PIIINP
and ICTP were analysed using radioimmunological assays
(Orion diagnostica, Espoo, Finland). Reference values are
published elsewhere [18]. The coefficients of variation (CV) of
the ICTP method were between 3 and 8% for a wide range of
concentrations. For serum intact PINP assay, the inter- and
intra-assay of CVs were 3.1 to 9.3% for values within the ref-
erence intervals. For serum PIIINP assay, inter- and intra-assay
of CVs were 3.0 to 7.2% for values ranging from 2.7 to 12.2

pg/L.



Statistical analysis

The data was analysed with SPSS (version 15.0, SPSS Inc.,
Chigaco, IL, USA). Unless otherwise stated, summary statis-
tics are expressed as medians with 25th to 75th percentiles.
Categorical variables were analysed with Pearson's chi-
squared test or Fisher's exact test. The Mann-Whitney U test
was used to analyse the differences between two groups. The
PIIINP, PINP and ICTP values of the septic patients and con-
trols on day one were compared. In addition, the maximum PII-
INP, PINP and ICTP values of the surgical and medical,
survivors and non-survivors, and MODS and MOF patients
during the first 10 days of the study were compared. Also,
patients that received cortisone therapy were compared with
those who did not. The predictive value of PIIINP, PINP and
ICTP on the organ failures was measured by using the receiv-
ing operating characteristics (ROC) curve analysis. The ROC
curve analysis measures post-test probability. The area under
ROC curves of one has the best discriminative value and the
area less than 0.5 has no discriminative value. The correlations
were tested with Spearman's rank order. Two-tailed P values
are reported and differences were considered significant at P
< 0.05. Readers should treat the P values with caution,
because several comparisons are made, and no P value cor-
rection coefficient method is used. Power analysis for the
study could not be conducted before the study because of a
lack of previous studies on collagen turnover in severe sepsis.

Results

Patients

A total of 1361 patients admitted to the ICU over a period of
1.5 years were screened for eligibility. Of those, 238 admitted
adult patients met the inclusion criteria and 172 of them were
excluded. Of the remaining patients consent was obtained
from 44 patients (29 male, 15 female) and 22 patients or their
next of kin refused consent or could not be reached within 48
hours. The control group consisted of seven females and eight
males. The median age of the controls was 60 years (25th to
75th percentile = 56 to 68).

There were no major differences in the patient characteristics
between the surgical and medical admissions (Table 1). The
median age of the whole study population was 63 years (25th
to 75th percentile = 56 to 71). The median APACHE Il score
at the time of admission was 26 (25th to 75th percentile = 22
to 30). The most common location of infection in the surgical
group was intra-abdominal (15 of 25). In the medical group,
infections in the lungs were most abundant (13 of 19).

The blood culture was positive in 13 cases and pathogens
included Escherichia coli (n = 8), Streptococcus pneumoniae
(n=1), Klebsiella pneumoniae (n = 1), Klebsiella oxytoca (n
= 2), Staphylococcus aureus (n = 1), Bacteroideus fragilis (n
= 8), Clostridium paraputrificum (n = 1), Haemophilus influ-
enzae (n = 1) and Proteus mirabilis (n =1).

Available online http://ccforum.com/content/13/2/R53

Sixty-eight percent of cases developed MOF. Mortality over 30
days was 25%. The majority of patients (73%) received hydro-
cortisone treatment for septic shock refractory to noradrena-
line. Noradrenaline support was needed in 86% of cases and
the medium of maximum rate was 0.42 pg/kg/minute (25th to
75th percentile =0.19 to 1.0). Need for noradrenaline support
lasted for a median time of 62 hours (25th to 75th percentile
=27 to 147). One of the patients needed adrenaline for septic
shock. Vasopressin or its analogues were used in six patients
and activated protein C in six patients.

