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Abstract

Anemia of inflammation in patients with acute or chronic acute-phase activation is a common clinical problem. Hepcidin is a peptide
shown to be the principal regulator of the absorption and systemic distribution of iron. Main inducers of hepcidin are iron overload, hypoxia
and inflammation, where the latter has been linked to hepcidin via increased interleukin-6 (IL-6).

This article addresses the impact and time course of postoperative acute-phase reaction in humans following heart surgery on prohepcidin,
hepcidin, hematological markers and IL-6 concentrations.

Serum concentrations of prohepcidin, hepcidin, IL-6 and hematological iron parameters were studied in five male patients without
infection before and after heart surgery.

This study, which is the first to report the impact on serum hepcidin and serum prohepcidin concentrations in patients following
surgery, clearly demonstrates the induction of hypoferremia due to the postoperative acute-phase reaction. Significant changes were
seen for serum iron concentration, transferrin saturation, total iron binding capacity and hemoglobin concentration. A significant
increase in ferritin concentration was seen 96—144 h postoperatively. Additionally, there were significant alterations in both serum
hepcidin after 96—144 h and serum prohepcidin after 48 h compared with preoperative values. Serum prohepcidin decreased, whereas
serum hepcidin increased.

In conclusion, changes in serum prohepcidin were followed by an increase in serum hepcidin. This speaks in favor of a chain of action
where proteolytic trimming of serum prohepcidin results in increased serum hepcidin. However, hypoferremia appeared prior to the changes
in serum prohepcidin and serum hepcidin.
© 2009 Elsevier Inc. All rights reserved.
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1. Introduction

The so-called anemia of inflammation (or anemia of
chronic disease) in patients with acute or chronic acute-phase
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mediator of iron metabolism and systemic distribution. It
is synthesized by hepatocytes in response to both
inflammatory stimuli and iron overload [3-5] and acts
by down-regulating both iron absorption and iron release
by enterocytes and macrophages [6,7]. In healthy subjects,
hepatic hepcidin production is regulated in a feedback
loop manner by circulating iron. Since its discovery,
research on hepcidin has increased considerably; however,
to date, much of our knowledge comes from animal and
cell models and there are limited data on hepcidin in
human subjects. Additionally, enhancement of our under-
standing concerning the chronological order of the
inflammation—hepcidin—hypoferremia axis is needed —
especially when it comes to the interplay between
prohepcidin and its metabolites.

Surgical procedures induce an inflammatory reaction
commonly known as the postoperative acute-phase reaction
[8], which in turn affects a number of acute-phase proteins,
such as ferritin [9] and the pleiotropic cytokine interleukin-6
(IL-6) [10]. Since IL-6 has been proposed as a major inducer
of hepcidin [11,12], via STAT3 (signal transducers and
activators of transcription protein 3) [13], this work
addressed questions regarding the impact of major surgery
on prohepcidin, hepcidin, hematological iron markers and
IL-6 in humans.

2. Materials and methods

2.1. Patients

Serum specimens were collected from five male patients
without infection [IL-6, <5 ng/L; C-reactive protein (CRP),
<5 mg/L] and aged between 70 and 79 years. These
patients were chosen due to their planned operation in a
cardiopulmonary bypass pump. Coronary artery bypass
grafting was performed in three patients, whereas aortic
valve replacement with biological prosthesis was performed
in two. Due to autotransfusion, none of the subjects
experienced net blood loss during their operation. One
patient (Patient 2) received exogenous blood transfusion
after the procedure. The study protocol was approved by
the regional ethics review board in Gothenburg (Registra-
tion No. 651-06).

2.2. Blood samples

Blood samples were collected at three time points: (I)
preoperatively (10 days before in Patient 1 and 1 day
before in the other four patients); (II) 2 days post-
operatively; and (II) 4—6 days postoperatively. For each
patient, blood samples for determination of prohepcidin,
hepcidin, IL-6, CRP, serum iron, serum ferritin, hemoglo-
bin, total iron binding capacity (TIBC) and transferrin
saturation were collected preoperatively and 2 days post-
operatively (Fig. 1). In addition, blood samples for
determination of these same parameters, except for CRP,
were collected on days 4-6 (Fig. 1).

2.3. Assays

Serum IL-6 was determined using enzyme-linked immu-
nosorbent assay (ELISA) (Human IL-6 ELISA Ready-SET-
Go! Kit, eBioscience, San Diego, CA, USA).

The propeptide of hepcidin in serum was assayed by
using a commercial ELISA kit by DRG Instruments
(Marburg, Germany).

