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Abstract
Objective—We previously demonstrated that altered zinc homeostasis is an important feature of
pediatric sepsis, thus raising the possibility of zinc supplementation as a therapeutic strategy in
sepsis. Herein we tested the hypothesis that prophylactic zinc supplementation would be beneficial
in a murine model of peritoneal sepsis.

Design—Murine model of sepsis (intraperitoneal fecal slurry injection).

Setting—Basic science research laboratory.

Patients/Subjects—C57BL/6 male mice.

Interventions—Intraperitoneal fecal slurry injection, with or without zinc supplementation (10
mg/kg of intraperitoneal zinc gluconate for 3 days prior to CLP).

Measurements—Survival over 3 days following CLP, markers of inflammation, bacterial load
studies, and immuno-phenotyping studies.

Results—Zinc-supplemented mice demonstrated a significant survival advantage compared to
control (non-supplemented) mice. Zinc-supplemented mice also demonstrated moderate
reductions of inflammation and immune activation. The survival advantage primarily correlated
with reduced in vivo bacterial load in zinc-supplemented mice, compared to controls. In addition,
peritoneal macrophages harvested from zinc-supplemented mice demonstrated a significantly
enhanced phagocytosis capacity for E. coli and S. aureus, compared to peritoneal macrophages
harvested from control mice.

Conclusion—Prophylactic zinc supplementation reduces bacterial load and is beneficial in a
murine model of peritoneal sepsis.

INTRODUCTION
Zinc is an essential trace element for normal functioning of the innate and adaptive immune
systems (1,2), and there has recently been interest surrounding zinc supplementation as a
therapeutic strategy for critically ill patients (3,4). Sepsis continues to be a major source of
morbidity and mortality in critically ill patients with few therapeutic options beyond
antibiotics, intensive care unit-based organ support, and vaccines (5-7).
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Using genome-wide expression profiling, we first demonstrated that pediatric septic shock is
characterized by wide-spread and persistent repression of genes that are either directly
involved in zinc homeostasis, or are directly affected by alterations of zinc homeostasis (8).
This observation has been validated in multiple follow-up studies (9-14), and we have also
demonstrated that serum zinc levels are abnormally low in non-survivors of pediatric septic
shock (8). Collectively, these clinical data indirectly suggest that zinc supplementation may
be a valid therapeutic strategy in sepsis (15). Multiple revisions of a protocol testing zinc
supplementation after induction of peritoneal-induced sepsis failed to show either benefit or
harm (Wong et al. unpublished data). In the experiments described herein we tested the
hypothesis that prophylactic zinc supplementation is beneficial in mice subsequently
subjected to a model of peritonitis-induced sepsis.

MATERIALS AND METHODS
Prophylactic zinc supplementation and peritonitis model

All aspects of this study complied with the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH Publication No. 85-23
revised 1996) and met approval of the local Institutional Animal Care and Use Committee.
Male C57BL/6 mice (Harlan, Denver, CO), 4 to 5 weeks of age, were injected
(intraperitoneal) with 10 mg/kg of zinc gluconate every 24 hours, for 3 days prior to
induction of peritonitis. Intraperitoneal zinc injections continued every 24 hours after the
induction of peritonitis. Control mice received an equal volume of intraperitoneal normal
saline using the same temporal sequence. Mice were housed either 4 or 2 mice per cage,
with an equal number of mice in each cage assigned to zinc and control groups in order to
control for possible variations in shipments and environment.

Peritonitis was induced by intraperitoneal injection of a fecal-slurry as previously described
(16,17). Fecal contents were harvested from the cecum of adult donor mice by a midline
laparotomy immediately after carbon dioxide asphyxiation. Fecal material was weighed and
suspended in sterile water with 5% dextrose at a final concentration of 80 mg/ml. The fecal-
slurry was then injected into the peritoneum of control and zinc-supplemented mice at a
dose of 1.5 mg/gm. Mice were subsequently observed for 72 hours (survival studies), or
sacrificed at 24 hours after induction of peritonitis to conduct assays corresponding to the
various experimental readouts.

Measurement of myeloperoxidase activity
Myeloperoxidase was measured as an indication of neutrophil infiltration in lung tissue, as
previously described (18). Briefly, whole lung tissue was homogenized and
myeloperoxidase activity was assessed using spectrophotometry and defined as the quantity
of enzyme degrading 1 μmol hydrogen peroxide/min at 37°C, expressed in units per 100 mg
of tissue.

Measurement of serum cytokines and chemokines
Serum levels of KC, interleukin (IL)-6, IL-1β, IL-10, tumor necrosis factor (TNF)-α, and
macrophage inflammatory protein-1 (MIP-1) were analyzed using a Luminex multiplex
system (Luminex Corporation, Austin, TX) according to instructions from the manufacturer.

