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1. Introduction

Herbicides are the cornerstone of modern crop protection. They account
for the largest share of global pesticide consumption and have become indis-
pensable to the intensive, high-yield agricultural systems that feed a growing
world population. By suppressing weeds that compete with crops for light,
water, and nutrients, herbicides reduce yield losses, lower the labour intensity
of cultivation, and enable conservation-tillage practices that limit soil erosion.
The economic logic of chemical weed control is therefore compelling, and the
volume of herbicides applied worldwide has expanded enormously over the
past five decades (Benbrook, 2016).

Nowhere is this expansion more visible than in the rise of glyphosate.
Since the commercialization of genetically engineered, glyphosate-tolerant
(“Roundup Ready”) crops in 1996, the use of glyphosate-based herbicides has
increased almost fifteen-fold, making glyphosate the single most heavily app-
lied agrochemical in recorded history; by 2014 roughly 8.6 billion kilograms
had been sprayed globally (Benbrook, 2016). Parallel trends are evident for ot-
her active ingredients: the phenoxy herbicide 2,4-dichlorophenoxyacetic acid
(2,4-D) and the benzoic-acid herbicide dicamba have experienced a resurgen-
ce as growers confront the spread of glyphosate-resistant weeds and adopt
new herbicide-tolerant crop systems (Lerro et al., 2020). Glufosinate ammo-
nium, the imidazolinones such as imazethapyr, and newer molecules such
as the triazolinone ipfencarbazone illustrate the continuing diversification of
the herbicide market (Kido, Okita, Okamura, Takeuchi, & Morita, 2016).

This intensification of use has been accompanied by widespread, low-le-
vel human exposure. People are exposed to herbicides through several con-
verging routes. Occupational exposure affects farmers, applicators, formula-
tors, and field workers, who may contact concentrated products dermally or
by inhalation. Environmental exposure arises from spray drift, contaminated
soil, and volatilization affecting residents near treated fields. Dietary exposu-
re occurs because residues persist on and within food crops, particularly whe-
re pre-harvest desiccation is practised, and water-borne exposure follows the
leaching and run-off of herbicides and their degradation products into sur-
face water and groundwater (Van Bruggen et al., 2018; Sang, Mejuto, Xiao, &
Simal-Gandara, 2021). Biomonitoring surveys now detect glyphosate and its
metabolite aminomethylphosphonic acid (AMPA) in the urine of the majority
of sampled populations, including young children, confirming that exposure
is no longer confined to agricultural settings (Gillezeau et al., 2019; Buekers et
al., 2022; Ospina et al., 2022).

The purpose of this chapter is to provide a critical, evidence-based synt-
hesis of the potential human-health risks posed by modern herbicides. Rat-
her than cataloguing findings uncritically, the chapter weighs the strength,
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consistency, and limitations of the available data, gives particular attention to
contradictory results and to the well-documented divergence between regula-
tory and research-based assessments, and identifies the principal knowledge
gaps. The scope encompasses the most widely used modern active ingredients,
the recognized routes of human exposure, the mechanistic basis of herbicide
toxicity, and the major organ-system and carcinogenic outcomes, followed by
an overview of the current regulatory landscape and future research priori-
ties. The aim is a balanced appraisal that neither overstates speculative hazar-
ds nor dismisses genuine signals of concern.

2. Modern Herbicides: Definition and Classification

Herbicides are classified in several complementary ways: by chemical fa-
mily, by mode of action (the biochemical target site in the plant), by spectrum
(selective versus non-selective), and by timing of application (pre- or post-e-
mergence). For the purposes of human-health risk assessment, the mode of
action is informative because it constrains the herbicidal target but does not
necessarily predict mammalian toxicity, which frequently arises from off-tar-
get effects such as oxidative stress, mitochondrial impairment, or endocrine
interference. The following subsections introduce the most relevant modern
active ingredients; Table 1 summarizes their chemical class, herbicidal target,
and current carcinogenicity status.

2.1. Glyphosate

Glyphosate [N-(phosphonomethyl)glycine] is a non-selective, broad-spe-
ctrum, post-emergent herbicide first marketed in 1974. It acts by inhibiting
5-enolpyruvylshikimate-3-phosphate synthase (EPSPS), a key enzyme of the
shikimate pathway that synthesizes aromatic amino acids. Because this pat-
hway is absent in mammals, glyphosate was historically presumed to pose mi-
nimal risk to humans, and its acute mammalian toxicity is indeed low (Wil-
liams, Kroes, & Munro, 2000). However, the shikimate pathway is present in
many bacteria, including members of the human gut microbiota, providing a
plausible indirect route to mammalian effects (Van Bruggen et al., 2018). Gl-
yphosate is almost always applied as a formulated product containing surfa-
ctants and adjuvants; these co-formulants can substantially modify the toxi-
city of the active ingredient, a point of recurring importance throughout this
chapter (Myers et al., 2016).

2.2. Glufosinate

Glufosinate ammonium (phosphinothricin) is a non-selective, bro-
ad-spectrum herbicide and the active ingredient of glufosinate-tolerant crop
systems. It inhibits glutamine synthetase, causing ammonia accumulation
and disruption of nitrogen metabolism in plants. Critically, glutamine synt-
hetase is also essential in the mammalian central nervous system, where it
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regulates glutamate and ammonia homeostasis. Glufosinate is a structural
analogue of glutamate, and experimental data indicate neurotoxic and de-
velopmental effects that are mechanistically distinct from those of glyphosa-
te (U.S. Environmental Protection Agency [EPA], 2012; Watanabe & Iwase,
1996).

2.3. Imazethapyr

Imazethapyr is an imidazolinone herbicide used for broad-spectrum
weed control in legumes and other crops. Like other imidazolinones, it in-
hibits acetohydroxyacid synthase (AHAS, also called acetolactate synthase),
the first enzyme in the biosynthesis of branched-chain amino acids. Althou-
gh mammalian acute toxicity is low, imazethapyr and related imidazolinones
have produced positive signals in plant and invertebrate genotoxicity assays
and in amphibian models, indicating that low systemic toxicity should not be
equated with the absence of genotoxic potential (Fragiorge, Alves, de Rezen-
de, Graf, & Spano, 2008; Liman, Cigerci, & Oztiirk, 2015; Magdaleno et al,,
2015; Pérez-Iglesias et al., 2015).

2.4. Ipfencarbazone

Ipfencarbazone is a triazolinone-class rice herbicide developed in Japan
and registered there since 2013. It is a pre- and early post-emergence herbici-
de that controls annual grasses, sedges, and some broadleaf weeds, acting by
inhibiting the biosynthesis of very-long-chain fatty acids (VLCFAs). Manufa-
cturer-reported toxicological studies describe low acute mammalian toxicity,
rapid metabolism and excretion in rats, and low residue translocation to edib-
le plant parts (Kido et al., 2016). Ipfencarbazone exemplifies a broader chal-
lenge in herbicide risk assessment: for many recently introduced molecules,
independent human-relevant toxicology data are scarce, and the available in-
formation derives largely from regulatory dossiers rather than peer-reviewed
academic study.

2.5. Dicamba

Dicamba is a selective benzoic-acid (synthetic auxin) herbicide used aga-
inst broadleaf weeds. Its agricultural footprint has grown sharply following
the approval of dicamba-tolerant cotton and soybean, raising both oft-target
drift concerns and renewed interest in its chronic health effects (Lerro et al.,,
2020).

2.6.2,4-D

2,4-Dichlorophenoxyacetic acid (2,4-D) is a synthetic-auxin phenoxy
herbicide in continuous use since the 1940s and, like dicamba, has seen re-
newed deployment in herbicide-tolerant crop systems. It is among the most
extensively used herbicides worldwide. Its long history, its historical associa-
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tion with phenoxy-herbicide formulations, and a substantial epidemiological
literature make it an important comparator for assessing herbicide health ris-
ks (Agency for Toxic Substances and Disease Registry [ATSDR], 2020; Schi-
nasi & Leon, 2014).

2.7. Other new-generation herbicides

Beyond the molecules above, the modern herbicide portfolio includes
numerous other classes — additional imidazolinones, sulfonylureas, triketo-
nes, and protoporphyrinogen-oxidase inhibitors, among others. A recurring
theme is that the diversification driven by herbicide resistance increases the
number and combination of residues to which humans are simultaneously
exposed, complicating both exposure assessment and the interpretation of
health outcomes.

Table 1
Principal Modern Herbicides: Chemical Class, Herbicidal Target, and Carcinogenicity
Classification

Active Chemical class Herbicidal target site Carcinogenicity status

ingredient

o _

Glufosinate Phosphinicacid ~ Glutamine synthetase Not classified as a human
carcinogen; flagged for
neuro- and reproductive
toxicity

Imazethapyr

Ipfencarbazone Triazolinone VLCFA biosynthesis Not classified; limited
independent toxicology data

Dicamba

2,4-D Phenoxy Auxin signalling TARC: Group 2B (possible);

(synthetic auxin) US EPA: not classifiable

Note. EPSPS = 5-enolpyruvylshikimate-3-phosphate synthase; AHAS =
acetohydroxyacid synthase; VLCFA = very-long-chain fatty acid; IARC = In-
ternational Agency for Research on Cancer; EFSA = European Food Safety
Authority; ECHA = European Chemicals Agency. Classifications summarize
positions discussed in Sections 7 and 9.

3. Routes of Human Exposure

Accurate characterization of exposure is the foundation of any credible
risk assessment, yet it is also one of the weakest links in the herbicide lite-
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rature. Many epidemiological studies rely on self-reported use or surrogate
measures rather than measured internal dose, introducing exposure misclas-
sification that tends to bias associations toward the null (Connolly, Coggins,
& Koch, 2020).

3.1. Occupational exposure

Farmers, commercial applicators, formulators, and field workers expe-
rience the highest and most direct exposures, primarily through dermal con-
tact and inhalation during mixing, loading, and spraying. Biomonitoring of
agricultural workers consistently shows higher urinary glyphosate concentra-
tions than in the general population, with personal protective equipment and
application method acting as important determinants of dose (Connolly et al.,
2020). Occupational cohorts therefore provide the most informative — thou-
gh still imperfect — setting for evaluating chronic effects.

3.2. Environmental exposure

Spray drift, volatilization, and contaminated dust expose populations li-
ving near treated land even in the absence of direct handling. Glyphosate and
AMPA are relatively persistent in soil and water and are detected across diver-
se environmental matrices, establishing a diffuse background of exposure for
the wider community (Van Bruggen et al., 2018).

3.3. Dietary exposure

For the general population, diet is generally considered the dominant
exposure pathway. Residues enter the food supply both from in-crop appli-
cation and, importantly, from pre-harvest desiccation of cereals and pulses,
a practice that can leave comparatively high residues on grains destined for
direct human consumption (Sang et al., 2021). The detection of glyphosate
in a large majority of urine samples in population surveys is consistent with
continuous, low-level dietary intake (Ospina et al., 2022).

3.4. Water-borne exposure

Leaching and run-off transfer herbicides and their degradation products
into surface water and groundwater. Where drinking-water sources are affec-
ted, this constitutes an additional, often under-quantified, exposure route; it
is also central to hypotheses linking agrochemical exposure to regional epi-
demics of chronic kidney disease, discussed in Section 8 (Jayasumana, Guna-
tilake, & Senanayake, 2014).

