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Abstract

Zinc is an essential trace element for both pathogens and hosts. Hypozincemia is a well
known phenomenon in sepsis patients and represents the innate immune systems attempt
to deprive pathogens of zinc. However little is known about course, restitution and prognos-
tic value of serum zinc levels in sepsis patients. We performed a prospective observational
single-center study set in a tertiary care university hospital intensive care unit. Serum zinc
levels were singularly measured of healthy controls and sequentially of surgical sepsis
patients and surgical patients over a 8-day period. Throughout the study period, we report
significantly decreased serum zinc levels in surgical and surgical sepsis patients compared
to healthy controls. Lower serum zinc levels in surgical sepsis patients were associated with
a higher susceptibility to a recurrent sepsis episode. Furthermore, surgical sepsis patients
with a higher number of organ dysfunctions and increased in-hospital mortality at day 28
and 90 showed lower serum zinc levels at admission. We report serum zinc levels as a
promising biomarker in the diagnosis and evaluation of sepsis patients. However, it is still
unclear whether these findings are caused by an over-amplified redistribution of zinc during
acute-phase response, or whether the critically ill patients were zinc deficient before sepsis.

Introduction

Sepsis is a severe condition and the most common cause of death in critically ill patients [1].
As implemented by the Surviving Sepsis Campaign [2], time to adequate therapy is the major
factor in the acute management of this condition. Mortality rates of sepsis patients increase for
each and every hour without antimicrobial therapy [3]. Besides the high mortality in the acute
phase of sepsis there is growing evidence that survivors of sepsis are more susceptible to infec-
tions, resulting in an increased re-hospitalization rate, higher morbidity and consecutively
higher mortality [4].
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Zinc is an essential micronutrient, and plays an important role in a myriad of cellular pro-
cesses such as protein synthesis, DNA repair and cytoprotection. Hypozincemia is a well
observed phenomenon in sepsis patients [5]. In acute phase response zinc is redistributed to
the liver and other organs, leading to a transient decrease in serum zinc levels [6]. This mecha-
nism is an important feature of host immune defense to limit availability of essential micronu-
trients to pathogens and is also known as nutritional immunity [7]. Wong et al. reported
perturbed genome level expression in pediatric septic shock non-survivors, mainly affecting
zinc homeostasis and leading to lower serum zinc levels in non-survivors [8]. Furthermore,
zinc deficiency compromises immune function [9]. In a murine model of polymicrobial
sepsis zinc deficiency increased mortality rate and burden of disease [10]. Especially in elderly
patients, persistent zinc deficiency is a common condition and associated with a higher suscep-
tibility to infections [11], due to an impaired immune response [12].

We hypothesized that transient hypozincemia in sepsis patients might be associated with a
higher susceptibility to sepsis. To determine the duration of hypozincemia, we measured
sequential serum zinc levels in critically ill patients.

Materials and methods
Study population

All patients were recruited consecutively in the Department of Intensive Care and Intermedi-
ate Care of the University Hospital Aachen between September 2012 and March 2014. In total
44 surgical sepsis patients, 18 surgical patients and 20 healthy controls were enrolled. Patients
with sepsis were enrolled within 36 hours after onset of sepsis defined by at least 2 SIRS criteria
and suspected or proven infection. To determine serum zinc levels at the very onset of sepsis
we subdivided patients, who were enrolled within 18 hours after onset of sepsis and declared
this time point as TA (Time of admission). All consecutive samples were drawn according to
the protocol. All surgical patients were admitted immediately to ICU after surgery. The study
protocol was reviewed and approved by an institutional review board (Ethics Committee of
the medical faculty, Rheinisch-Westfilische Technische Hochschule, RWTH Aachen, Pau-
welsstrasse 30, 52074 Aachen, chairman Professor Dr. med. G. Schmalzing (Register, EC Nr.
032/12)). Informed consent was obtained before inclusion and any study related measure by
patients or their legal representatives.

