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Abstract

Objective: Normal iron handling appears to be disrupted in critically ill patients leading to
hypoferremia that may contribute to systemic inflammation. Ceruloplasmin (Cp), an acute phase
reactant protein that can convert ferrous iron to its less reactive ferric form facilitating binding to
ferritin, has ferroxidase activity that is important to iron handling. Genetic absence of Cp
decreases iron export resulting in iron accumulation in many organs. The objective of this study
was to characterize iron metabolism and Cp activity in burn and non-burn trauma patients to
determine if changes in Cp activity are a potential contributor to the observed hypoferremia.
Material and Methods: Under Brooke Army Medical Center Institutional Review Board
approved protocols, serum or plasma was collected from burn and non-burn trauma patients on
admission to the ICU and at times up to 14 days and measured for indices of iron status, Cp
protein and oxidase activity and cytokines. Results: Burn patients showed evidence of anemia
and normal or elevated ferritin levels. Plasma Cp oxidase activity in burn and trauma patients
were markedly lower than controls on admission and increased to control levels by day 3,
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particularly in burn patients. Plasma cytokines were elevated throughout the 14 days study along
with evidence of an oxidative stress. No significant differences in soluble transferrin receptor
were noted among groups on admission, but levels in burn patients were lower than controls for
the first 5 days after injury. Conclusion: This study further established the hypoferremia and
inflammation associated with burns and trauma. To our knowledge, this is the first study to show
an early decrease in Cp oxidase activity in burn and non-burn trauma patients. The results
support the hypothesis that transient loss of Cp activity contributes to hypoferremia and
inflammation. Further studies are warranted to determine if decreased Cp activity increases the
risk of iron-induced injury following therapeutic interventions such as transfusions with blood
that has undergone prolonged storage in trauma resuscitation.
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1. Introduction

Iron is an essential element for life that facilitates important biologic redox reactions critical for
survival such as those involved in oxygen transport and cellular respiration. However, such
properties can also lead to untoward effects as iron can catalyze reactions with oxidants through
the Fenton Reaction, for example, to produce highly reactive and damaging radicals such as the
hydroxyl radical. To minimize deleterious effects of iron while providing it to necessary sites
within the body, the systemic transport, handling and distribution of iron is normally highly
regulated [1,2,3]. Although research in this area has provided mechanisms related to most
common iron disorders [4,5], much remains to be elucidated about the effects of transient
alterations in iron homeostasis that can occur in critically-ill patients [6,7].

Previous studies have reported a disruption of normal iron handling in critically ill patients that
may contribute to systemic inflammation and distant organ injury [8,9]. Hypoferremia is a
common finding in such patients [10,11,12], but mechanism(s) responsible have not been fully
identified. Similar hypoferremia is seen after the infusion of endotoxin into healthy volunteers
[13] that may relate to secretion of hepcidin, a peptide that induces the degradation of
ferroportin, the only known exporter of cellular iron [14], although other mechanisms may be
involved [15]. Recently, elevated levels of hepcidin were observed in trauma patients [16]. A
possible mechanism for this hypoferremia is a decrease in the activity of ceruloplasmin (Cp), a
multi-copper oxidase that possesses ferroxidase and antioxidant activity. It is important in the
conversion of ferrous iron secreted by ferroportin, into ferric iron that can bind transferrin. Lack
of Cp results in the degradation of ferroportin. As an acute phase protein, plasma Cp levels
typically rise in inflammatory states [17,18,19], but early time points of Cp activity have not
been carefully examined.

The first evidence of changes in Cp in trauma came in an animal study of hemorrhagic shock in
which the electron spin resonance signature of Cp was significantly reduced [8]. In order to
evaluate the possibility that changes in Cp could potentially contribute to the early hypoferremia
in burn and trauma patients the current study characterized Cp protein levels and oxidase activity
in burn and non-burn trauma patients during their hospital course in the USAISR Burn Unit or
Brooke Army Medical Center Intensive Care Unit (BAMC ICU), as well as changes in the iron
status of these patients.
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2. Materials and Methods

This paper is based on observations in two separate studies, both approved by the Brooke Army
Medical Center Institutional Review Board and in accordance with the approved protocols. The
first study was a preliminary investigation of iron and other trace element levels, and select
indices of oxidative stress, in serum from 10 burn patients on admission to the US Army Burn
Unit (day 1) and on days 3, 7 and 14. The second study was approved as an addendum under a
larger protocol examining coagulation and immunological status in burn and non-burn trauma
patients during their hospital course [20]. For both studies, patients or their families were given
an information sheet describing this less than minimal risk study before being consented and
enrolled. Patients were admitted to the US ArmyBurn Unit or BAMC ICU within 24 h of injury.
Blood was collected at the time of phlebotomy on 24 burn and 35 non-burn trauma patients on
admission to the ICU (within 24 h of injury; baseline) and at days 1, 3, 5, 7 and 14 as available.
Blood was also collected under informed consent from 20 healthy subjects and their laboratory
data used as reference controls. Patients were assessed for Injury Severity Score (ISS) and
Percent Total Body Surface Area burn, where appropriate. Other details of the protocol have
been described [20].

