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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 109 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

Ileum 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). 

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 

Figure 3. Serum zinc (A), complement C3 (B), IgG (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.

Mice fed a high zinc diet have 
higher serum zinc, comple-
ment C3, IgG 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 IgG and IgM antibody re- 
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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 

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.

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-

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.

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.

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- 
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 
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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 killing 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 

[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/CD8 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 

Figure 5. CD4 and CD8 positive T-cells in whole blood of mice with ETEC-
induced diarrhea in CON, UT, and ZT groups. A. Representative flow chart 
of CD4+ and CD8+ T lymphocyte levels in each group. B. CD4+/CD8+ T-cell 
ratio in each group. Values are mean ± SD, n = 6/group. *P < 0.05, com-
pared with CON group. #P < 0.05, compared with UT group. 
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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/CD8 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.

Acknowledgements

This study was supported by the Project for 
Application Basic Support Program of Sichuan 
Province (No. 2016JY0149); National Modern 
Agricultural System, Sichuan, Innovation Team 
Building (No. SCCXTD-004); Project for App- 
lication Basic Support Program of Sichuan 
Animal Science Academy (No. SASA2015A11).

Disclosure of conflict of interest

None.

Address correspondence to: Ye Cao, Sichuan Ani- 
mal Science Academy and Key Laboratory of Ani- 
mal Genetics and Breeding of Sichuan Province, 7 
Niusha Road, Chengdu 610066, Sichuan, China. Tel: 
+86-28-84510159; E-mail: cy3831@163.com

References

[1] Qadri F, Svennerholm AM, Faruque AS and 
Sack RB. Enterotoxigenic Escherichia coli in 
developing countries: epidemiology, microbiol-
ogy, clinical features, treatment, and preven-
tion. Clin Microbiol Rev 2005; 18: 465-483.

[2] Bolick DT, Roche JK, Hontecillas R, Bassagan-
ya-Riera J, Nataro JP and Guerrant RL. Entero-
aggregative Escherichia coli strain in a novel 
weaned mouse model: exacerbation by malnu-
trition, biofilm as a virulence factor and treat-
ment by nitazoxanide. J Med Microbiol 2013; 
62: 896-905.

[3] Roche JK, Cabel A, Sevilleja J, Nataro J and 
Guerrant RL. Enteroaggregative Escherichia 
coli (EAEC) impairs growth while malnutrition 
worsens EAEC infection: a novel murine model 
of the infection malnutrition cycle. J Infect Dis 
2010; 202: 506-514.

[4] Huang DB, Mohanty A, DuPont HL, Okhuysen 
PC and Chiang T. A review of an emerging en-
teric pathogen: enteroaggregative Escherichia 
coli. J Med Microbiol 2006; 55: 1303-1311.

[5] Levine MM and Robins-Browne RM. Factors 
that explain excretion of enteric pathogens by 
persons without diarrhea. Clin Infect Dis 2012; 
55 Suppl 4: S303-11.

[6] Prasad AS. Clinical manifestations of zinc defi-
ciency. Annu Rev Nutr 1985; 5: 341-363.

[7] Castillo-Duran C, Vial P and Uauy R. Trace min-
eral balance during acute diarrhea in infants. J 
Pediatr 1988; 113: 452-457.

[8] Sazawal S, Black RE, Bhan MK, Bhandari N, 
Sinha A and Jalla S. Zinc supplementation in 
young children with acute diarrhea in India. N 
Engl J Med 1995; 333: 839-844.

[9] Das RR and Singh M. Oral zinc for the common 
cold. JAMA 2014; 311: 1440-1441.

[10] Bhutta ZA, Bird SM, Black RE, Brown KH, Gard-
ner JM, Hidayat A, Khatun F, Martorell R, Ninh 
NX and Penny ME. Therapeutic effects of oral 
zinc in acute and persistent diarrhea in chil-
dren in developing countries: pooled analysis 
of randomized controlled trials. Am J Clin Nutr 
2000; 72: 1516-1522.

[11] Black RE. Zinc deficiency, infectious disease 
and mortality in the developing world. J Nutr 
2003; 133: 1485S-1489S.

[12] Yakoob MY, Theodoratou E, Jabeen A, Imdad A, 
Eisele TP, Ferguson J, Jhass A, Rudan I, Camp-
bell H and Black RE. Preventive zinc supple-
mentation in developing countries: impact on 
mortality and morbidity due to diarrhea, pneu-
monia and malaria. BMC Public Health 2011; 
11: S23.

[13] Qadri F, Ahmed F, Ahmed T and Svennerholm 
AM. Homologous and cross-reactive immune 
responses to enterotoxigenic Escherichia coli 
colonization factors in Bangladeshi children. 
Infect Immun 2006; 74: 4512-4518.

[14] Qadri F, Saha A, Ahmed T, Al Tarique A, Begum 
YA and Svennerholm AM. Disease burden due 
to enterotoxigenic Escherichia coli in the first 2 
years of life in an urban community in Bangla-
desh. Infect Immun 2007; 75: 3961-3968.