3.5. Children and sensitive subpopulations

Children are of particular concern because of their higher intake of food
and water relative to body weight, their developing organ systems, and their
hand-to-mouth behaviour. Biomonitoring confirms that glyphosate is dete-
ctable in children as young as three years of age, and harmonized European
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surveys document measurable exposure across paediatric populations (Bu-
ekers et al., 2022; Ospina et al., 2022). Pregnant women and the developing
fetus represent an additional window of vulnerability, given evidence that gly-
phosate and AMPA can be detected in maternal biological samples. Standard
adult-based reference doses may not adequately protect these groups, and de-
dicated paediatric toxicity values are largely lacking.

4. Toxicological Mechanisms of Herbicide Action

The mammalian toxicity of modern herbicides is mediated by a recurring
set of interconnected mechanisms that operate downstream of, and indepen-
dently from, the herbicidal target. These mechanisms — oxidative stress, cel-
lular and DNA damage, mitochondrial dysfunction, apoptosis, and inflam-
mation — are also recognized “key characteristics” of many human carci-
nogens and toxicants, which is why mechanistic data have carried substantial
weight in hazard evaluations.

4.1. Oxidative stress

Induction of oxidative stress through excess generation of reactive oxy-
gen species (ROS) and depletion of antioxidant defences is the most con-
sistently reported mechanism across herbicide classes. For glyphosate, the
evidence that it can induce oxidative stress operative in humans was judged
strong by international hazard reviewers, and an analogous conclusion was
reached for 2,4-D (IARC, 2015; ATSDR, 2020). Importantly, oxidative stress
has now been documented in humans rather than only in vitro: in a large oc-
cupational cohort, higher glyphosate exposure was associated with elevated
urinary biomarkers of oxidative DNA and lipid damage (Chang et al., 2023).
Oxidative stress provides a unifying link between the molecular initiating
events of herbicide exposure and downstream genotoxic, endocrine, hepatic,
renal, and neurological effects.

4.2. Cellular damage and DNA damage

ROS and reactive metabolites can damage lipids, proteins, and nucleic
acids. DNA damage — including single- and double-strand breaks, oxidized
bases, and chromosomal alterations — is the genotoxic endpoint of greatest
concern for carcinogenesis and is examined in detail in Section 5. The mecha-
nistic plausibility of glyphosate genotoxicity rests substantially on its capacity
to generate oxidative DNA lesions, even where direct mutagenicity in stan-
dard bacterial assays is weak or absent (Benbrook, 2019).

4.3. Mitochondrial dysfunction

Several herbicides and their formulations impair mitochondrial bioener-
getics, reducing membrane potential and ATP synthesis and further incre-
asing ROS production. Multi-omic analyses of rodents chronically exposed
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to ultra-low doses of a glyphosate-based formulation revealed disturbances
in fatty-acid p-oxidation and energy metabolism consistent with mitochond-
rial and peroxisomal stress, alongside histological steatosis and necrosis
(Mesnage, Renney, Séralini, Ward, & Antoniou, 2017; Mesnage et al., 2015).

4.4. Apoptosis

Sustained oxidative and mitochondrial stress can trigger programmed
cell death. Glufosinate, for example, induces apoptosis in the neuroepithelium
of developing embryos, a finding mechanistically linked to its disruption of
glutamate and glutamine homeostasis (Watanabe & Iwase, 1996). Dysregula-
ted apoptosis is relevant both to developmental toxicity and, paradoxically, to
carcinogenesis, where evasion of apoptosis is a hallmark.

4.5. Inflammatory responses

Herbicide exposure can activate pro-inflammatory signalling and, for gl-
yphosate, may do so partly by perturbing the gut microbiome via inhibition of
the bacterial shikimate pathway. The resulting dysbiosis and low-grade syste-
mic inflammation have been proposed as mechanisms connecting glyphosate
exposure to metabolic, hepatic, and neurological outcomes (Van Bruggen et
al., 2018; Kulcsarova, Bang, Berg, & Schaeffer, 2023). Maternal exposure has
likewise been associated with altered expression of antioxidant- and inflam-
mation-related genes in offspring brain tissue (de Souza et al., 2019).

5. Cytotoxic and Genotoxic Effects

Genotoxicity occupies a central place in the herbicide debate because
DNA damage is an early, mechanistically necessary step in chemical carci-
nogenesis. The literature on glyphosate genotoxicity is, however, markedly
heterogeneous, and this heterogeneity is itself a key finding: results depend
strongly on the test system, the endpoint, the dose, and especially on whether
the pure active ingredient or a complete commercial formulation is tested.

5.1. In vitro studies

Across in vitro systems, glyphosate-based formulations are more potent
than pure glyphosate, frequently inducing DNA strand breaks and micronuc-
lei at concentrations far below those required for the active ingredient alone
(Benbrook, 2019). This pattern implicates surfactants and other co-formu-
lants as important genotoxic contributors and undermines risk assessments
based solely on technical-grade glyphosate. Controlled studies using assays
designed to detect irreversible DNA damage (micronucleus and bacterial re-
verse-mutation tests) have nonetheless often returned negative results for pure
glyphosate, reinforcing the view that direct, classical mutagenicity is weak
and that oxidative, formulation-dependent mechanisms predominate (Smit-
h-Roe et al., 2023).
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5.2. Human lymphocyte studies

In cultured human lymphocytes, pure glyphosate typically fails to indu-
ce chromosomal aberrations at low, environmentally relevant concentrations,
with positive responses appearing mainly at high concentrations. Formulati-
ons and certain adjuvants, by contrast, can produce genotoxic signals at lower
concentrations. The disparity again highlights that conclusions drawn from
the active ingredient cannot be extrapolated uncritically to the products to
which people are actually exposed.

5.3. Micronucleus test findings

The micronucleus assay, a validated biomarker of chromosomal dama-
ge, has been widely applied to herbicides. Pooled analyses of predominantly
experimental studies indicate that both glyphosate and its formulations can
increase micronucleus frequency in exposed organisms, although effects in
standardized in vivo mammalian assays are inconsistent (Smith-Roe et al.,
2023). For the imidazolinones, imazethapyr formulations have induced mic-
ronuclei and chromosomal aberrations in plant and amphibian models, pro-
viding convergent evidence of clastogenic and aneugenic potential even where
mammalian data are sparse (Magdaleno et al., 2015; Pérez-Iglesias et al., 2015;
Liman et al., 2015).

5.4. Comet assay findings

The single-cell gel electrophoresis (comet) assay, which detects DNA
strand breakage, is among the most frequently positive endpoints for glyp-
hosate-based herbicides, consistent with an oxidative mechanism of DNA
damage. Its sensitivity is also a limitation, because it detects potentially re-
pairable lesions rather than fixed mutations; positive comet results therefo-
re signal hazard but require corroboration by assays of irreversible damage
(Smith-Roe et al., 2023).

5.5. Chromosomal abnormalities and biomonitoring

Human biomonitoring of occupationally exposed populations provides
the most directly relevant evidence. Studies of agricultural workers exposed to
glyphosate-based herbicides have reported increased markers of cytogenetic
damage relative to unexposed referents, although confounding by co-expo-
sure to other pesticides and uncertainty in actual dose limit causal inference
(Bolognesi, Carrasquilla, Volpi, Solomon, & Marshall, 2009). Taken together,
the genotoxicity evidence supports a biologically plausible hazard, concentra-
ted in commercial formulations and oxidative endpoints, while underscoring
that exposure characterization and formulation composition are decisive for
interpreting individual studies.
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6. Endocrine-Disrupting Effects
6.1. Effects on the hormonal system

A growing experimental literature indicates that glyphosate and glyp-
hosate-based herbicides can act as endocrine-disrupting chemicals. In vitro
and in vivo studies report inhibition of aromatase (the enzyme converting
testosterone to estradiol), interference with steroidogenic regulatory proteins
such as StAR, and altered expression of steroidogenic enzymes, with consequ-
ent changes in sex-hormone levels (Ingaramo, Alarcén, Mufoz-de-Toro, &
Luque, 2020). A systematic review and meta-analysis of experimental studies
found that glyphosate exposure was associated with alterations in testostero-
ne and other reproductive hormones, supporting an endocrine mode of acti-
on (Mohammadi et al., 2022).

6.2. Reproductive toxicity

Endocrine disruption translates into reproductive effects in animal mo-
dels, including impaired ovarian and uterine function in females and reduced
testosterone, abnormal sperm parameters, and seminiferous-tubule damage
in males (Ingaramo et al., 2020). Glufosinate poses distinct reproductive ha-
zards: by inhibiting glutamine synthetase it can compromise embryo imp-
lantation during the narrow window in which the conceptus depends on ma-
ternal glutamine, an effect demonstrated at high maternal doses (Watanabe
& Iwase, 1996; EPA, 2012). The extent to which these experimental findings
translate to human reproductive health at environmental exposure levels re-
mains uncertain and is a priority for further research.

6.3. Developmental toxicity

The developing organism is especially sensitive to endocrine and neuro-
chemical perturbation. Animal studies report developmental and dysmorp-
hogenic effects of glufosinate on embryos and developmental neurotoxicity
following perinatal exposure (Watanabe & Iwase, 1996). For glyphosate, ma-
ternal exposure has been associated with altered antioxidant gene expressi-
on and metabolite profiles in offspring, and human studies have begun to
examine associations between gestational exposure and birth outcomes (de
Souza et al., 2019). These findings collectively argue for precaution regarding
exposures during pregnancy and early life.

7. Cancer Risk and Epidemiological Findings

No single issue has generated more controversy than the carcinogenic
potential of glyphosate, and the evidence must be appraised with care because
authoritative bodies have reached opposing conclusions from largely the same
data.
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7.1. The IARC evaluation

In 2015 the International Agency for Research on Cancer classified gl-
yphosate as “probably carcinogenic to humans” (Group 2A), citing limited
evidence of carcinogenicity in humans (principally for non-Hodgkin lymp-
homa, NHL), sufficient evidence in experimental animals, and strong mec-
hanistic evidence of genotoxicity and oxidative stress (IARC, 2015; Guyton et
al,, 2015). In the same volume, 2,4-D was classified as “possibly carcinogenic
to humans” (Group 2B), with strong evidence that it induces oxidative stress
(ATSDR, 2020).

7.2. Cohort and case-control evidence

The epidemiological evidence is mixed. The Agricultural Health Study
(AHS), the largest prospective cohort of pesticide applicators, found no sta-
tistically significant association between glyphosate use and NHL or most
solid tumours after extended follow-up, although a non-significant signal for
acute myeloid leukaemia in the most-exposed group was noted (Andreotti et
al., 2018). In contrast, several case-control studies have reported positive as-
sociations between glyphosate-based herbicide exposure and NHL. A pooled
analysis of agricultural cohorts from France, Norway, and the USA repor-
ted heterogeneous results across regions (Leon et al., 2019), while a widely
cited meta-analysis emphasizing the highest-exposure groups estimated an
approximately 41% increase in relative risk of NHL (Zhang, Rana, Shaffer,
Taioli, & Sheppard, 2019). Other meta-analyses applying different inclusion
criteria and weighting the null AHS data more heavily concluded that the evi-
dence does not establish a causal association (Chang & Delzell, 2016; Donato,
Pira, Ciocan, & Boffetta, 2020). The phenoxy-herbicide and glyphosate asso-
ciations with B-cell lymphoma identified in earlier systematic reviews add
historical context to these debates (Schinasi & Leon, 2014).