In the first study, serum was obtained at the time of admission (day 0) and assayed for iron
levels, unsaturated iron binding capacity and total iron binding capacity using commercial Kits.
Serum transferrin, total soluble transferrin receptor and ferritin concentrations were also
determined by commercial kits. Serum IL-1p levels were determined using the R & D Systems
kit (R & D, Minneapolis, MN, USA). Serum uric acid concentrations were determined by
standard clinical chemistry assay. Glutathione peroxidase activity was determined as described
by Lawrence and Burk [21] and assay of serum total antioxidant potential was as described by
Benzie and Strain [22]. In addition, serum total iron, copper and zinc were determined by
inductively coupled axial plasma spectroscopy [23].

In the second study, Cp protein levels were determined by a commercial ELISA kit (Assaypro,
St Charles, MO, USA). Cp oxidase activity was determined spectrophotometrically at 550 nm by
a modification of the assay described by Macintyre et al. [24] using N,N-dimethyl-p-
phenylenediamine as substrate. Soluble transferrin receptor in plasma, as a marker of iron status,
was assayed by a commercial kit (Quantikine® IVD® immunoassay (R & D Systems,
Minneapolis, MN, USA). Missing data at day 14 or 21 reflect insufficient sample for the assay or
patient discharge.

Statistical Analysis

Data are presented as mean + SE and were analyzed by repeated measures Analysis of Variance.
In study 1, data are presented to denote reference normal ranges when available, since no normal
control samples were available for comparison. Where appropriate, results were compared with
normal control values by Student’s t-test. A p < 0.05 was considered significant.
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3. Results

The demographics of the burn patients in study one are shown in Table 1. All 10 patients were
male. Serum iron levels were lower than the normal range on day 1, and values remained low
throughout the 14 day study (Figure 1). Similar results were seen with total serum iron levels,
while serum zinc concentrations were lower than controls for the first 3 day and copper
concentrations were elevated relative to controls throughout the study (Figure 2). Unsaturated
iron binding capacity was at the low range of normal throughout the 14 day study, whereas mean
total iron binding capacity was 20%-30% below normal levels (data not shown). Average serum
transferrin concentrations were below normal levels for the 14 day, whereas ferritin
concentrations were largely within normal ranges or exceeded these levels at 14 day (Figure 3).
Serum soluble transferrin receptor levels were below the lower limit considered normal at days 1
and 7, but increased to within the normal range by 14 day (data not shown).

In study 1, IL-1P levels were elevated throughout the 14 day study period averaging about 20 + 5
pg/mL over this period. Although serum total antioxidant potential was lower than control values
throughout, glutathione peroxidase activity and uric acid levels were within the control range

(Figure 4).

In the second study, the mean age of control subjects was 37 years compared to 56 and 43 years
in burn and non-burned trauma patients, respectively. The ISS was 18.1 + 2.3 and 21.7 + 1.7 for
burn and trauma patients, respectively, and there were no statistical differences between the 2
patient groups. Mean burn size in burn patients was 30% * 4%, which is similar to that seen in
study 1. ICU days were twice as long in the burn than non-burn trauma patients (26.3 + 6.2 vs.
13.0 £ 2.5 days, respectively). ICU days in burn patients were similar in the two studies.

In both groups of trauma patients, plasma ceruloplasmin (Cp) protein levels on admission were
similar to those in healthy controls (Figure 5). These levels tended to rise over the patients’
courses of hospital stay and were significantly higher than control levels from days 5 to 14 in
both groups of patients. In contrast, plasma Cp oxidase activity in burn and non-burn trauma
patients was significantly lower than control values on admission (Eigure 5). This enzyme
activity in both groups of patients recovered to control levels by days 3-5.

Soluble transferrin receptor, as an index of iron status, was 35%-50% lower in plasma from the
trauma patients than control levels on admission (p < 0.05), and was further reduced over the
next 5 days in burn patients (Figure 6). Soluble transferrin receptor levels were less affected over
time in trauma patients and recovered to admission levels by day 7. Both patient groups returned
to near normal control levels at day 14 after admission.

4. Discussion

The present study provides additional evidence of low serum/plasma iron concentrations in
thermally injured patients and the prevalence of anemia in critically injured patients [10,12]. In
addition, we observed low iron binding capacity, serum transferrin concentrations and soluble
transferrin receptor levels below control levels for at least a week after burn injury, consistent
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with the report by Berlin et al. [11] that soluble transferrin receptor is a good indicator of iron
deficiency anemia in hospitalized patients with acute illness. In the current study, soluble
transferrin receptor was significantly lower in burn patients than trauma patients until day 14.
The low iron status in critically ill or injured patients has been termed “stress hypoferremia” that
appears to be independent of injury severity, blood transfusions, need for surgery or development
of sepsis [6], although others have reported a link between iron status and injury severity [7,25].
Interestingly, efforts to treat this anemia with intravenous iron supplementation have been
unsuccessful to the point that such therapy is not recommended [12], suggesting that factors in
addition to simple iron deficiency are involved in the development of this anemia.