Hepcidin in serum was determined using ELISA. Human
hepcidin peptide (DTNFPICLFCCKCCKNSSCGLCCIT)
was synthesized with an additional cysteine residue at the
C terminus for conjugation to keyhole limpet hemocyanin
(Genemed Synthesis, San Francisco, CA, USA). The
sequence of the peptide was verified by amino acid
sequencing and mass spectroscopy. The purity of the
peptide was >95%. Keyhole limpet hemocyanin-conjugated
peptide was injected into New Zealand white rabbits (1 mg
of peptide per rabbit) to produce the primary antibody
(Genemed Synthesis). Ninety-six-well plates (MaxiSorp
surface, Nalge Nunc International, Rochester, NY, USA)
were coated with the peptide (100 ng/well) overnight at
4°C. The coating buffer was 50 mM NaHCOs, pH 9.6. On
the following morning, plates were washed four times with
0.1% phosphate-buffered saline (PBS)-Tween 20 and
blocked with 1% bovine serum albumin (Sigma, St.
Louis, MO, USA) in PBS—Tween 20 (100 pl/well) for 1
h at room temperature. A standard curve was produced by
adding 0—-500 ng of peptide per well with 1000x diluted
primary antibody in each plate. Serum samples from human
subjects were diluted 50x with 1000x diluted primary
antibody (in PBS—Tween 20) and added to the plate (100
pl/well). After 1-h incubation, plates were washed four
times with PBS—Tween 20. Horseradish peroxidase-con-
jugated secondary antibody (1000%; Amersham Bios-
ciences, Piscataway, NJ, USA) was added to each well
(100 pl/well) and incubated for 1 h at room temperature.
Plates were washed four times with PBS—Tween 20, and
100 pl of TMB (3,3',5,5'-tetramethylbenzidine, Sigma)
substrate was added to each well. After 6 min, the reaction
was stopped with 100 ul of 2N H,SO, and the plates were
read at 450 nm. Samples were analyzed in duplicate. The
concentration of hepcidin in serum was calculated from the
standard curve.

CRP, serum iron, serum ferritin, hemoglobin, TIBC and
transferrin saturation analyses were conducted at an accre-
dited reference laboratory (Clinical Chemistry Laboratory,
Sahlgrenska University Hospital, Gothenburg, Sweden).

2.4. Statistics

The values provided in Section 3 represent means and
standard deviations.

Normality test was done using a Shapiro—Wilk test.
One-way repeated-measures analysis of variance and
Student’s paired ¢ test were used when comparing
means. Correlations were tested using the Pearson
correlation test. All P values are two tailed. The statistical
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Fig. 1. Laboratory measurements. Blood samples for determination of (A) prohepcidin, (B) hepcidin, (C) IL-6, (D) serum iron, (E) serum ferritin, (F) TIBC,
(G) transferrin saturation and (H) hemoglobin were drawn preoperatively (10 days before in one patient and 1 day before in the other four patients) and 2 days and
4-6 days postoperatively. Blood samples for determination of (I) CRP were drawn preoperatively (10 days before in one patient and 1 day before in the other four
patients) and 2 days postoperatively. The asterisk indicates that, unfortunately, an error occurred at the laboratory analysis of one of the IL-6 samples, resulting in
a missing value for the 5-day postoperative occasion in one patient. The values (1-5) represent each of the five patients.

program used was SPSS for Windows, version 11.5.1
(SPSS, Chicago, IL, USA).

3. Results
3.1. Serum prohepcidin

The serum prohepcidin concentration decreased sig-
nificantly 2 days postoperatively (344+56 ng/ml) (P<.021)
compared with the value before the surgical procedure
(468474 ng/ml). At the next time point (i.e., 4—6 days
postoperatively) (356+£63 ng/ml), there was no concor-
dance concerning further changes in prohepcidin. The
concentrations in two patients were still on a decrease,
whereas those in the other three turned upward again.
However, none of the patients showed a postoperative
return of serum prohepcidin to preoperative baseline

concentrations (Fig. 1). Combining samples for days 4—6
postoperation of the third blood sampling occasion, serum
prohepcidin concentrations were still significantly lower
compared with preoperative values (P<.005).

