
Вестник войск РХБ защиты. 2026. Том 10. № 1

ХИ
М

И
ЧЕСКО

Е И
 БИ

О
Л

О
ГИ

ЧЕСКО
Е О

РУЖ
И

Е В ВО
Й

Н
А

Х И
 КО

Н
Ф

Л
И

К
ТА

Х

25‌

CH
EM

IC
A

L A
N

D
 BIO

LO
G

IC
A

L W
EA

PO
N

S IN
 W

A
RS A

N
D

 CO
N

FLIC
TS

Ján Lakota

Centre of Experimental Medicine, SAS,
Dubravska cesta 9, 841 04 Bratislava, Slovakia
e-mail: jan.lakota@savba.sk

The effects of Agent Orange: toxicology, clinical 
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Highlights
- Military use of persistent organic pollutants (POPs) triggers irreversible, multigenerational crises.
- The primary agent is dioxin TCDD, an extraordinarily persistent and bioaccumulative toxicant with no known 
antidote, shifting the CBRN defense paradigm toward robust prophylaxis and force protection.
Relevance. The historical case of Agent Orange provides a critical precedent for understanding long-term threats from 
POPs, which create persistent contaminated areas (“hotspots”) challenging force health protection, logistics, and post-
conflict site remediation.
Purpose of the study is to perform a systematic analysis of Agent Orange's composition, the toxicological mechanisms 
of TCDD, and its long-term health and ecological impacts to derive actionable implications for modern CBRN defense 
doctrine, training, and operational protocols.
Study base sources. Analysis relies on peer-reviewed scientific literature, reports from authoritative bodies (U.S. Institute 
of Medicine, National Academies), U.S. Department of Veterans Affairs archives, data from victim organizations (e.g., 
VAVA), and historical records of Operation Ranch Hand.
Method. Employed a critical review and synthesis of data from toxicological, epidemiological, molecular-biological, 
and clinical studies using comparative analysis and causal relationship assessment to build a unified operational model. 
Discussion. TCDD toxicity is mediated via the aryl hydrocarbon receptor (AhR), causing systemic gene dysregulation. 
This results in a wide disease spectrum, from acute chloracne to long-term oncological, neurological, endocrine, and 
reproductive disorders, including transgenerational birth defects. Environmental damage is severe and persistent.
Conclusions. 1) POPs use yields strategic-level consequences for health and ecosystems. 2) The lack of an antidote 
elevates the primacy of prevention, strict CBRN protocols, and area isolation. 3) Medical strategy must pivot to 
long-term health surveillance. 4) Effective response requires a sustained complex of measures: hazard identification, 
contamination control, external logistics, and specialized engineering remediation (e.g., thermal desorption).
Practical significance of the work. The study provides a scientific basis for CBRN defense: 1) Threat assessment 
(identifying TCDD hazard and critical exposure routes). 2) Force protection (mandating full IPE use, immediate 
decontamination, banning local resources). 3) Medical support (recognizing chloracne as a key marker, planning long-
term screening). 4) CBRN operations (reconnaissance of hotspots, establishing long-term restricted zones). It directly 
informs the development of manuals, SOPs, and training programs for specialists.
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Последствия применения «Агента Оранж»: токсикология, 
клинические проявления, отдаленные последствия 
и терапевтические подходы

Основные моменты
- Военное применение стойких органических загрязнителей (СОЗ) провоцирует необратимые многопоколен-
ческие кризисы.
- Основным агентом является диоксин ТХДД – чрезвычайно стойкий и биоаккумулирующийся токсикант, 
не имеющий известного антидота, что смещает парадигму РХБ защиты в сторону активной профилактики и 
защиты личного состава.
Актуальность. Исторический случай с «Агентом Оранж» служит критически важным прецедентом для 
понимания долгосрочных угроз, исходящих от СОЗ, которые создают устойчивые загрязненные районы 
(contaminated areas, «хотспоты»). Это создает проблемы для медицинского обеспечения войск, логистики и 
восстановления территории после завершения боевых действий.
Цель исследования – провести системный анализ состава «Агента Оранж», токсикологических механизмов 
ТХДД, его долгосрочных последствий для здоровья и экологии, чтобы вывести практические рекомендации 
для современной доктрины, подготовки и оперативных протоколов РХБ защиты.
Источниковая база исследования. Анализ опирается на рецензируемую научную литературу, отчеты автори-
тетных организаций (Институт медицины США, Национальные академии), архивы Министерства по делам 
ветеранов США, данные организаций пострадавших (напр., VAVA) и исторические записи Операции «Ranch 
Hand». 
Метод исследования. Критический обзор и синтез данных токсикологических, эпидемиологических, молеку-
лярно-биологических и клинических исследований с использованием сравнительного анализа и оценки при-
чинно-следственных связей для построения единой операционной модели.
Обсуждение. Токсичность ТХДД опосредована арилуглеводородным рецептором (AhR), вызывающим си-
стемное нарушение регуляции генов. Это приводит к широкому спектру заболеваний: от острой хлоракне 
(chloracne) до долгосрочных онкологических, неврологических, эндокринных и репродуктивных расстройств, 
включая трансгенерационные пороки развития. Экологический ущерб является тяжелым и устойчивым.
Выводы. 1) Применение СОЗ влечет последствия стратегического уровня для здоровья и экосистем. 2) От-
сутствие антидота повышает важность профилактики, строгих протоколов РХБ защиты и изоляции района 
поражения СОЭ. 3) Медицинская стратегия должна быть переориентирована на долгосрочное медицинское 
наблюдение. 4) Эффективный ответ требует устойчивого комплекса мер: выявление опасности, контроль  
заражения, внешняя логистика, индивидуальная дегазация и специализированная инженерная реабилитация 
(engineering remediation), например, термическая десорбция.
Практическая значимость работы. Исследование обеспечивает научную основу для РХБ защиты от СОЭ: 
1) Оценка угрозы (идентификация опасности ТХДД и критических путей воздействия). 2) Защита войск (обя-
зательное применение ИСЗ, немедленная дегазация, запрет на местные ресурсы). 3) Медицинское обеспече-
ние (признание хлоракне ключевым маркером, планирование долгосрочного скрининга). 4) Операции РХБЗ  

Центр экспериментальной медицины, Словацкая Академия наук, 
Дубравская дорога, 9, 841 04, Братислава, Словакия
e-mail: jan.lakota@savba.sk
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Последствия применения «Агента Оранж»: токсикология, клинические проявления, отдаленные...

The effects of Agent Orange: toxicology, clinical manifestations, long-term sequelae, and therapeutic approaches

INTRODUCTION
The issue of Agent Orange remains acute more 

than 50 years after the war's end, implicating 
critical questions of environmental security, 
public health, and social justice. The deliberate, 
large-scale military use of this chemical agent 
resulted in a profound and enduring man-
made catastrophe, demonstrating that the long-
term consequences of such actions can span 
generations. This historical precedent serves as a 
stark warning, indicating that similar ecological 
and humanitarian crises could potentially befall 
any other nation subjected to the wartime use of 
persistent toxic substances. A deep understanding 
of the established toxicological mechanisms and 
epidemiological patterns is therefore essential 
not only for providing aid to current victims and 
rehabilitating contaminated territories but also 
for developing robust preventive measures and 
international frameworks to avert such disasters 
in the future.

Purpose of the study is to perform a systematic 
analysis of Agent Orange's composition, the 
toxicological mechanisms of TCDD, and its 
long-term health and ecological impacts to 

derive actionable implications for modern CBRN 
defense doctrine, training, and operational 
protocols.

Study base sources. Analysis relies on peer-
reviewed scientific literature, reports from 
authoritative bodies (U.S. Institute of Medicine, 
National Academies), U.S. Department of 
Veterans Affairs archives, data from victim 
organizations (e.g., VAVA), and historical records 
of Operation Ranch Hand.

Method. Employed a critical review 
and synthesis of data from toxicological, 
epidemiological, molecular-biological, and 
clinical studies using comparative analysis and 
causal relationship assessment to build a unified 
operational model.

Research tasks:
To synthesize dispersed historical, 

epidemiological, and clinical data to establish 
a comprehensive picture of the long-term 
consequences of Agent Orange exposure.