These changes are similar to those seen in the hypoferremia of inflammation which has been
ascribed to the cytokine-induced release of hepcidin [15,16]. It is postulated that this response
evolved from evolutionary pressure to survive blood-borne infections by limiting the availability
of iron which is an essential nutrient for most infectious organisms [26]. For example labile iron
pool in liver has been shown to increase acutely in hemorrhagic shock [27,28], indicating,
moreover, that the liver may be particularly susceptible to iron induced injury in hemorrhagic
shock.

The risk of iron-mediated hepatic injury would be expected to be even greater if iron export was
inhibited at a time when the blood level of non-transferrin bound iron (NTBI) was increased, as
NTBI is avidly taken up by the liver [29,30]. At least one common therapeutic intervention, the
transfusion with blood that has undergone prolonged storage, has been shown to lead to
increased NTBI [31]. Moreover, it is possible that a decrease in the ferroxidase activity of Cp
could directly contribute to the production of NTBI as Cp is normally required to convert ferrous
iron to the ferric form that is required for binding to transferrin. If this speculation is correct it
would suggest that ideally blood with shorter storage time should preferentially be used when Cp
activity is low. Alternatively possibly active Cp could be infused at the time of transfusion.
Interestingly, preliminary reports from Russia purport the benefit of Cp infusion in patients who
have had severe hemorrhage [32].

Further, the available data suggest that oxidative stress associated with burn and trauma,
including inhalation injuries, results in an increase in potentially damaging “labile iron” or
NTBI, an observation that is consistent with reports of benefits reported after administration of
iron chelators [33,34]. Burn injury often results in hemolysis which releases iron into the
extracellular compartment and may contribute to local and distant organ injury, such as to the
kidney and lung [35]. The lung has also been cited as being particularly susceptible to iron-
mediated injury as many forms of inhalation injury are also improved by iron chelators [33,35].
In addition, a transient increase in Fe*? was observed in mesenteric lymph after hemorrhage, a
key observation since both hemorrhage and mesenteric lymph have been linked to development
of lung injury [8]. Together with the data from the present studies, it would seem that the ability
of Cp to inactivate reactive iron (NTBI) or iron-induced oxidative stress is reduced after trauma,
despite normal Cp protein levels. If Cp has a critical role in iron regulation, without other
controls, reduced Cp activity would be expected to result in elevated NTBI.

Serum ferritin concentrations were in the normal range for at least the first week after burn injury
and increased above normal by day 14, while soluble transferrin receptor was below normal for
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the first five days after burn and tended to rise toward normal levels at day 14. The observed low
transferrin concentrations are in agreement with other studies in trauma or other critically ill
patients [6,36,37], whereas reports on ferritin levels are more variable. Although we observed
ferritin levels in the burn patients to be in the normal range and then increase above normal by
day 14, others have reported elevated ferritin early after acute injury, surgery or illness in both
experimental animals and humans [36,37,38,39]. Efforts to understand the ferritin response to
injury have focused on development of some form of acute lung injury. In experimental animals,
elevated ferritin levels were related to development of lung injury after hemorrhage and this
response was not seen in rats fed an iron-deficient diet [39]. In addition, initial ferritin levels in
trauma patients were correlated with development and progression of lung injury and injury
severity scores, but did not correlate with the number of ventilator days or mortality [9].
Although several stimuli may be responsible for the decrease in soluble transferrin receptor and
the increase in ferritin, both are expected responses to an increase in intracellular iron [9].
Increased intracellular ferritin provides additional binding capability for iron and decreased
transferrin receptor limits the uptake of transferrin bound iron. These regulated intercellular
responses are normally mirrored in the changes in plasma ferritin and plasma soluble transferrin
receptor. Thus, the changes in ferritin and soluble transferrin receptor are consistent with an
increase in intracellular iron.

The present cytokine data also support an inflammatory response associated with burn and
traumatic injuries. We observed significant elevations in IL-1p, IL-6 and IL-8 in both groups of
patients [40], which has been commonly reported. The cytokine response may in part be
responsible for the increase in hepcidin seen in trauma patients.

