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ABSTRACT

Background: Several studies showed benefits of long-term zinc
supplementation on theincidence, severity, and duration of diarrhea
and on the incidence of respiratory infections. Prolonged zinc sup-
plementation also improves cell-mediated immunity in severely
mal nourished children.

Objective: Westudied theeffect of short-term zinc supplementation
on intrinsic and specific immune and inflammatory responses in
moderately malnourished children with acute shigellosis.

Design: A randomized, double-blind, placebo-controlled trial was
conducted in Shigella-infected children aged 12-59 mo. Elemental
zinc (20 mg) and a multivitamin containing vitamins A and D,
thiamine, riboflavin, nicotinamide, and calcium at twice the recom-
mended dietary allowanceweregivendaily for 2wk tothezincgroup
(n = 28), whereas the multivitamin alone was given to the control
group (n = 28). Standard antibiotic therapy wasgiventoall patients.
Results: Serum zinc concentrationsincreased in both groupsduring
conval escence; however, zinc supplementation showed asignificant
effect. The lymphocyte proliferation response in the zinc group
increased relative to that in the control group (P = 0.002), but
no significant effects were seen on concentrations of cytokines (in-
terleukin 2 and interferon ) released from mitogen-stimulated
mononuclear cells or on concentrations of cytokines (interleukin 2,
interferon v, andinterleukin 18) infeces. Among the antigen [lipopoly-
saccharide and invasion plasmid-encoded antigen (1pa)]-specific anti-
bodies, plasma Ipa-specific immunoglobulin G responses at day 30
were significantly higher in the zinc group than in the control group.
However, the 2 groups did not differ significantly in the other antigen-
specific responsesin plasmaand stoal.

Conclusion: A 14-d course of zinc supplementation during acute
shigellosis increases the lymphocyte proliferation response and the
I pa-specificimmunoglobulin G response. AmJ Clin Nutr 2004;
79:444-50.
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INTRODUCTION

Shigellosis, a bacillary dysentery, is a major cause of child-
hood mortality and morbidity in devel oping countries, especially
in children aged < 5y. In developing countries, frequent infec-
tiondueto Shigellamay lead tomal nutrition, stunting of growth, and
even life-threatening complications in children (1, 2). Mortality
from shigellosis is highest in severely manourished children (3).
Malnourished children with shigellosis have a lower stimulation

index to mitogens, alower CD4:CD8 retio, and lower transferrin
concentrations than do children who are not malnourished (4).

Zinc deficiency is associated with increased diarrheal and
respiratory morbidity (5, 6). Prolonged zinc supplementation in
double-blind, placebo-controlled trials reduced the incidence,
severity, and duration of acute and persistent diarrhea and dys-
entery and the incidence of acute lower respiratory infections
(7-12). Zinc supplementation has been shown to improve cell-
mediated immunity in children (13, 14) although studies on the
effects of zinc supplementation on specificimmunity in humans
arelimited (15-19). Zincisan antioxidant that protectscellsfrom
the damaging effects of oxygen radicals generated during im-
mune activation (20, 21). In fact, zinc supplementation of mal-
nourished children with acute or persistent diarrhea reduced in-
testinal permeability, which reflected enhanced mucosal repair
(22). The adverse effects of zinc deficiency on theimmune sys-
tem are likely to increase the susceptibility of children to infec-
tious diarrhea, and chronic or persistent diarrhea may further
compromise nutritional status and lead to a zinc-deficient state
(6, 10, 23). Therefore, zinc supplementation could conceivably
modul ate theimmune and inflammatory responsesto shigellosis
inaway that isbeneficial to the host. The present study wasthus
undertaken to investigate the effect of zinc supplementation on
innate and specificimmune and inflammatory responsesin mod-
erately malnourished children with shigellosis.