Sample collection

In accordance to the protocol blood samples of septic and surgical patients were drawn from
already inserted intravascular catheter after recruitment within 18 hours after onset of sepsis
(TA), or at day 1 (T1), day 2 (T2) and day 3 (T3). Samples were taken only during ICU stay.
Healthy controls consented to a single peripheral blood sample. Serum samples were allowed
to clot at room temperature for 30 minutes and consecutively centrifuged at 2000g for 10 min-
utes. Remaining samples were transferred to a biobank after additional consent was obtained
from the patient, or their legal representative.

Atomic absorption spectrometry (AAS)

All reagents for atomic absorption measurements were of appropriate quality for trace element
analysis (TraceSelect, Fluka, Germany). Serum samples were diluted 1:5 in ultrapure water
containing 0.2% (v/v) HNO; and were analyzed by flame AAS on a Perkin Elmer AAnalyst
800 instrument. Acetylene flow was set to 2.0 I/min and oxidant (air) to 17.0 l/min. A reference
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serum and serum samples spiked with defined concentrations of the respective ions were rou-
tinely analyzed to ensure reliable quantification [13].

Data collection and definitions

All relevant data were extracted from medical records and electronic bedside flow charts
(IntelliSpace Critical Care and Anesthesia (ICCA); Philips Healthcare, Andover, Massachu-
setts, USA). C-reactive protein (CRP), pro-calcitonin (PCT), Lactate-Dehydrogenase (LDH),
serum-lactate and Sequential Organ Failure Assessment (SOFA) Score laboratory parameters
were routinely determined.

Sepsis, severe sepsis and septic shock were defined in accordance with the diagnostic crite-
ria of the American College of Chest Physicians/ Society of Critical Care Consensus Confer-
ence [14, 15]. In-hospital mortality was determined from the discharge status and medical
records.

A recurrent sepsis episode was defined as either a different source of sepsis or a complete
remission of infection and consecutive relapse within 28 days after enrolment. Patients who
died in the course of the initial septic episode were excluded from this subanalysis.

Statistical analysis

Data analysis was performed using IBM SPSS Statistics 22.1 and GraphPad Prism Version 5.01
(Graphpad Software, San Diego, CA, USA). In all calculations a p <0.05 was considered statis-
tically significant. After verifying normal distribution the following analysis was performed:
Univariate analysis was performed using one-way analysis of variances (ANOVA) followed by
either Dunnett’s or Tukey’s post hoc test. When only two groups were compared we used an
unpaired t-test followed by Bonferroni-Holm procedure for multiple comparison.

Results

In this study 44 surgical sepsis patients, 18 surgical patients and 20 healthy controls were
enrolled. Demographic characteristics of the patients are depicted in Table 1. Mean age and
gender distribution did not differ significantly between the groups. Mortality and SOFA Score
were highest in septic shock patients (Table 1).

Serum zinc in the diagnosis of sepsis and association with sepsis severity

Serum zinc levels at admission were significantly decreased in surgical and septic patients in
comparison to healthy controls (11.10 + 0.30 uM zinc healthy controls vs. 7.09 + 0.65 uM zinc

Table 1. Demographic characteristics of the study population.

Mean * SEM or Healthy Controls Surgical Controls Sepsis Severe Sepsis Septic Shock
(%) per group (n=20) (n=18) (n=11) (n=7) (n =26)

Age [years] 60.70+3.64 66.44+2.37 68.00+3.71 64.29+5.19 68.23+2.55
BMI [kg/mz] 29.82+2.21 26.65+1.16 34.11+5.84 26.25+1.00
APACHEII TA 8.06,0.86 10.27,%1.62 12.14+1.37 18.38,11,24
SOFATA 3.50,%0.61 3.50,%0.60 5.20+0.58 8.80a+0.69
Sex [Male] 55.0% 61.1% 63.6% 57.1% 46.2%
Mortality 28 [days] 0.0% 0.0% 0.0% 14.3% 26.9%
Mortality 90 [days] 0.0% 5.6% 9.1% 28.6% 30.8%