To analyze and elucidate the molecular 
mechanism of TCDD toxicity, focusing on the 
role of the aryl hydrocarbon receptor (AhR) 
signaling pathway.

(разведка границ хотспотов, установление долгосрочных ограниченных зон). Оно напрямую информи-
рует разработку руководств, стандартных операционных процедур (SOPs) и программ подготовки для  
специалистов.

Ключевые слова: «Агент Оранж»; арилуглеводородный рецептор (AhR); военные гербициды; война во Вьет-
наме; молекулярные механизмы; отдаленные последствия для здоровья; токсичность диоксинов; ТХДД 
(2,3,7,8-тетрахлордибензо-п-диоксин); экологическая катастрофа 

Для цитирования: Лакота Я. Последствия применения «Агента Оранж»: токсикология, клиниче-
ские проявления, отдаленные последствия и терапевтические подходы. Вестник войск РХБ защиты.  
2026;10(1):25–43. EDN:gveauo.
https://doi.org/10.35825/2587-5728-2026-10-1-25-43

Прозрачность финансовой деятельности: автор не имеет финансовой заинтересованности в представ-
ленных материалах или методах. 

Конфликт интересов: Я. Лакота является членом редакционной коллегии журнала «Вестник войск  
РХБ защиты» (с 2023 г.), но не имеет никакого отношения к решению опубликовать эту статью. Статья 
прошла принятую в журнале процедуру рецензирования. Об иных конфликтах интересов автор не заявлял. 

Использование искусственного интеллекта: автор концептуализировал исследование и сформулировал 
основные научные выводы. Для сравнительного анализа, представленного в Таблице 1, использовалась ней-
росеть DeepSeek V3.2 (разработка Depth-Search) для структурирования и представления информации из 
цитируемых источников [27, 29, 30]. На заключительном этапе подготовки рукописи к публикации редак-
торская группа использовала ИИ для лингвистической обработки текста, устранения стилистических 
несоответствий и обеспечения терминологического единообразия.

Финансирование: источников финансирования для декларирования нет.

Поступила 01.12.2025 г. После доработки 20.01.2026 г. Принята к публикации 27.03.2026 г.
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To evaluate the current approaches to medical 
management and socio-legal remediation, 
identifying critical gaps and future directions.

MAIN PART
Historical Context1. On August 10, 1961, 

U.S. aircraft first released chemical herbicides 
over the Vietnamese countryside as part of 
Operation Ranch Hand. The primary objective 
was to deny enemy forces jungle cover and 
food by deliberately destroying forests and 
crops. Among the substances used, one in 
particular– Agent Orange – gained notoriety. 
It contained the highly toxic contaminant 
TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin), 
which extensively poisoned ecosystems, 
infiltrated water supplies, and is known to 
cause DNA damage. Consequently, generations 
of Vietnamese civilians and foreign veterans 
have suffered from cancers and other chronic 
illnesses. Although the war ended in 1975, the 
legacy of Agent Orange persists. It remains in the 
soil and the food chain, stubbornly accumulating 
in the bodies of millions.

During the war, the U.S. military deployed a 
group of defoliants collectively known as "rainbow 
herbicides," each identified by colored stripes on 
their storage drums2. Agent Orange, the most 
extensively used, was a 1:1 mixture of 2,4-D and 
2,4,5-T. Crucially, the production of the 2,4,5-T 
component resulted in contamination with 
TCDD, a dioxin compound of severe biological 
toxicity. The World Health Organization classifies 
TCDD as a Group 1 carcinogen (carcinogenic to 
humans), with an estimated half-life in human 
adipose tissue of 7–11 years, though some studies 
suggest persistence for up to two decades. The 
rushed and poorly regulated manufacturing 
process failed to control the formation of this 
contaminant. Between 1961 and 1971, American 
forces sprayed over 80 million liters of herbicides 
across Vietnam, approximately 43 million liters 
of which were Agent Orange. Aircraft such as the 
C-123 Provider conducted high-concentration 
spraying, particularly in regions with Viet 

1	 This introductory section is adapted from the following source. URL: History Skills. Agent Orange: The Devastating 
Legacy of a Chemical Weapon [Internet]. 2023 [cited 2024 Dec]. URL: https://www.historyskills.com/classroom/
year-10/agent-orange/ (date: 12.11.2025)
2	 A Brief Overview of Rainbow Herbicides: “Agent Orange” – a mixture of butyl esters of 2,4 D and 2,4,5 T – was 
employed for defoliation of broadleaf plants and destruction of hardwood forests, including banana, rubber, breadfruit, 
and coconut trees, as well as for crop denial targeting rice, cassava, and potato fields. “Agent White” – a combination 
of the triisopropanolamine salts of picloram and 2,4 D – was used primarily for defoliation. “Agent Blue” – consisting 
of cacodylic acid and its salts (cacodylates) – was a desiccant intended for the destruction of grassy vegetation and, in 
Vietnam, specifically for rice–crop denial.

The concentrations of agents applied in Vietnam typically exceeded the rates recommended by the U.S. Department 
of Agriculture for domestic herbicide use by a factor of 10 to 13 (Vietnam. Chemical Warfare: Documents of the 
International Scientific Conference on Chemical Warfare in Vietnam [Vetnam. Khimicheskaia voina: Dokumenty 
mezhdunarodnoi nauchnoi konferentsii po khimicheskoi voine vo Vetname]. Hanoi: Foreign Languages Publ. House; 
1972. P. 42, 53, 94, 100, 113).

Cong activity. More than 19,000 such missions 
were carried out under Operation Ranch Hand. 
Although the nickname "Operation Hades" 
was considered during planning, it was never 
officially adopted. The planning and execution 
of herbicide spraying missions during Operation 
Ranch Hand were strict; spray missions did not 
occur with friendly forces in the area and were 
often deep in hostile territory. Antipersonnel 
ordinance from escort aircraft was used in 
targeted areas to suppress hostile ground fire, 
and friendly units were prohibited from entering 
areas immediately after spraying due to possible 
unexploded ordinance. Multiple safeguards 
and strict adherence to protocols made direct 
spraying of United States and Allied forces, or 
their passage through recently sprayed areas, 
very unlikely. 

Additionally, helicopters, trucks, and 
riverboats sprayed herbicides around bases 
and along key roads, often with little regard 
for the long-term effects on civilians and local 
ecosystems. Heavily affected areas included 
Quang Tri Province, the A Luoi Valley, and the 
vicinities of Bien Hoa and Da Nang airbases, 
where the storage and handling of herbicides 
caused severe secondary contamination. 
Repeated spraying in some regions led to 
persistent environmental pollution.

Dioxin entered the soil, where it persisted for 
years, particularly in clay-rich or waterlogged 
areas. Its slow degradation meant that 
populations continued to be exposed long after 
spraying ceased. Military personnel involved in 
the missions, especially those handling chemicals 
without adequate protective gear, received heavy 
exposure. Civilians in affected areas consumed 
contaminated food and water, leading to a range 
of symptoms that were difficult to diagnose at 
the time.

Following exposure, a pattern of symptoms 
emerged. Civilians in sprayed areas reported 
unexplained skin rashes, abdominal pain, 
miscarriages, and respiratory issues. American 
and allied veterans developed illnesses years after 
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Последствия применения «Агента Оранж»: токсикология, клинические проявления, отдаленные...

The effects of Agent Orange: toxicology, clinical manifestations, long-term sequelae, and therapeutic approaches

returning home, often without an identifiable 
cause. Dioxin accumulates in adipose tissue, 
can cross the placental barrier, and disrupts 
endocrine function. It can persist in the body 
for decades. Research has established clear links 
between dioxin exposure and a growing list of 
serious diseases. The U.S. National Academy of 
Sciences and the Department of Veterans Affairs 
recognize associations between Agent Orange 
exposure and conditions such as non-Hodgkin 
lymphoma, chronic lymphocytic leukemia, 
soft-tissue sarcoma, Parkinson's disease, type 
2 diabetes, and others. Consequently, the VA 
established a list of "presumptive conditions" for 
affected Vietnam veterans. The Agent Orange Act 
of 1991 formalized this recognition, mandating 
ongoing reviews of health effects by the National 
Academy of Sciences.