In the current study, plasma Cp protein levels in burn and trauma patients were similar to healthy
controls on admission to the hospital and levels remained about the same or slightly increased
after day 5. This varies somewhat with the observation that total serum copper levels remained
relatively constant throughout the 14 day observation period in burn patients, although the levels
were significantly higher than normal controls. This suggests that Cp as a marker of copper
status may be altered in the critically ill. Nevertheless, Cp oxidase activity was significantly
lower than healthy controls in both burn and non-burn trauma patients on admission and activity
remained lower than controls for the first 3 days after injury in both groups of patients. To our
knowledge this is the first study to measure both Cp enzyme activity and protein levels in the
same patients. In addition, to get a more complete picture of the relationship between Cp and
iron, serum copper and zinc levels were also measured in the present study. Under homeostatic
conditions, iron and copper metabolism are interrelated, as are copper and zinc metabolism
[41,42,43]. Serum copper and zinc serum concentrations were not predictive of the present Cp
data. It should be noted that the trace element response to burn differs among studies
[42,43,44,45]. For example, studies reported a decrease in serum copper and Cp oxidase activity
after major burn injury [18,44] that was little improved by copper supplementation [18], while
another observed no change in serum zinc and copper levels [45]. Several post-translational
changes in Cp have been shown to affect its activity. Nitration of Cp and oxdative changes have
both been shown to decrease the ferroxidase activity [46,47]. Complex formation of Cp with
myeloperoxidase and lactoferrin can decrease the oxidase activity and increase the ferroxidase
activity of Cp [48,49].
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Decreased activity of Cp could potentially have detrimental effects even in the absence of “iron
rich” therapeutic interventions because Cp has been identified as a superoxide dismutase mimic
which is able to protect against superoxide radicals [50]. Several studies have reported increased
oxidative stress and reduced antioxidant defenses in association with trauma and burns

observe variation in serum glutathione peroxidase activity compared to control activity, serum
total antioxidant potential was below normal levels for the full 14 day study. In addition,
although serum uric acid levels were within the normal range, levels began to fall after burn
injury and were lower than admission levels on day 14. Multiple pathways may contribute to the
oxidative stress including disrupted iron handling.

This study has some limitations not uncommon in clinical studies. Initial blood samples were not
drawn until patients were transferred to the ICU from the emergency department. We had no
access to individual patient data to determine who may have received blood transfusions and
lastly, patients were enrolled in the study if at least a three day stay in the ICU was anticipated,
suggesting a selection bias towards enrolling the sickest patients.

In summary, the data from the present study further support the critical effects of iron
metabolism, Cp, oxidative stress and inflammation in traumatic injury states. Further efforts
should focus on the role of Cp in regulating iron metabolism after trauma and determine whether
Cp oxidase activity influences the effects of exogenous iron that may be administered with
transfusions during trauma resuscitation, particularly from older red blood cells. Although
hepcidin levels were not determined in the present studies, its interactions with Cp and its role in
helping regulate iron metabolism and inflammation associated with trauma [16] should be
explored further.

5. Conclusions

This study further established the hypoferremia and inflammation associated with burn and non-
burn traumatic injury. To our knowledge it is the first study to show an early decrease in Cp
oxidase activity in these patient cohorts and support the hypothesis that transient loss of Cp
activity contributes to the hypoferremia and inflammation. Considering the role of Cp in iron
metabolism regulation, reduced Cp oxidase activity could increase the risk of iron-mediated
injuring following therapeutic interventions such as transfusions with aged blood near its 42 day
storage limit.

Acknowledgments

This study was supported by funding from the US Army Medical Research Materiel Command.
The authors are indebted to a team of research nurses for collecting and preparing the blood
samples for this study. They also thank Bryan Jordan RN and Myung Park MD for assistance in
these studies and Jane Mendoza for assistance in formatting the manuscript. The opinions or
assertions expressed herein are the private views of the authors and are not to be construed as
official or as reflecting the views of the US Department of the Army or the US Department of
Defense.


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4665565/?report=printable#B50-antioxidants-04-00153
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4665565/?report=printable#B33-antioxidants-04-00153
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4665565/?report=printable#B34-antioxidants-04-00153
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4665565/?report=printable#B43-antioxidants-04-00153
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4665565/?report=printable#B51-antioxidants-04-00153
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4665565/?report=printable#B52-antioxidants-04-00153
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4665565/?report=printable#B53-antioxidants-04-00153
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4665565/?report=printable#B54-antioxidants-04-00153
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4665565/?report=printable#B55-antioxidants-04-00153
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4665565/?report=printable#B56-antioxidants-04-00153
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4665565/?report=printable#B16-antioxidants-04-00153

Author Contributions

Michael Dubick collected and analyzed the clinical samples, performed data analysis and wrote
the first draft. Johnny Barr performed the assays, prepared the figures and reviewed the paper.
Carl Keen performed the trace element analysis and assisted in manuscript preparation and
interpretation. James Atkins performed ceruloplasmin analysis and assisted in manuscript
preparation and interpretation.

Conflicts of Interest

The authors declare no conflicts of interest.