Significant differences between the groups are indicated by a (p<0.05)

https://doi.org/10.1371/journal.pone.0176069.t001
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Fig 1. Total serum zinc, Procalcitonin (PCT) and C-reactive Protein (CRP) levels at admission (TA) divided by groups (a-c) or
number of organ dysfunctions (d-f) among sepsis patients. Data are shown as mean + SEM and analyzed by one-way ANOVA
followed by Dunnett’s post hoc test.

https://doi.org/10.1371/journal.pone.0176069.9001

surgical patients, p<0.001). Though, only patients presenting with septic shock had signifi-
cantly lower serum zinc concentrations compared to surgical patients (4.21 + 0.51 pM septic
shock zinc, p = 0.001 vs.7.09 + 0.65 uM zinc surgical patients) (Fig 1a). Similar to these results
PCT serum levels at admission differed only significantly between surgical patients and septic
shock patients (0.12 + 0.03ng/ml PCT surgical patients vs. 20.77 * 6.67 ng/ml PCT septic
shock) (Fig 1b). In contrast, CRP levels at admission differed significantly between septic
patients and surgical patients (each p<0.001 compared to surgical patients) (Fig 1¢c). The num-
ber of organ dysfunction among sepsis patients was assessed according to the criteria of the
American College of Chest Physicians/ Society of Critical Care Consensus Conference [14,
15]. Serum zinc levels at admission were significantly lower in surgical sepsis patient with
multiple organ dysfunctions compared to surgical sepsis patients without organ dysfunctions
(3 to 5 organ dysfunctions: 3.35 + 0.42 uM zinc vs. no organ dysfunction: 5.46 + 0.65 uM zinc)
(Fig 1d).

Patients with low serum zinc levels are at risk to develop a recurrent
sepsis episode

A recurrent sepsis episode was defined as described above. Patients who died within the first
septic episode were excluded from this subset analysis. Once again the two analyzed groups
showed a similar severity of diseases according to the SOFA score at admission (Fig 2;

Table 2).

Total serum zinc levels of patients who developed a new septic episode were significantly
lower at day 1, 2 and 3. Furthermore, total serum zinc levels did not increase significantly over
time but remained at a low level.

In patients without a recurrent sepsis episode, total serum zinc levels increased over the
study period. In line with these findings PCT and CRP serum levels in patients who developed
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Fig 2. Development of a recurrent sepsis episode in sepsis patients within 28 days after enrolment. Sepsis patients,
who died within the first septic episode, were excluded from this subset analysis. Sequentially measured a) Total serum zinc,
b) Procalcitonin (PCT) and c) C-reactive protein (CRP) levels at admission (TA) are shown as mean + SEM and analyzed by
unpaired t-test followed by Bonferroni-Holm procedure for multiple comparison. Significant differences are indicated by

* (=p <0.05).

https://doi.org/10.1371/journal.pone.0176069.9002
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Table 2. Characteristics of sepsis patients subdivided by in-hospital mortality, occurrence of a recurrent sepsis episode within 28days and source

of sepsis.
Mean *SEM

SOFATA
APACHEIITA

Serum zinc levels [uM]
zincTA

zinc T1

zinc T2

zinc T3

PCT TA [mg/ml]

CRP TA [mg/I]

LDH TA [U/l]

Lactate [mmol/l]

Hours of ventilator support

within 28days

Hours of vasopressor support

within 28 days

Max. Norepinephrine [pug/kg/

min]