SUBJECTS AND METHODS

Study subjects

Pediatric patients who had bloody mucoid stools and severe
abdominal cramps and attended the Clinical Research Service
Center of the International Centre for Diarrhoeal Diseases Re-
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search, Bangladesh (ICDDR,B): Centre for Health and Popula
tion Research in Dhaka, Bangladesh, wereinitialy screened for
the study. Stool samples were examined microscopically and
cultured for enteric bacterial pathogens (24). Children whose
stool cultureswerepositivefor Shigellaorganismswereincluded
inthe study. Selection of the patientswas based on thefollowing
criteriac age of 12-59 mo, moderate malnutrition, duration of
diarrheaof 0-5d, and culture-confirmed Shigella spp in stool on
enrollment. Measurements of weight and length (height) were
performed by using the National Center for Health Statistics
growth percentile curves. Height-for-age, weight-for-age, and
weight-for-height z scores were calculated with the use of the
PCTL9Z Anthropometry Subroutine (Center for Health Promo-
tion and Education, Centersfor Disease Control and Prevention,
Atlanta). The exclusion criteriawere as follows: measlesinfec-
tioninthepast 6 mo; presenceof obvioussystemicillnesses, such
as pneumonia, meningitis, septicemia, leukemoid reaction, he-
molytic uremic syndrome, etc; zinc supplementation; severe
malnutrition; residencein alocation requiring ajourney of > 2h
from the Clinical Research Service Center; and refusal of con-
sent. Signed informed consent was obtai ned from the guardian of
each pediatric patient before enrollment according to the guide-
lines of the Ethical Review Committee of the ICDDR,B.

Study design

The study was designed as adouble-blind, placebo-controlled
study in which patients were randomly assigned to 2 treatment
groups. A block randomization procedure was performed by
using arandom tableto assign an equal number of patientsto the
following 2 groups: atreatment group, who received zinc acetate
with multivitamin syrup, and acontrol group, who received mul-
tivitamin syrup aone (25). Double blinding was done by having
identical bottles of syrup labeled with numbers, which were
allocated to the children in the 2 groups chronol ogically accord-
ing to their serial number within each group. The zinc syrup
containing zinc and the multivitamin was masked for taste and
flavor and wasindistinguishablein consistency, appearance, and
taste from the control syrup containing the multivitamin only.

The micronutrient supplements were prepared by Acme Lab-
oratories, Dhaka, Bangladesh. Every 5 mL of the multivitamin
syrup contained the following: vitamin A (3000 IU), vitamin D
(600 1U), thiamine (1.2 mg), riboflavin (2.0 mg), nicotinamide
(6.0mg), and calcium panthonate (6.0 mg). The zinc preparation
contained zinc acetate (20 mg elemental Zn/5 mL) mixed in the
multivitamin syrup. The experimental group received the zinc
syrup containing the multivitamin (the vitamins were given at
twice the recommended dietary alowance) in 2 divided doses
daily for 2 wk starting from the day of admission. The control
group received the multivitamin (control supplement in which
the vitamins were given at twice the recommended dietary al-
lowance) aone. All the pediatric patients received 60 mg piv-
mecillinum - kg body wt~*-d~*in4divided dosesfor 5d. Inboth
groups of patients, diarrhea subsided within 3-5 d. During hos-
pitalization al the study children received a standardized diet of
100125 kcal and 3—4 g protein in mixed food - kg body wt™* -
d~*. The zinc content of the consumed diet was ~7—8 mg/d.
During the stay at the study ward, the children were fed the
supplements by the health assistants. When the children were
discharged onday 7, their mothersweregiventhebottlesof syrup
and were instructed to feed the child the supplement daily at
home for the remaining 7 d. On day 14, ahealth assistant visited

the household, measured the amount of syrup taken, and asked
the mothers about any problems encountered while feeding the
syrups to their children.

Specimen collection

A venous blood sample was obtained from each child at ad-
mission (day 1, before supplementation) and 7 and 30 d after
admission when the child was brought to the hospital for
follow-up sampling. Blood was collected in heparin-coated ster-
ilevials(Vacutainer system; Becton Dickinson, Rutherford, NJ).
Peripheral blood mononuclear cellswereisolated from heparin-
ized blood with Ficoll-Paque density gradient centrifugation
(Pharmacia-Upjohn, Uppsala, Sweden) for 25 minat 939 x gand
25 °C, and plasmawas coll ected asthe supernatant fluid fromthe
gradient and stored at —70 °C until analyzed. Blood was also
collected in vias that were free of trace elements (Venoject I1;
Terumo Europe NV, Leuven, Belgium), and serum was sepa-
rated from cells. In addition, stool samples were collected from
the pediatric patients on the day of admission and the follow-up
days, extracted as described previously (24), and kept at —70 °C
until analyzed.