Markers of collagen synthesis

PIIINP

On the first day, median PIIINP concentration was higher in
septic patients (8.8 ug/L, 25th to 75th percentile = 6.8 to
26.0) compared with controls (3.0 pg/L, 25th to 75th percen-
tile = 2.7 to 3.3; P < 0.001). Furthermore, the median of min-
imum PIIINP values of the patients over the 10-day period after
the first organ failure exceeded the median PIIINP value of con-
trols (7.2 ug/L, 25th to 75th percentile = 4.9 to 10.9; vs. 3.0
pg/L, 25th to 75th percentile = 2.7 to 3.3; P < 0.001). There
was no significant difference in the maximum PIIINP values
between the surgical sepsis patients compared with the med-
ical patients (21.1 ug/L, 25th to 75th percentile = 13.0 to
48.2; vs. 156.1 pg/L, 25th to 75th percentile = 8.1 to 25.8; P
= 0.159). The maximum serum PIIINP concentrations were
significantly higher in nonsurvivors compared with survivors
(26.1 ug/L, 25th to 75th percentile = 18.7 to 84.3; vs. 15.1
ug/L, 25th to 75th percentile = 9.6 to 25.5; P = 0.033), as
well as in MOF compared with MODS (24.2 ug/L, 25th to
75th percentile = 13.4 to 48.2; vs. 8.9 pg/L; 25th to 75th per-
centile = 7.4 to 19.4; P=0.002). At three and six months the
surviving patients still had slightly elevated values when com-
pared with laboratory reference values (Figure 1).

PINP

PINP concentrations did not differ between septic patients
(88.2 ug/L, 25th to 75th percentile = 20.5 to 83.7) and con-
trols (46.1 pg/L, 25th to 75th percentile = 34.7 to 58.4; P =
0.513) at the beginning of the follow-up. The maximum PINP
value of the septic patients over the whole 10-day study period
tended to be higher than the control value (64.0 pg/L, 25th to
75th percentile =39.3 to 119.7; P=0.054), whereas the min-
imum was lower (24.1 pug/L, 25th to 75th percentile = 18.5 to
39.1; P=0.004). Within the first four days of the study, there
was a reduction in PINP values in all septic patients. Thereafter
an increase was seen, and it was more pronounced in the sur-
gical group (Figure 2). There was no difference in the maxi-
mum PINP values between surgical and medical patients
(64.9 pg/L, 25th to 75th percentile = 38.5 to 120.9; vs. 50.5
ug/L, 25th to 75th percentile = 39.8 to 114.5; P = 0.54) or
between non-survivors and survivors (118.5 pg/L, 25th to
75th percentile = 52.4 to 190.5; vs.52.4 pg/L, 25th to 75th
percentile =38.5 to 109.7; P=0.065). Although the PINP val-
ues of the septic patients remained within the laboratory refer-
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Table 1

Characteristics of the study patients according to type of ICU admission

Surgical patients (25)

Medical patients (19) Pvalue All (n=44)

Age, years

Body mass index, kg/m2

Male sex

Chronic diseases

- Ischaemic heart disease

- Arteriosclerosis obliterans

- Diabetes

- Chronic obstructive pulmonary disease
- Asthma

- Inflammatory disease
(inflammatory bowel disease, vasculitis or rheumatoid diseases.)

Focus of infection

-Lungs

-Intra-abdominal

-Urinary

-Primary blood

-Other

Positive blood culture

Hydrocortisone therapy

Noradrenaline

-maximum rate, pg/kg/minute

Adrenaline

Vasopressin and analogues

Activated protein C

Length of stay at the intensive care unit
APACHE Il

Organ failure

SOFA

Lung spesific SOFA score even once three to four
Mortality during the stay at the intensive care unit

Mortality (30-days)

63 (57 to 68) 63 (56 to 74) 0.9 63 (56 to 71)
26 (24 to 32) 26 (24 to 30) 0.8 26 (24 to 32)
15 14 0.3 29 (66%)

2 7 9 (20%)

2 2 4 (9%)

5 5 10 (23%)

1 4 5 (11%)

2 2 4 (9%)

0 0 0

5 13 18

14 2 16

1 0 1

2 1 3

3 3 6

8 4 0.8 13

19 13 0.6 32 (73%)

22 16 1.0 38 (86%)
0.44 (0.29 to 1) 0.24(0.12t0 1.14) 0.3 0.42(0.19 to 1)
0 1 0.4 1 (2%)

3 3 1.0 6 (14%)

2 4 0.4 6 (14%)

7 (410 12) 5(4t012) 0.7 7 (410 12)
24 (23 to 29) 26 (22 to 30) 0.7 26 (22 to 30)
18 12 0.5 30 (68%)

8 (6to11) 8(7to 11) 0.9 8(6t012)
16 10 0.4 26

6 3 05 9 (21%)

7 4 0.6 11(25%)

Data is expressed as medians and 25th to 75th percentile or with frequencies and percentages.
APACHE Il = acute physiology and chronic health evaluation Il; SOFA = sequential organ failure assessment.

ence values, the patients with MOF had higher values than
patients with MODS (79.8, 25th to 75th percentile = 44.1 to
150.0; vs.40.4, 25th to 75th percentile = 23.6 to 99.3; P =
0.007).