In vivo bacterial load
Twenty-four hours after induction of peritonitis mice were sacrificed with carbon dioxide
asphyxiation, and blood and peritoneal fluid were harvested and subjected to serial log-fold
dilutions using sterile normal saline. Lungs and spleens were also collected 24 hours after
induction of peritonitis and 100 mg of tissue was suspended in 1 ml of sterile normal saline
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and homogenized. Homogenized samples were briefly centrifuged and the resulting
supernatants were subjected to serial log-fold dilutions in normal saline. The dilutions from
all samples were then plated onto blood agar plates (Becton Dickinson, Franklin Lakes, NJ)
and incubated for 24 hours in a bacterial culture incubator. After the 24 hour incubation
period, bacterial culture plates were manually counted by a technician blinded to the
experimental conditions.

Ex vivo phagocytosis assay
After 3 days of the zinc supplementation protocol, zinc-supplemented and control mice were
sacrificed with carbon dioxide asphyxiation and peritoneal macrophages were harvested via
midline laparotomy and peritoneal lavage with 5 ml of sterile saline. Cell suspensions were
subsequently centrifuged and the resulting pellets were re-suspended in cell culture media
(DMEM with 10% fetal calf serum; Gibco BRL, Carlsbad, CA). Cells were then counted
and re-suspended for plating onto 96-well tissue culture plates (Becton Dickinson) at a
concentration of 2 × 105 cells per well. Tissue culture plates were then incubated overnight
in a tissue culture incubator at 37° C and room air/5% CO2.

After the 24 incubation period, phagocytosis of E. coli or S. aureus was measured using the
Vybrant™ Phagocytosis Assay Kit (Molecular Probes, Inc., Eugene, OR) according the
manufacturer’s instructions. Briefly, cells were incubated with either fluorescein-labeled E.
coli or S. aureus for 2 hours at 37° C. After this incubation period the culture media was
removed and any remaining extracellular fluorescein activity was quenched by one minute
incubation in trypan blue. The trypan blue suspension was then removed and intracellular
fluorescein activity was measured in a fluorescence 96-well plate reader (Promega,
Madison, WI) at 480 nm excitation/520 nm emission as an indicator of phagocytosis.

Immuno-phenotyping studies
Splenic single-cell suspensions were prepared using standard procedures (19). The
macrophage MHC II and CD11b expression was determined ex vivo. Additional splenocytes
were incubated for 24 hours with plate-bound anti-CD3 and CD28. After isolation, CD69
expression on CD4 and CD8 naive (CD44 low / CD62L high), effector (CD44 high /
CD62L high) and memory (CD44 high / CD62L low) cells was determined after analysis using
an LSR II flow cytometer and FACS DIVA software (BD Pharmingen).

The FACS antibodies were conjugated with fluorescein isothiocyanate, phycoerythrin,
peridinin chlorophyll, and allophycocianin-labeled antibodies. Specifically, the following
anti-mouse antibodies specific towards the following antigens were purchased from BD
Pharmingen (San Diego, CA): CD11b (clone: M1/70), MHC-II (clone: M1/70), CD4 (clone:
RM4-5), CD8 (clone: 53-6.7), CD62L (clone: MEL-14). CD44 (clone: IM7), and CD69
(clone: H1.2F3). The following anti-mouse antibody against F4/80 (clone: A3-1) was
purchased from AbD Serotec (Raleigh, NC).

Statistical Analysis
All statistical analyses were conducted using SigmaStat for Windows Version 3.0 (SyStat
Software, San Jose, CA). Survival analysis was conducted using a Kaplan-Meier survival
curve statistics. Normally distributed data were analyzed by Student’s t test and depicted as
means ± standard error of the mean. Non-normally distributed data were analyzed by Rank
Sum Test and depicted as box-whisker plots. Bacterial colony count data were log
transformed prior to analysis. For all statistical tests a p value < 0.05 was considered
significant.
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RESULTS
Prophylactic zinc supplementation confers a survival advantage in mice subjected to
peritonitis

In these experiments we determined the effect of prophylactic zinc supplementation on
survival after intraperitoneal fecal-slurry injection. Control mice (not supplemented with
zinc) and zinc-supplemented mice received intraperitoneal fecal-slurry injections and
survival was monitored over a 72 hour period. As shown in Figure 1, prophylactic zinc
supplementation conferred a significant survival advantage over the 72 hour observation
period.