3.2. Serum hepcidin

From preoperation to 2 days postoperation, serum
hepcidin rose in one subject, whereas it descended in two
patients and remained practically unchanged in the other
two (mean change=not significant) (Fig. 1). Combining
samples for days 4—6 postoperation of the third blood
sampling occasion, there was a significant rise in serum
hepcidin at the third blood sampling occasion (150438
ng/ml) compared with both preoperation (84+20 ng/ml)
and 2 days postoperation (6733 ng/ml) (P<.023 and
P<.047, respectively).
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3.3. IL-6 and CRP

From preoperation to 2 days postoperation, CRP rose in
all patients (<5 to 194+45 mg/L, P<.001). Postoperatively,
IL-6 increased in all patients (21 to 2434203 ng/L).
However, even though the minimum rise in IL-6 was 17 ng/L,
it was not statistically significant (P<.058). Four to six days
postoperatively (60+£25 ng/L, final data point missing for
one patient), compared with preoperatively, there was a
significant increase in IL-6 (P<.019).

3.4. Serum iron, transferrin saturation and TIBC

Two days and 4-6 days postoperatively, there were
significant decreases in serum iron concentration (3£1 pg/L,
P<.004, and 5£2 pg/L, P<.002, respectively), transferrin
saturation (7+2%, P<.003, and 11£3%, P<.002, respec-
tively) and TIBC (40+6 pg/L, P<.001, and 4148 pg/L,
P<.001, respectively) compared with preoperative values
(serum iron=22+6 ng/L, transferrin saturation=36+9% and
TIBC=58+6 ng/L). There was no significant difference in
values between 2 days and 4—6 days postoperatively.

3.5. Serum ferritin

Serum ferritin concentration increased (nonsignificantly
at P<.257) 48 h postoperatively in four of the five patients.
Four to six days postoperatively (351180 pg/L), there was a
significant increase in ferritin compared with preoperative
(14595 ng/L) and day 2 postoperative (202+89 pg/L)
values (P<.028 and P<.035, respectively).

3.6. Hemoglobin concentration

From preoperation (152+8 g/L) to 2 days (113+12 g/L)
and 4-6 days (11512 g/L) postoperation, hemoglobin
concentrations decreased significantly (P<.001 and
P<.002, respectively).

3.7. Correlations

The only significant correlations observed were on day 2
postoperation between serum hepcidin and CRP (+*=.81,
P<.036) as well as between serum hepcidin and TIBC
(*=.83, P<.031).

No pattern could be established between the specific type
of heart surgery or blood transfusion and hematology, 1L-6,
serum prohepcidin or serum hepcidin.

4. Discussion

This work reports the impact on both serum hepcidin and
serum prohepcidin concentrations in patients following a
major surgery. To the best of our knowledge, this is the first
time the effect from an acute-phase reaction on hepcidin and
prohepcidin has been studied during a longer period (up to 4—
6 days postoperation). In this article, we clearly demonstrate
the induction of the well-known postoperative acute-phase
reaction. Additionally, there were significant alterations in

both serum hepcidin and serum prohepcidin concentrations
postoperatively compared with preoperatively.

Possible limitations of this study include the small sample
size, variability in the causes of the surgeries and possibility
of hemolysis impacting the study findings. When using the
cardiopulmonary bypass pump in surgical procedures taking
several hours, there is a degree of mechanical hemolysis that
can affect hematological biomarkers. However, in the
patients described in this article, the bypass pump was
used for less than 1 h and the degree of mechanical
hemolysis was minimal, thus not affecting the findings.
Furthermore, since the two surgical procedures used are
equal when it comes to inducing the postoperative acute-
phase reaction, which was the primary concern of this study,
and since hemolysis was minimal, the causes of the surgeries
most likely do not affect the study findings.

In the clinic, there are a variety of conditions in which
iron metabolism is negatively altered as a response to
inflammation [14—17]. A prolonged effect of this inflamma-
tion-induced hypoferremia is the so-called anemia of
inflammation, which is characterized by decreased serum
iron, TIBC, transferrin saturation and hemoglobin [18] as
well as elevated ferritin [19]. Studies have shown that this
can be difficult to correct [20].

CRP, IL-6 and ferritin are all referred to as acute-phase
reactants. However, the time scales of their responses differ
widely, with ferritin considered as the slowest of the three.
Observations in patients have shown that, despite significant
alterations in CRP and IL-6, changes in ferritin kinetics were
delayed [21,22]. In this study, we found that ferritin
concentrations increased 48 h postoperatively in all patients
except for one patient who had a rather high initial ferritin
concentration (298 pg/L).

Our observations seem to be in agreement with those of
carlier studies showing that CRP starts to increase within
the first 24 h following an acute-phase reaction and peaks
on the second postoperative day [23,24]. Unlike ferritin,
which can be increased for weeks following an acute-phase
reaction [19,25], the decline back to baseline is faster for
CRP [23,24].