Hydrocortisone therapy
Twelve patients in the study population did not receive hydro-
cortisone therapy. The maximum values of markers of collagen
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synthesis and degradation did not differ between those receiv-
ing steroid treatment and those who did not (PIIINP: 19.9 ug/
L, 25th to 75th percentile =9.1 to 49.3; vs. 14.4 pug/L, 25th to
75th percentile = 11.5 to 22.1; P = 0.368; PINP: 64.0 pg/L,
25th to 75th percentile = 39.3 to 146.1; vs. 60.0 pg/L, 25th
to 75th percentile =40.0 to 146.1; P=0.630; ICTP: 35.5 ng/
L, 25th to 75th percentile = 20.8 to 57.9; vs. 26.7 ng/L, 25th
to 75th percentile = 16.4 to 39.8; P = 0.358). After corticos-
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Serum procollagen | and Il aminoterminal propeptide concentrations in surviving and non-survived sepsis patients during the 10-day follow up and at
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the same for both males and females (1.7 to 4.2 ug/L). For serum procollagen | aminoterminal propeptide (PINP) the reference area for females (19
to 84 pg/L) is slightly broader than for males (20 to 76 pg/L) and is presented in darker grey.

teroid therapy, which most often continued for seven days, the
serum concentration of collagen propeptides increased. The
levels of PINP in hydrocortisone-treated patients were lower
than in the controls or in those not receiving hydrocortisone for
up to six days, and after that the PINP levels of all the patients
increased above those of the controls. PIIINP levels were not
down-regulated with hydrocortisone to the same extent (Fig-
ure 3). The patients who received corticosteroid medication
were more severely ill: The median for maximal total SOFA
score was 10.5 (25th to 75th percentile = 5.5 to 8.0) for the
group receiving hydrocortisone and 7.5 (25th to 75th percen-
tile = 8.0 to 10.0) for those who did not (P = 0.003).

Correlations

PIINP and PINP maximal concentrations as well as day one
levels were analysed for correlations with 30-day mortality,
maximal SOFA scores and maximal lactate levels. A positive
correlation was found between day one PIIINP (P = 0.007)
and maximal PIINP (P < 0.004) concentration and 30-day
mortality. Maximum PINP concentration correlated with 30-day
mortality (P = 0.02), whereas day one PINP did not (P =
0.157). Day one and maximum levels of both markers of colla-
gen synthesis correlated positively with the maximal total
SOFA scores (P < 0.001 for both correlations). Positive cor-
relation was also found between day one on the maximum

PINP and PIIINP and maximum lactate level (P < 0.001 for
both PINP and PIIINP) and PINP and PIIINP and liver and kid-
ney-specific SOFA scores. ROC curve analysis of maximum
PIIINP for liver failure shows an area under the curve (AUC) of
0.737 (95% confidence interval (Cl) = 0.518 to 0.956; P =
0.065) and for renal failure an AUC of 0.545 (95% Cl=0.233
to 0.856; P = 0.798). ROC curve analysis of maximum PINP
for liver failure shows an AUC of 0.750 (95% Cl = 0.564 to
0.986; P=0.051) and for renal failure an AUC of 0.520 (95%
Cl=0.163 t0 0.877; P=0.907).

ICTP, marker of collagen degradation

ICTP levels were higher in the septic patients compared with
the controls (19.4 pg/L, 25th to 75th percentile = 12.0 to
29.8; vs. 4.1 pg/L, 25th to 75th percentile = 3.4 to 5.0; P <
0.001) on the first day. The maximum and minimum values over
the 10-day period were clearly higher in comparison with the
control value (31.3 pg/L, 25th to 75th percentile = 18.3 to
49.0; P<0.001; 16.0 pg/L, 25th to 75th percentile =10.5 to
26.5; P < 0.001). The surgical patients had maximum ICTP
values similar to those of the medical patients (35.3 pg/L, 25th
to 75th percentile = 25.3 to 56.2; vs. 27.0 ug/L, 25th to 75th
percentile = 15.2 to 41.5; P = 0.115). Non-survivors had
higher concentrations than survivors (39.0 pg/L, 25th to 75th
percentile =30.6 to 73.7; vs. 27.9 pg/L, 25th to 75th percen-
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Figure 2

