








Therapy of ETEC induced diarrhea

Figure 3. Serum zinc (A), complement C3 (B), I1gG (C), and IgM (D) concen-
trations in mice with ETEC-induced diarrhea in the CON, UT, and ZT groups.
Values are mean + SD, n = 6/group. *P < 0.05, compared with CON group.

#P < 0.05, compared with UT group.

Results

Zinc treated mice have lower weight loss after
EAEC challenge

Mice maintained on a zinc deficient diet (UT) or
high zinc diet (ZT) for 2 weeks were pretreated
with an antibiotic cocktail as described above,
prior to infection. As shown in Figure 1, after a
single oral challenge of 10° EAEC, UT mice had
significant weight loss on days 2-6 (P < 0.05
compared to CON group). Conversely, ZT mice
infected with EAEC had an insignificant amount
of weight loss.

Zinc treatment prevents intestinal architecture
disruption

lleum sections from all treated mice were iso-
lated to assess histopathology. Inflammation
infiltration score and the villus to crypt ratio
was significantly altered in UT mice compared
to ZT or uninfected controls (Figure 2A-C; P <
0.05).
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Mice fed a high zinc diet have
higher serum zinc, comple-
ment C3, 1gG and IgM levels

To determine whether we
could elevate zinc concentra-
tions in mice, we fed mice
either a high zinc diet or a diet
without any added zinc for 2
weeks and then assayed
serum for zinc levels. As
expected, the UT mice had
significantly lower serum zinc
levels (Figure 3A). More im-
portantly, we saw a signifi-
cantly lower level of zinc in
serum of mice fed a zinc defi-
cient diet compared to a high
zinc diet (Figure 3A; P < 0.05).

We found an elevated con-
centration of complement C3
in serum after receiving zinc
in the ZT (P < 0.05) groups
(Figure 3B) compared with
the UT group. On the other
hand, mice in the UT group
had a lower C3 concentration
compared with CON group (P
< 0.05). Furthermore, levels
of 1gG and IgM antibody re-
sponses in mice with diarrhea change with
the administration of zinc (Figure 3C, 3D).

Whole blood phagocytic and oxidative burst
activity

Phagocytic activity and oxidative burst capacity
of phagocytes were compared among the dif-
ferent groups. The phagocytic capacity of PMN
to ingest bacteria increased in mice receiving
zinc (ZT group, P < 0.05) compared with that
seen in UT. Levels in the CON group were simi-
lar to those in ZT group but higher than those in
UT group (P < 0.05) (Figure 4A). The phagocytic
activity of monocytes followed a similar trend
as PMN (Figure 4B). Oxidative burst capacity of
PMN (Figure 4C) and monocytes (Figure 4D)
were lower in CON and ZT groups than in the UT
mice (P < 0.05).

T-cell populations are altered in zinc treated
mice infected with EAEC

CD4+/CD8+ T-cells were also altered in EAEC
infected mice (Figure 5); specifically the ratio
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Monocytes

inflammation infiltration sco-
res in mice given zinc than in
the UT group and speculated
that intervention led to a
decrease in the severity of
diarrhea. Acute disease sig-
nificantly lowered the level of
complement C3 in sera of
ETEC-infected mice. Phagocy-
tic activities of both PMN
and monocytes were depre-
ssed in mice not treated with
zinc. An increase in oxidative
burst response was observed
in phagocytes obtained from
UT mice compared with the
controls.
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In ZT mice, concentrations of
C3 elevated after 2 weeks,
similar to those in the CON
group. The reason why com-
plement C3 levels decrease
in diarrhea mice could be due
to a number of factors. Acute
// infections can induce prote-
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Figure 4. Effect of zinc on phagocytic activity of PMN (A) and monocytes
(B) and oxidative burst capacity of PMN (C) and monocytes (D) in mice with
ETEC-induced diarrhea in the CON, UT, and ZT groups. Values are mean + SD,
n = 6/group. *P < 0.05, compared with CON group. #P < 0.05, compared

with UT group.

was significantly lower in UT mice compared to
ZT mice (P < 0.05).

Discussions

EAEC is a major cause worldwide of diarrheal
disease primarily affecting travelers, immuno-
compromised individuals, and people from
developing countries [18-20]. Repeated epi-
sodes of diarrhea or EAEC infection in children
may lead to growth or cognitive shortfalls later
in life [21]. Zinc deficiency can result in a vari-
ety of clinical manifestations [22] and diarrhea
can lead to loss of dietary zinc through malab-
sorption [23].

Our aim in this study was to examine the effects
of zinc supplementation on EAEC infection in a
murine system and to investigate innate and
adaptive immune responses to ETEC infection
and zinc supplementation. We found lower
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in energy malnutrition which
can lead to decreased levels
of C3. In addition, inhibitory
bacterial factors can depress
C3 levels [24]. Depression of
levels in diarrheal mice may
result in less efficient bac-
terial Killing because of less
effective activation of the complement activa-
tion pathway [25, 26]. Zinc, an essential micro-
nutrient, is involved in the regulation of multiple
cellular functions. It fulfills several key func-
tions such as being a catalytic cofactor for
enzymes or as a structural cofactor for pro-
teins. The role of zinc in increasing levels of
complement needs further in-depth attention.

ur ZT

Phagocytic activities of PMN and monocytes
were decreased in mice in the UT group com-
pared with the mice in ZT group. This could be
due to the effect of increased complement C3
levels which could facilitate bactericidal killing.
This effect can be abolished by intake of zinc at
the onset of infection, as was the case in this
study. Oxidative burst response was higher in
phagocytes taken from UT mice compared with
that taken from mice receiving zinc treatment.
Zinc has been found to enhance the activity of
superoxide dismutase and may inhibit genera-
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tion of superoxide anion in leukocytes [27, 28].
Superoxide dismutase may be activated in the
zinc treatment groups of diarrheal mice, there-
by decreasing generation of reactive oxygen
species. This decrease is probably enough to
maintain bactericidal kKilling activity but not
enough to abolish the killing effect of phago-
cytes in mice, as we observed. However, th-
ere are additional oxygen-independent Killing
mechanisms functioning via granzyme, perfo-
rin, or granulysins that may also be important
for phagocytic activity [29].

Zinc deficiency has been associated with ad-
verse effects on immune system function
including thymic atrophy and function of T-cells
[30]. Zinc is thought to improve thymic function,
most likely due to increased thymulin activity
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pared with CON group. #P < 0.05, compared with UT group.

[31, 32], a zinc-dependent thymic hormone
involved in differentiation and maturation of
T-cells. Experimental zinc deficiency in humans
has been shown to alter T-cell populations
(lower CD4/CD8 ratio) [33, 34]. Moreover, low
levels of Zn have been shown to affect cellular
responses [35] and are associated with
increased systemic inflammation [36]. In the
current study, we observed altered numbers of
CD4+ and CD8+ cells in the serum of ETEC-
infected mice, while zinc treatment increased
the CD4/CDS8 ratio. Further studies are current-
ly underway to elucidate the role of T-cells in
EAEC infection and zinc supplementation.

Overall, our study demonstrates that ETEC diar-
rhea induces changes in immune responses in
mice and that some of these effects are further
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modulated by zinc. Innate factors, including
complement C3 and phagocytic activity, are
enhanced after zinc treatment and probably
help to stimulate quick protection. Adaptive
factors, including CD4/CDS8 ratio, are increased
in zinc treated mice. In summary, zinc is a criti-
cal micronutrient for prevention and treatment
of EAEC infection and enhances innate and
adaptive immunity.
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