Outcome 28 days Focus Recurrent sepsis episode within 28 days
Survivors Non-Survivors Pulmo Abdomen Recurrent sepsis No recurrent sepsis
(n=36) (n=8) (n=20) (n=17) episode episode
(n=19) (n=20)
6.29 £ 0.57 10.80* £1.74 6.86 +0.92 6.69 £ 0.94 6.92+0.51 5.81+0.90
13.78 £ 0.99 22.50 *+1.95 14.70+1.25 14.18 +1.91 17.47 £1.57 12.00* £1.15
5.09+0.35 2.08* +0.39 5.61+0.47 4.04+0.47 4.35+0.61 5.48 +0.41
5.22+0.34 4.18*% £1.21 6.02+£0.49 4.15% £0.49 4.13+0.52 6.11 *£0.40
5.56 +£0.39 5.08+1.03 6.73+0.49 4.52 *+0.44 4.45+0.45 6.65 *+0.49
5.94 £0.40 5.48 +0.86 6.76 £ 0.41 5.14 *+ 0.65 4.81+0.45 7.16 *£0.40
13.80+5.09 8.89+3.63 19.83+9.35 7.76 £3.37 12.28 +£5.63 14.52+7.82
163.90 £ 14.15 | 130.25+24.45 |136.36+19.83 | 183.35+18.10 | 163.81 + 19.61 159.36 £ 20.05
399.50 £ 104.17 | 382.20 + 176.14 | 524.14 + 202.53 | 316.94 +62.70 | 317.46 + 45.75 456.13 £ 179.86
2.17+0.36 10.86* £4.01 1.86+0.38 413+1.21 2.22+0.57 2.07+0.44
130.42+£38.32 | 158.5+82.2 68.0+24.4 232.12* £78.5 | 282.26 + 65.52 21.2*+10.3
85.4 £24.90 161.6 £ 62.7 49.47 £15.1 160.1 £53.8 190.13 £ 46.32 25.4+7.4
0.25+0.08 0.77* £0.30 0.18+0.07 0.42+0.16 0.44+0.17 0.10+£0.03

Significant differences between the groups are indicated by * (p<0.05).

https://doi.org/10.1371/journal.pone.0176069.t002

a recurrent sepsis episode remained higher, and did not decrease over time. However, there
was a significant difference between the two groups in CRP serum levels at day 2 and 3 only.

Low serum zinc levels at admission are associated with worse outcome
in sepsis patients

Total serum zinc levels at admission were significantly lower in non-survivors at day 28 and 90
(day 28 survivors 5.09 £ 0.35 uM zinc vs. 2.08 £ 0.39 puM zinc in non-survivors; day 90 survi-
vors 5.24 + 0.35 uM zinc vs. 2.47 £ 0.57 uM zinc in non-survivors). Therefore, low serum zinc
levels were associated with higher in-hospital mortality.

Non-survivors suffered from a higher disease severity compared to survivors, indicated by
significantly higher maximal vasopressor concentrations at admission, serum lactate and
SOFA and APACHE II Scores. However, PCT and CRP serum levels did not predict outcome,
though PCT levels tended to be lower in non-survivors (Fig 3; Table 2).

Discussion

Zinc is essential for immune cell function on various levels and an indispensable second mes-
senger in a multitude of signal pathways [16, 17]. Zinc deficiency impairs immune function
and is associated with a higher susceptibility to infections. In addition to an impaired immune
response and inefficient bacterial clearance, zinc deficiency enhances the inflammatory
response. The over-amplification of the inflammatory response leads to increased organ dam-
age and consecutively higher mortality [18]. Besecker et al. observed higher cytokine concen-
trations and an increased severity of sepsis in sepsis patients with lower serum zinc levels [19].
Furthermore, Mertens et al. found that Zinc and selenium concentrations, in particular in the
patients with sepsis, were reduced in plasma of patients with increased oxidative stress and
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Fig 3. In- hospital mortality of sepsis patients after 28 (a-c) and 90 days (d-f) of enrollment. Total serum zinc, Procalcitonin (PCT)
and C-reactive protein (CRP) levels at admission (TA) are shown as mean + SEM in survivors and non-survivors of sepsis. Significant
differences are indicated by * (= p < 0.05).

https://doi.org/10.1371/journal.pone.0176069.9003

inflammatory biomarkers on intensive care unit and concluded that “oxidative stress as a
result of suboptimal selenium and zinc concentrations might contribute to damage of key
proteins”[20].