For other herbicides, the AHS has provided informative updates. With
extended follow-up, increasing dicamba use was associated with elevated risk
of liver and intrahepatic bile-duct cancer and chronic lymphocytic leukae-
mia, whereas earlier signals for lung and colon cancer attenuated (Lerro et
al., 2020). 2,4-D has been examined extensively, and although individual stu-
dies have linked phenoxy herbicides to lymphoid malignancies, the overall
epidemiological evidence has been judged insufficient to establish causation
(ATSDR, 2020; Schinasi & Leon, 2014).

7.3. Critical analysis of contradictory findings

The divergence between the IARC classification and the conclusions of
the European Food Safety Authority, the European Chemicals Agency, and
the US EPA reflects genuine methodological differences rather than simple
disagreement (Tarazona et al., 2017; Benbrook, 2019). IARC conducts hazard
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identification using publicly available, peer-reviewed literature and gives
substantial weight to formulation and mechanistic data; regulatory agencies
perform risk assessment, rely heavily on unpublished, guideline-compliant
industry studies of the pure active ingredient, and focus on exposures consi-
dered realistic (Williams et al., 2016; EFSA, 2023). Each approach has stren-
gths and weaknesses: hazard identification may overstate real-world risk if it
does not account for dose, whereas regulatory risk assessment may understate
hazard if it excludes formulation effects and underweights independent re-
search. Industry-funded reviews have tended to conclude that glyphosate is
neither genotoxic nor carcinogenic (Williams, Kroes, & Munro, 2000; Willi-
ams et al., 2016; Mink et al., 2012), while independent researchers have urged
reassessment of current safety standards (Myers et al., 2016; Vandenberg et al.,
2017). Some influential primary studies, such as long-term rodent carcinoge-
nicity experiments reporting tumours at low doses, remain methodological-
ly contested (Séralini et al., 2014; Mesnage & Antoniou, 2017). A defensible
reading is that glyphosate-based herbicides present a plausible carcinogenic
hazard — strongest for NHL and most credible for highly exposed individuals
and for complete formulations — but that the magnitude of population-level
risk at typical exposures remains uncertain.

Table 2
Summary of Selected Epidemiological Findings on Modern Herbicides and Cancer

Herbicide  Study/ design Principal outcome Direction of finding

o --_

Glyphosate Zhang et al. (2019), Non-Hodgkin ~41% increased relative risk in highly
meta-analysis lymphoma exposed

Dicamba  Lerro etal. (2020), AHS Liver/bile-duct cancer;  Elevated risk at highest exposure
cohort CILL

o --_

Note. AHS = Agricultural Health Study; NHL = non-Hodgkin lympho-
ma; AML = acute myeloid leukaemia; CLL = chronic lymphocytic leukaemia.
The table is illustrative and not exhaustive.

Glyphosate

8. Neurotoxicity and Other Systemic Effects
8.1. Nervous system

Concern about herbicide neurotoxicity has intensified as exposures have
become ubiquitous. A systematic review of experimental studies concluded
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that glyphosate can exert toxic effects on the nervous system through oxi-
dative stress, mitochondrial dysfunction, neuroinflammation, and disrup-
tion of neurotransmitter systems (Costas-Ferreira, Duran, & Faro, 2022). A
prominent emerging hypothesis links glyphosate to Parkinson’s disease and
other neurodegenerative conditions via the microbiome-gut-brain axis, whe-
reby shikimate-pathway inhibition perturbs the gut microbiota, promoting
dysbiosis, intestinal and systemic inflammation, and — potentially — neuro-
degeneration (Kulcsarova et al., 2023). Glufosinate poses a more direct neuro-
logical threat: as a glutamate analogue that inhibits glutamine synthetase,
it disrupts glutamate homeostasis and has produced memory impairment,
structural brain changes, and developmental neurotoxicity in experimental
models (EPA, 2012; Watanabe & Iwase, 1996). Maternal glyphosate exposure
has also been associated with altered brain antioxidant gene expression in
oftspring (de Souza et al., 2019).

8.2. Hepatotoxicity

The liver, as the principal site of xenobiotic metabolism, is a sensitive tar-
get. Chronic exposure of rats to ultra-low, environmentally relevant doses of
a glyphosate-based formulation produced biochemical, transcriptomic, pro-
teomic, and metabolomic signatures consistent with non-alcoholic fatty liver
disease, including steatosis, oxidative stress, and disturbed fatty-acid meta-
bolism (Mesnage et al., 2017; Mesnage et al., 2015). These findings are stri-
king for occurring well below regulatory no-effect levels, though their human
relevance and the influence of formulation adjuvants continue to be debated.

8.3. Nephrotoxicity

The kidney is the most sensitive target of 2,4-D in animal studies (AT-
SDR, 2020). For glyphosate, the most prominent — and contested — hypo-
thesis concerns chronic kidney disease of unknown etiology (CKDu), an
epidemic affecting agricultural communities in Sri Lanka, Central America,
and elsewhere. It has been proposed that glyphosate may form nephrotoxic
complexes with hard-water metals and arsenic, concentrating renal toxicity
in affected regions (Jayasumana et al., 2014). This hypothesis remains unpro-
ven and is regarded by many investigators as multifactorial, with heat stress,
dehydration, and other agrochemicals also implicated; it nonetheless illustra-
tes how water-borne herbicide exposure may interact with local environmen-
tal factors to produce regional disease clusters.

8.4. Immune-system effects

Immunomodulation is a less thoroughly characterized but biologically
plausible outcome. IARC judged the evidence that 2,4-D causes immunosup-
pression to be moderate (ATSDR, 2020), and disruption of the gut microbi-
ome by glyphosate provides an additional, indirect route to altered immune
function (Van Bruggen et al., 2018). The immunological consequences of ch-
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ronic low-level herbicide exposure in humans remain insufficiently studied.
9. Current Regulations and Risk Assessment

Regulatory positions on modern herbicides, particularly glyphosa-
te, diverge across jurisdictions, reflecting both scientific disagreement and
differing risk-management philosophies.

9.1. European Union

Following assessments by EFSA and ECHA that did not identify critical
areas of concern and concluded that glyphosate does not meet the criteria
for classification as carcinogenic, mutagenic, or toxic for reproduction, the
European Commission renewed the approval of glyphosate for ten years, until
December 2033, subject to new conditions including a prohibition on pre-har-
vest desiccant use and measures to protect non-target organisms (EFSA, 2023;
European Commission, 2023). The renewal was adopted in the absence of a
qualified majority among Member States and remains politically contested,
with several states maintaining national restrictions (Tarazona et al., 2017).

9.2. Tiirkiye

In Tiirkiye, plant protection products are authorized and regulated by the
Ministry of Agriculture and Forestry through its Directorate of Plant Protec-
tion Products, and glyphosate-based products remain registered for use (Mi-
nistry of Agriculture and Forestry, 2024). Maximum residue limits in food are
set under the Turkish Food Codex Regulation on Maximum Residue Limits
of Pesticides, which is harmonized with the European Union framework (Re-
gulation 396/2005/EC) as part of Tiirkiye’s broader alignment of food-safety
legislation (Turkish Food Codex, 2014). Tirkiye thus largely follows EU resi-
due standards while authorizing continued domestic use.

9.3. United States

The US EPA has concluded that glyphosate is “not likely to be carcinoge-
nic to humans” and that there are no risks of concern to human health when
the product is used according to the label (EPA, 2020). This position, like its
European counterpart, has been challenged in litigation and in the scienti-
fic literature, and it contrasts sharply with the JARC hazard classification
(Benbrook, 2019).

9.4. Current legislation and limits

Across jurisdictions, exposure limits are expressed primarily as accep-
table daily intakes (ADIs) and reference doses. A notable and instructive disc-
repancy is that the US EPA chronic reference dose for glyphosate has histori-
cally been set several-fold higher than the European ADI, meaning that the
two systems implicitly tolerate very different exposures (Myers et al., 2016).
Such differences, together with the reliance on industry-generated data and
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the limited incorporation of formulation toxicity and endocrine endpoints,
have led independent scientists to call for a reassessment of current safety
standards (Vandenberg et al., 2017; Mesnage & Antoniou, 2017).

10. Knowledge Gaps and Future Perspectives
10.1. Research deficiencies

Several deficiencies recur throughout the literature. First, the great majo-
rity of regulatory toxicology has tested pure active ingredients rather than the
formulated products to which humans are actually exposed, despite consistent
evidence that adjuvants increase toxicity (Myers et al., 2016; Benbrook, 2019).
Second, exposure assessment in epidemiology has relied heavily on self-report
and surrogate measures rather than measured internal dose, biasing many stu-
dies toward the null (Connolly et al., 2020). Third, data on chronic, low-dose,
and mixture exposures — the realistic human scenario — are sparse, and de-
dicated studies of vulnerable groups, especially children and pregnant women,
are limited. Fourth, for newer molecules such as ipfencarbazone, independent
human-relevant toxicology is almost entirely absent (Kido et al., 2016).

10.2. Novel biomarkers

Progress will depend on validated biomarkers of both exposure and effe-
ct. Urinary glyphosate and AMPA are established exposure biomarkers, while
oxidative-stress markers measured in human cohorts now offer biomarkers of
early biological effect (Chang et al., 2023; Ospina et al., 2022). Extending and
standardizing such biomarkers across populations would substantially stren-
gthen exposure-response inference.

10.3. Omics technologies

High-throughput omics — transcriptomics, proteomics, metabolomics,
and microbiome profiling — have already revealed effects of glyphosate-ba-
sed formulations at doses below regulatory thresholds and can illuminate me-
chanisms and adverse outcome pathways that conventional toxicology misses
(Mesnage et al., 2017; Kulcsarova et al., 2023). Integrating omics endpoints
into regulatory frameworks is a promising avenue for next-generation risk
assessment.

10.4. Human biomonitoring

Large-scale, harmonized human biomonitoring programmes, such as
those conducted in Europe and the United States, provide the population-le-
vel exposure data needed to interpret health outcomes and to evaluate the
impact of regulatory measures over time (Buekers et al., 2022; Ospina et al.,
2022; Connolly et al., 2020). Sustained, internationally comparable biomoni-
toring — coupled with longitudinal health follow-up — represents perhaps
the single most valuable investment for resolving current uncertainties.
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11. Conclusion

Modern herbicides are agriculturally indispensable, yet the evidence re-
viewed here indicates that they are not without potential human-health risk.
A coherent mechanistic picture has emerged in which oxidative stress acts as
a central node linking herbicide exposure to genotoxic, endocrine, hepatic,
renal, and neurological effects, with mitochondrial dysfunction, apoptosis,
inflammation, and gut-microbiome perturbation as interconnected contribu-
tors. The genotoxicity and toxicity of glyphosate are consistently greater for
commercial formulations than for the pure active ingredient, a finding that
exposes a fundamental limitation of risk assessments based on the technical
material alone.