—— control
—— surgical

60 .
—— medical
o J
[=)]
= 40 -
[a
z J
o
20
£
g 1 L l %
o i /7
0 I ' I ' I ' I ' I /T T
1 3 5 7 9 90 180
150
= 120
[=)]
2 J
o 904
z 4
o 604
e ] |
2 304
]
3 J
0 T T T T T T T T T T 7T
1 3 5 7 9 90 180
N:control 15 days
N:surgical 25 23 23 22 22 18 17 16 14 13 4 9
N:medical 19 17 16 13 11 12 11 9 7 5 4 6
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are the same for both males and females (1.7 to 4.2 pg/L). For serum procollagen | aminoterminal propeptide (PINP) the reference area for females
(19 to 84 pg/L) is slightly broader than for males (20 to 76 ng/L) and is presented in darker grey.

tile = 16.0 to 44.4; P = 0.038), and the difference tended to
increase with time (Figure 4). The same trend was found in the
MOF group compared with patients with MODS (37.8 ug/L,
25th to 75th percentile = 26.3 to 66.1; vs. 6.7 pg/L, 25th to
75th percentile = 11.4 to 34.3; P = 0.004). The patients that
received hydrocortisone therapy had no statistically significant
difference in maximum ICTP value compared with those who
did not receive supplementation therapy (35.5 pg/L, 25th to
75th percentile = 20.8 to 57.9; vs. 26.7 pg/L, 25th to 75th
percentile = 16.4 to 39.8; P= 0.343).

The maximum ICTP value correlated positively with the maxi-
mum total SOFA score and maximum lactate levels (P =
0.000; P=0.011). Also ICTP level on day one correlated with
maximum total SOFA score (P < 0.001) and maximum lactate
levels (P = 0.013). ROC curve analysis of maximum ICTP for
liver failure shows an AUC of 0.610 (25th to 75th percentile =
0.450 to 0.769; P = 0.393) and for renal failure an AUC of
0.472 (25th to 75th percentile =0.252 to 0.691; P=0.871).
Neither maximum nor day one ICTP correlated with 30-day
mortality.

Discussion
This is the first longitudinal study reporting serum procollagen
propeptide levels in human severe sepsis. Previous studies
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have focused on collagen metabolism in severe trauma, ARDS
or Gram-negative sepsis [7,12,14]. Increasing collagen
propeptide levels (PIIINP throughout the disease process and
PINP in the late phase) were associated with the development
of MOF and death and they correlated with maximum lactate
concentrations. All the values in survivors had returned to the
normal range and were lower at three and six months than they
were at the beginning of the study.

Of the different organs, collagen synthesis in lungs has been
most profoundly studied in critical illness. ARDS is the most
severe manifestation of acute lung injury and is also one of the
most common organ failures in severe sepsis. The collagen |
and Il propeptides have been showed to be elevated in
plasma and bronchoalveolar lavage fluid in patients with
ARDS during the first days of disease and are associated with
increased risk of death [7,13,19]. In our data the patients with
lung specific SOFA scores of three to four had only slightly
pronounced PINP, PIIINP and ICTP values (day one and the
maximal values over the study period) compared with patients
with less severe scores. The difference did not reach statistical
significance (data not shown). Hence the increased procolla-
gen propeptide levels observed in this study seem to be only
partly due to increased synthesis and degradation of collagen
in the lungs.
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N: non -survivor 11 9 9 8 7 7 7 7 6 6 0 0
N: survivor 33 31 30 27 26 23 21 18 15 12 8 15

Concentrations of type | collagen cross-linked telopeptides in groups of survived and non-survived sepsis patients during the 10-day follow up and
at three and six months. The laboratory reference values (1.6 to 4.6 ng/l) are presented as a solid grey area in the background. The symbols mark the
median values and the vertical lines stand for ranges from 25th to 75th percentile. ICTP = type | collagen cross-linked telopeptides.
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Waydhas and colleagues reported increased PIIINP serum
concentrations in severely injured patients [12]. Similar to our
findings in septic patients, serum concentrations were ele-
vated in severely injured non-survivors and in those who devel-
oped MOF. It was noted in the study by Waydhas and
colleagues that PIINP levels correlated with increasing
bilirubin levels. The procollagen propeptides are eliminated by
the liver, thus the increased serum levels may result from
increased synthesis or decreased uptake by liver cells [20].
The study by Waydhas and colleagues did not determine
whether the increased concentrations were due to excess syn-
thesis or diminished elimination [12].