Zinc status and C-reactive protein

Serum zinc concentrations were measured by using a flame
atomi ¢ absorption spectrophotometer (BDH) and azinc standard
solution (Spectrosol; BDH). Serum C-reactive protein concen-
trations were measured by using afluorescence polarizationim-
munoassay technique (Abbot Laboratories, Abbot Park, IL) on
an Abbot TDx analyzer.

Antigen-specific antibodies in plasma and fecal extracts

Enzyme-linked immunosorbent assays were used to test
plasma samples for immunoglobulin (Ig) G and IgA antibodies
andtotest fecal extractsfor IgA antibodies(26, 27). Theantigens
used in the present study were lipopolysaccharide (LPS) from
Shigella flexneri Y and invasion plasmid-encoded protein anti-
gens (Ipa) from strain Sp-10, an Escherichia coli K-12 strain
harboring the invasion plasmid and rich in Ipa. Extraction and
purification of the antigens were performed as described previ-
ously (26). Microtiter plates (Nunc, Roskilde, Denmark) were
coated with purified LPS (10 wg/mL in carbonate buffer con-
taining 0.1 mol sodium bicarbonate/L. and 5 mmol magnesium
chloride/L, pH 9.8) from S. flexneri Y (27) or with pa (20 wg/mL
in phosphate-buffered saline, pH 7.4). Absorption was measured
at 450 nm. Antigen-specific responseswere expressed asrelative
titers, which were defined as the absorption multiplied by the
dilution factor of the sample (26, 27).

Secretory immunoglobulin A concentrations in fecal
extracts

Total secretory IgA concentrations in fecal extracts were
measured by using an enzyme-linked immunosorbent assay (26,
28) and pooled human milk having a known IgA concentration
of 1 mg/mL asastandard. Microtiter plates (Nunc) were coated
with antisecretory component (1:2000 in carbonate buffer,
100 uL/well; DakopattsAB, Denmark), horseradish peroxidase-
conjugated antisecretory component (1:1000; Dako) was used
as a conjugate, and the plates were developed by using ortho-
phenylenediamine (Sigma, St Louis) as the substrate.
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M easurement of soluble innate mediators in stool and
urine

The enzyme activity of myeloperoxidase (MPO; EC 1.11.1.7)
was determined in stool extracts by measuring the hydrogen perox-
ide—dependent oxidation of 3,3,5,5-tetramethyl-benzidine by
using a kinetic spectrophotometer (Beckman DU 640; Beckman
Instruments, Fullerton, CA) at 650 nm asdescribed previously (24).
Thespecificactivity of MPOwasexpressed asU/mgtotal proteinin
stool extracts. Superoxide dismutase (SOD; EC 1.15.1.1) activity
was measured in stool samples by using a commercia kit (R&D
Systems, Inc, Minneapalis). The assay is based on the SOD-medi-
ated increase in the rate of autooxidation of 5,6,6a,11b-tetrahydro-
3,9,10-trihydroxybenzofluorene in agueous akaline solution to
yieldachromophorewith maximum absorbanceat 525 nm. Therate
of changein absorbanceat 525 nm per minutewasdefined as 1 U of
enzyme activity. The specific activity was expressed as U/mg total
protein. The fina products of nitric oxide in vivo are nitrate and
nitrite. With the use of acommercia kit (R&D Systems, Inc), con-
centrations of these metabolites have been used as a quantitative
measure of nitric oxide production in urine samples. The creatinine
content of urinewas measured, and thetotal concentration of nitrate
and nitrite was expressed as aratio of the creatinine concentration
and wasreferred to asthe concentration of nitric oxide metabolites.
The cytokines interferon y (IFN-v), interleukin 18 (IL-18), and
interleukin 2 (IL-2) were measured in stool extracts by using com-
mercial sandwich enzyme-linked immunosorbent assay kits (R& D
Systems, Inc). Concentrations of IL-13, IL-2, and IFN-y were ex-
pressed as pg/mL stool. The detection limits of the assays were 1
pa/mL for IL-18, 8 pg/mL for IFN-v, and 7 pg/mL for IL-2.