We report persistent lower serum zinc levels in patients suffering a recurrent sepsis episode.
These results might indicate a need for zinc supplementation in sepsis patients. So far only
prophylactic zinc supplementation has been shown to reduce mortality in animal models [10,
21], most likely by improving the immune status before sepsis. All attempts to supplement
zinc in the course of sepsis were disappointing in adults. Zinc supplementation in the course
of infection might abrogate the limitation of zinc to pathogens, which in turn could lead to
increased bacterial growth.

We recently reported a reduced zinc binding capacity in a porcine model of sepsis when
zinc was added to the serum samples due to the downregulation of albumin, the major zinc
binding protein in serum [13]. In terms of zinc supplementation the decrease in zinc binding
capacity results in a narrow therapeutic window, rendering potentially harmless doses of zinc
into toxic doses. Therefore, further studies are warranted to evaluate not only the beneficial
effects, but also the safety of a potential therapeutic zinc supplementation in sepsis patients.

The measurement of serum zinc levels might be a useful parameter in the diagnosis and
evaluation of sepsis especially in combination with the established biomarkers. To date there is
no single infallible biomarker in the diagnostic of sepsis but rather a bouquet of parameters.
PCT is the most established biomarker in the diagnosis of sepsis and discrimination between
infectious and non-infectious inflammation [22]. Nevertheless, the diagnostic value of PCT
underlies certain restrictions especially in patients with renal failure. Therefore, we were not
able to show a superiority of PCT in the diagnosis of infection due to our small number of
patients. CRP on the other hand provides a slow kinetic profile, which explains the superior
discrimination between surgical and sepsis patients, since blood samples of surgical patients
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were drawn immediately after admission to Intensive Care Unit (ICU). In our study, we report
an association of multiple organ dysfunction and increased mortality with lower serum zinc
levels at admission. CRP and PCT serum levels, however, were associated neither with the
number of organ dysfunctions nor with outcome.

Additionally, we observed significantly lower serum zinc levels in patients with abdominal
source of sepsis in comparison to patients with pulmonary sepsis for the observed period of
time (Table 2). The groups showed comparable SOFA scores, however patients with abdomi-
nal sepsis had higher vasopressor support and were significantly longer depended on ventilator
support (Table 2). The difference in serum zinc levels might be therefore derived by a higher
burden of disease in patients with abdominal source of sepsis in our study.

Further studies are warranted to determine the validity of serum zinc levels in the predic-
tion of sepsis severity in comparison to the established score systems and to investigate zinc
homeostasis stratified by the source of infection.

Van Zanten et al sequentially measured serum zinc levels at baseline, day 4 and day 8 in
medical, surgical and trauma patients receiving mechanical ventilation for more than 72 hours
[23]. This study was a randomized controlled trial exploring the effects of immune-modulating
high protein or isocaloric high protein enteral nutrition in critically ill patients and was abro-
gated due to negative outcome in the intervention group. Van Zanten et al. reported no
differences in baseline zinc plasma levels in their study group. The supplemented immune-
modulating high protein nutrition contained not only zinc, but glutamine, fish oil and other
antioxidants.

Based on these findings Hofman et al. performed a post hoc safety analysis and reported a
significant association between baseline plasma concentration of zinc and 6-month mortality
in the medical critically ill patients, which is in accordance to our findings. The safety analy-
sis indicated an inverse association of low serum levels of zinc and the development of organ
dysfunctions [24]. Furthermore, Hofman et al. demonstrated a statistically significant nega-
tive association between changes in zinc from baseline to day 8 and 6-month mortality in the
non-medical patients. However, this association between serum zinc levels and mortality is
lost in non-medical critically ill patients and in the general patient population (24). This fact,
in turn, may indicate an inverse association between low zinc levels and development of
organ dysfunction, but does not necessarily support a beneficial effect of zinc supplementa-
tion in non-medical critically patients. Our study has some limitations. To the best of our
knowledge, our study is the first observational study evaluating sequential serum zinc levels
in critically ill surgical patients with sepsis. In this context we conducted a single-center
exploratory pilot study, which might limit the generalization of our results. Blood samples of
surgical patients were drawn immediately after admission to ICU, resulting in an earlier
stage of inflammation in comparison to sepsis patients. Furthermore, we were not able to
assess the zinc status of sepsis patients before infection, and did not evaluate the possible
effect of zinc supplementation in sepsis patients. We concede that present findings should
be considered within the limits of an exploratory pilot study, which does not prove a causal
relationship.