On the other hand, in alcoholic liver fibrosis it has been shown
that elevated PIIINP concentrations are caused by increased
histologically confirmed fibrogenesis [21]. In our study, PINP
and PIIINP did correlate with liver function implying that either
synthesis or elimination by the liver in sepsis is affected.
Because PINP and PIIINP are eliminated via the same liver
endothelial cell receptor, the serum levels of both propeptides
should have increased if the increased concentrations were
solely a result of decreased elimination.

A correlation with kidney function was also observed. Small
fractions of PIIINP are excreted by the kidneys [22,23]. Inter-
estingly, increased PIIINP levels have been reported in acute
renal disease, exemplifying the influence of systemic disease
on collagen metabolism. Keller and colleagues reported that,
compared with values in chronic renal failure, the values of PlI-
INP were even higher in patients with acute renal failure and
MOF [8]. Furthermore, experimental data have shown that
renal damage increases the release of a collagen synthesis-
stimulating factor [24]. Previous data thus suggests that acute
renal failure is associated with increased synthesis of type I
collagen. In the present study, maximum PINP, PIINP and
ICTP levels did not have statistically significant prognostic val-
ues for liver and renal failure in the ROC analysis.

It is tempting to speculate that increased collagen propeptide
levels found are at least partly due to increased synthesis and
are likely to be a summation of collagen synthesis from differ-
ent organs. To find out the contribution of the different organs
affected, further studies are required.

ICTP is a marker of collagen degradation and is eliminated by
the kidneys [20]. In a small study Wenisch and colleagues
reported elevated ICTP levels in Gram-negative sepsis on day
0 and day 28 [14]. We found that serum ICTP, but not PINP,
was increased in severe sepsis. Thus, the increased ICTP lev-
els most likely indicate increased degradation of collagen type
I. As type | collagen is most abundant in bone, it could be
speculated that high levels of ICTP could partly be a result of
immobilisation. However, increased ICTP levels most likely
mirror high systemic inflammation, because the levels were
highest in patients with the most severe forms of the disease.
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Collagens are degraded by specific matrix metalloproteinases
(MMPs) produced by fibroblasts, other connective tissue cells
and inflammatory cells. MMPs are induced by proinflammatory
cytokines (e.g. IL-1, IL-6 and TNF). /n vitro it has been shown
that, following exposure to S. aureus, fibroblasts have
increased MMP expression, which is associated with degrada-
tion of collagen [25].

Our study suggests that collagen turnover may be increased
in severe sepsis. Over the past years, our understanding on
the complexity of the host healing response in sepsis has
grown: Phases of coagulation, inflammation and fibroprolifera-
tion overlap and exert regulatory control on one another. The
collagen synthesis in fibroblasts is regulated by coagulation
cascade proteases, proinflammatory cytokines and growth
factors. Coagulation protease thrombin seems to act as
fibroblast chemoattractant [26], stimulator of procollagen pro-
duction [27], promoter of myofibroblast formation [28] and
MMP activator [29]. Recently, a similar role of the upstream
coagulation protease Xa has been acknowledged. It seems to
enhance the expression of tranforming growth factor beta
(TGF-B), fibroblast proliferation and differentiation to myofi-
broblasts, migration and fibronectin production [30]. Thus the
activated coagulation in sepsis is one factor promoting the
fibrogenetic response.

Of the proinflammatory cytokines TNF-a has a pivotal effect on
collagen synthesis. In addition to stimulating fibroblast growth
and collagen synthesis, it has been shown that TNF-a in high
concentrations inhibits collagen and fibronectin production
and induces collagenase synthesis [31]. Among the growth
factors TGF-B deserves special attention. It is a multifunctional
growth factor that regulates proliferation, differentiation of
cells, protein synthesis and angiogenesis. TGF-B has been
reported to act as an inducer, as well as an inhibitor, of fibrob-
last growth [32]. Increased fibrosis is mediated by TGF-B1 in
various disease states, and progressive fibrosis has been sug-
gested to be a common pathway to organ failure [11]. Accord-
ingly, in ARDS it has been demonstrated that bronchoalveolar
lavage fluid obtained from patients is capable of activating a
human procollagen 1 promoter by means of TGF-1 present
in the bronchoalveolar lavage fluid. Furthermore, in ARDS
TGF-B1 levels have been shown to be higher in non-survivors,
although the result is not statistically significant [33]. Higher
levels have also been reported in trauma patients developing
sepsis [34]. Indeed, sepsis could be called a systemic wound
with activated coagulation, inflammation and fibrogenetic
response.