In Vietnam, the public health crisis reached 
devastating proportions. Hospitals recorded 
significant increases in congenital anomalies 
and neurological impairments. Children were 
born with limb deformities (such as syndactyly), 
severe craniofacial malformations, and profound 
neurological damage. Many were stillborn or 
died in infancy. Institutions like Tu Du Hospital 
in Ho Chi Minh City have amassed extensive 
archives of such cases and provided care to 
thousands of affected children. The Vietnamese 
Red Cross estimates that over three million 
people suffer from health problems linked 
to Agent Orange, including at least 150,000 
children with major birth defects. The Vietnam 
Association for Victims of Agent Orange (VAVA) 
posits that up to 4.8 million Vietnamese were 
exposed, although this figure is debated and 
lacks independent verification.

The defoliation campaign caused profound 
ecological damage beyond military targets. 
Agent Orange decimated entire ecosystems and 
destroyed the agricultural base of many rural 
communities. Over three million hectares of 
forest were sprayed, with natural regeneration 
often failing in poisoned soils. Dioxin entered 
aquatic systems, contaminating sediments, fish, 
and livestock. Coastal mangrove forests, such 
as those in the U Minh and Can Gio regions, 
were particularly devastated, leading to erosion, 
collapse of local fisheries, and loss of critical 
habitat for endangered species. Remediation 
and replanting efforts have faced significant 
challenges, with original biodiversity rarely fully 
restored. Farmers found their land infertile, crops 
failed, and livestock fell ill. The contamination of 
rice paddies and fisheries led to ongoing dietary 
exposure, creating a cycle of poisoning.

As the chronic health effects on veterans 
and civilians became increasingly apparent, 
efforts to seek accountability intensified. In 

the United States, veteran advocacy groups 
pushed for recognition and government action. 
A landmark class-action lawsuit filed in 1979 
against several chemical manufacturers, 
including Dow Chemical and Monsanto, resulted 
in a $180 million out-of-court settlement in 1984, 
providing some compensation to U.S. veterans 
but excluding Vietnamese victims. Since 2007, 
the U.S. government has funded environmental 
remediation and limited health programs in 
Vietnam, notably at dioxin "hotspots" like Da 
Nang Air Base, using methods such as thermal 
desorption. However, the U.S. has avoided 
accepting direct legal liability for health 
damages. Legal attempts by Vietnamese victims 
in U.S. courts (2004–2008) were dismissed. A 
civil case brought in France in 2014 by activist 
Tran To Nga against the manufacturers has kept 
the international legal struggle in focus.

The intergenerational toll of Agent Orange 
continues to burden families in multiple 
countries. In Vietnam, birth defects are observed 
in second and third generations in heavily sprayed 
areas, overwhelming family resources and often 
lacking adequate specialized care. Similar health 
concerns among veterans from the United States, 
Australia, South Korea, and New Zealand have 
led to expanded, though sometimes inconsistent, 
lists of compensable conditions by their respective 
governments. Many victims face protracted 
battles for recognition and support. In rural 
Vietnam, children with severe disabilities often 
cannot access education or employment, leading 
to social stigma, family isolation, and entrenched 
poverty without sustained state intervention.

Victims in Vietnam: Epidemiology 
and Challenges in Estimation. Accurate 
quantification of Agent Orange victims remains 
challenging, with no definitive consensus on 
the numbers. According to a report by Phan [1], 
Vietnamese authorities estimate that up to 4.8 
million people may have been exposed to dioxin, 
with approximately 3 million experiencing 
adverse health effects or disabilities. Earlier 
estimates, such as the 2000 assessment by 
Hoàng Đình Câu (then chairman of the National 
Committee for Investigation of the Consequences 
of Chemicals Used in the Vietnam War), 
suggested approximately 1 million surviving 
victims, including 150,000 children born with 
birth defects. The Vietnam Association for 
Victims of Agent Orange (VAVA) has published 
incomplete estimates indicating 150,000 second-
generation, 35,000 third generation, and 2,000 
fourth-generation victims in the country.

It was not until 1969 that Agent Orange and 
most other herbicide mixtures were discovered 
to be inadvertently contaminated with the 
most toxic form of dioxin, TCDD. By the time 
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Operation Ranch Hand concluded in 1971 – two 
years after this contamination was identified – 
at least 20 million gallons of herbicides had been 
sprayed. A definitive 2003 analysis by Stellman 
et al. estimated that this exposure affected 
between 2.1 million and 4.8 million villagers  
(Figure 1) [2, 3]3.

It is crucial to note that TCDD concentrations 
in Agent Orange varied significantly. Samples 
drawn from barrels selected as representative of 
the manufacturers in the USAF stockpile showed 

3	 The Use of Agent Orange and Other Herbicides Was Only One Component of the Chemical Warfare in Vietnam. 
From the outset of the conflict, irritants were extensively used by the U.S. armed forces, in particular the compound 
CS (2 chlorobenzalmalononitrile) – a synthetic solid substance that acts as the active component of tear gas mixtures. 
Over the course of the war, improved formulations CS1 and CS2 were introduced, either replacing or supplementing 
the basic CS. According to an analysis of captured munitions carried out by Vietnamese chemists, standard CS 
contained about 40 % of the active ingredient (o chlorobenzylidene malononitrile), with the remainder consisting 
of smoke generating products and impurities. CS1 was a highly purified composition (up to 95 % active ingredient) 
adsorbed onto silica gel for better dispersion. CS2, also containing silica gel, was further modified to enhance its 
resistance to moisture and, consequently, to prolong its persistence in the air as an aerosol. It was precisely the CS2 
formulation, with its prolonged toxic effect, that was actively employed by U.S. troops in 1969–1970. Evidence of 
its persistence comes from an incident in the western part of Thừa Thiên Province: CS2, sprayed from aircraft in 
July 1970, remained toxic until October of that year. Examinations of victims in Tây Ninh, Quảng Đà, Thừa Thiên 
and other areas showed that exposure to CS1 and CS2 leads not only to severe irritation of the eyes and lungs, but 
also to such serious consequences as chemical burns of the skin, fainting, coma, and paralysis (Vietnam. Chemical  
Warfare. P. 44).

a range of 6.2 to 14.3 parts per million (p.p.m.), 
with an average of 13.25 p.p.m. [2]. However, 
broader analyses have calculated a wider range, 
from <0.05 to 17.0 p.p.m., with a substantially 
lower arithmetic mean of 2.99 p.p.m. [2].

Applying this lower mean concentration 
of 3 p.p.m. (associated with the 'low dioxin’ 
series) to revised estimates of the total herbicide 
volume leads to a new calculation for the total 
amount of TCDD sprayed. This estimate grows 
to approximately 221 kg, up from the 106–163 kg  

Figure 1.  Volumes of herbicide sprayed. a, b, c, Known volumes of Agents Orange, White, and Blue, respectively, sprayed 
by U.S. military forces in the Republic of Vietnam (1961–1971). Volumes are calculated per grid cell (1.2 km2) within a 
geographic information system developed for this analysis. Colors correspond to volumes as shown in the key. Arrows in 
a and c point to missions in Laos and the Parrot's Beak region of Cambodia. d, Grids sprayed with volumes greater than  
4,800 L (representing ~10% of the total). Marker size is proportional to volume, and colors correspond to herbicide 
codenames; orange markers represent all herbicides containing 2,4,5-T. Adapted from J.M. Stellman et al. [2]
Рисунок 1. Объемы распыленных гербицидов. a, b, c – известные объемы «Агента Оранж», «Агента Уайт» и  
«Агента Блю» соответственно, распыленных военными силами США в Республике Вьетнам в 1961–1971 гг. Объ-
емы рассчитаны для отдельных ячеек сетки с шагом 0,01 градуса (1,2 км2), на которые разделен Вьетнам в 
геоинформационной системе, разработанной авторами. Цвета на a, b и c соответствуют объемам, указанным 
в легенде. Стрелки на a и c указывают на миссии в Лаосе и в регионе «Попугайный клюв» в Камбодже соответ-
ственно. D – ячейки сетки, в которых было распылено более 4800 л гербицидов (около 10 % от общего объема). 
Размер маркера увеличивается пропорционально объему, а цвета соответствуют кодовым названиям гербици-
дов. Все гербициды, содержащие 2,4,5-Т, обозначены оранжевыми маркерами. Рисунок адаптирован из работы  
J.M. Stellman с соавт. [2]
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The effects of Agent Orange: toxicology, clinical manifestations, long-term sequelae, and therapeutic approaches

range presented in the NAS-1974 report. 
Furthermore, by applying the average TCDD 
concentrations of 32.8 p.p.m. and 65.5 p.p.m. 
for Agents Purple and Pink, respectively, an 
additional 165 kg of TCDD can be estimated. 
This brings the total to approximately 366 kg for 
these three agents alone [2].