[15] Allen KP, Randolph MM and Fleckenstein JM. 
Importance of heat-labile enterotoxin in coloni-
zation of the adult mouse small intestine by 
human enterotoxigenic Escherichia coli str- 
ains. Infect Immun 2006; 74: 869-875.

[16] Chakravarty PK. Evaluation of serum zinc level 
under malignant condition and its possible im-
plication on improving cell-mediated immunity 
during cancer progression. World J Oncol 
2011; 2: 16-23.

[17] Dvorožňáková E, Bucková B, Hurníková Z, Re-
vajová V and Lauková A. Effect of probiotic bac-
teria on phagocytosis and respiratory burst 
activity of blood polymorphonuclear leukocytes 
(PMNL) in mice infected with Trichinella spira-
lis. Vet Parasitol 2016; 231: 69-76.

[18] Vila J, Vargas M, Henderson IR, Gascón J and 
Nataro JP. Enteroaggregative Escherichia coli 
virulence factors in traveler’s diarrhea strains. 
J Infect Dis 2000; 182: 1780-1783.

[19] Jiang ZD, Greenberg D, Nataro JP, Steffen R 
and DuPont HL. Rate of occurrence and patho-

mailto:cy3831@163.com


Therapy of ETEC induced diarrhea

9255 Int J Clin Exp Med 2018;11(9):9248-9255

genic effect of enteroaggregative Escherichia 
coli virulence factors in international travelers. 
J Clin Microbiol 2002; 40: 4185-4190.

[20] Polotsky Y, Nataro J, Kotler D, Barrett T and 
Orenstein J. HEp-2 cell adherence patterns, se-
rotyping, and DNA analysis of Escherichia coli 
isolates from eight patients with AIDS and 
chronic diarrhea. J Clin Microbiol 1997; 35: 
1952-1958.

[21] Guerrant RL, Oriá RB, Moore SR, Oriá MO and 
Lima AA. Malnutrition as an enteric infectious 
disease with long-term effects on child devel-
opment. Nutr Rev 2008; 66: 487-505.

[22] Hambidge M. Human zinc deficiency. J Nutr 
2000; 130: 1344S-1349S.

[23] Bhatnagar S and Natchu UC. Zinc in child 
health and disease. Indian J Pediatr 2004; 71: 
991-995.

[24] Nizet V. Understanding how leading bacterial 
pathogens subvert innate immunity to reveal 
novel therapeutic targets. J Allergy Clin Immu-
nol 2007; 120: 13-22.

[25] Ross SC and Densen P. Complement deficien-
cy states and infection: epidemiology, patho-
genesis and consequences of neisserial and 
other infections in an immune deficiency. Med-
icine (Baltimore) 1984; 63: 243-273.

[26] Black RE, Merson MH, Eusof A, Huq I and Pol-
lard R. Nutritional status, body size and sever-
ity of diarrhoea associated with rotavirus or 
enterotoxigenic Escherichia coli. J Trop Med 
Hyg 1984; 87: 83-89.

[27] Mino M. Clinical uses and abuses of vitamin E 
in children. Proc Soc Exp Biol Med 1992; 200: 
266-270.

[28] Dani V, Goel A, Vaiphei K and Dhawan D. Che-
mopreventive potential of zinc in experimen-
tally induced colon carcinogenesis. Toxicol Lett 
2007; 171: 10-18.

[29] Lieberman J. The ABCs of granule-mediated 
cytotoxicity: new weapons in the arsenal. Nat 
Rev Immunol 2003; 3: 361-370.

[30] Fraker PJ and King LE. Reprogramming of the 
immune system during zinc deficiency. Annu 
Rev Nutr 2004; 24: 277-298.

[31] Prasad AS. Zinc: mechanisms of host defense. 
J Nutr 2007; 137: 1345-1349.

[32] Prasad AS. Clinical, immunological, anti-in-
flammatory and antioxidant roles of zinc. Exp 
Gerontol 2008; 43: 370-377.

[33] Beck F, Prasad A, Kaplan J, Fitzgerald J and 
Brewer G. Changes in cytokine production and 
T cell subpopulations in experimentally in-
duced zinc-deficient humans. Am J Physiol 
1997; 272: E1002-E1007.

[34] Prasad AS, Rabbani P, Abbasii A, Bowersox E 
and Fox MS. Experimental zinc deficiency in 
humans. Annals of Internal Medicine 1978; 
89: 483-490.

[35] Stafford SL, Bokil NJ, Achard ME, Kapetanovic 
R, Schembri MA, McEwan AG, Sweet MJ. Metal 
ions in macrophage antimicrobial pathways: 
emerging roles for zinc and copper. Biosci Rep 
2013; 33: 541-554.

[36] Bao S, Liu M-J, Lee B, Besecker B, Lai J-P, Gut-
tridge DC and Knoell DL. Zinc modulates the 
innate immune response in vivo to polymicro-
bial sepsis through regulation of NF-κB. Ameri-
can Journal of Physiology-Lung Cellular and 
Molecular Physiology 2010; 298: L744-L754