Other factors that can affect collagen metabolism in severe
sepsis include surgery, hydrocortisone treatment and tissue
hypoxia. Surgery and trauma induce the healing process and
thus account for the fibroproliferative response. In a previous
study, it was shown that surgery itself (and wound infection
especially) increases serum procollagen concentrations [35].



In our study no differences could be found between the surgi-
cal and medical groups. The surgical group consisted of
patients with trauma or those who underwent major surgical
procedure requiring general anaesthesia. Minor standard ICU
procedures such as tracheostomy, drainage or cannulations
were also performed in the medical group and could partly
have contributed to the controversial result of our study.

It is known that corticosteroid therapy reduces collagen depo-
sition [7,36]. In our material, treatment of sepsis with steroids
decreased serum PINP levels, indicating that type | collagen
synthesis is decreased in the early phase (up to six days) of
sepsis in patients treated with hydrocortisone. After hydrocor-
tisone therapy, which most often lasted seven days, the PINP
values were upregulated as in the group not treated with
hydrocortisone. Hypoxia is a fibrotic stimulus associated with
enhanced collagen synthesis and it has been shown to aug-
ment collagen prolyl 4-hydroxylase activity in vitro [37]. Tissue
hypoxia and activation of the coagulation and inflammatory
cascades play a key role in the pathogenesis of MODS.
Although adequate initial resuscitation usually restores oxygen
delivery at the systemic level, regional hypoxia at the organ
level is a well-documented phenomenon. The mechanisms are
considered to include microcirculatory disturbances, that
block the oxygen supply, and mitochondrial malfunction that
results in inadequate use of oxygen at the cellular level.
Increased circulating lactate levels are suggestive of tissue
hypoxia and are associated with a poor outcome. In our study
PINP, PIIINP and ICTP correlated with maximum lactate levels.
The importance of tissue hypoxia in the stimulation of collagen
synthesis is also suggested by the results in patients with
chronic heart failure in which relative collagen deposition in the
intestinal wall was the highest in advanced cases of heart fail-
ure [38]. Furthermore, in a rat model, sepsis has been shown
to induce significant increases in collagen content in hepatic
and ileal interstitial tissues, which were prevented with a leu-
cotriene antagonist [39]. Yet there is also evidence to the con-
trary. In a mice model of lipopolysaccharide-stimulated ARDS,
hypoxia suppressed inflammation in lungs via adenosine A,,-
receptor-mediated pathway and resulted in lower lung injury
score and thickening of the alveocapillary membrane [40].

This study is limited by the fact that our study population was
relatively small because this was a one-centre study and a con-
siderable number of patients were excluded because of under-
lying diseases affecting collagen metabolism. Second, the
controls were healthy volunteers and thus could not be
matched for chronic diseases, of which arteriosclerosis, diabe-
tes and pulmonary diseases may have altered collagen metab-
olism. Third, the serum markers of inflammation were not
measured. The septic response is individual and patients may
have entered the study in different phases of inflammation,
although all of them entered within 48 hours of the first organ
failure. Further studies are needed to connect the levels of col-
lagen turnover to timely development of coagulation and

Available online http://ccforum.com/content/13/2/R53

inflammatory responses. Nonetheless, this study provides new
in vivo measured information on connective tissue metabolism
and its timely development in sepsis.

Conclusions

Serum levels of PIIINP and ICTP are significantly increased in
patients with severe sepsis and can be investigated further as
markers of disease severity and outcome. These results imply
that fibrosis may be a central mechanism in the pathogenesis
of multiple organ dysfunction.

Key messages

e Serum levels of PIINP and ICTP are significantly
increased in patients with severe sepsis and can be
investigated further as markers of disease severity and
outcome.

e PIINP and ICTP values in survivors returned to the nor-
mal range and were lower at three and six months than
they were at the beginning of the study.
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