The carcinogenicity debate remains unresolved, and the divergence
between IARC’s hazard classification and the conclusions of regulatory agen-
cies arises chiefly from differences in methodology, data sources, and the we-
ight assigned to formulation and mechanistic evidence. On balance, the data
support treating glyphosate-based herbicides as a plausible carcinogenic ha-
zard — most credibly for non-Hodgkin lymphoma among highly exposed in-
dividuals — while acknowledging genuine uncertainty about population-level
risk at typical exposures. For other modern herbicides, the evidence is more
fragmentary: dicamba shows cohort signals for hepatic and lymphoid can-
cers, 2,4-D carries a possible-carcinogen classification and clear nephrotoxic
and oxidative effects, glufosinate presents distinctive neuro- and reproductive
toxicity through its glutamate-related mechanism, the imidazolinones display
genotoxic potential in non-mammalian systems, and for the newest molecules
such as ipfencarbazone independent data are largely lacking.

From a public-health perspective, the prudent course is precautionary
risk management informed by continued, rigorous science. Priorities include
testing formulated products rather than active ingredients alone, improving
exposure assessment through measured internal dose, protecting vulnerable
subpopulations with appropriate reference values, harmonizing international
biomonitoring, and integrating omics-based biomarkers and adverse outco-
me pathways into regulatory evaluation. Resolving the current contradictions
will require well-designed prospective cohorts with quantitative exposure
data, standardized genotoxicity testing of formulations, and transparent, in-
dependent re-analysis of both published and proprietary studies. Until such
evidence matures, reducing unnecessary human exposure to modern herbici-
des represents a reasonable and defensible objective.
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1. INTRODUCTION

The climate crisis is widely recognized as one of the most pressing envi-
ronmental challenges of the twenty-first century, with profound implications
for ecosystems, economies, and human well-being. Unlike the broader con-
cept of climate change, the term climate crisis emphasizes the accelerating
pace, increasing severity, and potentially irreversible consequences of ongoing
environmental transformations. Scientific evidence demonstrates that anth-
ropogenic greenhouse gas emissions are the primary driver of global war-
ming, disrupting the Earth’s energy balance and intensifying environmental
risks worldwide koymaktadir ((IPCC), 2023a, 2023b).

The climate system operates through complex interactions among the
atmosphere, hydrosphere, lithosphere, and biosphere, where relatively small
disturbances may trigger large-scale changes through feedback mechanisms.
Consequently, climate change often follows nonlinear pathways characteri-
zed by threshold-dependent responses and abrupt transitions. The increasing
likelihood of crossing climate tipping points, particularly beyond 1.5°C and
2°C of global warming, raises concerns about irreversible changes such as
large-scale ice loss, sea-level rise, and ecosystem degradation ((IPCC), 2023a;
Timothy M. Lenton et al., 2019)

Agriculture is among the sectors most vulnerable to the climate crisis be-
cause crop production depends directly on environmental factors including
temperature, precipitation, solar radiation, atmospheric CO, concentration,
soil properties, and nutrient availability (Sun et al., 2024; Yang et al., 2024).
At the same time, agricultural activities contribute to climate change through
greenhouse gas emissions associated with land-use change, fertilizer appli-
cation, and livestock production, creating a reciprocal relationship between
climate and agricultural systems (Yang et al., 2024).

The impacts of the climate crisis on crop production are primarily me-
diated through rising temperatures, altered precipitation patterns, increasing
atmospheric CO, concentrations, and the growing occurrence of extreme
weather events. Temperature is particularly critical because it regulates plant
development, phenology, photosynthesis, and reproductive processes. When
temperatures exceed species-specific thresholds, reductions in pollen viabi-
lity, fertilization success, and grain filling can substantially decrease crop
yields (Saleem & Smirnova, 2026; Tran et al., 2025; Yuan et al., 2024). Eviden-
ce suggests that yield losses accelerate beyond critical temperature thresholds
and are especially severe in warm and semi-arid regions already exposed to
heat and water stress (Tran et al., 2025).

Changes in precipitation patterns further exacerbate production risks.
Insufficient rainfall limits photosynthesis, biomass accumulation, and nut-
rient uptake, whereas excessive precipitation may cause flooding, soil erosion,
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nutrient leaching, and increased disease incidence (Farah et al., 2025; Saleem
& Smirnova, 2026; Xu et al., 2024). Importantly, climatic stresses frequently
occur simultaneously, and the combined effects of heat and drought generally
result in greater yield reductions than either stress alone (Janni et al., 2024).

Atmospheric CO, enrichment may stimulate photosynthesis and bio-
mass production, particularly in C3 species, by reducing photorespiration and
enhancing carbon assimilation. However, these potential benefits are often
constrained by elevated temperatures, water scarcity, and nutrient limitati-
ons. Furthermore, increasing CO, concentrations may reduce the nutritional
quality of agricultural products through changes in biochemical composition
and nutrient content (Adireddy et al., 2024).

In addition to gradual climatic shifts, the increasing frequency and in-
tensity of extreme weather events including heat waves, frost, hailstorms, and
severe storms pose major threats to agricultural productivity and stability.
These events can directly reduce crop yield and quality while also promoting
the spread of pests, pathogens, and invasive species, thereby increasing produ-
ction risks and vulnerability (Alotaibi, 2023; Noia Junior et al., 2025). A recent
synthesis of approximately 230 studies demonstrated that even a 1°C increase
in temperature is associated with measurable yield reductions in major crops
such as maize, wheat, and soybean, highlighting the sensitivity of agricultural
systems to climate variability and extremes (Hu et al., 2024).

Beyond biophysical impacts, the climate crisis also has significant so-
cioeconomic consequences. Reduced agricultural productivity can increase
food prices, disrupt supply chains, and exacerbate food insecurity, particu-
larly in developing regions (Hultgren et al., 2025). Therefore, understanding
the interactions between climate and crop production requires holistic and
interdisciplinary approaches that integrate environmental, agronomic, and
socioeconomic dimensions. Such approaches are essential for developing resi-
lient agricultural systems capable of maintaining productivity, sustainability,
and food security under increasingly uncertain climatic conditions (Abebaw,
2025; Dietrich et al., 2025; Liaqat et al., 2022).

2. TEMPERATURE INCREASE

Crop production is highly sensitive to temperature, which regulates plant
growth, enzymatic activity, carbon metabolism, reproductive development,
and yield. The effects of global warming on agriculture are driven not only by
rising mean temperatures but also by the increasing frequency and severity
of heat stress events. Exposure to high temperatures during critical develop-
mental stages can disrupt metabolic processes, induce oxidative damage, and
impair growth and reproduction, ultimately reducing crop productivity and
yield (A. Kumar et al., 2025; Tran et al., 2025).
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2.1 Physiological Responses of Plants to Heat Stress

Heat stress occurs when temperatures exceed the optimal range for plant
growth, negatively affecting productivity and performance. Elevated tempe-
ratures disrupt membrane stability, damage proteins, promote reactive oxy-
gen species (ROS) accumulation, and accelerate chlorophyll degradation and
senescence, ultimately reducing yield potential. Plants respond through me-
chanisms such as heat shock protein (HSP) synthesis, antioxidant defenses,
osmotic adjustment, and hormonal signaling. However, these responses vary
among species, genotypes, and developmental stages, leading to differences in
heat tolerance across crops (A. Kumar et al., 2025; Samat et al., 2025).

The effects of heat stress extend beyond leaf-level processes to plant de-
velopment, reproduction, and yield. High temperatures disrupt plant water
relations and stomatal function; while transpiration may initially increase,
prolonged heat stress often causes stomatal closure, limiting carbon dioxi-
de uptake and photosynthesis. Consequently, plant growth and productivity
decline. Evidence indicates that recurrent heat stress is generally more dama-
ging than a single short-term event. In sorghum, repeated heat stress during
flowering and post-flowering stages significantly reduced grain number and
thousand-grain weight, resulting in progressively greater yield losses (Berger
etal., 2025).

2.2 Effects of Rising Temperature on Photosynthesis and Respiration

Elevated temperatures reduce photosynthetic carbon assimilation, the
physiological basis of crop productivity. Heat stress increases the sensitivity of
photosystem II (PSII), disrupts thylakoid membranes, reduces chlorophyll sta-
bility, and decreases carbon fixation through lower Rubisco activity. Stomatal
closure under high temperatures further limits intercellular CO, availability
and photosynthesis. Consequently, heat stress impairs both the structure and
function of the photosynthetic apparatus, reducing carbon acquisition and
biomass production (A. Kumar et al., 2025; Sher et al., 2024).

The effects of rising temperature on respiration are often more complex
than those on photosynthesis. Elevated temperatures generally increase mito-
chondrial respiration, causing a larger proportion of photosynthetically fixed
carbon to be used for maintenance and stress-response processes. Studies in-
dicate that 30-60% of assimilated carbon may be lost through respiration,
depending on species, developmental stage, and environmental conditions.
As a result, higher respiratory costs reduce the carbon available for growth,
biomass accumulation, and grain filling, thereby limiting crop productivity
under warming conditions (Amthor, 2025).

Rising temperatures impose a dual constraint on plant carbon balance
by reducing photosynthetic carbon gain while increasing respiratory carbon
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losses. This imbalance weakens source-sink relationships, limiting dry mat-
ter accumulation and assimilate transport to reproductive organs, ultimately
reducing growth and yield. These negative effects are often intensified when
heat stress occurs together with drought, further restricting carbon assimila-
tion and increasing yield losses (A. Kumar et al., 2025; Sher et al., 2024).

2.3 Effects of Rising Temperature on Flowering and Yield

The reproductive stage is among the most heat-sensitive phases of the
plant life cycle. Elevated temperatures during flowering can impair pollen vi-
ability, fertilization, and grain set, making reproductive failure a major cause
of yield loss. Studies show that heat stress during flowering and grain filling
can induce pollen sterility, increase flower abortion, damage ovule develop-
ment, and reduce grain-setting rates, ultimately lowering crop productivity
and yield (A. Kumar et al., 2025; Sher et al., 2024).

Experimental studies have demonstrated the negative effects of heat-in-
duced reproductive disturbances on crop yield. In chickpea, heat stress ac-
celerated flowering by approximately four days and shortened maturity by
nearly twenty-four days, resulting in an average yield reduction of 34.7%.
Significant declines in biomass production and yield components were also
observed, indicating that elevated temperatures accelerate phenological deve-
lopment while reducing yield potential (Jha et al., 2025).

In cotton, heat stress reduced pollen germination by 71%, while seed cot-
ton and fiber yields declined by 19% and 26%, respectively. These reductions
were accompanied by decreases in chlorophyll index and other morphophy-
siological disturbances, indicating that heat stress during flowering impairs
both reproductive processes and assimilate production required for yield
formation. Thus, the effects of high temperature extend beyond fertilization
failure to the physiological processes underlying crop productivity (Bista et
al., 2025).

Large-scale analyses confirm the negative effects of warming on crop
yield, particularly when critical temperature thresholds are exceeded. Tran et
al. (2025) reported that in wheat, each 1°C temperature increase reduced yield
by about 6.1% below the threshold, with losses rising to 8.2% beyond it. Simi-
lar responses were observed in rice, where productivity declines intensified at
higher temperatures. These findings highlight the vulnerability of sensitive
stages such as flowering and grain set to heat stress and underscore the risks
that continued warming poses to crop productivity and global food security
(Tran et al., 2025).