Lymphocyte proliferation assay

Peripheral blood mononuclear cells (1 x 10° cells/mL) were
cultured with medium alone or stimulated with phytohemagglu-
tinin (2 wL/well; Gibco) in a sterile, 96-well, U-bottomed plate
(Nunc) for 3din 5% CO, and at 37 °C. Cells were pulsed with
[*H]thymidine (specific activity of 5 mCi/mmol, 0.5 uCi/well;
Amersham Pharmacia Biotech, United Kingdom) 18 h before
cell harvest. Labeled cells were collected on glass fiber filter
paper (Whatman International Ltd, Maidstone, United King-
dom) by using acell harvestor (Automesh 2000; Dynatech, Den-
kendorf, Germany), and [*H]thymidine incorporation into lym-
phocytes was counted as counts/min with a beta counter (LS
6500; Beckman). For each patient, dataare expressed asthemean
stimulation index (counts/min of stimulated cells divided by
counts/min of unstimulated cells) of triplicates.

Cytokines in cell culture supernatant fluid

Peripheral blood mononuclear cells were cultured as de-
scribed above with or without PHA (2 uL/well) in a sterile,
96-well, U-bottomed plate (Nunc) for 3 d in 5% CO, and at
37 °C. Culture supernatant fluid was collected from unstimu-
lated and PHA-stimulated cells, and the cytokines IFN-y and
IL-2 were measured in the supernatant by using commercial
sandwich enzyme-linked immunosorbent assay kits (R&D Sys-
tems, Inc). Concentrations of IFN-y and IL-2 were expressed as
pa/mL supernatant fluid.

Statistical analyses

Statistical analyses were performed by using the statistical
software SIGMASTAT 2.03 (Jandel Scientific, San Rafael, CA).

TABLE 1
Baseline characteristics of patients supplemented with zinc or placebo*
Characteristic Zinc (n = 28) Placebo (n = 28)
Age (mo) 18 (15-28)? 24 (18.5-35)
Duration of diarrhea (d) 5(5-5.7) 4(3.5-5.5)
Duration of fever® (d) 5(2.5-6) 4(3-6)
Stools (no./d) 5(3-85) 6.5(3-13.5)
Blood leukocyte count

(X 10%mmq) 12.7 (11.5-15.37) 12 (10.3-16.6)
Blood lymphocyte count (%) 51 (42-60) 47.5 (33-55)
Blood neutrophil count (%) 40 (32-52) 37.5(33-53)
Weight-for-height z score —1.91 + 0.75* —1.85+ 0.99
Weight-for-age z score —249 + 091 —2.62+0.78
Height-for-age z score -168+ 13 —1.94 + 0.83

1 Blood leukocytes, lymphocytes, and neutrophils were counted in a
Differential Automatic Hematology Analyzer (Danam Excell, Dallas). There
were no significant differences between the 2 groups.

2 Median; interquartile range in parentheses.

3 Defined as atemperature > 37.8 °C.

4%+ SD.

Dataare expressed asgeometric means + SEMs. Two-way anal -
ysis of variance (ANOVA) was performed to determine signif-
icant interactions between time and treatment, and in the case of
a significant interaction, the post hoc Tukey’s procedure was
performed. For datathat werenot normally distributed, ANOVA
on ranks was applied. For within group (between days) compar-
isons, one-way ANOVA was performed.

RESULTS

Demographic characteristics of patients

A total of 56 patients with a median age of 23 mo (25-75
percentiles: 15-30 mo) were enrolled in the study. All the pa-
tients (n = 28inthezinc group and 28 inthe control group) were
infected with S. flexneri spp. The baseline characteristics of the
patients are shown in Table 1. There were no significant differ-
ences between the zinc group and the control group in any of the
baseline characteristics. Microscopic examination of stool spec-
imens on the day of admission showed that 3 patientsin the zinc
group and 4 in the control group were infected with Ascaris
lumbricoides. The clinical recovery, growth, and morbidity of
the children will be reported el sewhere.

Zinc status and acute phase response

There was no significant difference between the zinc group
and the control group in serum zinc concentrationsat baseline. In
two-way ANOVA, no significant time-by-treatment interaction
was observed. Serum zinc concentrations increased in both
groupsduring conval escence. However, both zinc supplementa-
tion (P = 0.01) and time (P < 0.001) showed asignificant effect
on serum zinc concentrations (Table 2). No significant interac-
tion between zinc supplementation and time was observed for
serum C-reactive protein concentrations. However, time showed
a significant effect (P = 0.001) on serum C-reactive protein
concentrations.