References

1. Anderson G.J., Frazer D.M. Hepatic iron metabolism. Semin. Liver Dis. 2005;25:420-432.
doi: 10.1055/s-2005-923314. [PubMed: 16315136]

2. Anderson G.J., Wang F. Essential but toxic: Controlling the flux of iron in the body. Clin.
Exp. Pharmacol. Physiol. 2012;39:719-724. doi: 10.1111/j.1440-1681.2011.05661.x. [PubMed:
22211782]

3. Frazer D.M., Anderson G.J. The regulation of iron transport. BioFactors. 2014;40:206-214.
doi: 10.1002/biof.1148. [PubMed: 24132807]

4. Wang J., Pantopoulos K. Regulation of cellular iron metabolism. Biochem. J. 2011;434:365—
381. doi: 10.1042/BJ20101825. [PMCID: PMC3048577] [PubMed: 21348856]

5. Fleming R.E., Ponka P. Iron overload in human disease. N. Engl. J. Med. 2012;366:348-359.
doi: 10.1056/NEJMral004967. [PubMed: 22276824]

6. Walsh D.S., Pattanapanyasat K., Lamchiagdhase P., Siritongtaworn P., Thavichaigarn P.,
Jiarakul N., Chuntrasakul C., Komoltri C., Dheeradhada C., Pearce F.C., et al. Iron status
following trauma, excluding burns. Br. J. Surg. 1996;83:982-985. doi: 10.1002/bjs.1800830731.
[PubMed: 8813793]

7. Wessling-Resnick M. Iron homeostasis and the inflammatory response. Ann. Rev. Nutr.
2010;30:105-122. doi: 10.1146/annurev.nutr.012809.104804. [PMCID: PMC3108097]
[PubMed: 20420524]

8. Atkins J.L., Gorbunov N.V., Trabosh V., van Duyne R., Kashanchi F., Komarov A.M. Ferrous
iron is found in mesenteric lymph bound to TIMP-2 following hemorrhage/resuscitation.
Biometals. 2011;24:279-289. doi: 10.1007/s10534-010-9394-1. [PubMed: 21229381]



9. Sharkey R.A., Donnelly S.C., Connelly K.G., Robertson C.E., Haslett C., Repine J.E. Initial
serum ferritin levels in patients with multiple trauma and the subsequent development of acute
respiratory distress syndrome. Am. J. Respir. Crit. Care Med. 1999;159:1506-1509. doi:
10.1164/ajrccm.159.5.9809027. [PubMed: 10228118]

10. Corwin H.L., Krantz S.B. Anemia of the critically ill: “Acute” anemia of chronic disease.
Crit. Care Med. 2000;28:3098-3099. doi: 10.1097/00003246-200008000-00079. [PubMed:
10966311]

11. Berlin T., Meyer A., Rotman-Pikielny P., Natur A., Levy Y. Soluble transferrin receptor as a
diagnostic laboratory test for detection of iron deficiency anemia in acute illness of hospitalized
patients. Isr. Med. Assoc. J. 2011;13:96-98. [PubMed: 21443035]

12. Pieracci F.M., Stovall R.T., Jaouen B., Rodil M., Cappa A., Burlew C.C., Holena D.N.,
Maier R., Berry S., Jurkovich J., et al. A multicenter, randomized clinical trial of IV iron
supplementation for anemia of traumatic critical illness. Crit. Care Med. 2014;42:2048-2057.
doi: 10.1097/CCM.0000000000000408. [PubMed: 24797376]

13. Kemna E., Pickkers P., Nemeth E., van der Hoeven H., Swinkels D. Time-course analysis of
hepcidin, serum iron, and plasma cytokine levels in humans injected with LPS. Blood.
2005;106:1864-1866. doi: 10.1182/blood-2005-03-1159. [PubMed: 15886319]

14. Ward D.M., Kaplan J. Ferroportin-mediated iron transport: Expression and regulation.
Biochim. Biophys. Acta. 2012;1823:1426-1433. doi: 10.1016/j.bbamcr.2012.03.004. [PMCID:
PMC3718258] [PubMed: 22440327]

15. Deschemin J.C., Vaulont S. Role of hepcidin in the setting of hypoferremia during acute
inflammation. PLoS One. 2013;8:e61050. doi: 10.1371/journal.pone.0061050. [PMCID:
PMC3634066] [PubMed: 23637785]

16. Sihler K.C., Raghavendran K., Westerman M., Ye W., Napolitano L.M. Hepcidin in trauma:
Linking injury, inflammation, and anemia. J. Trauma. 2010;69:831-837. doi:
10.1097/TA.0b013e3181f066d5. [PubMed: 20938270]

17. Gorbunov N.V., Volgarev A.P., Brailovskaia I.V., Bykova N.O., Avrova N.F., Kiselev O.I.
Activation of free radicals reaction and changes in the state of antioxidant protection in blood in
toxic experimental influenza infection. Biull. Eksp. Biol. Med. 1992;114:42—-44. [PubMed:
1421305]

18. Cunningham J.J., Lydon M.K., Emerson R., Harmatz P.R. Low ceruloplasmin levels during
recovery from major burn injury: Influence of open wound size and copper supplementation.