In conclusion, rising temperatures are among the most important clima-
tic pressures affecting crop production. Heat stress causes oxidative damage,
disrupts cellular functions, and alters the balance between photosynthesis
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and respiration, thereby reducing carbon availability for growth and yield
formation. Its effects are particularly severe during reproductive stages, whe-
re declines in pollen viability, fertilization success, and grain set can result in
substantial yield losses. Although responses vary among species and develop-
mental stages, current evidence indicates that increasing temperatures pose a
serious threat to crop productivity, especially when heat stress coincides with
critical phenological periods (Amthor, 2025; A. Kumar et al., 2025; Sher et al.,
2024; Tran et al., 2025).

3. WATER STRESS AND DROUGHT

Water stress and drought are among the most important environmental
pressures affecting crop production under the climate crisis. Water is essential
for maintaining cell turgor, nutrient transport, stomatal regulation, photosy-
nthesis, growth, and reproductive development; therefore, reduced water ava-
ilability directly limits agricultural productivity. Recent studies emphasize
that drought is a multidimensional stress influenced not only by precipitation
deficits but also by soil water-holding capacity, evapotranspiration, root-zo-
ne moisture, irrigation availability, and the resilience of production systems.
Consequently, its effects on crop performance are shaped by the interaction of
climatic, soil, hydrological, and management factors.

3.1 Water Stress

Water stress occurs when water availability in the root zone is insufficient
to meet plant transpiration and metabolic demands. Early responses include
declines in cellular water potential and turgor, followed by adaptive mecha-
nisms such as stomatal closure, osmotic adjustment, changes in root archite-
cture, activation of antioxidant defenses, and abscisic acid (ABA)-mediated
signaling. Water stress causes not only dehydration but also osmotic stress,
oxidative damage, membrane impairment, and disruption of the photosy-
nthetic apparatus. These responses help plants reduce water loss, maintain
cellular homeostasis, and sustain metabolic activity under limited water ava-
ilability (Haghpanah et al., 2024).

Plant responses to drought are commonly classified as drought avoidan-
ce, drought tolerance, and drought escape. Avoidance mechanisms help ma-
intain plant water status through traits such as deeper root systems, improved
stomatal regulation, and reduced water loss. Tolerance mechanisms involve
physiological and biochemical adjustments, including osmotic regulation, ac-
cumulation of compatible solutes, activation of reactive oxygen species (ROS)
scavenging systems, and synthesis of protective proteins. These responses are
closely associated with improved water-use efficiency and the maintenance
of metabolic activity under drought conditions. However, their effectiveness
varies among species, genotypes, and developmental stages, resulting in diffe-
rences in drought resilience across crop systems (Franco-Navarro et al., 2025;
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Haghpanah et al., 2024).

Plant responses to water stress vary among species and developmental
stages. Drought occurring during critical phases such as flowering and gra-
in filling generally causes greater yield losses than stress during vegetative
growth. Accelerated leaf senescence, reduced photosynthetically active leaf
area, and limited assimilate translocation during reproductive development
restrict the resources available for grain formation and yield accumulation. In
maize, drought stress during flowering accelerated leaf senescence, whereas
effective water management helped maintain photosynthetically active leaf
area and dry matter translocation, thereby improving yield under water-limi-
ted conditions (Yan et al., 2025).

3.2 Drought

Drought is a multidimensional phenomenon affecting climate, soil,
plants, and water resources, and cannot be explained solely by reduced preci-
pitation. It is commonly classified as meteorological, agricultural, and hydro-
logical drought. Meteorological drought results from prolonged precipitation
deficits, agricultural drought arises when soil moisture becomes insufficient
for crop growth, and hydrological drought is characterized by reduced water
availability in surface and groundwater resources. These forms of drought are
closely interconnected and often develop sequentially, with meteorological
drought progressing into agricultural and eventually hydrological drought,
thereby intensifying impacts on agricultural and environmental systems (Di-
sasa et al., 2026).

An emerging focus in drought research is the concept of flash droughts,
which develop rapidly when high evaporative demand, heat waves, and sharp
declines in soil moisture occur simultaneously. These conditions can quickly
intensify plant water deficits, leaving little time for adaptation or manage-
ment responses. Consequently, drought is increasingly viewed not simply as
a precipitation deficit but as a dynamic process driven by interactions among
rainfall, atmospheric demand, soil moisture, and the balance between water
supply and demand. This perspective provides a more comprehensive unders-
tanding of drought impacts on agricultural systems under changing climatic
conditions (Disasa et al., 2026).

3.3 Impacts of Water Stress and Drought on Crop Production

The most evident effect of drought on crop production is yield reduction,
resulting from multiple physiological constraints rather than a single mecha-
nism. Water deficits restrict leaf expansion and stomatal conductance, redu-
cing photosynthesis, biomass accumulation, and reproductive development.
Yield losses generally increase with the severity and duration of drought and
depend strongly on the phenological stage affected. A review of Brassica crops
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reported that drought can cause yield reductions ranging from moderate to
severe levels; in canola, annual losses may exceed 30%, highlighting the vul-
nerability of oilseed crops to water scarcity (Mohan et al., 2025).

One of the earliest plant responses to drought is stomatal closure, whi-
ch reduces water loss but also limits carbon dioxide uptake and photosynt-
hesis. As a result, carbon assimilation, biomass production, leaf expansion,
and shoot growth decline. Drought further impairs photosynthesis through
reductions in chlorophyll content, photosystem II (PSII) efficiency, electron
transport, and increased reactive oxygen species (ROS) accumulation. Toget-
her, these changes reduce photosynthetic capacity and contribute to lower
growth and productivity under water-limited conditions (Dietz et al., 2021;
Qiao et al., 2024).

The impact of drought on yield depends not only on its severity but also
on the developmental stage at which it occurs (Dietz et al., 2021). During ve-
getative growth, water deficits mainly reduce leaf expansion and biomass ac-
cumulation, whereas drought during reproductive stages impairs flowering,
fertilization, grain set, grain filling, and fruit development (Dietz et al., 2021;
Qiao et al., 2024). In cereals, these effects often reduce grain number, grain
weight, and harvest index, leading to substantial yield losses. The impacts be-
come even greater when drought coincides with high temperatures, as combi-
ned stress shortens crop life cycles and causes larger productivity reductions
than either stress alone (Cohen et al., 2021).

The effects of drought on yield vary according to the harvested plant or-
gan. In leafy vegetables, water stress reduces leaf expansion and fresh biomass
production, whereas in root and tuber crops it limits assimilate accumulation
in storage organs. In fruit- and seed-producing crops, drought can impair
fertilization, fruit set, grain filling, and product quality. Therefore, drought
impacts should be evaluated not only in terms of biomass reduction but also
through their effects on marketable yield and quality, which ultimately deter-
mine the economic value of crops (Dietz et al., 2021).

Under water-limited conditions, plants develop adaptive responses such
as deeper rooting, increased root-to-shoot ratios, reduced leaf area, and os-
molyte accumulation to maintain water balance. However, these adaptations
often involve trade-offs with growth and productivity. For example, reduced
transpiration conserves water but also limits carbon dioxide uptake and car-
bon assimilation, lowering yield potential (Qiao et al., 2024). Therefore, drou-
ght tolerance should be evaluated not only by plant survival but also by the
ability to maintain growth and productivity under water stress (Dietz et al.,
2021).
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In summary, water stress and drought reduce crop productivity through
interconnected physiological, morphological, and biochemical mechanisms.
Yield losses are primarily associated with stomatal closure, reduced photosy-
nthesis, oxidative stress, impaired nutrient uptake, and disruptions in repro-
ductive processes such as flowering and grain filling (Dietz et al., 2021; Qiao et
al., 2024). The severity of these effects depends on crop species, developmental
stage, stress duration, and environmental conditions, with reproductive-stage
drought generally causing the greatest economic losses (Cohen et al., 2021;
Dietz et al., 2021). Therefore, drought-tolerant cultivars, efficient irrigation,
soil moisture conservation, and improved water-use efficiency are critical for
sustaining crop production under climate change (Dietz et al., 2021; Wang et
al., 2024).

4. CHANGES IN PRECIPITATION REGIMES

Climate change affects precipitation regimes not only through changes
in total rainfall but also through shifts in the timing, frequency, intensity,
duration, and seasonal distribution of precipitation events. Rainfall patterns
are becoming increasingly irregular, particularly in monsoon-dependent and
rainfed agricultural systems, directly influencing key stages such as sowing,
emergence, vegetative growth, and grain filling. In addition, the concentrati-
on of rainfall into shorter periods can reduce the effective availability of water
for crops even when annual precipitation remains unchanged. Therefore, pre-
cipitation regimes should be evaluated not only by total rainfall amounts but
also by their timing, intensity, and seasonal distribution, which are critical
determinants of agricultural productivity and water availability (Deng et al.,
2025).

The agricultural value of precipitation depends not only on its amount
but also on its timing and intensity. High-intensity rainfall over short periods
can reduce soil water storage and plant water availability, while prolonged
dry intervals increase root-zone moisture deficits. Consequently, crop pro-
ductivity may decline even when annual rainfall remains unchanged if pre-
cipitation becomes more irregular and concentrated. This effect is especially
important in rainfed systems, where yield depends largely on the coinciden-
ce of rainfall with critical phenological stages. Therefore, rainfall timing and
distribution are often as important as total precipitation in determining crop
productivity (Deng et al., 2025).

One of the major agricultural consequences of increasing precipitation
intensity is the greater occurrence of flooding and waterlogging. Flooded so-
ils restrict oxygen diffusion, causing hypoxia or, under prolonged conditions,
anoxia in the root zone. These conditions inhibit root respiration, reduce nut-
rient uptake, and trigger physiological responses such as ethylene accumu-
lation, fermentative metabolism, reactive oxygen species (ROS) production,
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reduced photosynthesis, and changes in root architecture. Together, these ef-
fects suppress crop growth and yield. Thus, the impacts of flooding arise not
only from excess water but also from disruptions in plant-soil-atmosphere
interactions (Zhang et al., 2025).

Regional studies indicate that the effects of flooding and waterlogging on
crop production vary with crop species, developmental stage, and inundation
duration. In the Middle and Lower Yangtze River Basin, flood events caused
greater yield losses when they occurred during intermediate and late growth
stages, and the relationship between flood intensity and yield reduction was
consistently observed across different meteorological indicators (Meng et al.,
2024). Similarly, soybean studies showed that temporary waterlogging redu-
ced root volume, biomass accumulation, leaf area, and grain yield, with im-
pacts differing according to the developmental stage at which flooding occur-
red (Gangana Gowdra et al.,, 2025).These findings highlight the importance
of considering both flood characteristics and crop phenology when assessing
flood risk.

Soil moisture is a key mechanism linking changes in precipitation regi-
mes to crop production. The agricultural value of rainfall depends not only on
the amount received but also on how much water is retained in the root zone
and remains available to plants. Soil moisture is widely recognized as an im-
portant indicator for agricultural sustainability, irrigation management, and
drought monitoring. However, it is influenced not only by precipitation but
also by soil texture, organic matter, topography, vegetation cover, tempera-
ture, atmospheric evaporative demand, and antecedent moisture conditions.
Consequently, similar rainfall events can produce very different soil moisture
responses depending on soil characteristics and seasonal conditions (Teixeira
etal., 2025).