Innate humoral and inflammatory responses

Concentrations of cytokines (IL-2, IFN-vy, and IL-18) and
innate mediators (MPO, SOD, and urinary nitric oxide metabo-
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TABLE 2
Effect of zinc supplementation on zinc status and acute phase response*

Zinc group Control group
(n=28) (n=28)

Zinc (mg/L)

Day 1 0.59 + 0.02 0.57 £ 0.02

Day 7 0.73 £ 0.02 0.68 + 0.01

Day 30 0.79 £ 0.03 0.71 + 0.02
CRP (mg/dL)

Day 1 094 +04 09+03

Day 7 056+ 0.1 05+ 0.08

Day 30 0.5 + 0.06 05+ 0.07

1 Geometric X = SEM. CRP, C-reactive protein. In two-way ANOVA,
no significant interaction between zinc supplementation and time was ob-
served. However, both zinc supplementation (P = 0.01) andtime (P < 0.001)
showed a significant effect on serum zinc concentrations, but only time
showed a significant effect (P = 0.001) on serum CRP concentrations.

lites) in stool extracts were examined in both groups of patients.
No significant differences in the concentrations of cytokines or
innate mediators in stool extracts were observed between the 2
groups or within each group over time. Only time showed a
significant effect on stool IL-13 concentrations (P = 0.001)
(Table 3).

Céllular immune responses

Peripheral blood mononuclear cells from patients were ana-
lyzed for their ability to respond to a mitogen (PHA) by prolif-
eration ([*H]thymidine incorporation) and to produce cytokines
(IFN-y and IL-2) in response to PHA. In two-way ANOVA, no
significant interactions between zinc supplementation and time
were observed; however, 2 wk of zinc supplementation had a
significant effect (P = 0.002) onthestimulationindex (Table4).
No significant differences in the PHA-stimulated secretion of
IFN-vy and IL-2 were observed between the 2 groups or within
each group over time.

Antigen-specific antibody responses

LPS and Ipawere used as antigens for determination of Shi-
gellaantigen-specificimmuneresponsesin patients. WWhen com-
parisons were made between the 2 groups by using two-way
AVOVA, asignificant interaction was identified between time
and treatment (zinc supplementation) (P < 0.003). Post hoc
analysis with Tukey’s test showed that the increase in the Ipa-

TABLE 3

specific 1gG response from day 1 to day 30in the zinc group was
significant in comparison with the increase over that timein the
control group (P < 0.001). In both groups, the Ipa-specific IgG
response on day 30 was significantly higher than that on day 1 or
day 7 (P < 0.001) (Table 5). Except for significant effects of
time on plasma L PS-specific IgA (P = 0.012) and stool s-IgA
(P = 0.026), no significant differences in antigen-specific anti-
bodieswere observed between the 2 groups or within each group
over time.

DISCUSSION

The present study showed that a short course of zinc supple-
mentation during aperiod of acuteillnessimprovesboth Shigella
antigen-specific 1gG responses and lymphocyte proliferation re-
sponses in patients with shigellosis. A decrease in serum zinc
concentrations during infection is an acute phase response, but
concentrations return to baseline values after clinical recovery
(29). However, the significant increase in zinc concentration in
the zinc group relative to the increase in the control group sug-
geststhat these children probably receive azinc-deficient diet at
homeand that the 14-d course of zinc supplementation during the
acute phase of the disease made a prominent difference. In line
withthis, inan earlier study, children who received a14-d course
of zinc supplementation during acute diarrhea had a 25% in-
crease in linear growth from 4 to 9 wk in comparison with the
linear growth of the children in the control group (30).