Nutrition. 1996;12:83-88. doi: 10.1016/ 0899-9007(96)90704-2. [PubMed: 8724377]

19. Dauberschmidt R., Mrochen H., Forster I., Stumpe C., Dressler C., Grajetzki H., Meyer M.
Changes in ceruloplasmin activity and lactate concentration in patients at high risk of acute organ



system failure. Clin. Chim. Acta. 1991;199:167-172. doi: 10.1016/0009-8981(91)90108-0.
[PubMed: 1873915]

20. Park M.S., Martini W.Z., Dubick M.A., Salinas J., Butenas S., Kheirabadi B.S., Pusateri
A.E., Vos J.A., Guymon C.H., Wolf S.E., et al. Thromboelastography as a better indicator of
hypercoagulable state after injury than prothrombin time or activated partial thromboplastin time.
J. Trauma. 2009;67:266-275. doi: 10.1097/TA.0b013e3181ae6flc. discussion 275-276.
[PMCID: PMC3415284] [PubMed: 19667878]

21. Lawrence R.A., Burk R.F. Glutathione peroxidase activity in selenium-deficient rat liver.
Biochem. Biophys. Res. Commun. 1976;71:952-958. doi: 10.1016/0006-291X(76)90747-6.
[PubMed: 971321]

22. Benzie L.F., Strain J.J. The ferric reducing ability of plasma (FRAP) as a measure of
“antioxidant power”: The frap assay. Anal. Biochem. 1996;239:70—76. doi:
10.1006/abi0.1996.0292. [PubMed: 8660627]

23. Golub M.S., Han B., Keen C.L. Developmental patterns of aluminum and five essential
mineral elements in the central nervous system of the fetal and infant guinea pig. Biol. Trace
Elem. Res. 1996;55:241-251. doi: 10.1007/BF02785283. [PubMed: 9096852]

24. Macintyre G., Gutfreund K.S., Martin W.R., Camicioli R., Cox D.W. Value of an enzymatic
assay for the determination of serum ceruloplasmin. J. Lab. Clin. Med. 2004;144:294-301. doi:
10.1016/j.1ab.2004.08.005. [PubMed: 15614251]

25. Gorbunov N.V., McFaul S.J., van Albert S., Morrissette C., Zaucha G.M., Nath J.
Assessment of inflammatory response and sequestration of blood iron transferrin complexes in a
rat model of lung injury resulting from exposure to low-frequency shock waves. Crit. Care Med.
2004;32:1028-1034. doi: 10.1097/01.CCM.0000120051.79520.B6. [PubMed: 15071397]

26. Drakesmith H., Prentice A.M. Hepcidin and the iron-infection axis. Science. 2012;338:768—
772. doi: 10.1126/science.1224577. [PubMed: 23139325]

27. Postl A., Zifko C., Hartl R.T., Ebel T., Miller I., Moldzio R., Redl H., Kozlov A.V., Bahrami
S., Duvigneau J.C. Transient increase of free iron in rat livers following hemorrhagic-traumatic
shock and reperfusion is independent of heme oxygenase 1 upregulation. Shock. 2011;36:501—
509. doi: 10.1097/SHK.0b013e318231822d. [PubMed: 21841538]

28. Kozlov A.V., Duvigneau J.C., Hyatt T.C., Raju R., Behling T., Hartl R.T., Staniek K., Miller
I., Gregor W., Redl H., et al. Effect of estrogen on mitochondrial function and intracellular stress
markers in rat liver and kidney following trauma-hemorrhagic shock and prolonged hypotension.
Mol. Med. 2010;16:254-261. doi: 10.2119/molmed.2009.00184. [PMCID: PMC2896467]
[PubMed: 20379612]



29. Lawen A., Lane D.J. Mammalian iron homeostasis in health and disease: Uptake, storage,
transport and molecular mechanisms of action. Antioxid. Redox Signal. 2013;18:2473-2507.
doi: 10.1089/ars.2011.4271. [PubMed: 23199217]

30. Brissot P., Ropert M., le Lan C., Loreal O. Non-transferrin bound iron: A key role in iron
overload and iron toxicity. Biochim. Biophys. Acta. 2012;1820:403-410. doi:
10.1016/j.bbagen.2011.07.014. [PubMed: 21855608]

31. Hod E.A., Brittenham G.M., Billote G.B., Francis R.O., Ginzburg Y.Z., Hendrickson J.E.,
Jhang J., Schwartz J., Sharma S., Sheth S., et al. Transfusion of human volunteers with older,
stored red blood cells produces extravascular hemolysis and circulating non-transferrin-bound
iron. Blood. 2011;118:6675-6682. doi: 10.1182/blood-2011-08-371849. [PMCID:
PMC3242722] [PubMed: 22021369]

32. Edeleva N.V., Osipova N.A., Nemtsova E.R., lakubovskaia R.I., Ivanova L.M., Chissov V.I.
Role of the antioxidant ceruloplasmin in complex intensive therapy for severe posthemorrhagic
complications in cancer surgery. Anesteziol. Reanimatol. 2005;Sep—Oct:49-51.