The importance of soil moisture extends beyond drought and water-
logging to maintaining suitable conditions throughout the growing season.
Excessive rainfall can cause prolonged soil saturation and reduced root-zone
aeration, whereas extended dry periods can rapidly create moisture deficits.
As precipitation regimes become more irregular, soil moisture variability
increases, affecting crop performance differently across developmental sta-
ges. Climate projections indicate that changes in the timing and intensity of
rainfall may alter the occurrence and seasonal distribution of agricultural
stress events. Therefore, soil moisture dynamics should be evaluated not only
through long-term averages but also in relation to the timing, duration, and
intensity of events that influence water availability during critical growth sta-
ges (Deng et al., 2025).

In conclusion, precipitation regime changes affect crop production th-
rough shifts in rainfall distribution and intensity, increased flooding and
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waterlogging, and altered soil moisture dynamics. Current evidence shows
that total rainfall alone is insufficient to assess agricultural risk; the timing,
intensity, and antecedent soil moisture conditions of precipitation are equally
important determinants of crop performance. Therefore, adaptation strategies
should prioritize improved drainage systems, enhanced soil water-holding
capacity, soil moisture monitoring, and planting schedules aligned with crop
phenology and changing climatic conditions. These measures are essential for
reducing climate-related risks and strengthening the resilience of agricultural
production systems (Qi et al., 2025; Teixeira et al., 2025; Zhang et al., 2025).

5. EXTREME CLIMATE EVENTS
5.1 Heat Waves

Among extreme climate events, heat waves are among the most impor-
tant stressors affecting crop production. Unlike gradual warming, they in-
volve rapid exceedance of critical temperature thresholds and are often ac-
companied by high atmospheric water demand, causing severe physiological
stress. Studies indicate that warming increases not only yield losses but also
inter annual yield variability, while extreme heat events, particularly when
combined with water scarcity, can greatly intensify crop damage. These im-
pacts are especially severe in arid and semi-arid regions, where temperatures
frequently exceed crop-specific physiological limits (Proctor et al., 2025; Tran
et al., 2025).

The effects of heat waves on crop production depend strongly on the-
ir timing within the crop growth cycle. During vegetative growth, extreme
temperatures can reduce photosynthesis, disrupt plant water relations, and
limit carbon assimilation. However, heat waves occurring during flowering
and grain set are generally more damaging because they impair pollen viabi-
lity, fertilization, and grain filling. Thus, heat stress severity is determined not
only by temperature magnitude but also by event duration, recurrence, and
coincidence with sensitive phenological stages (Ullah et al., 2024). In additi-
on, yield losses in major crops increase rapidly once critical thermal threshol-
ds are exceeded, highlighting the growing risks posed by extreme heat under
future climate scenarios (Tran et al., 2025).

Regional and multi-hazard studies indicate that heat waves are becoming
an increasingly important source of agricultural risk. A European assessment
showed that temperature-related hazards during the growing season inc-
reased substantially in 2011-2020 compared with 1981-1990, reflecting the
growing influence of extreme heat on agricultural systems. The study also
emphasized that heat waves should be evaluated together with drought and
other extreme climate events, as compound stresses often cause greater crop
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losses than individual hazards acting alone. Therefore, a multi-risk perspec-
tive provides a more realistic assessment of agricultural vulnerability under
climate change (Lakatos & Csabai, 2025).

5.2 Frost, Hailstorms, and Severe Storms

Frost events, particularly late spring frosts, remain an important agricul-
tural risk despite rising average temperatures. Frost damage depends not only
on frost frequency but also on temperature variability, event duration, timing,
and crop developmental stage. A global study identified temperature variabi-
lity as a key factor explaining frost-related yield losses in crops such as maize
and winter wheat, indicating that late frosts may continue to cause significant
damage under climate warming (Guo et al., 2024). Similarly, a recent review
reported that late spring frosts can severely reduce yields in cool-season cere-
als, especially when they occur during flowering and early grain-filling stages,
with damage largely determined by the timing, intensity, and duration of the
event (Richetti et al., 2025).

Hail causes agricultural losses mainly through direct physical damage,
including reductions in leaf area, injury to stems and reproductive organs,
and loss of photosynthetically active tissue, all of which reduce carbon assimi-
lation (Dabrowski et al., 2024). A study in Switzerland showed that hail dama-
ge in field crops and vineyards can be effectively assessed using radar-based
approaches and varies according to crop type and production system cha-
racteristics (Portmann et al., 2024). In winter oilseed rape, simulated hail
events reduced yield by 53.9% and significantly decreased CO, assimilation,
stomatal conductance, transpiration, and photosystem II (PSII) efficiency
(Dabrowski et al., 2024). These findings indicate that hail not only causes
mechanical injury but also disrupts photosynthetic processes and induces
physiological stress that further reduces crop productivity (Dabrowski et al.,
2024; Portmann et al., 2024).

Storm events, particularly tropical cyclones and intense wind systems,
affect crop production through stem breakage, lodging, leaf and fruit loss,
flooding, and reductions in product quality. A study from the coastal sout-
hern United States showed that tropical cyclones can significantly reduce
crop performance, especially when they occur late in the growing season,
with major hurricanes causing average yield losses of about 6%. The study
also demonstrated that agricultural risk depends not only on wind intensity
but also on event timing and antecedent soil moisture conditions. Therefore,
storms should be considered compound hazards arising from the interaction
of strong winds, heavy rainfall, and flooding, which together can substantial-
ly reduce crop productivity and sustainability (Bundy et al., 2023).
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6. EFFECTS OF CLIMATE CRISIS ON SOIL PROPERTIES AND
FUNCTIONS

6.1 Soil Moisture and Soil Organic Matter

The climate crisis alters soil functions by affecting both soil moisture dy-
namics and organic matter cycling. Rising temperatures increase evapotrans-
piration, while irregular precipitation and more frequent droughts intensify
soil moisture deficits, particularly in surface layers. These changes influence
soil carbon cycling and may reduce the long-term stability of soil organic car-
bon stocks. Studies using Earth System Models indicate that warming can
accelerate soil carbon losses, strengthening climate carbon feedbacks (Ren et
al., 2024). In addition, declining soil organic carbon reduces water-holding
capacity, further increasing moisture loss and drought vulnerability (McDer-
mid et al., 2022). Therefore, soil carbon depletion should be considered both a
carbon-cycle issue and a feedback mechanism that amplifies climate change
impacts on agricultural and ecosystem functioning.

Long-term warming experiments indicate that soil organic carbon stocks
can decline substantially, particularly in surface soils. Mineral-associated or-
ganic carbon (MAOC), a relatively stable and important component of long-
term carbon sequestration, appears to be especially vulnerable to warming.
Chen et al. (2023) showed that long-term warming reduced surface soil or-
ganic carbon largely through losses from the MAOC pool. Likewise, Chen
et al. (2024) reported significant soil carbon emissions under whole-profile
warming treatments in alpine grasslands. These findings suggest that rising
temperatures affect not only labile organic matter fractions but also stable soil
carbon reservoirs previously considered resistant to environmental change
(Chen et al., 2023, 2024).

Changes in soil moisture strongly influence organic matter dynamics by
affecting water availability and microbial activity. Drought and altered preci-
pitation regimes can modify microbial growth, carbon use efficiency (CUE),
and decomposition rates, thereby affecting soil carbon cycling. Microbial
responses largely determine whether organic carbon is retained in biomass
or released to the atmosphere. Consequently, under climate crisis conditions,
soil organic matter decomposition and storage are regulated by complex inte-
ractions among ecosystem characteristics, soil properties, carbon stocks, and
environmental conditions, resulting in highly variable responses across regi-
ons and climates (He et al., 2024).

The interaction between vegetation cover and soil moisture is a key me-
chanism influencing soil stability and ecosystem functioning. A study in a
high-latitude grassland ecosystem found that spatial variations in soil mois-
ture and vegetation water stress were closely linked to erosion patterns. Areas
with water-stressed vegetation were more susceptible to soil erosion, resulting
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in greater spatial variability in erosion risk. These findings indicate that the
conservation of organic matter-rich topsoil depends not only on precipitation
but also on vegetation responses to water stress and local soil moisture condi-
tions. Therefore, interactions among vegetation dynamics, soil moisture, and
erosion processes are critical for maintaining soil resilience under changing
climatic conditions (Cutler et al., 2023).

6.2 Soil Erosion and Desertification

One of the most evident impacts of the climate crisis on soils is the ac-
celeration of water and wind erosion. Assessments suggest that erosion risk
will increase in many regions during the twenty-first century, particularly
in semi-arid and Mediterranean climates. More frequent and intense rainfall
events enhance surface runoft and water erosion, while drought-induced dec-
lines in vegetation cover reduce soil protection and increase susceptibility to
erosion. Consequently, climate change is expected to intensify water erosion
and simultaneously elevate wind erosion risk in dry regions where vegetation
becomes sparse and soils are less protected (Eekhout & de Vente, 2022).

Climate change-driven erosion and soil degradation can substantially
reduce soil quality through the loss of organic matter-rich topsoil. This pro-
cess decreases soil organic carbon stocks and weakens soil structure, limiting
essential soil functions over time. A study in mountain grassland ecosystems
showed that simulated climate change accelerated both organic carbon los-
ses and topsoil structural degradation. Reductions in large macroaggregates
weakened the physical protection of organic carbon and reduced soil structu-
ral stability (Garcia-Franco et al., 2024). These findings indicate that climate
change threatens not only soil carbon storage but also the structural mecha-
nisms that stabilize and protect soil carbon, increasing the vulnerability of
soils to further degradation.

Desertification is a multifaceted land degradation process involving not
only soil erosion but also declines in soil quality, vegetation cover, and ecosys-
tem functioning. Liu et al. (2024) showed that increasing desertification se-
verity in semi-arid alpine regions significantly reduced soil health stability
and was associated with losses of soil organic matter and biological functions.
The study demonstrated that desertification extends beyond vegetation loss,
disrupting nutrient cycling, weakening soil biological processes, and redu-
cing ecosystem resilience. Therefore, climate change-driven aridification and
rising temperatures may lead to long-term declines in soil productivity and
ecosystem functioning, particularly in semi-arid and dry sub-humid regions
that are already close to critical environmental thresholds (Liu et al., 2024).

Large-scale observational studies show that declining precipitation and
rising temperatures can substantially accelerate desertification. Research in
the arid regions of China demonstrated that drought and heat stress promote
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the expansion of barren lands, increasing land degradation risk, particularly
in arid and semi-arid environments. Huang and Zhai (2023) further showed
that desertification is driven not only by land-use change but also by clima-
te-related factors such as warming and increasing water deficits. These findin-
gs emphasize that desertification is a climate-sensitive process shaped by the
interaction of environmental and anthropogenic drivers, with reduced water
availability and rising temperatures acting as major accelerators of land deg-
radation (Huang & Zhai, 2023).

6.3 Soil Salinization and Land Degradation

The link between climate change and soil salinity is becoming increa-
singly evident, particularly in arid, semi-arid, and coastal agricultural regi-
ons. Rising temperatures increase evapotranspiration, promoting salt accu-
mulation in the soil surface and root zone, while altered precipitation patterns
and reduced water availability limit salt leaching. In coastal areas, sea-level
rise and saltwater intrusion further increase salinization risks. Corwin (2021)
emphasized that climate change enhances soil salinity through multiple pat-
hways, with the greatest vulnerability occurring in regions where water re-
sources are already limited (Corwin, 2021).