Conclusion

Surgical sepsis patients with multiple organ dysfunctions and increased in-hospital mortality
showed significantly lower serum zinc levels. We report serum zinc levels as a promising bio-
marker in the diagnosis and evaluation of sepsis patients. However, it is still unclear whether
these findings are caused by an over-amplified redistribution of zinc during acute-phase
response, or whether the critically ill patients were zinc deficient before sepsis.

PLOS ONE | https://doi.org/10.1371/journal.pone.0176069 May 4, 2017 8/10


https://doi.org/10.1371/journal.pone.0176069

@° PLOS | ONE

Low serum zinc in sepsis patients

Supporting information

S1 Data. Primary data sheet.
(XLS)

Author Contributions

Conceptualization: TS TPS HH.

Data curation: TS TPS JH HH TB.

Formal analysis: TS TPS JH TB HH GM.

Investigation: TS TB TPS JH HH.

Methodology: TS HH.

Project administration: TS TPS HH.

Resources: TS HH.

Supervision: TS TPS HH GM.

Validation: TS.

Visualization: TS TPS JH.

Writing - original draft: TS TPS JH.

Writing - review & editing: GM HH TB.

References

1.

Angus DC, Linde-Zwirble WT, Lidicker J, Clermont G, Carcillo J, Pinsky MR. Epidemiology of severe
sepsis in the United States: analysis of incidence, outcome, and associated costs of care. Crit Care
Med. 2001; 29(7):1303-10. PMID: 11445675

Dellinger RP, Levy MM, Rhodes A, Annane D, Gerlach H, Opal SM, et al. Surviving sepsis campaign:
international guidelines for management of severe sepsis and septic shock: 2012. Crit Care Med. 2013;
41(2):580-637. https://doi.org/10.1097/CCM.0b013e31827e83af PMID: 23353941

Garnacho-Montero J, Garcia-Garmendia JL, Barrero-Almodovar A, Jimenez-Jimenez FJ, Perez-Par-
edes C, Ortiz-Leyba C. Impact of adequate empirical antibiotic therapy on the outcome of patients
admitted to the intensive care unit with sepsis. Crit Care Med. 2003; 31(12):2742-51. Epub 2003/12/12.
https://doi.org/10.1097/01.CCM.0000098031.24329.10 PMID: 14668610

Wang T, Derhovanessian A, De Cruz S, Belperio JA, Deng JC, Hoo GS. Subsequent infections in survi-
vors of sepsis: epidemiology and outcomes. Journal of intensive care medicine. 2014; 29(2):87-95.
https://doi.org/10.1177/0885066612467162 PMID: 23753224

Shanbhogue LKR, Paterson N. Effect of Sepsis and Surgery on Trace Minerals. Jpen-Parenter Enter.
1990; 14(3):287-9.

Liuzzi JP, Lichten LA, Rivera S, Blanchard RK, Aydemir TB, Knutson MD, et al. Interleukin-6 regulates
the zinc transporter Zip14 in liver and contributes to the hypozincemia of the acute-phase response. P
Natl Acad Sci USA. 2005; 102(19):6843-8.

Hood MI, Skaar EP. Nutritional immunity: transition metals at the pathogen-host interface. Nat Rev
Microbiol. 2012; 10(8):525-37. https://doi.org/10.1038/nrmicro2836 PMID: 22796883

Wong HR, Shanley TP, Sakthivel B, Cvijanovich N, Lin R, Allen GL, et al. Genome-level expression
profiles in pediatric septic shock indicate a role for altered zinc homeostasis in poor outcome.
Physiol Genomics. 2007; 30(2):146-55. https://doi.org/10.1152/physiolgenomics.00024.2007
PMID: 17374846

Shankar AH, Prasad AS. Zinc and immune function: the biological basis of altered resistance to infec-
tion. Am J Clin Nutr. 1998; 68(2):447s—63s.