This figure does not account for herbicides 
applied by the forces of the Republic of Vietnam, 
potential applications by U.S. Army and Navy 
units using ground and riverine equipment, or 
the more than 400,000 liters of Agent Pink that 
were also deployed [2].

Figures 2–4: Descriptions of Agent Orange 
Victims4. Figure 5. U.S. Air Force UC-123 aircraft 
spray Agent Orange in South Vietnam.

Chemistry. Agent Orange consists of 
equal parts of the chlorophenoxy herbicides 
2,4-dichlorophenoxyacetic acid (2,4-D) and 
2,4,5-trichlorophenoxyacetic acid (2,4,5-T). 
The six herbicides used in Vietnam from 1961 
to 1971 were collectively termed the "Rainbow 
Herbicides." Among these, Agent Blue was the 
only one that did not contain 2,4,5-T. While 
evidence suggests multiple chemicals were used 
for various purposes, military records document 
the use of four primary herbicides. Consequently, 
toxicological assessments have focused on 2,4-D, 
2,4,5-T, picloram, and cacodylic acid.

An obligatory byproduct of 2,4,5-T 
production is 2,3,7,8-tetrachlorodibenzo-p-

4	 A collection of historical and contemporary photographs related to Agent Orange is available in the Getty Images 
archive at: URL: https://www.gettyimages.com/search/2/image?phrase=agent+orange (date: 12.11.2025).
5	 Institute of Medicine (US) Committee to Review the Health Effects in Vietnam Veterans of Exposure to Herbicides. 
Veterans and Agent Orange: Health Effects of Herbicides Used in Vietnam. Washington (DC): National Academies 
Press (US); 1994. PMID: 25144022. https://doi.org/10.17226/2141 (date: 12.11.2025).

dioxin (TCDD), a highly toxic carcinogen (see 
Figure 6). TCDD contaminated many herbicides 
containing 2,4,5-T5.

Figure 2. Nguyen The Hong Van, a 13-year-old girl born 
with skin disorders and an intellectual disability. She grew 
up near a site where the military stored Agent Orange
Рисунок 2. Нгуен Тхе Хонг Ван, 13-летняя девочка, ро-
дившаяся с кожными заболеваниями и умственной от-
сталостью. Она выросла рядом с местом, где военные 
хранили Agent Orange

Figure 3. Hundreds of thousands of children and 
grandchildren of individuals exposed to Agent Orange suffer 
from birth defects. This individual exhibits phocomelia (a 
shortened arm) and dolichocephaly
Рисунок 3. Сотни тысяч детей и внуков лиц, под-
вергшихся воздействию Agent Orange, страдают от 
врожденных пороков развития. У данного индивидуу-
ма наблюдается фокомелия (укороченная рука) и доли- 
хоцефалия

Figure 4. An individual begging outside a cathedral. He 
was born with a deformed arm attributed to Agent Orange, 
which severely limits his employment opportunities
Рисунок 4. Человек, просящий милостыню у собора. 
Он родился с деформированной рукой, что связывают 
с Agent Orange, что severely ограничивает его возмож-
ности трудоустройства
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TCDD forms as a byproduct during the 
manufacture of 2,4,5-T. Its molecules contain 
carbon, hydrogen, oxygen, and chlorine. TCDD 
is highly lipophilic (soluble in fats and oils) but 
not in water, leading to its persistence in the 
environment. The primary environmental source 
of TCDD is combustion and industrial processes, 
but human exposure occurs predominantly 
through the food chain. Both 2,4-D and 2,4,5-T 
are chlorophenoxy acids with similar elemental 
composition. They are water-soluble and 
structurally mimic natural auxin-class plant 
hormones. This mimicry disrupts plant growth 
regulation, which is the basis of their herbicidal 
action. Cacodylic acid (containing arsenic) was 
known as Agent Blue. Picloram (containing 
nitrogen) was combined with 2,4-D to form 
Agent White.

In its pure form, 2,4-D is an odorless white 
crystalline powder, though it may appear yellow 
due to phenolic impurities. It has a melting point 
of 138°C, and the free acid is corrosive to metals. 
It is soluble in water and various organic solvents. 
2,4,5-T is an odorless, white to light-tan solid 
with a melting point of 158°C. It is non-corrosive 

6	 National Academies of Sciences, Engineering, and Medicine; Health and Medicine Division; Board on Population 
Health and Public Health Practice; Committee to Review the Health Effects in Vietnam Veterans of Exposure to 
Herbicides (Eleventh Biennial Update). Veterans and Agent Orange: Update 11 (2018). Washington (DC): National 
Academies Press (US); 2018 Nov 15. PMID: 30629395. https://doi.org/10.17226/25137 (date: 12.11.2025).

and soluble in alcohol and water, reacting with 
bases to form salts and with alcohols to form 
esters6.

2,4-D has been used commercially since 
World War II to control broadleaf weeds on 
range lands, lawns, forests, and agricultural 
land; it remains a widely used herbicide approved 
by regulatory bodies. Formulations include 
amine salts, alkali salts, and esters, which are 
mobile in soil and readily absorbed by plants. 
Like 2,4-D, 2,4,5-T was developed as a herbicide 
during World War II. However, its registration 
was canceled in 1978 when its contamination 
with TCDD during manufacturing became clear. 
While 2,4-D production can also generate dioxin-
like contaminants, the proportion of highly toxic 
TCDD is comparatively minimal.

The herbicidal properties of 2,4-D and 
2,4,5-T are related to their ability to mimic the 

Figure 5. Three U.S. Air Force UC-123 aircraft spray Agent 
Orange in South Vietnam [2]
Рисунок 5. Три самолета UC-123 ВВС США распыля-
ют Agent Orange в Южном Вьетнаме [2]

Figure 6. The chemical structures of the herbicides: 
2,4-D (2,4-dichlorophenoxyacetic acid), 2,4,5-T 
(2,4,5-trichlorophenoxyacetic acid), picloram (4-amino-
3,5,6-trichloropicolinic acid), and cacodylic acid 
(dimethylarsinic acid), as well as of the contaminant TCDD 
(2,3,7,8-tetrachlorodibenzo-p-dioxin)
Рисунок 6. Химические структуры гербицидов:  
2,4-Д (2,4-дихлорфеноксиуксусная кислота), 2,4,5-Т 
(2,4,5-трихлорфеноксиуксусная кислота), пиклорам 
(4-амино-3,5,6-трихлорпиколиновая кислота), како-
диловой кислоты (диметилмышьяковой кислоты), а 
также контаминанта ТХДД (2,3,7,8-тетрахлорди-
бензодиоксин)
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plant growth hormone indole-3-acetic acid (an 
auxin). They are selective, affecting broadleaf 
dicots (most weeds) but not monocots like 
wheat and corn. The toxicity database for 2,4-D 
is extensive. In contrast, data on the toxicity 
of purified 2,4,5-T, independent of TCDD 
contamination, are sparse. TCDD is significantly 
more toxic than 2,4,5-T, and much of the toxicity 
initially attributed to 2,4,5-T was later shown to 
be caused by TCDD contamination. 2,4-D is not 
metabolized to reactive intermediates capable of 
interacting with DNA, and evidence supports the 
conclusion that it is not a genotoxic carcinogen. 
However, Sandal and Yilmaz [4] found that 
lymphocytes from smokers show genotoxic 
damage after exposure to 2,4-D, whereas 
lymphocytes from non-smokers do not.

2,3,7,8-tetrachlorodibenzodioxin (TCDD) 
belongs to the family of dioxins. Dioxins and 
dioxin-like compounds (DLCs) are persistent 
organic pollutants (POPs). They are primarily by-
products of combustion or industrial processes 
or, in the case of dioxin-like PCBs and PBBs, 
unwanted minor components of manufactured 
mixtures. Their toxicity varies up to 30,000-
fold, but they are grouped due to a common 
mechanism of action: activation of the aryl 
hydrocarbon receptor (AhR), albeit with vastly 
different binding affinities leading to diverse 
toxic potencies [5].