A comprehensive review suggests that climate change may not only wor-
sen existing salinity problems but also expose currently unaffected agricul-
tural lands to future salinization. Rising temperatures, altered precipitation
patterns, increasing pressure on water resources, and sea-level rise have been
identified as major drivers of salinity development. The impacts of salinity
extend beyond plant osmotic stress and ion toxicity; sodium accumulation
can disperse soil aggregates, reduce infiltration and hydraulic conductivity,
and degrade soil structure. Therefore, soil salinity should be viewed as a mul-
tidimensional land degradation process affecting the physical, chemical, and
biological functions of soils under changing climatic conditions (Mukhopa-
dhyay et al., 2021).

Recent modeling studies indicate that climate change-driven aridificati-
on and rising evapotranspiration may significantly increase soil salinization
risks, particularly in water-limited regions. Kramer et al. (2025) showed that
higher evapotranspiration promotes salt accumulation in soils and increases
salinity-related land degradation. The study also reported that salinity can
impair soil hydraulic properties and overall soil functioning. These findings
suggest that climate change may accelerate secondary salinization in irriga-
ted areas, leading to soil structural deterioration, reduced functionality, and
lower agricultural productivity over time (Kramer et al., 2025).

Soil degradation affects not only the physical and chemical properties
of soils but also their biological functions. Increasing aridification and de-
sertification can alter habitats that support soil organisms, weakening key
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ecosystem processes. Zheng et al. (2024) showed that desertification primarily
affects soil fauna indirectly by reducing habitat complexity and the diversity
of available energy resources. As desertification intensifies, the conditions
required to sustain soil biota progressively deteriorate, reducing ecosystem
resilience and impairing the biological processes essential for long-term soil
health and productivity (Zheng et al., 2024).

From a soil-system perspective, the climate crisis triggers multiple inter-
connected degradation processes. First, rising temperatures and altered preci-
pitation regimes disrupt soil moisture dynamics, affecting organic matter de-
composition, microbial activity, and carbon sequestration, thereby weakening
soil physical, chemical, and biological functions. Second, more frequent drou-
ghts, extreme rainfall events, and vegetation degradation increase erosion and
desertification risks, accelerating topsoil loss and reducing soil productivity.
Third, increasing evapotranspiration, water scarcity, and changing hydrologi-
cal conditions elevate the risks of salinity and sodicity, further intensifying
soil degradation. Importantly, these processes do not act independently but
are connected through reinforcing feedbacks. Declining soil organic carbon
reduces water-holding capacity, while lower soil moisture increases vulnera-
bility to erosion and salinization. Rising salinity further impairs aggregate
stability, hydraulic properties, and biological activity, accelerating soil deg-
radation. Therefore, the climate crisis should be viewed as an integrated land
degradation process affecting soil structure, carbon cycling, water regulati-
on, and biological functioning, with important consequences for agricultural
sustainability and ecosystem resilience (Corwin, 2021; Eekhout & de Vente,
2022; Kramer et al., 2025; McDermid et al., 2022).

7. RISING ATMOSPHERIC CO, CONCENTRATIONS AND PLANT
RESPONSES

Rising atmospheric CO, concentrations are both a major driver of the
climate crisis and an important factor influencing crop production. As the
primary substrate for photosynthesis, elevated CO, can affect plant growth,
biomass accumulation, yield formation, and water-use efficiency. However,
plant responses vary considerably among species and depend on growing
conditions and interactions with other environmental factors. Therefore,
the effects of elevated CO, on crop performance are determined by complex
physiological, ecological, and management-related interactions (Toreti et al.,
2020).

One of the most important effects of rising atmospheric CO, is the stimu-
lation of photosynthetic carbon assimilation. Elevated CO, generally enhan-
ces photosynthesis in C; plants, increasing biomass production and often im-
proving yield through greater carbon fixation and reduced photorespiration.
However, the magnitude of this CO, fertilization effect varies among species
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and depends on environmental conditions, management practices, and plant
physiological characteristics. Consequently, the benefits of elevated CO, are
not expressed uniformly across all crops and production systems (da Silva
Fortirer et al., 2023; Toreti et al., 2020).

Elevated atmospheric CO, also influences plant water-use characteristics.
Many species exhibit reduced transpiration while maintaining or increasing
photosynthetic carbon uptake, resulting in improved water-use efficiency.
This response is largely driven by stomatal adjustments that reduce water loss
without substantially limiting carbon assimilation. A recent meta-analysis re-
ported significant increases in water-use efticiency under elevated CO,, par-
ticularly in C; crops, although the magnitude of the response varied among
crop types and environmental conditions. These findings suggest that eleva-
ted CO, may partially alleviate water limitation by enabling more efficient use
of available water (Mokhtar et al., 2025).

The effects of elevated CO, extend beyond leaf physiology to root growth
and architecture. Increased carbon assimilation can enhance root biomass,
improve water and nutrient acquisition, and contribute to belowground car-
bon sequestration. These changes may increase plant resilience under resour-
ce-limited conditions and influence soil-plant interactions. However, root
responses vary substantially among species, and the mechanisms involved re-
main only partly understood. Consequently, predicting belowground respon-
ses to rising atmospheric CO, remains a significant challenge in plant and
ecosystem research (Bach & Gojon, 2023).

Although elevated CO, can stimulate plant growth and biomass produ-
ction, these benefits do not necessarily improve crop quality. Studies have
shown that higher atmospheric CO, concentrations may reduce the levels of
proteins, mineral nutrients, and certain vitamins in many crop species. This
is particularly concerning for staple crops such as wheat, where declines in
protein and micronutrient content may threaten food security and nutritional
adequacy, especially in populations dependent on cereal-based diets. These
tindings emphasize that the impacts of rising CO, should be assessed not only
in terms of yield but also in relation to food quality and nutritional value
(Ekele et al., 2025).

The relationship between yield gains and nutritional quality under ele-
vated CO, has become a major research focus. Studies on wheat show that
higher atmospheric CO, can alter grain composition, often reducing protein
and essential nutrient concentrations. These findings indicate that increases
in crop productivity may be accompanied by declines in nutritional quality,
creating a trade-off between quantity and quality. Therefore, assessments of
agricultural performance under climate change should consider not only
yield responses but also changes in the nutritional composition of harvested
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products, which are critical for food security and human nutrition (Ekele et
al., 2025; Hay et al., 2022).

The effects of elevated atmospheric CO, cannot be evaluated indepen-
dently of other climate change factors. Potential benefits of CO, fertilization
are often limited by rising temperatures, water scarcity, and nutrient const-
raints. Many studies show that the positive effects of elevated CO, on crop
growth and yield can be greatly reduced under heat and drought stress, and
may even disappear under severe conditions. Therefore, future crop perfor-
mance will depend not only on increasing CO, concentrations but also on
their interactions with other environmental stressors. Understanding these
interactions is essential for accurately projecting agricultural productivity
under future climate scenarios (Toreti et al., 2020).

In conclusion, rising atmospheric CO, can enhance photosynthesis, bio-
mass production, root development, and water-use efficiency. However, these
responses vary among species and production systems, and potential produ-
ctivity gains may be accompanied by declines in crop quality and nutritional
value. Therefore, the impacts of elevated CO, should be evaluated not only in
terms of yield but also with respect to product quality, nutritional compositi-
on, and interactions with other climate-related stressors. Such an integrated
perspective is essential for assessing the future implications of CO, enrich-
ment for agricultural productivity, food quality, and food security under cli-
mate change (Bach & Gojon, 2023; Ekele et al., 2025; Mokhtar et al., 2025;
Toreti et al., 2020).

8. PLANT DISEASES, INSECT PESTS, AND WEED DYNAMICS

The climate crisis is significantly altering the distribution, severity, and
impacts of plant diseases in agricultural systems. Rising temperatures, chan-
ging precipitation patterns, elevated atmospheric CO,, and more frequent
extreme events affect pathogen life cycles, host-pathogen interactions, and
disease pressure. As a result, some pathogens are expanding into new regions,
infection risks are increasing, and novel disease challenges are emerging. The-
se changes have important consequences for crop productivity, disease mana-
gement, and the sustainability of food production under changing climatic
conditions (Singh et al., 2023).

8.1 Plant Diseases

Plant diseases are among the biotic stresses most sensitive to climate
change. Because temperature and moisture directly affect pathogen survival,
reproduction, infection, and dispersal, climatic shifts can substantially alter
disease epidemiology. Studies show that global warming has expanded the
ranges of many fungal, bacterial, and viral pathogens, prolonged favorable
infection periods, and increased disease incidence in numerous agricultural
regions. Climate change may also modify host-pathogen interactions and ac-
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celerate pathogen adaptation, increasing the risk of new variants and more se-
vere disease outbreaks. Consequently, disease pressure is expected to intensify
in agricultural systems, creating growing challenges for crop protection and
food security (Singh et al., 2023).

Climate-related stressors affect not only pathogens but also host plants.
Drought, heat waves, flooding, and extreme temperature fluctuations can al-
ter plant physiology and defense mechanisms, influencing susceptibility to
disease. These changes may increase host vulnerability while creating more
favorable conditions for pathogen infection, survival, and spread. Consequ-
ently, climate change simultaneously modifies interactions among the envi-
ronment, host plants, and pathogens, often leading to shifts in disease dyna-
mics and increased disease risk (Singh et al., 2023).

Global modeling studies suggest that climate change may substantial-
ly alter plant pathogen infection risks. Rising temperatures are expected to
increase climatic suitability for many pathogens in higher-latitude regions,
raising the likelihood of disease outbreaks, while some lower-latitude areas
may become less favorable for certain pathogens. As a result, disease risks are
likely to be redistributed geographically. Studies further show that changes in
pathogen infection risk are closely associated with crop yield patterns, indica-
ting that climate-driven shifts in disease pressure may have important impli-
cations for agricultural productivity and food security (Chaloner et al., 2021).

8.2 Insect Pest Dynamics

The climate crisis is significantly affecting the biology and ecology of
agricultural pests. As ectothermic organisms, insects respond strongly to tem-
perature increases, which can accelerate development, enhance reproduction,
and increase the number of generations produced within a growing season.
These changes promote faster population growth and enable pests to reach
damaging levels more rapidly. In addition, milder winters improve overwin-
tering survival, leading to higher population densities and greater pest pres-
sure. Consequently, climate change is expected to increase the complexity and
severity of pest management challenges in agricultural systems (Subedi et al.,
2023).

Rising temperatures are reshaping the geographic distribution of insect
pests, enabling many species to expand toward higher latitudes and eleva-
tions. This increases the risk of pest outbreaks in regions where they were
previously of limited economic importance. Climate change can also disrupt
the synchrony between pests and their natural enemies, reducing the effec-
tiveness of biological control and favoring pest proliferation. Consequently,
global warming is expected to increase pest-related yield losses by enhancing
pest survival, reproduction, and dispersal across diverse agroecosystems (Ei-
genbrode & Adhikari, 2023; Subedi et al., 2023).
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8.3 Weed Dynamics

Weeds possess high genetic diversity and phenotypic plasticity, allowing
them to adapt readily to changing climatic conditions. Elevated CO, can inc-
rease photosynthesis, biomass production, and seed output in many weed spe-
cies, enhancing their competition for water, light, and nutrients. As a result,
weed interference with crop growth and associated yield losses may increase.
Evidence suggests that many C; weed species benefit disproportionately from
rising CO, concentrations, potentially gaining a competitive advantage over
cultivated crops and intensifying weed management challenges under future
climate conditions (V. Kumar et al., 2023).