PLOS ONE | https://doi.org/10.1371/journal.pone.0176069 May 4, 2017 9/10


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176069.s001
http://www.ncbi.nlm.nih.gov/pubmed/11445675
https://doi.org/10.1097/CCM.0b013e31827e83af
http://www.ncbi.nlm.nih.gov/pubmed/23353941
https://doi.org/10.1097/01.CCM.0000098031.24329.10
http://www.ncbi.nlm.nih.gov/pubmed/14668610
https://doi.org/10.1177/0885066612467162
http://www.ncbi.nlm.nih.gov/pubmed/23753224
https://doi.org/10.1038/nrmicro2836
http://www.ncbi.nlm.nih.gov/pubmed/22796883
https://doi.org/10.1152/physiolgenomics.00024.2007
http://www.ncbi.nlm.nih.gov/pubmed/17374846
https://doi.org/10.1371/journal.pone.0176069

@° PLOS | ONE

Low serum zinc in sepsis patients

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Knoell DL, Julian MW, Bao SY, Besecker B, Macre JE, Leikauf GD, et al. Zinc deficiency increases
organ damage and mortality in a murine model of polymicrobial sepsis. Crit Care Med. 2009; 37
(4):1380-8. https://doi.org/10.1097/CCM.0b013e31819cefe4 PMID: 19242332

Pepersack T, Rotsaert P, Benoit F, Willems D, Fuss M, Bourdoux P, et al. Prevalence of zinc deficiency
and its clinical relevance among hospitalised elderly. Archives of gerontology and geriatrics. 2001; 33
(3):243-53. PMID: 15374021

Rink L, Kirchner H. Zinc-altered immune function and cytokine production. The Journal of nutrition.
2000; 130(5S Suppl):1407S-11S. PMID: 10801952

Hoeger J, Simon TP, Doemming S, Thiele C, Marx G, Schuerholz T, et al. Alterations in zinc binding
capacity, free zinc levels and total serum zinc in a porcine model of sepsis. Biometals. 2015; 28(4):693—
700. Epub 2015/05/06. https://doi.org/10.1007/s10534-015-9858-4 PMID: 25940830

Bone RC, Balk RA, Cerra FB, Dellinger RP, Fein AM, Knaus WA, et al. Definitions for sepsis and organ
failure and guidelines for the use of innovative therapies in sepsis. The ACCP/SCCM Consensus Con-
ference Committee. American College of Chest Physicians/Society of Critical Care Medicine. 1992.
Chest. 2009; 136(5 Suppl):e28.

Bone RC, Balk RA, Cerra FB, Dellinger RP, Fein AM, Knaus WA, et al. Definitions for sepsis and organ
failure and guidelines for the use of innovative therapies in sepsis. The ACCP/SCCM Consensus Con-
ference Committee. American College of Chest Physicians/Society of Critical Care Medicine. Chest.
1992; 101(6):1644-55. PMID: 1303622

Yamasaki S, Sakata-Sogawa K, Hasegawa A, Suzuki T, Kabu K, Sato E, et al. Zinc is a novel intracellu-
lar second messenger. The Journal of cell biology. 2007; 177(4):637—-45. https://doi.org/10.1083/jcb.
200702081 PMID: 17502426

Haase H, Rink L. Functional significance of zinc-related signaling pathways in immune cells. Annual
review of nutrition. 2009; 29:133-52. https://doi.org/10.1146/annurev-nutr-080508-141119 PMID:
19400701

Rittirsch D, Flierl MA, Ward PA. Harmful molecular mechanisms in sepsis. Nat Rev Immunol. 2008; 8
(10):776-87. https://doi.org/10.1038/nri2402 PMID: 18802444