This family includes (see Figure 7):
•	 Polychlorinated dibenzo-p-dioxins 

(PCDDs): Often called dioxins. There are  
75 congeners, with 7 being specifically toxic. 
TCDD is the most toxic.

•	 Polychlorinated dibenzofurans (PCDFs): 
Often called furans. Of 135 isomers, 10 have 
dioxin-like properties.

•	 Polychlorinated biphenyls (PCBs): 
Polychlorinated biphenyls (PCBs): A class of 
compounds consisting of a biphenyl backbone 
with varying degrees of chlorine substitution,  
12 PCBs have dioxin-like properties and can 
form PCDFs under certain conditions.

•	 Polybrominated analogs of the above 
classes may have similar effects.

•	 Note: The term “dioxin” can also refer to 
1,4-dioxin, a simple chemical unit without the 
toxicity of PCDDs.

Dioxins are virtually insoluble in water 
but highly soluble in lipids. Therefore, they 
bioaccumulate in organic matter like plankton, 
plant leaves, and animal fat, and adsorb 
inorganic particles like ash and soil [6]. They 
are extremely stable and accumulate in the food 
chain. Elimination in animals is very slow; for 
example, TCDD has an estimated half-life of 7 to 
9 years in humans [7, 8].

Molecular Biology. As noted, dioxins and 
DLCs activate the aryl hydrocarbon receptor 
(AhR). The AhR is an ancient protein present in 
all vertebrates, with homologs in invertebrates. 
It is a member of the basic helix-loop-helix/Per-
Arnt-Sim (bHLH/PAS) family of transcription 
factors and functions to modify the transcription 
of numerous genes (see Figure 8) [9–14].

AhR activity is essential for normal 
development and physiology. Mice lacking the 
functional AhR protein (Ahr–/– knockouts) 
exhibit a range of pathologies, including hepatic 
fibrosis, impaired vascular remodeling, and 
immune system defects [5]. Crucially, these Ahr–/– 
mice are completely resistant to the acute lethal 
and wasting effects of TCDD, demonstrating that 
the AhR protein itself is the obligatory mediator 
of TCDD toxicity [11]. Subsequent research has 
confirmed that AhR-knockout rats and mice 
show distinct hepatic and renal phenotypes and, 
as expected, are insensitive to TCDD-induced 
changes in gene expression [13].

The AhR is toxicologically relevant for 
two primary reasons. First, it induces several 
xenobiotic-metabolizing enzymes (e.g., CYP1A1, 
CYP1B1, GSTs, UGTs), a generally protective 
function that can, under some conditions, 
produce reactive metabolites. Second, and 
more critically in this context, AhR activation 
by high doses of ligands like TCDD leads to 
widespread transcriptional dysregulation, which 

Figure 7. Major classes of dioxins and dioxin-like  
compounds [5] 
Рисунок 7. Основные классы диоксинов и диоксинпо-
добных соединений [5]
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Figure 8. A schematic diagram of salient signaling pathways mediated by the aryl hydrocarbon receptor (AhR). The 
canonical (genomic) pathway is indicated by solid black arrows, and non-canonical (non-genomic) or alternative 
pathways are indicated by dashed black arrows. Intersections between these routes are marked with a solid red arrow. 
Protein representations: AhR (blue bars), ARNT (light red bars), ARA9 (green bars), HSP90 (yellowish brown bars), p23 
(bright red ovals). Pathway description: Canonical pathway: Binding of dioxin to the cytosolic AhR complex (1) triggers 
nuclear translocation (2), heterodimerization with ARNT, and binding to dioxin response elements (DREs) in target gene 
promoters, ultimately modulating their expression (3). One induced gene product, the AhR repressor (AHRR), forms a 
negative feedback loop by inhibiting AhR activity. Following activation, the AhR is degraded via the ubiquitin–proteasome 
system (4). Non canonical and intersecting pathways: AhR activation can rapidly elevate intracellular Ca2+ levels (5). 
Increased Ca2+ activates Ca2+/calmodulin dependent protein kinases (CaMKs), which can modulate the efficiency of AhR 
nuclear translocation. The rise in Ca²⁺ may also (through intermediate steps not shown) lead to increased expression of the  
Cox2 gene. AhR can also suppress the expression of acute phase proteins (APP) via mechanisms independent of DRE binding 
(6). Abbreviations: AhR – aryl hydrocarbon receptor; ARNT – AhR nuclear translocator; HSP90 – heat shock protein 90;  
DRE – dioxin response element (also known as xenobiotic response element or AhR response element); AHRR – AhR 
repressor; Cox2 – cyclooxygenase 2 (prostaglandin endoperoxide synthase 2); APP – acute phase proteins; CaMKs – Ca2+/
calmodulin dependent protein kinases. The figure is adapted from Lindén et al. [12]
Рисунок 8. Схема ключевых сигнальных путей, опосредуемых арилуглеводородным рецептором (AhR). Канони-
ческий (геномный) путь обозначен сплошными черными стрелками, а неканонические (негеномные) или альтер-
нативные пути – пунктирными черными стрелками. Пересечения между этими путями отмечены сплошной 
красной стрелкой. Условные обозначения белков: AhR (синие полосы), ARNT (светло-красные полосы), ARA9 (зеле-
ные полосы), HSP90 (желто-коричневые полосы), p23 (ярко-красные овалы). Описание путей: Канонический путь: 
Связывание диоксина с цитозольным комплексом AhR (1) запускает транслокацию рецептора в ядро (2), гетеро-
димеризацию с ARNT и связывание с диоксин-ответственными элементами (DRE) в промоторах генов-мишеней, 
что в конечном итоге модулирует их экспрессию (3). Один из индуцируемых продуктов – репрессор AhR (AHRR) –  
формирует петлю отрицательной обратной связи, ингибируя активность AhR. После активации AhR дегра-
дирует через убиквитин-протеасомную систему (4). Неканонические и пересекающиеся пути: Активация AhR 
может быстро повышать внутриклеточный уровень ионов Ca2+ (5). Повышение концентрации Ca2+ активирует 
Ca2+/кальмодулин-зависимые протеинкиназы (CaMK), которые могут модулировать эффективность ядерной 
транслокации AhR. Повышение уровня Ca2+ также может (через не показанные промежуточные этапы) при-
водить к усилению экспрессии гена Cox2. AhR может также подавлять экспрессию белков острой фазы (APP) 
посредством механизмов, не зависящих от связывания с DRE (6). Список сокращений: AhR – арилуглеводородный 
рецептор; ARNT – ядерный транслокатор AhR; HSP90 – белок теплового шока 90; DRE – диоксин-ответствен-
ный элемент (также известный как ксенобиотик-ответственный элемент или AhR-ответственный элемент); 
AHRR – репрессор AhR; Cox2 – циклооксигеназа-2 (простагландин-эндопероксид синтаза 2); APP – белки острой 
фазы; CaMK – Ca2+/кальмодулин-зависимые протеинкиназы. Рисунок адаптирован из работы Lindén с соавт. [12]
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underlies the compound's systemic toxicity [5, 
Tuomisto, 2019]. The specific genes crucial for 
the myriad toxic effects of dioxins are not fully  
understood [17].

One concrete example of such toxicity-
related dysregulation, demonstrated by Fu et 
al. [18], shows that TCDD impairs mesoderm 
gene expression and cardiac differentiation in 
human embryonic stem cells, indicating that 
AhR activation interferes with normal cellular 
differentiation programs (Figure 9).

This interference likely occurs, at least in 
part, through AhR's interaction with the NuRD 
(nucleosome remodeling and deacetylation) 
chromatin-remodeling complex [19]. A review 
by Rejano-Gordillo et al. [20] provides a 
comprehensive overview of the AhR's myriad 
functions in organ homeostasis (see Figure 10).

Toxicology. Dioxins are eliminated very 
slowly from the human body; TCDD has a 
biological half-life of approximately 7–9 years. 
Consequently, it takes about 70–90 years (10 half-
lives) for the body burden to decline to roughly 
0.1% of the original level, assuming no further 
exposure occurs.