All patients in this study had baseline concentrations of
IL-6 below what is considered the upper limit of normal (i.e.,
5ng/L) [26—-28]. At both 48 and 96—144 h postoperation, all
patients had increased IL-6 concentrations compared with
their preoperative values. However, even though mean IL-6
was substantially higher, the 48-h postoperative mean
increase was not statistically significant compared with the
considerably lower mean IL-6 96—144 h postoperatively.
Nevertheless, since the normal IL-6 value is <5 ng/L and
since the minimum rise in IL-6 was 17 ng/L, there was a clear
clinically relevant change. Earlier observations have shown
that IL-6 reaches a maximum 4—6 h postoperatively and
returns toward preoperative concentrations after 48—120 h
[23,29]. Consequently, IL-6 had most likely already peaked
and was on a decline when the first postoperative blood
samples were drawn in this study.
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Following heart surgery, serum prohepcidin concentra-
tions decreased significantly after 48 h and remained low for
the 4- to 6-day observation period (Fig. 1). In a recent
experimental lipopolysaccharide model, the investigators did
not observe any change in serum prohepcidin during a
shorter time frame of 22 h, although there was a tendency
toward a decrease at the final observation [21]. Accordingly,
this indicates that serum prohepcidin decreases following an
acute-phase reaction but that it is not to be expected until
after >22 h, and at 48 h at most.

With regard to time course changes in serum hepcidin
following an acute-phase reaction, there is, to our best
knowledge, no such previous information available. It is
known that serum hepcidin does not appear to correlate as
well with clinical diagnosis using urinary hepcidin [30]. It
has been proposed that serum hepcidin might have a
conformation different from that of urinary hepcidin [31].
Our serum hepcidin data show a different behavior compared
with earlier observed urinary hepcidin data, which have
shown a rapid increase at the onset of an acute phase.

The relationship between prohepcidin and hepcidin is of
interest with regard to regulation of iron homeostasis. The
possibility that serum prohepcidin is a biological nonfunc-
tional precursor of the active hepcidin has previously been
raised [32,33]. It has been demonstrated in mice that it is the
truncated 25-amino acid form of hepcidin that exercises the
hypoferremia effect [34]. Furthermore, a previous study that
assessed the relation between iron absorption and prohepci-
din concentrations in healthy women did not see any
correlation [35]. Thus, a plausible interpretation of the
present serum prohepcidin data showing a decrease following
surgery is that serum prohepcidin (as insulin and proteases) is
synthesized as an inactive precursor that, in “times of need,”
is proteolytically trimmed to be activated. Common char-
acteristics for proteins that are synthesized as propeptides are
that they are rapidly required for maintaining homeostasis
and that their synthesis rate is inadequate, necessitating a pool
of available precursors. Considering the rapid action
executed by hepcidin, this could theoretically also be the
case for hepcidin and iron metabolism regulation. However,
the present results, in combination with those of Kemna et al.
[21], indicate that changes in serum prohepcidin concentra-
tions take place >18 h later compared with urinary hepcidin as
studied by other groups. Consequently, the current chain of
action where serum prohepcidin is converted into active
hepcidin present in urine following an induced acute-phase
reaction seems not to be the case. Serum hepcidin, on the
other hand, could be an object of this mechanism.

Since there are rather large time spans from presurgery to
2 days and 4-6 days postsurgery, potential events in-
between these observation points would have been left
undetected. This opens up for the possibility that serum
prohepcidin is proteolytically trimmed shortly before the 48-
h observation point, thus displaying an initial decrease at just
this observation point. Similarly, it might be possible that
serum hepcidin concentrations start to increase shortly after

the 48-h observation point. If this is in fact what took place, it
speaks in favor of a chain of action where proteolytic
trimming of serum prohepcidin results in increased serum
hepcidin. However, since the hematology was altered at the
48-h observation point (i.e., at latest shortly before 48 h), it
means that hypoferremia occurred prior to the changes in
serum prohepcidin and serum hepcidin, making these
observations enigmatic. Perhaps some clues can be found
in the renal tubule synthesis of hepcidin [36].

In summary, the hematology of the patients undergoing
heart surgery shows a clear and distinct alteration in response
to the postoperative acute-phase reaction. Serum ferritin
increased, whereas serum iron, TIBC, transferrin saturation
and hemoglobin all decreased, resulting in the well-known
anemia of infection. However, even though there were
significant alterations in both hepcidin and prohepcidin
serum concentrations, a relationship with the hematological
alterations that had occurred 2 days postsurgery still needs to
be established. Also, although based on a small sample, these
results provide valuable insight into how to design future
studies, including more frequent sampling and thorough
studies of the chronological order of the markers involved in
the inflammation—hepcidin—hypoferremia axis.
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