Prophylactic zinc supplementation attenuates lung inflammation and systemic KC levels
Since an excessive inflammatory response is thought to play a role in the pathophysiology of
sepsis, and the lung is a primary target organ in sepsis, in these experiments we measured
neutrophil infiltration (by MPO assay) in the lungs of mice 24 hours after fecal-slurry
challenge. As shown in Figure 2, lung MPO activity was significantly attenuated in the
lungs of zinc-supplemented mice, compared to control mice. We also measured serum KC
levels 24 hours after fecal-slurry challenge. As shown in Figure 3, serum KC levels were
significantly lower in zinc-supplemented mice, compared to control mice. Other serum
cytokines/chemokines (i.e. IL-10, IL-1β, IL-6, MIP-1, and TNFα) and lung NF-κB activity
were not significantly different between the two experimental groups (data not shown).
These data demonstrate that prophylactic zinc supplementation modestly reduces local and
systemic inflammation in mice subjected to fecal-slurry peritonitis.

Prophylactic zinc supplementation reduces in vivo bacterial load
Since attenuation of the inflammatory response cannot fully account for the survival
advantage observed in zinc-supplemented mice, we next measured in vivo clearance of
bacteria in peritoneal fluid, blood, lung, and spleen 24 hours after fecal-slurry challenge. As
shown in Figure 4, colony forming units of bacteria in the blood and spleen homogenates
were significantly reduced in the zinc-supplemented mice, compared to the control mice
(please note that data are plotted in a log-scale). These data indicate that prophylactic zinc
supplementation reduces bacterial load in mice subjected to fecal-slurry peritonitis.

Prophylactic zinc supplementation enhances ex vivo phagocytosis
Having demonstrated that prophylactic zinc supplementation reduces in vivo bacterial load,
we next measured ex vivo phagocytosis of E. coli and S. aureus by peritoneal macrophages
harvested from zinc-supplemented and control mice. As shown in Figure 5, peritoneal
macrophages from zinc-supplemented mice had a substantially greater phagocytosis
capacity for both E. coli and S. aureus, compared to peritoneal macrophages from control
mice.

Prophylactic zinc supplementation mildly suppresses components of the adaptive immune
system

Having demonstrated that prophylactic zinc supplementation reduces in vivo bacterial load
and enhances ex vivo bacterial phagocytosis, we next assessed the effect of prophylactic
zinc supplementation on the adaptive immune system. Blood samples and spleens were
obtained from both control mice and zinc-supplemented mice for immune phenotyping
studies. There were no significant differences in the number and types of white blood cells
in the blood samples of both groups (data not shown). There were no significant differences
in the number of splenic T cells, splenic B cells, splenic macrophages, and splenic dendritic
cells in both groups (data not shown). As shown in Figure 6, CD11b and MHC II expression
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was slightly, but significantly lower in the zinc-supplemented mice compared to control
mice. As shown in Figure 7, there was a slight, but significant decrease in the percentage of
naïve and effector CD4 cells in zinc-supplemented mice, compared to controls, 24 hours
after ex vivo stimulation with platebound anti-CD3 antibody, a T cell specific mitogen.
There was also a slight, but significant decrease in the percentage of CD8 memory cells in
the zinc-supplemented mice, compared to controls, 24 hours after a similar ex vivo
stimulation. These data suggest that zinc supplementation has a mild suppressive effect on
the adaptive immune system.

DISCUSSION
The main finding from this study is that prophylactic zinc supplementation confers a
significant survival advantage in mice subjected to fecal-slurry peritonitis, a clinically
relevant model of sepsis. The mechanism of the survival advantage appears to involve a
reduction in bacterial load, as demonstrated by a decreased systemic bacterial burden in
zinc-supplemented mice (log fold), as well as enhanced ex vivo phagocytosis by peritoneal
macrophages obtained from zinc-supplemented mice. Prophylactic zinc supplementation
also appears to modestly attenuate the host inflammatory/immune response to sepsis. Thus,
it appears that prophylactic zinc supplementation in mice enhances the beneficial role of the
inflammatory/immune response to sepsis (i.e. pathogen eradication), while at the same time
attenuating potentially detrimental excessive inflammation.

Our data are directly supported by experimental data from the Knoell laboratory
demonstrating that zinc deficiency leads to increased mortality, inflammation, and organ
injury in experimental sepsis (20,21). The Knoell laboratory also demonstrated that
restoration of zinc, in animals previously rendered zinc deficient, partially reverses this
phenotype through a mechanism that may involve decreased activity of the pro-
inflammatory transcription factor, NF-κB (20,21). Our data are indirectly supported by
previous studies demonstrating that zinc deficiency leads to loss of T cells and B cells via
apoptosis (22), and by the demonstration that Toll-like receptor signaling is dependent on
zinc homeostasis (23). Conversely, a previous study by Krones et al., involving a porcine
model of endotoxemia, demonstrated that zinc administration was deleterious (24).
However, it is difficult to compare this study, with our current study, because the study by
Krones et al. involved endotoxin administration (as opposed bacterial peritonitis) and used a
much higher dose of zinc administered simultaneously with endotoxin.