Exposure to Agent Orange is associated with 
long-term health effects, primarily linked to its 
TCDD contaminant. The current understanding 
is heavily reliant on epidemiological and 
retrospective studies. It is important to note 
that data originating from Vietnam [21, 22] are 
sometimes subject to methodological scrutiny 
in the broader scientific literature and may not 
be universally accepted without independent 
validation.

The toxicity of dioxins is clinically 
determined by dose, route of entry into the 
human body, and duration of exposure. To 
illustrate this principle, the key differences 
between mass chronic poisoning resulting 
from an environmental disaster (exemplified 
by Agent Orange) and isolated acute poisoning 
are presented in Table 1. This analysis 
underscores that the same toxicant can produce 
distinct patterns of disease depending on the 
exposure context—a critical consideration 
for epidemiological studies and impact  
assessment.

Clinical Presentation of Acute Poisoning 
in a TCDD Contamination Zone. From the 
moment the chemical fog appears, the following 
symptoms develop. A sharp, chlorine-like odor 
causes throat irritation. The eyes experience 
a burning sensation with profuse lacrimation 
and nasal discharge. A burning heat, as if from 
pepper, is felt in the nasal passages. The affected 
person experiences nausea, followed by vomiting. 
Uncontrollable sneezing. Severe headaches and 
rapidly developing weakness (asthenia). These 
symptoms were noted in almost all individuals 
interviewed.

Within 24 hours, these symptoms begin to 
subside. Some affected individuals complained 
of eyelid swelling, dizziness, and a burning 
sensation on the skin with blister formation. 
Only after 3–4 days did they feel an improvement 
in their condition. Asthenia can persist for 3 or 
4 months with continuous tearing, remaining 
the dominant symptom of acute Agent Orange 
poisoning. In addition to asthenia, victims 
suffered from insomnia, headaches, sexual 
dysfunction, and, in women, menstrual 
disorders. A milder form, ocular asthenia, 

Figure 9. Modeling dioxin toxicity using human embryonic 
stem cells (hESCs). Abbreviations: AhR, aryl hydrocarbon 
receptor; DRE, dioxin response elements. Adapted from Fu 
et al. [18]
Рисунок 9. Моделирование токсичности диоксинов на 
основе человеческих эмбриональных стволовых кле-
ток (ЧЭСК). Сокращения: AhR, арилуглеводородный 
рецептор; DRE, диоксин-ответственные элементы. 
Рисунок адаптирован из работы Fu с соавт. [18]

Figure 10. Role of the Aryl Hydrocarbon Receptor (AhR) 
in the Regulation of Organ Homeostasis. Adapted from 
Rejano-Gordillo et al. [20]
Рисунок 10. Участие арилуглеводородного рецептора 
(AhR) в гомеостатической регуляции органов. Рисунок 
адаптирован из работы Rejano-Gordillo с соавт. [20]
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Table 1. Comparison of mass chronic exposure to “Agent Orange” and acute dioxin poisoning
(on the example of V. Yushchenko)

Таблица 1. Сравнение массового хронического воздействия “Agent Orange” и острого отравления 
диоксинами (на примере В. Ющенко)

Parameter / 
Параметр

Mass Chronic Exposure (“Agent Orange”, 
Vietnam) / 

Массовое хроническое воздействие («Агент 
Оранж», Вьетнам)

Acute Oral Poisoning (on the example of 
V. Yushchenko, poisoned on September 5, 
2004 during dinner in a suburb of Kyiv) / 

Острое пероральное отравление 
(на примере В. Ющенко, отравленного 
5 сентября 2004 г. во время ужина в 

пригороде Киева)
Toxicant / 
Токсикант

Technical herbicide mixture: 2,4-D + 2,4,5-T + 
TCDD (as a contaminant) / 
Техническая гербицидная смесь: 2,4-Д + 2,4,5-Т + 
ТХДД (как примесь)

Pure 2,3,7,8-TCDD (dioxin) / 
Чистый 2,3,7,8-ТХДД (диоксин)

Route of Exposure / 
Путь воздействия

Long-term (years) low-dose exposure via 
contaminated environment: air (during spraying), 
soil, water, food chain / 
Длительное (годы) воздействие низких доз через 
загрязнённую среду: воздух (при распылении), 
почву, воду, пищевую цепь

Intentional single oral poisoning / 
Умышленное однократное пероральное 
отравление

Epidemiology / 
Эпидемиология

Mass exposure: millions of people across vast 
territories. High-risk groups: personnel directly 
handling herbicides and local population / 
Массовое: миллионы людей на обширных 
территориях. Группы высокого риска: лица, 
непосредственно работавшие с гербицидами, и 
местное население

Isolated, intentional case (political assassination 
attempt) / 
Единичный, преднамеренный случай 
(политическое покушение)

Laboratory Marker /  
Лабораторный 

маркер

Complex profile: may include various dioxins and 
furans. Serum TCDD levels in most veterans were 
comparable to background / 
Комплексная картина: может включать 
различные диоксины и фураны. Уровень ТХДД 
в сыворотке у большинства ветеранов был 
сопоставим с фоновым

Extremely high level of only TCDD in blood 
(thousands of times above normal) /
Экстремально высокий уровень только ТХДД в 
крови (в тысячи раз выше нормы)

Clinical Presentation / 
Клиническая картина

Long-term sequelae: wide spectrum of diseases 
(cancer, diabetes, birth defects, etc.) associated 
with chronic exposure. Due to the cumulative 
effect of low doses, chloracne could develop at high 
doses within 2 weeks to several months (sometimes 
even after cessation of contact with TCDD) / 
Долгосрочные последствия: широкий спектр 
заболеваний (рак, диабет, пороки развития и 
т.д.), связанных с хроническим воздействием.  
Из-за накопительного эффекта низких доз 
хлоракне могло возникать при высоких дозах 
в течение от 2 недель до нескольких месяцев 
(иногда и после прекращения контакта с ТХДД)

Acute onset with systemic manifestations 
(epigastric pain, nausea) and severe chloracne – a 
specific marker of acute TCDD poisoning. The rash 
appeared 2–3 weeks after poisoning, covering up to 
40% of the body surface / 
Острое начало с системными проявлениями (боль 
в эпигастральной области, тошнота) и тяжелая 
форма хлоракне –специфический маркер острого 
отравления ТХДД. Сыпь появилась через 2–3 
недели после отравления, охватив до 40 % 
поверхности тела

Context / 
Контекст

Environmental disaster and war crime /
Экологическая катастрофа и военное 
преступление

A unique documented case of intentional acute 
human poisoning with pure TCDD / 
Уникальный задокументированный случай 
умышленного острого отравления человека 
чистым ТХДД

Note. 
The table was generated using the DeepSeek V3.2 neural network based on information provided in sources [27, 29, 30]. 
Примечание. 
Таблица сгенерирована нейросетью DeepSeek V3.2. на основе информации, приведенной в источниках [27, 29, 30].
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was also observed (81% of victims of chemical 
attacks). The study was conducted as follows: 
patients were asked to read. Initially, they could 
read easily, but after some time, they complained 
of poor visibility, lines merging together, then 
fatigue in both eyes and an inability to continue 
reading. If they attempted to read longer, they 
experienced lacrimation, increased intraocular 
pressure, and headaches7.

Skin manifestations (primarily chloracne) 
are among the earliest consequences of Agent 
Orange exposure (see Table 1).

Chloracne is a skin disease caused by 
exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin 
(TCDD) and other diaromatic chlorinated 
organic compounds. It manifests soon after 
exposure to the chemicals, rather than after a 
long latent period. The interval between dioxin 
poisoning and the appearance of chloracne 
varies significantly and depends primarily on 
the dose and duration of exposure. Dioxins 
accumulate in adipose tissue and are slowly 
released, sustaining inflammation in the 
sebaceous hair follicles. The key pathological 
mechanism is hyperkeratinization of the ducts 
and the formation of retention cysts. It is, in 
essence, an acneiform dermatosis caused by 
exposure to halogenated aromatic compounds 
and serves as a characteristic cutaneous 
manifestation of systemic toxicity. The most 
commonly affected areas are the cheeks, 
periorbital skin, ears, neck, behind the ears, 
axillae, and groin. The severity of the disease  
corresponds to a typical dose-response curve. 
Chloracne is the only skin disease consistently 
associated with exposure to Agent Orange and 
TCDD. It is highly resistant to therapy and 
can persist for decades after a single poisoning 
event. Chloracne resolves as the serum dioxin 
concentration decreases. The prognosis is 
variable: in some patients, lesions may disappear 
within 2 years, while in others, they remain for 
life (Figures 11, 12).