Shigellosisis an acute inflammatory disease that is accompa-
nied by excessive production of proinflammatory cytokines and
mediators such as MPO, nitric oxide, and eicosanoids (24, 31,
32). Zincisknownto protect cell sfrom reactive oxygen species—
mediated damage during immune activation and to preserve cell
membrane integrity (21, 33). A therapeutic effect of zinc in
reducing inflammation through reduction of MPO concentra-
tions has been reported in arat model of Crohn disease (34, 35).
Endogenous zinc inhibits LPS- and IL-1B—-induced nitric oxide
formation and inflammation in the intestine (36). Zinc may also
act asanitric oxide scavenger ininvitro systems (37). However,
inthepresent study, wedid not observeasignificant effect of zinc
on concentrations of cytokines, MPO, nitric oxide metabolites,
or SOD.

Zinc supplementation has been shown to improve cell-
mediated immunity in young children after prolonged daily sup-
plementation ranging from 3 to 4 mo (13, 14). In terms of a

Effect of zinc supplementation on innate immune responses in pediatric patients with shigellosis*

Zinc group (n = 28)

Control group (n = 28)

Innate mediatorsin stool extracts Day 1 Day 7 Day 30 Day 1 Day 7 Day 30
IL-18 (pg/mL) 2562 + 133 38+ 22 92 + 16 2577 = 871 56 + 112 68 + 19
IL-2 (pg/mL) 72+ 10 79+ 12 70+ 12 79+ 12 78+ 3 76+ 2
IFN-vy (pg/mL) 12+ 2 13+1 13+ 3 12+ 2 15+ 23 14+13
Myeloperoxidase (U/mg total protein) 32+4 012+18 018+ 0.7 3+3 04+13 065+ 1
Superoxidase (U/mg total protein) 0.2 £ 0.06 034+ .6 0.15 + 0.07 03+0.2 02+03 02+01
Nitrate (wmol/wmol creatinine) 12+03 1+02 08+0.1 08+0.2 0.73+ 0.1 0.72 = 0.09

1 Geometric X + SEM. For myel operoxidase and superoxidase, the rate of change in absorbance at 525 and 655 nm, respectively, per minute was defined
as 1 U. One milliliter of liquid stool was equal to ~0.25 g stool. IL-1f, interleukin 13; IL-2, interleukin 2; IFN-v, interferon v. In two-way ANOVA, no
significant differenceswere observed between the 2 groups or within each group over time. Only time showed asignificant effect on stool IL-13 concentrations

(P = 0.001).
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TABLE 4
Effect of zinc supplementation on mitogen-stimulated immune responses
in patients with shigellosis*

Zinc group Control group
(n=25) (n=298)

Stimulation index®

Day 1 151+ 24 112+ 8

Day 7 176 + 26 94 + 19

Day 30 170 + 42 117 £ 12
Interleukin 2 (ng/mL supernatant fluid)

Day 1 0.27 = 0.15 04+03

Day 7 07+03 05+03

Day 30 1.0+ 0.6 08+04
Interferon y (ng/mL supernatant fluid)

Day 1 12+ 34 15+4

Day 7 289+7 284+8

Day 30 19+6 26+7

1 Geometric X = SEM. Intwo-way ANOVA, no significant interaction
between zinc suppl ementation and timewas observed. Only zinc supplemen-
tation showed a significant effect (P = 0.002) on stimulation index. No
significant differencesininterleukin 2 or interferon y were observed between
the 2 groups or within each group over time.

2 Ratio of counts/min of phytohemaggl utinin-stimul ated cellsto counts/
min of unstimulated cells.

cutaneous delayed hypersensitivity reaction, the lymphocyte
proliferation responseto PHA, and the proportion of lymphocyte
subsets, the cellular immune status of these children improved
with zinc supplementation. In the present study, the 14-d course
of zinc supplementation augmented thelymphocyte proliferation
response to PHA. However, improvement of the functional as-
pect of lymphocytes, as indicated by secretion of cytokines in
responseto PHA, wasnot evident, although studiesusinginvitro
cell systems have shown that extracellular zinc induces the pro-
duction of the cytokines IL-1, IL-6, IFN-vy, and tumor necrosis
factor a by monocytes (38—41) and of IL-2 and IFN-y by T cells
(41). There may be differences between in vivo and in vitro
activation processes.

