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Introduction
Toxoplasma gondii is an obligate intracellular protozoan parasite 

capable of establishing persistent infections in humans and animals. 
Approximately one third of the global population harbors chronic 
infection.1 The parasite’s infectious cycle begins with ingestion of 
oocysts from cat feces or tissue cysts in undercooked meat. Once in 
the host, sporozoites or bradyzoites differentiate into rapidly dividing 
tachyzoites, completing intracellular replication every 48–72 hours.2 
Tachyzoites invade nucleated cells, replicate, and lyse host cells, 
disseminating throughout tissues including the brain, muscles, and 
retina. In immunocompetent hosts, acute infection is often mild or 
asymptomatic, but in pregnant women and immunocompromised 
individuals it can be severe.3,4

Transmission occurs via:

i.	 Ingestion of tissue cysts in undercooked meat (pork, lamb, 
venison) 

ii.	 Consumption of food or water contaminated with oocysts shed 
by felines 

iii.	 Vertical (congenital) transmission from mother to fetus during 
primary maternal infection 

iv.	 Blood transfusion or organ transplantation (rare).5,6 

Treatment of acute toxoplasmosis aims to limit tachyzoite 
replication and prevent dissemination. Standard therapy includes 
pyrimethamine, sulfadiazine, and leucovorin, with careful monitoring 

for hematologic toxicity. Pregnant women are treated with spiramycin 
to reduce vertical transmission; if fetal infection is confirmed, 
combination therapy after the first trimester may be indicated.7,8

Seminal animal studies revealed that chronic infection alters 
innate fear behavior, particularly aversion to predator odors (“fatal 
attraction”).9 Proposed mechanisms include parasite-driven alterations 
in dopaminergic signaling and modulation of host endocrine 
pathways.10

T. gondii also induces disturbances in host micronutrients and 
minerals. Clinical and experimental studies report reduced zinc, iron, 
magnesium, selenium, and antioxidant vitamins, alongside elevated 
intracellular calcium.11,12 Calcium signaling is central for host 
neuronal plasticity and parasite motility, invasion, and egress [12,13]. 
Iron metabolism is disrupted through altered ferritin and transferrin 
pathways, leading to tissue-specific iron depletion, anemia, and ocular 
complications.14

Zinc depletion impairs fear learning and extinction, reduces 
immune competence, and alters hippocampal plasticity.15–17 ZIP-
family zinc transporters such as ZIP8 exert protective effects during 
acute infection.16 Chronic zinc and iron deficiencies destabilize 
calcium signaling, reduce vitamin D3, vitamin E, and selenium 
availability, and impair antioxidant defenses, collectively contributing 
to hippocampal dysfunction and fear dysregulation.17–21

Hypothesis and conceptual framework
We hypothesize that chronic T. gondii infection is sustained, in part, 
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Abstract

Toxoplasma gondii is an obligate intracellular protozoan parasite capable of establishing 
lifelong infection in approximately one third of the global human population. While 
acute infection is typically asymptomatic in immunocompetent individuals, chronic 
toxoplasmosis has been increasingly associated with subtle neurobiological, behavioral, 
and neuropsychiatric alterations. Acute infection follows a 48–72hour tachyzoite replication 
cycle and can disseminate widely, particularly in immunocompromised hosts. Transmission 
occurs via ingestion of tissue cysts in undercooked meat, food or water contaminated with 
oocysts, or vertical (congenital) transmission. Standard treatment of acute toxoplasmosis 
includes pyrimethamine, sulfadiazine, and leucovorin, while spiramycin is indicated in 
pregnant women to reduce fetal transmission risk.

Experimental studies in rodents demonstrate parasite-induced disruption of innate fear 
responses, most notably the loss of aversion to predator odors (“fatal attraction”). Despite 
extensive documentation of these behavioral effects, the molecular mechanisms linking 
chronic infection to fear dysregulation remain incompletely understood. Evidence indicates 
that T. gondii infection disrupts host micronutrient homeostasis, particularly zinc and iron, 
alongside alterations in calcium signaling, antioxidant defenses, and hippocampal structure. 
This paper proposes a unifying hypothesis in which parasite-mediated sequestration of zinc 
and iron via a Zinc/Iron Transmembrane Transporter (ZFT) sustains chronic infection while 
indirectly destabilizing host neural circuits involved in fear learning and extinction.
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by parasite-mediated sequestration of host zinc and iron via a putative 
Zinc/Iron Transmembrane Transporter (ZFT). Persistent micronutrient 
depletion destabilizes calcium homeostasis, reduces antioxidant 
and vitamin-dependent defenses, and induces lasting structural and 
functional changes in the hippocampus. These convergent effects 
impair neural circuits governing fear learning, contextual memory, 
and extinction, providing a biologically plausible explanation for the 
fatal attraction phenomenon in chronically infected hosts.