Besecker BY, Exline MC, Hollyfield J, Phillips G, DiSilvestro RA, Wewers MD, et al. A comparison of
zinc metabolism, inflammation, and disease severity in critically ill infected and noninfected adults early
after intensive care unit admission. Am J Clin Nutr. 2011; 93(6):1356—64. https://doi.org/10.3945/ajcn.
110.008417 PMID: 21525204

Mertens K, Lowes DA, Webster NR, Talib J, Hall L, Davies MJ, et al. Low zinc and selenium concentra-
tions in sepsis are associated with oxidative damage and inflammation. British journal of anaesthesia.
2015; 114(6):990-9. https://doi.org/10.1093/bja/aev073 PMID: 25833826

Nowak JE, Harmon K, Caldwell CC, Wong HR. Prophylactic zinc supplementation reduces bacterial
load and improves survival in a murine model of sepsis. Pediatr Crit Care Me. 2012; 13(5):E323-E9.

Wacker C, Prkno A, Brunkhorst FM, Schlattmann P. Procalcitonin as a diagnostic marker for sepsis: a
systematic review and meta-analysis. The Lancet Infectious diseases. 2013; 13(5):426-35. https://doi.
org/10.1016/S1473-3099(12)70323-7 PMID: 23375419

van Zanten AR, Sztark F, Kaisers UX, Zielmann S, Felbinger TW, Sablotzki AR, et al. High-protein
enteral nutrition enriched with immune-modulating nutrients vs standard high-protein enteral nutrition
and nosocomial infections in the ICU: a randomized clinical trial. Jama. 2014; 312(5):514—24. https:/
doi.org/10.1001/jama.2014.7698 PMID: 25096691

Hofman Z, Swinkels S, van Zanten AR. Glutamine, fish oil and antioxidants in critical iliness: MetaPlus
trial post hoc safety analysis. Annals of intensive care. 2016; 6(1):119. https://doi.org/10.1186/s13613-
016-0220-y PMID: 27957725

PLOS ONE | https://doi.org/10.1371/journal.pone.0176069 May 4, 2017 10/10


https://doi.org/10.1097/CCM.0b013e31819cefe4
http://www.ncbi.nlm.nih.gov/pubmed/19242332
http://www.ncbi.nlm.nih.gov/pubmed/15374021
http://www.ncbi.nlm.nih.gov/pubmed/10801952
https://doi.org/10.1007/s10534-015-9858-4
http://www.ncbi.nlm.nih.gov/pubmed/25940830
http://www.ncbi.nlm.nih.gov/pubmed/1303622
https://doi.org/10.1083/jcb.200702081
https://doi.org/10.1083/jcb.200702081
http://www.ncbi.nlm.nih.gov/pubmed/17502426
https://doi.org/10.1146/annurev-nutr-080508-141119
http://www.ncbi.nlm.nih.gov/pubmed/19400701
https://doi.org/10.1038/nri2402
http://www.ncbi.nlm.nih.gov/pubmed/18802444
https://doi.org/10.3945/ajcn.110.008417
https://doi.org/10.3945/ajcn.110.008417
http://www.ncbi.nlm.nih.gov/pubmed/21525204
https://doi.org/10.1093/bja/aev073
http://www.ncbi.nlm.nih.gov/pubmed/25833826
https://doi.org/10.1016/S1473-3099(12)70323-7
https://doi.org/10.1016/S1473-3099(12)70323-7
http://www.ncbi.nlm.nih.gov/pubmed/23375419
https://doi.org/10.1001/jama.2014.7698
https://doi.org/10.1001/jama.2014.7698
http://www.ncbi.nlm.nih.gov/pubmed/25096691
https://doi.org/10.1186/s13613-016-0220-y
https://doi.org/10.1186/s13613-016-0220-y
http://www.ncbi.nlm.nih.gov/pubmed/27957725
https://doi.org/10.1371/journal.pone.0176069