Clinical data also exist supporting a role for prophylactic zinc supplementation as a
therapeutic strategy in infection-related disease processes. In clinical states associated with
immune suppression, such as sickle cell disease, human immunodeficiency virus (HIV)
infection, Down syndrome, and in the elderly, zinc supplementation has been shown to
restore NK cell activity, lymphocyte production, mitogen responses, wound healing, and
resistance to infection (25). In clinical trials involving children with acute gastroenteritis in
developing countries, both duration and severity of diarrhea were significantly decreased by
zinc supplementation (26,27). Additionally, zinc supplementation in children living in rural
communities significantly decreased the incidence of both diarrhea and acute lower
respiratory tract infections (27). Finally, a recent randomized controlled trial tested the
ability of zinc supplementation, in addition to other pharmaconutrients, to reduce the rate of
nosocomial infection in critically ill children (28). There was no efficacy in the overall study
population, but a secondary analysis of only the immune-compromised patients
demonstrated a reduction in nosocomial infections.

The experimental protocol used in the current study could be criticized as not having clinical
relevance because zinc supplementation was provided before the sepsis challenge. Indeed,
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during initial experiments we observed that administration of zinc after the sepsis challenge
conferred neither a survival advantage nor a survival disadvantage. However, sepsis is
commonly a secondary complication for patients initially admitted to the intensive care unit
for non-infectious conditions, and the current strategies being contemplated for zinc
supplementation in critically ill patients are centered on prophylactic zinc supplementation
as a means to prevent sepsis and/or to reduce the untoward effects of sepsis (28).
Accordingly, the protocol that we used mimics this strategy of prophylactic zinc
supplementation.

In conclusion, we have demonstrated that prophylactic zinc supplementation confers a
significant survival advantage in mice subjected to sepsis. The mechanism of protection
appears to primarily involve a reduction in ongoing bacterial load. While the mechanism by
which zinc reduces ongoing bacterial remains to be elucidated, the data nonetheless support
the concept that prophylactic zinc supplementation may be an effective therapeutic strategy
in critically ill patients at risk for developing sepsis.
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Figure 1.
Survival analysis for control and zinc-supplemented animals. Both groups were subjected to
intra-peritoneal fecal-slurry challenge and survival was monitored over 72 hours. The
survival curves were significantly different (p < 0.05) based on Kaplan-Meier Survival
Analysis (n = 30 animals per group).
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Figure 2.
Whole lung myeloperoxidase (MPO) activity in control and zinc-supplemented animals 24
hours after fecal-slurry challenge. Data are expressed as the medians and interquartile ranges
(* p < 0.05 versus control; Mann-Whitney Rank Sum Test; n = 10 animals per group).
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Figure 3.
Serum levels of KC in control and zinc-supplemented animals 24 hours after fecal-slurry
challenge. Data are expressed as the medians and interquartile ranges (* p < 0.05 versus
control; Mann-Whitney Rank Sum Test; n = 10 animals per group).
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Figure 4.
Bacterial colony counts from peritoneal fluid, blood, lung homogenates, and spleen
homogenates in control and zinc- supplemented animals 24 hours after fecal-slurry
challenge. Data are expressed as the mean log10 of colony forming units ± SEM (* p < 0.05
versus control; Mann-Whitney Rank Sum Test; n = 10 animals per group). Note that
differences are in log scale.
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Figure 5.
Ex vivo phagocytosis of fluorescein -labeled E. coli or S. aureus by peritoneal macrophages
derived from control and zinc-supplemented animals. Data are expressed as the mean
intracellular fluorescence units ± SEM (* p < 0.05 versus control; Student’s t test; n = 5
animals per group).
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Figure 6.
CD11b and MHC II expression on splenic macrophages derived from control and zinc-
supplemented animals. Data are expressed as mean fluorescence intensity (MFI) ± S.E.M. (*
p < 0.05 versus control; Student’s t Test; n = 6 animals per group). The number and
percentage of splenic macrophages were not significantly different between the two groups
(data not shown).
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Figure 7.
Naïve, effector, and memory CD4 and CD8 splenic T lymphocytes, respectively, before and
after 24 hours of ex vivo activation in control and zinc-supplemented animals. Data are
expressed as percent ± S.E.M. (*p < 0.05 versus control; Student’s t test, n = 6 animals per
group). The total number and total percentage of splenic T lymphocytes were not
significantly different between the two groups (data not shown).
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