Conclusion
Chronic Toxoplasma gondii infection is a unique model of 

parasite-driven neuromodulation. Behavioral alterations such as 
fatal attraction are well documented, but mechanistic understanding 
remains incomplete. Parasite-induced zinc and iron sequestration 
may sustain chronic infection while destabilizing calcium signaling, 
impairing antioxidant and vitamin-dependent pathways, and inducing 
hippocampal dysfunction. Clarifying parasite-mediated micronutrient 
transport could open novel avenues to mitigate neurobehavioral 
consequences of toxoplasmosis.

Ethical approval
This is a hypothesis-driven article; no human or animal subjects 

were involved.

Competing interests
The author declares no conflicts of interest.

Consent to publish
Not applicable.

Data availability
No datasets were generated or analysed in this study.

Funding
No funding was received.

References
1.	 Saadatnia G, Golkar M. A review on human toxoplasmosis. Scand J Infect 

Dis. 2012;44(11):805–814. 

2.	 Dubey JP. Toxoplasmosis of animals and humans. 2nd ed. CRC Press; 
2010. 

3.	 Weiss LM, Dubey JP. Toxoplasmosis: a history of clinical observations. 
Int J Parasitol. 2009;39(8):895–901. 

4.	 Paquet C, Yudin MH. Toxoplasmosis in pregnancy. J Obstet Gynaecol 
Can. 2013;35(1):78–81. 

5.	 Montoya JG, Liesenfeld O. Toxoplasmosis. Lancet. 2004;363(9425):1965–
1976. 

6.	 Robert–Gangneux F, Dardé ML. Epidemiology of and diagnostic 
strategies for toxoplasmosis. Clin Microbiol Rev. 2012;25(2):264–96. 

7.	 Dunay IR, Gajurel K, Dhakal R, et al. Treatment of toxoplasmosis. Clin 
Microbiol Rev. 2018;31(4):e00057–17. 

8.	 Hameedi ZH, Kesmati M, Alawadi HM, et al. Evaluation of age, 
education, trace elements and vitamins in men with Toxoplasma gondii 
infection. J Adv Biomed Sci. 2024;14(4). 

9.	 Vyas A, Kim SK, Giacomini N, et al. Behavioral changes induced by 
Toxoplasma infection of rodents are highly specific to aversion of cat 
odors. Proc Natl Acad Sci U S A. 2007;104(15):6442–6447. 

10.	 Flegr J. Effects of Toxoplasma on human behavior. Schizophr Bull. 
2007;33(3):757–760. 

11.	 Masek KS, Zhu P, Freedman BD, et al. Toxoplasma gondii induces 
changes in intracellular calcium in macrophages. Parasitology. 
2007;134(14):1973–1979. 

12.	 Lovett JL, Sibley LD. Intracellular calcium stores in Toxoplasma gondii 
govern invasion of host cells. J Cell Sci. 2003;116(14):3009–3016. 

13.	 Hutton D. Study: the role of iron in blindness caused by ocular 
toxoplasmosis. Ophthalmology Times. 2023. 

14.	 Whittle N, Hauschild M, Lubec G, et al. Rescue of impaired fear extinction 
by dietary zinc restriction. J Neurosci. 2010;30(41):13586–13596. 

15.	 Baltaci AK, Mogulkoc R, Bediz CS, et al. Effects of zinc deficiency on 
cellular immunity in rats infected with Toxoplasma gondii. Biol Trace 
Elem Res. 2005;104(1):47–56. 

16.	 Wang Y, Wang C, Chen H, et al. Protective effects of ZIP8 on 
Toxoplasma gondii–induced acute hepatocyte injury in mice. Acta Trop. 
2022;234:106629. 

17.	 Li Y, Li L, Wang Y, et al. Cholinergic signaling to CA1 astrocytes controls 
fear extinction. Sci Adv. 2025;11(14):eads7191. 