The following clinical conditions have 
demonstrated a statistically significant 
association with exposure to Agent Orange or 
dioxin-like compounds [23]:

Neurological: Parkinson's disease, peripheral 
neuropathy, stroke.

Respiratory: Idiopathic pulmonary fibrosis.
Cardiovascular: Hypertension, ischemic 

heart disease.
Hepatobiliary: Liver disease and cirrhosis.

7	 Vietnam. Chemical Warfare. P. 59–63.
8	 Committee to Review the Health Effects in Vietnam Veterans of Exposure to Herbicides (Ninth Biennial Update); 
Board on the Health of Select Populations; Institute of Medicine. Veterans and Agent Orange: Update 2012. Washington 
(DC): National Academies Press (US); 2014 Mar 6. Appendix B, Short-Term Adverse Health Responses. URL: 
 https://www.ncbi.nlm.nih.gov/books/NBK195079/ (data: 25.11.20250.

Hematological: Chronic lymphocytic 
leukemia, Hodgkin's and non-Hodgkin's 
lymphoma, multiple myeloma.

Immunological: Rheumatoid arthritis.
Endocrine: Type 2 diabetes mellitus, 

hypothyroidism.
Reproductive: Reduced sperm quality and 

female infertility.
Oncological: Soft tissue sarcoma, laryngeal 

and lung cancer, thyroid cancer, prostate cancer, 
bladder cancer.

Dermatological: Chloracne (see Figures 11, 12),  
Porphyria cutanea tarda8.

Figure 11. Nguyễn Ngọc Ngân. Clinical presentation of 
chloracne (“acneform dermatitis induced by chlorinated 
hydrocarbons”): pustules (visible foci of acute inflammation 
with pus formation) and comedones (blackheads on the 
face – the visible portion of open comedones where sebum 
oxidizes and darkens upon exposure to air) (Image source: 
Reddit (r/PoppingPimples. 
URL: https://www.reddit.com/.../nguy%E1%BB%85n_ng% 
E1%BB%8Dc_ng%C3%A2n_chloracne...; date: 25.11.2025)
Рисунок 11. Нгуен Нгок Нган. Проявления хлоракне 
(«угревидный дерматит, вызванный хлорированными 
углеводородами»): пустулы (видимые очаги острого 
воспаления с образованием гноя) и комедоны (черные 
точки на лице – видимая часть открытых комедонов, 
где кожное сало окисляется и темнеет при контакте 
с воздухом) (Источник изображения: Reddit (сообще-
ство r/PoppingPimples. 
URL: https://www.reddit.com/.../nguy%E1%BB%85n_ng% 
E1%BB%8Dc_ng%C3%A2n_chloracne...; дата обраще-
ния: 25.11.2025)
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Developmental: Congenital abnormalities 
(heart, thyroid). The association with 
developmental disorders is supported by meta-
analyses. Ngo et al. [24] reported a summary 
relative risk (RR) of 1.95 for birth defects 
associated with Agent Orange exposure, noting 
significant heterogeneity. Vietnamese studies 
showed a higher RR (3.00) than non-Vietnamese 
studies (1.29). The authors also observed a dose-
response relationship. From the perspective of this 
article's author, international (non-Vietnamese) 
data sometimes underestimate the scale of the 
"Agent Orange catastrophe" in Southeast Asia. 
Contrary views exist, with some researchers 
criticizing the conclusions of such meta-analyses 
as methodologically unacceptable [25]. The 
issue of responsibility remains contentious, 
as illustrated by corporate statements shifting 
liability to the U.S. government as the specifying 
and controlling entity [26].

Treatment. Currently, there is no specific 
antidote for dioxin poisoning. Management 
focuses on symptomatic therapy and preventing 
further exposure. This includes avoiding 
consumption of potentially contaminated 
products and using personal protective 
equipment in high-risk areas. Methods to 
accelerate elimination (e.g., activated charcoal) 
may be used in some acute cases. Treatment 
aims to manage symptoms and restore function, 
potentially involving immunostimulants, 
endocrine regulators, and dermatological 
agents. A diet rich in antioxidants may help 
reduce oxidative stress. An experimental study 
in rats suggested that the f lavonoid rutin may 
facilitate dioxin elimination and attenuate 
toxicity. Regular medical monitoring is 
crucial for early detection and management of  
complications [27, 28].

Chronic dioxin poisoning manifesting as 
porphyria cutanea tarda is challenging to treat. 
One reported regimen involves administering 
chloroquine in a carefully titrated schedule (e.g., 
starting at 0.125 g twice daily for two weeks, 
with gradual increases over several months). 
Chloroquine is contraindicated in patients 
with severe cardiac, renal, or hepatic disease.  
Some protocols combine it with methocarbamol 
[27, 28].

Skin Decontamination. The removal of 
contaminated clothing can prevent further 
exposure to TCDD. In an experiment, treatment 
with mineral oil followed by wiping with 
acetone, as well as washing with soap and water, 
effectively reduced (approximately by half) the 
amount of TCDD in the stratum corneum of 
intact skin. This method may potentially be used 
for personnel decontamination directly at the 
site of Agent Orange contamination [31].

Soil Decontamination.  Numerous methods 
have been proposed for the remediation 
of dioxin-contaminated soil, including 
physical, chemical, thermal, and biological 
treatments.  Bioremediation  is considered a 
promising alternative for soil cleanup. This 
approach employs microorganisms to degrade 
persistent organic pollutants in contaminated 
soil through anaerobic or aerobic decomposition. 
Several studies have demonstrated that 
microorganisms isolated from dioxin-
contaminated sites are capable of degrading 
these compounds. Microorganisms can utilize 
dioxins as a carbon and energy source, achieving 
effective dechlorination under both anaerobic 
and aerobic conditions. In addition to microbial 
remediation,  phytoremediation – particularly 
using high-biomass plants—has proven effective 
and is widely applied. Laboratory and field 

Figure 12. Chloracne and hyperpigmentation in a child from 
Seveso, Italy, exposed to 2,3,7,8-TCDD. Clinical description: 
Chloracne (“acneform dermatitis induced by chlorinated 
hydrocarbons”), presenting with comedones and pustules. 
Hyperpigmentation is a pathological darkening of skin 
areas due to increased deposition of the pigment melanin, 
often associated with chronic inflammation (Image source: 
Schecter et al. [27])
Рисунок 12. Хлоракне и гиперпигментация у ребен-
ка из Севезо (Италия), подвергшегося воздействию 
2,3,7,8-ТХДД. Клиническое описание: Хлоракне («угре-
видный дерматит, вызванный хлорированными угле-
водородами»), проявляющееся комедонами и пустула-
ми. Гиперпигментация – патологическое потемнение 
участков кожи в результате повышенного отложе-
ния пигмента меланина, часто связанного с хрониче-
ским воспалением (источник изображения: Schecter с 
соавт. [27])
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experiments have shown that such plants can 
adsorb dioxins [32, 33].

CONCLUSION
The analysis of the Agent Orange issue leads 

to a number of critical conclusions that form a 
comprehensive understanding of the long-term 
consequences of using persistent toxic chemicals 
for military purposes.

Scale and Persistence of the Ecotoxicological 
Threat. Agent Orange serves as an example of 
the transformation of a tactical asset (a defoliant) 
into a strategic factor of long-term impact. Its 
key toxic component – 2,3,7,8-TCDD – possesses 
exceptional environmental persistence (years 
to decades) and a capacity for bioaccumulation 
in food chains. This leads to the formation of 
persistent Contaminated Areas (CAs), often 
referred to as "dioxin hotspots," which pose a 
health hazard for generations, even after a single 
application.