33. Demling R., LaLonde C., Ikegami K. Fluid resuscitation with deferoxamine hetastarch
complex attenuates the lung and systemic response to smoke inhalation. Surgery. 1996;119:340—
348. doi: 10.1016/S0039-6060(96)80121-8. [PubMed: 8619190]

34. Rana M.W., Shapiro M.J., Ali M.A., Chang Y.J., Taylor W.H. Deferoxamine and hespan
complex as a resuscitative adjuvant in hemorrhagic shock rat model. Shock. 2002;17:339-342.
doi: 10.1097/00024382-200204000-00018. [PubMed: 11954838]

35. Lagan A.L., Melley D.D., Evans T.W., Quinlan G.J. Pathogenesis of the systemic
inflammatory syndrome and acute lung injury: Role of iron mobilization and
decompartmentalization. Am. J. Physiol. Lung Cell. Mol. Physiol. 2008;294:L161-L174. doi:
10.1152/ajplung.00169.2007. [PubMed: 18055843]

36. Van Iperen C.E., Gaillard C.A., Kraaijenhagen R.J., Braam B.G., Marx J.J., van de Wiel A.
Response of erythropoiesis and iron metabolism to recombinant human erythropoietin in
intensive care unit patients. Crit. Care Med. 2000;28:2773-2778. [PubMed: 10966249]

37. Gabriel A., Kozek S., Chiari A., Fitzgerald R., Grabner C., Geissler K., Zimpfer M.,
Stockenhuber F., Bircher N.G. High-dose recombinant human erythropoietin stimulates
reticulocyte production in patients with multiple organ dysfunction syndrome. J. Trauma.
1998;44:361-367. doi: 10.1097/00005373-199802000-00023. [PubMed: 9498512]

38. Zdravkovic D. Changes in serum ferritin following surgical trauma. Eur. J. Haematol.
1987;38:60—62. doi: 10.1111/j.1600-0609.1987.th01425.x. [PubMed: 3582606]

39. Park Y.Y., Hybertson B.M., Wright R.M., Repine J.E. Serum ferritin increases in
hemorrhaged rats that develop acute lung injury: Effect of an iron-deficient diet. Inflammation.
2003;27:257-263. doi: 10.1023/A:1025044732423. [PubMed: 14527178]



40. Mace J.E., Park M.S., Mora A.G., Chung K.K., Martini W., White C.E., Holcomb J.B.,
Merrill G.A., Dubick M.A., Wolf S.E., et al. Differential expression of the immunoinflammatory
response in trauma patients: Burn vs. Non-burn. Burns. 2012;38:599-606. doi:
10.1016/j.burns.2011.10.013. [PubMed: 22103986]

41. Gulec S., Collins J.F. Molecular mediators governing iron-copper interactions. Ann. Rev.
Nutr. 2014;34:95-116. doi: 10.1146/annurev-nutr-071812-161215. [PMCID: PMC4316823]
[PubMed: 24995690]

42. Khorasani G., Hosseinimehr S.J., Kaghazi Z. The alteration of plasma’s zinc and copper
levels in patients with burn injuries and the relationship to the time after burn injuries. Singap.
Med. J. 2008;49:627-630.

43. Agay D., Anderson R.A., Sandre C., Bryden N.A., Alonso A., Roussel A.M., Chancerelle Y.
Alterations of antioxidant trace elements (Zn, Se, Cu) and related metallo-enzymes in plasma
and tissues following burn injury in rats. Burns. 2005;31:366-371. doi:
10.1016/j.burns.2004.11.010. [PubMed: 15774296]

44. Boosalis M.G., McCall J.T., Solem L.D., Ahrenholz D.H., McClain C.J. Serum copper and
ceruloplasmin levels and urinary copper excretion in thermal injury. Am. J. Clin. Nutr.
1986,;44:899-906. [PubMed: 3788837]

45. Shakespeare P.G. Studies on the serum levels of iron, copper and zinc and the urinary
excretion of zinc after burn injury. Burns Incl. Therm. Inj. 1982;8:358-364. doi: 10.1016/0305-
4179(82)90036-5. [PubMed: 7093801]

46. Olivieri S., Conti A., lannaccone S., Cannistraci C.V., Campanella A., Barbariga M.,
Codazzi F., Pelizzoni I., Magnani G., Pesca M., et al. Ceruloplasmin oxidation, a feature of
parkinson’s disease CSF, inhibits ferroxidase activity and promotes cellular iron retention. J.
Neurosci.: Off. J. Soc. Neurosci. 2011;31:18568-18577. doi: 10.1523/JNEUROSCI.3768-
11.2011.