To determine the effect of zinc supplementation on Shigella
antigen-specific immune responses, we looked at LPS- and Ipa-
specific IgA and 1gG antibodies in plasma and stool. A signifi-

TABLE 5

cant increase in the | pa-specific 1gG response from day 1 to day
30inthezincgroupin comparisonwiththeincreaseinthecontrol
group suggests that zinc supplementation may have boosted the
mounting of arecall-type memory responsein the zinc group. In
fact, the mounting of an immune responsein children with shig-
ellosis decreases when they are malnourished (4). In addition,
compared with adults, pediatric patients with shigellosis have
decreased and del ayed adaptiveimmuneresponses(28), and thus
zinc supplementation may have an additive effect in enhancing
specific responses. A recent study on oral choleravaccination of
Bangladeshi children (49% had a serum zinc concentration < 60
mg/dL) showed improvement in the immune response after zinc
supplementation for 42 d (15). Another study reported a signif-
icantly enhanced |gG responseto tetanus vaccinein elderly sub-
jects after 1 mo of zinc supplementation (16). Only one study
showed a direct correlation between decreased serum zinc con-
centrations and failure to respond to diphtheria vaccine (18).
However, most vaccination studies done on zinc-deficient pa-
tients with prolonged zinc supplementation did not show any
increase in antibody titer against the vaccine (42—45). Again,
zinc supplementation of healthy adults without zinc deficiency
significantly increased the serum vibriocidal responsetoanoral,
killed, whole-cell cholera vaccine (46) and the lymphocyte re-
sponse to mitogens (47), and the beneficial effect of zinc sup-
plementation did not result from a correction of latent zinc defi-
ciency. Animal studies showed that zinc deficiency adversely
affects B lymphocyte development in bone marrow, in vitro
antibody production, and isotype switching (23, 48—50) and that
T-dependent antibody responses are more affected by zinc defi-
ciency than are T-independent antibody responses (20). Shigella
LPSisaT-independent antigen, whereasbecause | paisaprotein,
it is a T-dependent antigen. This may explain the effect of zinc
supplementation on I pa-specific responses in plasma.

In conclusion, the results of the present study show that 2 wk
of supplementation with 20 mg elemental Zn during acute shig-
ellosis enhances antigen-specific antibody and lymphocyte pro-
liferation responses in the periphera circulation. The data sug-
gest that instead of prolonged supplementation, ashort course of
zinc supplementation as an adjunct therapy for common infec-
tious diseases may be equally beneficial in boosting immune

Effect of zinc supplementation on specific immune responses in patients with shigellosis*

Zinc group (n = 28)

Control group (n = 28)

Antigen-specific

antibody titer Day 1 Day 7 Day 30 Day 1 Day 7 Day 30
Plasma
LPS-IgA 633+ 14 108 + 16 46 + 15 61 + 18 113+ 20 58 + 17
LPS-1gG 740 + 134 997 + 228 856 + 280 875 + 225 1283 + 272 883 + 202
Ipa-lgA 14+14 12+12 93+08 15+2 13+4 11+1
Ipa-lgG 80+ 9% 117 + 107 204 + 34° 83 + 107 97 + 112 161 + 18°
Stool
slgA 207.6 + 47 375+ 102 197 £ 72 184+ 71 307 = 69 242 + 83
LPS-IgA 303+4 406+ 4 134 +5 26+5 43+3 17+ 45
Ipa-lgA 057 +£0.15 04+ 012 0.42 +0.15 053+ 0.16 0.37 £ 0.12 0.38 + 0.08

1 Geometric x == SEM. Except for secretory immunoglobulin (Ig) A (s-1gA), antigen-specific responses are expressed asrel ativetiters, which were defined
as the optical density multiplied by the dilution factor of the sample. For s-IgA, values are expressed as pg/mL. LPS, lipopolysaccharide; Ipa, invasion
plasmid-encoded antigen. In two-way ANOVA, asignificant interaction between zinc supplementation and time was observed for |pa-specific 1gG titersin
plasma(P = 0.003). Valuesinthe samerow with different superscript lettersare significantly different, P < 0.05 (post hoc Tukey’ stest). Except for significant
main effects of time on plasma LPS-IgA (P = 0.012) and stool s-1gA (P = 0.026), no other significant main effects or interactions were found.
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responses. | n underdevel oped countrieswhere micronutrient de-
ficiency is widely prevaent, short-term zinc supplementation
may be a useful, practical, and cost-effective therapy from a
public health perspective. & |
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