18.	 O’Dell BL, Browning JD. Impaired calcium entry into cells is associated 
with pathological signs of zinc deficiency. Adv Nutr. 2013;4(3):287–293. 

19.	 Amos A, Razzaque MS. Zinc and its role in vitamin D function. Curr Res 
Physiol. 2022;5:203–207. 

20.	 Record IR, MacQueen SE, Dreosti IE. Zinc, iron, vitamin E, and 
erythrocyte stability in the rat. Biol Trace Elem Res. 1989;23:89–96. 

21.	 Zimmermann MB, Köhrle J. The impact of iron and selenium deficiencies 
on iodine and thyroid metabolism. Thyroid. 2002;12(10):867–878.

https://doi.org/10.15406/jmen.2026.14.00452
https://pubmed.ncbi.nlm.nih.gov/22831461/
https://pubmed.ncbi.nlm.nih.gov/22831461/
https://pubmed.ncbi.nlm.nih.gov/19217908/
https://pubmed.ncbi.nlm.nih.gov/19217908/
https://pubmed.ncbi.nlm.nih.gov/23343802/
https://pubmed.ncbi.nlm.nih.gov/23343802/
https://pubmed.ncbi.nlm.nih.gov/15194258/
https://pubmed.ncbi.nlm.nih.gov/15194258/
https://pubmed.ncbi.nlm.nih.gov/22491772/
https://pubmed.ncbi.nlm.nih.gov/22491772/
https://pubmed.ncbi.nlm.nih.gov/30209035/
https://pubmed.ncbi.nlm.nih.gov/30209035/
https://publish.kne-publishing.com/index.php/JABS/article/view/16688
https://publish.kne-publishing.com/index.php/JABS/article/view/16688
https://publish.kne-publishing.com/index.php/JABS/article/view/16688
https://pubmed.ncbi.nlm.nih.gov/17404235/
https://pubmed.ncbi.nlm.nih.gov/17404235/
https://pubmed.ncbi.nlm.nih.gov/17404235/
https://pmc.ncbi.nlm.nih.gov/articles/PMC2526142/
https://pmc.ncbi.nlm.nih.gov/articles/PMC2526142/
https://pubmed.ncbi.nlm.nih.gov/17767794/
https://pubmed.ncbi.nlm.nih.gov/17767794/
https://pubmed.ncbi.nlm.nih.gov/17767794/
https://pubmed.ncbi.nlm.nih.gov/12783987/
https://pubmed.ncbi.nlm.nih.gov/12783987/
https://www.ophthalmologytimes.com/view/study-the-role-of-iron-in-blindness-caused-by-ocular-toxoplasmosis
https://www.ophthalmologytimes.com/view/study-the-role-of-iron-in-blindness-caused-by-ocular-toxoplasmosis
https://pubmed.ncbi.nlm.nih.gov/20943900/
https://pubmed.ncbi.nlm.nih.gov/20943900/
https://pubmed.ncbi.nlm.nih.gov/15851832/
https://pubmed.ncbi.nlm.nih.gov/15851832/
https://pubmed.ncbi.nlm.nih.gov/15851832/
https://pubmed.ncbi.nlm.nih.gov/35914567/
https://pubmed.ncbi.nlm.nih.gov/35914567/
https://pubmed.ncbi.nlm.nih.gov/35914567/
https://pubmed.ncbi.nlm.nih.gov/40184457/
https://pubmed.ncbi.nlm.nih.gov/40184457/
https://www.sciencedirect.com/science/article/pii/S2161831322011152
https://www.sciencedirect.com/science/article/pii/S2161831322011152
https://pmc.ncbi.nlm.nih.gov/articles/PMC9095729/
https://pmc.ncbi.nlm.nih.gov/articles/PMC9095729/
https://pubmed.ncbi.nlm.nih.gov/2484429/
https://pubmed.ncbi.nlm.nih.gov/2484429/
https://pubmed.ncbi.nlm.nih.gov/12487769/
https://pubmed.ncbi.nlm.nih.gov/12487769/

	Title
	Abstract Toxoplasma gondii is an obligate intracellu
	Keywords
	Introduction 
	Hypothesis and conceptual framework 
	Conclusion 
	Ethical approval 
	Competing interests 
	Consent to publish 
	Data availability 
	Funding 
	References 