47. Gole M.D., Souza J.M., Choi I., Hertkorn C., Malcolm S., Foust R.F., I1l, Finkel B., Lanken
P.N., Ischiropoulos H. Plasma proteins modified by tyrosine nitration in acute respiratory distress
syndrome. Am. J. Physiol. Lung Cell. Mol. Physiol. 2000;278:L961-L967. [PubMed: 10781426]

48. Sokolov A.V., Ageeva K.V, Pulina M.O., Zakharova E.T., Vasilyev V.B. Effect of
lactoferrin on oxidative features of ceruloplasmin. Biometals. 2009;22:521-529. doi:
10.1007/s10534-009-9209-4. [PubMed: 19189056]

49. Samygina V.R., Sokolov A.V., Bourenkov G., Petoukhov M.V., Pulina M.O., Zakharova
E.T., Vasilyev V.B., Bartunik H., Svergun D.I. Ceruloplasmin: Macromolecular assemblies with
iron-containing acute phase proteins. PLoS One. 2013;8:e67145. doi:
10.1371/journal.pone.0067145. [PMCID: PMC3700992] [PubMed: 23843990]



50. Goldstein .M., Kaplan H.B., Edelson H.S., Weissmann G. Ceruloplasmin: An acute phase
reactant that scavenges oxygen-derived free radicals. Ann. N. Y. Acad. Sci. 1982;389:368-379.
doi: 10.1111/j.1749-6632.1982.tb22150.x. [PubMed: 6284006]

51. Berger M.M., Shenkin A. Trace elements in trauma and burns. Curr. Opin. Clin. Nutr. Metab.
Care. 1998;1:513-517. doi: 10.1097/00075197-199811000-00006. [PubMed: 10565403]

52. Berger M.M. Antioxidant micronutrients in major trauma and burns: Evidence and practice.
Nutr. Clin. Pract. 2006;21:438-449. doi: 10.1177/0115426506021005438. [PubMed: 16998143]

53. Dubick M.A., Carden S.C., Jordan B.S., Langlinais P.C., Mozingo D.W. Indices of
antioxidant status in rats subjected to wood smoke inhalation and/or thermal injury. Toxicology.
2002;176:145-157. doi: 10.1016/S0300-483X(02)00132-4. [PubMed: 12062938]

54. Shimoda K., Nakazawa H., Traber M.G., Traber D.L., Nozaki M. Plasma and tissue vitamin
E depletion in sheep with burn and smoke inhalation injury. Burns. 2008;34:1137-1141. doi:
10.1016/j.burns.2008.01.015. [PubMed: 18513874]

55. Parihar A., Parihar M.S., Milner S., Bhat S. Oxidative stress and anti-oxidative mobilization
in burn injury. Burns. 2008;34:6-17. doi: 10.1016/j.burns.2007.04.009. [PubMed: 17905515]

56. Atkins J.L., Day B.W., Handrigan M.T., Zhang Z., Pamnani M.B., Gorbunov N.V. Brisk
production of nitric oxide and associated formation of S-nitrosothiols in early hemorrhage. J.
Appl. Physiol. 2006;100:1267-1277. doi: 10.1152/japplphysiol.01059.2005. [PubMed:
16339342]

Figures and Tables

Table 1

Demaographics of Burn Patients.

Gender: Male n =10, Femalen =0

Age: Range 20-50 years; Mean = SE: 36.8 = 3.0 years

Total Body Surface Area Burn: Range 19%-76%; Mean * SE: 36.8% * 5.3%
Total Full Thickness Burn: Range 0%-56%; Mean + SE:20% + 5.7%

Total ICU Time: Range 9-42 days; Mean = SE: 24.9 + 4.1 days



Figure 1
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Serum iron (Fe*?), unsaturated iron binding capacity and total iron binding capacity over 14 days
in 10 thermally injured patients. Data expressed as mean + SE. Dotted lines denote the upper and
lower normal limits.



Figure 2
Serum Total Iron Concentration
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Figure 3
Serum Tranferrin Concentration
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Serum transferrin and ferritin concentrations in 10 thermally injured patients. Data expressed as
mean * SE. Dotted lines denote the upper and lower normal limits.



Figure 4
Serum Glutathione Peroxidase Activity
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Serum glutathione peroxidase activity, Fe*? reducing potential and uric acid concentrations in 10

thermally injured subjects. Data expressed as mean + SE. Dotted lines denote the upper and
lower normal limits.



Figure 5
Ceruloplasmin Protein
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Ceruloplasmin protein concentrations and oxidase activity over 14 days in thermally injured and
non-burned trauma patients. Data expressed as mean = SE from 24 burned and 35 non-burned
trauma patients and 10 healthy controls.



Figure 6
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Soluble transferrin receptor levels in plasma from thermally injured and non-burned trauma
patients. Data expressed as mean = SE from 24 burned and 35 non-burned trauma patients and
10 healthy controls.
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