Specificity of Toxicodynamics and 
Polymorphism of Clinical Manifestations. The 
toxicity of TCDD is mediated by the activation of 
the aryl hydrocarbon receptor (AhR), leading to 
profound dysregulation of genes controlling the 
cell cycle, differentiation, and immune response. 
This explains the extremely wide spectrum 
of long-term effects: from specific markers of 
acute poisoning (chloracne) to the development 
of oncological, neurological, endocrine, and 
reproductive diseases, as well as congenital birth 
defects in offspring. The clinical picture directly 
depends on the nature of exposure (acute/
chronic, dose, route of intake), necessitating a 
differentiated approach to diagnosis.

Lack of a Specific Antidote and the Priority 
of Prophylaxis. At present, there are no effective 
methods for direct detoxification or antidote 
therapy for dioxin poisoning. Treatment remains 
symptomatic and supportive. Under these 
conditions, absolute priority must be given to 
Collective and Individual Protection measures 
aimed at preventing personnel contact with 
contaminated objects.

Socio-Ecological Damage as a Component of 
Casualty Inf liction. The consequences of Agent 
Orange use extend far beyond direct health 
damage. They include long-term degradation of 
ecosystems (forest die-off, water pollution, loss 
of biodiversity), undermining of food security 
and socio-economic stability in the region, 
and a severe humanitarian burden in the form 
of intergenerational diseases. This makes such 
substances a tool of not only tactical but also 
strategic environmental impact.

The historical experience of Operation 
Ranch Hand is a stark warning that the use of 
persistent organic pollutants in conflicts creates 

irreversible consequences comparable to a large-
scale technological disaster. Understanding the 
mechanisms of this catastrophe is the basis for 
developing adequate Counter-CBRN measures, 
protection, and recovery.

The experience of Agent Orange 
demonstrates that countering the consequences 
of persistent organic pollutant use is not a one-
time Decontamination operation, but a complex 
of long-term measures involving strict isolation 
of the area, organization of troop Logistics based 
on external resources, medical monitoring, and 
complex engineering work for Site Remediation.

Practical Significance for CBRN Defense 
Personnel

This analysis has direct applied significance 
for the planning and execution of tasks by 
CBRN defense units under conditions of 
potential use or detection of persistent toxic 
dioxin-like chemicals. Key aspects of practical  
significance:

Threat Assessment and Hazard Identification: 
The work provides a clear understanding that 
the primary hazard stems not from the herbicide 
itself, but from its by-product – TCDD, which 
possesses extreme persistence and toxicity. 
Critical Exposure Routes are identified: 
inhalation (aerosol during spraying), oral 
(contaminated water and food), and percutaneous 
(contact with soil, vegetation, equipment). The 
main long-term risk is secondary contamination 
through food chains. Indicators of a potentially 
contaminated area are highlighted: areas of mass 
die-off of broadleaf vegetation with preserved 
grasses, signs of chemical treatments (yellowing, 
defoliation), and locations of former storage 
sites and airfields where agents may have been 
handled.

Organization of Protection and Control 
Measures: Justification for the necessity of the 
earliest and full use of Individual Protection 
Equipment (IPE), including protective masks 
(either filtering or insulating) and special 
protective suits against Chemical Warfare Agents 
(CWAs) and gloves, during any operations in 
a suspected contaminated zone. TCDD can 
penetrate the skin.

Algorithm for Immediate Decontamination: 
prompt removal of contaminated clothing 
followed by treatment of exposed skin with 
soap and water or, if available, special solvents 
(analogous to the methodology described using 
mineral oil and acetone). This is critical within 
the first hours after contact.

Prohibition on the use of local resources: 
a categorical ban on the consumption of water 
from open sources, locally produced food (meat, 
fish, milk), and the use of local wood for fires 
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in potentially contaminated areas to prevent 
alimentary and inhalation intake of dioxins.

Medical Support and Surveillance: Knowledge 
of specific symptom-markers: chloracne 
(persistent acneiform eruptions on the face and 
body) should be considered a probable indicator 
of acute or subacute TCDD poisoning and serve 
as grounds for in-depth examination.

Understanding the logic of long-term 
consequences: allows medical services to plan 
long-term dynamic Health Surveillance for 
personnel at risk of exposure, with an emphasis 
on screening for oncological, neurological, and 
endocrine diseases.

Awareness of the impossibility of emergency 
detoxification: the emphasis in personnel 
briefings should be not on searching for an 
"antidote," but on strict adherence to Prophylactic 
Measures.

Engineering, Technical, and Reconnaissance 
Tasks: Priority reconnaissance objects: chemical 

storage sites, airfields, aircraft refueling and 
washing areas, where the probability of "hotspot" 
formation is highest. For their identification, 
biological indicators (vegetation condition) and, 
potentially, portable analytical methods may be 
used.

Establishment of quarantine zones: 
justification for the necessity of setting up 
long-term Restricted Areas around identified 
contamination foci, as the natural degradation 
of TCDD takes years.

Evaluation of Decontamination methods: 
knowledge of the application of thermal 
desorption technology (high-temperature 
incineration) for soil cleanup at Da Nang Air Base 
provides a reference for selecting consequence 
management technologies for similar objects.

This work provides a scientific and 
toxicological basis for developing appropriate 
manuals, instructions, and training programs 
for CBRN defense specialists.

Limitations of the study / Ограничения исследования
This study should be regarded as the first stage of a systematic analysis of the problem, setting the vector 

for further scientific and practical activities in this area. The primary limitation of this article is that it is based 
on the analysis of a specific historical precedent (Agent Orange) and not on contemporary adversary plans. This 
limits its direct operational applicability for CBRN defense troops but simultaneously defines key directions for 
their practical training. The absence of precise Threshold Toxicity Values for dioxins under combat conditions is a 
notable gap. The article details the mechanisms of TCDD action but does not define precise operational parameters 
critical for real-time threat assessment, such as LCt50 (median lethal concentration) or ICt50 (median incapacitating 
concentration) for TCDD via inhalation or dermal routes under conditions of combat load. The toxicology of 
Agent Orange was determined by a mixture of herbicides and TCDD. In a real operational environment, forces 
may encounter a combination of chemical agents, Toxic Industrial Chemicals (TICs), and other factors (as seen 
in Gulf War veterans), creating an unpredictable synergistic effect not studied within this work. For organizing 
effective Chemical Monitoring, it is necessary to know which specific markers (metabolic intermediates, specific 
proteins) and by what means can be operationally detected in the field. The article does not provide such practical 
methodologies. Understanding the molecular mechanism via the AhR receptor does not answer the question of 
how field detection systems, Individual Protection Equipment (IPE), or Decontamination procedures should be 
modernized to effectively counter dioxins specifically. The work does not translate the acquired data into concrete 
amendments to CBRN Defense Doctrine, medical support regulations, or guidelines for situation assessment in 
contaminated areas. This is a fundamental problem that complicates both current threat assessment and subsequent 
medical surveillance. The article does not propose mechanisms to solve this problem for future conflicts. Knowledge 
of the clinical picture of chloracne does not replace regular and realistic training of personnel in operating in areas 
contaminated with persistent toxic substances, including special reconnaissance procedures, extended duration 
missions in IPE, and equipment decontamination. / Проведенное исследование следует рассматривать как пер-
вый этап системного анализа проблемы, задающий вектор для дальнейшей научной и практической дея-
тельности в данной области. Основное ограничение статьи заключается в том, что она построена на ана-
лизе конкретного исторического прецедента («Агент Оранж»), а не на современных планах противника. 
Это ограничивает ее прямое оперативное применение для войск РХБ защиты, но одновременно определяет 
ключевые направления для их практической подготовки. Отсутствие точных пороговых значений токсич-
ности для диоксинов в условиях боевых действий является существенным пробелом. В статье детально опи-
саны механизмы действия ТХДД, однако не определены точные оперативные параметры, критически важ-
ные для оценки угрозы в реальном времени, такие как LCt50 (средняя смертельная концентрация) или ICt50 
(средняя выводящая из строя концентрация) для ТХДД при ингаляционном или кожном поступлении в 
условиях боевой нагрузки личного состава. Токсикология «Агента Оранж» обусловлена смесью гербицидов 
и ТХДД. В реальной оперативной обстановке войска могут столкнуться с комбинацией химических агентов, 
токсичных промышленных химикатов (ТПХ) и других факторов (как это наблюдалось у ветеранов вой-
ны в Персидском заливе), что создает непредсказуемый синергетический эффект, не изученный в рамках  
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