Climate change can alter weed community composition and the domi-
nance of species within agroecosystems. Changes in temperature, CO, con-
centration, and precipitation patterns may favor certain weeds, reshaping
population dynamics and reducing the effectiveness of existing management
strategies. In addition, environmental changes can affect herbicide uptake,
translocation, and metabolism, potentially decreasing weed control efficacy.
These shifts indicate that weed management practices will need to adapt to
maintain effective control and minimize crop yield losses under future clima-
te conditions (V. Kumar et al., 2023).

In conclusion, the climate crisis is intensifying biotic stresses in crop
production by altering the distribution, abundance, and damage potential of
plant diseases, pests, and weeds. The expansion of pathogens into new regi-
ons, increasing pest populations, and greater weed competitiveness threaten
crop yield, product quality, and production stability. As climatic conditions
continue to change, these challenges are likely to become more severe and
complex. Therefore, sustainable crop production will depend on climate-in-
formed monitoring systems, early-warning tools, resistant crop varieties, and
strengthened integrated management strategies for pests, diseases, and wee-
ds. These approaches are essential for reducing climate-related biological ris-
ks and enhancing agricultural resilience (V. Kumar et al., 2023; Singh et al,,
2023; Subedi et al., 2023).

9. CONCLUSION

The climate crisis has emerged as one of the most significant threats to
crop production systems worldwide. Rising temperatures, altered precipi-
tation regimes, increasing drought severity, more frequent extreme climate
events, and elevated atmospheric CO, concentrations are reshaping the en-
vironmental conditions under which agricultural production occurs. These
changes affect not only plant growth and productivity but also crop quality,
soil health, water resources, and the overall functioning of agroecosystems.

Current evidence demonstrates that the impacts of climate change on
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crop production cannot be explained by any single environmental factor. Rat-
her, they result from complex interactions among temperature, water availa-
bility, soil conditions, atmospheric CO, concentrations, and biotic stressors
such as diseases, pests, and weeds. While elevated CO, may enhance photosy-
nthesis, biomass production, and water-use efficiency, these benefits are often
constrained by heat stress, drought, nutrient limitations, and declines in crop
nutritional quality. At the same time, soil degradation processes including
organic matter loss, erosion, desertification, and salinization together with
increasing biotic pressures, further threaten the long-term sustainability of
agricultural systems.

Ensuring future food security will require comprehensive adaptation
strategies that enhance both productivity and resilience. Priority actions
include the development of heat- and drought-tolerant crop varieties, impro-
ved water-use efficiency through advanced irrigation technologies, conser-
vation-oriented soil management, climate-smart agricultural practices, and
strengthened monitoring and early-warning systems. Integrating climate ris-
ks into agricultural planning and decision-making will be essential for redu-
cing vulnerability and improving adaptive capacity.

Overall, the future sustainability of crop production will depend on the
successful transformation of agricultural system toward greater resilience, re-
source-use efficiency, and ecological sustainability. The development and ef-
fective implementation of science-based adaptation and mitigation strategies
will be critical for maintaining agricultural productivity, sustaining ecosys-
tem services, and ensuring global food security under increasingly uncertain
climatic conditions.
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1. Introduction

The accelerating demands of drug discovery have underscored the
critical need for rapid, accurate, and cost-effective approaches to identify
potential therapeutic candidates (Tiwari et al., 2023). Traditional wet-lab
screening methods, while experimentally robust, are often time-consuming,
resource-intensive, and constrained by limited chemical space (Petzold and
Mukhopadhyay, 2025). In this context, molecular docking has emerged
as a pivotal in silico strategy in structure-based drug design, enabling the
prediction of ligand-target interactions by estimating binding affinities and
orientations (Panday and Ghosh, 2019). Over the past decade, the evolution
of docking algorithms has contributed substantially to virtual screening
workflows, yet challenges such as receptor flexibility, scoring function
accuracy, and hit reproducibility have persisted (Zhang et al., 2024).

Recent advancements in artificial intelligence (AI) particularly machine
learning (ML) and deep learning (DL) have transformed the molecular
docking landscape (Gupta et al., 2021). By enabling pattern recognition,
dynamic prediction models, and automated feature extraction from vast
biochemical datasets, Al-enhanced docking systems now offer improved
precision, scalability, and adaptability over classical approaches (Junaid, 2025;
Fadahunsi et al., 2024). These methods not only accelerate virtual screening
pipelines but also enable data-driven hypothesis generation, redefining how
candidate molecules are ranked and selected (Albani et al., 2024). Compared
to conventional docking protocols that rely on rigid scoring functions,
AT models can learn complex, nonlinear relationships between molecular
structures and biological activities, increasing the reliability of binding
predictions (Choudhury et al., 2022).

This narrative review aims to explore the emerging role of Al in molecular
docking within the context of virtual drug screening. Using the PICO
framework as a guiding structure, we focus on: (P) the biomedical challenges
in modern drug discovery, (I) the integration of AI technologies into docking
workflows, (C) comparisons with classical docking and other computational
approaches, and (O) the measurable outcomes in terms of docking accuracy,
screening efficiency, and translational potential. By synthesizing recent
developments, highlighting current limitations, and discussing prospective
innovations, this review provides a comprehensive overview of how Al is
ushering in a new era of intelligent molecular docking.

2. Database Search and Methodology

This narrative review was conducted through a structured and
comprehensive search of the scientific literature to investigate the integration
of Al in molecular docking and its applications in virtual drug screening. The
review further aimed to explore the comparative advantages of Al-enhanced
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docking over traditional methods, the accuracy of predictive models, and
translational implications in drug discovery pipelines.

A systematic literature search was performed across major scientific
databases, including PubMed, Web of Science, and Scopus (Elsevier).
The search covered publications between January 2011 and April 2025
and included peer-reviewed research articles, high-impact narrative and
systematic reviews, in silico docking case studies, benchmark analyses, and
translational research on Al-guided drug design. Only articles published in
English in peer-reviewed journals were considered.

The following search terms were used in various combinations,
utilizing Boolean operators where appropriate: “molecular docking AND
artificial intelligence”, “Al-guided virtual screening”, “machine learning
AND structure-based drug design”, “deep learning AND ligand binding

» o«

prediction”, “neural networks AND protein-ligand interaction”, “AI-powered

scoring functions AND docking accuracy”, “structure-based drug discovery
AND Al integration”, “graph neural networks AND drug screening”.

Inclusion criteria:

Studies evaluating AI/ML-based methods in molecular docking or
virtual screening.

Research comparing Al-guided docking approaches with classical or
rule-based methods.

Articlesinvolvingdrugdiscoveryapplications, predictive performance
evaluations, or experimental validation of Al-assisted docking predictions.

Studies utilizing public compound libraries (e.g., ZINC, ChEMBL) or
target-specific datasets.

Exclusion criteria:

Non-peer-reviewed sources such as preprints, conference abstracts,
or editorials.

Articles that did not involve AT or did not focus on docking or virtual
screening.

Studies with insufficient methodological detail or lacking docking
performance assessment.

Additionally, manual reference screening was conducted on landmark
reviews and highly cited original research papers to identify relevant studies
not captured in the initial queries. Emphasis was placed on methodological
transparency, reproducibility, and translational potential in drug discovery
applications. This approach ensured a coherent synthesis of current advances,
critical challenges, and emerging directions in the field of Al-enhanced
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molecular docking.
3. Theoretical Background of Molecular Docking
3.1. Principles of Molecular Docking

Molecular docking is a computational approach designed to predict the
preferred orientation of one molecule, typically a small ligand, when bound to
a second molecule, usually a macromolecular target such as a protein, in order
to form a stable complex (Mohanty and Mohanty, 2023). The core principle
underlying docking methodologies is that the binding affinity between two
molecules can be approximated through conformational sampling combined
with scoring functions that estimate the free energy of binding (Meli et al,,
2022).

Docking simulations generally fall into two major categories. In rigid
docking, both the ligand and the receptor are treated as inflexible structures
(Asim, 2024). Although this approach allows for faster computational
processing, it does so at the expense of biological realism, often overlooking
important dynamic interactions (Ouma et al., 2024). In contrast, flexible
docking introduces conformational variability either in the ligand, the
receptor, or both, better mimicking in vivo molecular dynamics but requiring
significantly greater computational resources (Lee et al., 2025).

A typical docking workflow begins with the preparation of both the ligand
and the target, including processes such as protonation state assignment,
geometric optimization, and energy minimization (Bender et al., 2021). This
is followed by the execution of the docking algorithm, which systematically
searches for favorable conformations and orientations of the ligand relative
to the target binding site (Yang et al,, 2022). Finally, generated binding
poses are evaluated and ranked using scoring functions based on predicted
energetic criteria, guiding the selection of the most likely biologically relevant
interactions (de Angelo et al., 2025).

3.2. Scoring Functions

Scoring functions are mathematical models used to predict the binding
affinity between the ligand and its target (Hasan et al., 2022). They fall into
three major categories (Zhang et al., 2025):

Force field-based (e.g, AutoDock); Estimate interaction energy using
molecular mechanics.

Empirical (e.g., GlideScore); Combine physics-based terms with regression-
fitted parameters.

Knowledge-based (e.g., X-Score); Derived from statistical analysis of
known protein-ligand complexes.



International Perspectives on Contemporary Approaches in Biology * 55

Despite their utility, classical scoring functions often oversimplify
biological reality, leading to false positives and low reproducibility. These
limitations have opened avenues for Al-based alternatives (Mohanan, 2025).

3.3. Al Integration into Docking Frameworks

AThas introduced a paradigm shift in docking methodologies by learning
from massive chemical and biological datasets (Niazi, 2022). ML algorithms
are now employed to predict docking scores with higher accuracy, recognize
active and inactive ligands, and optimize binding poses beyond rigid
assumptions (Priya et al., 2022). DL models, such as convolutional neural
networks (CNNs) and graph neural networks (GNNs), have demonstrated
remarkable performance in predicting binding affinities directly from 3D
molecular representations or SMILES notations (Liyaqat et al., 2025). These
approaches enable real-time feedback, greater generalizability across diverse
biological targets, and seamless integration into high-throughput virtual
screening workflows (Nag et al., 2022).

In practice, the Al-enhanced docking process typically begins with ligand
and target preparation, followed by predictive modeling of binding poses and
affinity scoring using DL techniques (Durojaye et al., 2025). Subsequent in
silico filtering refines candidate selection prior to experimental validation
through wet-lab assays (Elgawish et al., 2025). Post-validation rescoring and
prioritization further optimize the identification of promising therapeutic
compounds. This streamlined workflow exemplifies the growing role of Al in
augmenting traditional structure-based drug discovery pipelines. The typical
Al-enhanced docking and validation workflow is summarized in Figure 2.

Preprocessing Al Prediction Rescoring / Filtering

« Protonation
- « Binding Pose Prediction = » In Silico Filtering

. Optimizati
Hcaton . Scoring (CNN, GNN)

- 3D Preparation

000000
000000
000000
000000

Wet-lab

Rescoring and Prioritization

« Experimental Validation Filtering

Output

Figure 2. Al-enhanced molecular docking workflow.

*The figure depicts the full pipeline of Al-driven molecular docking, from
preprocessing and predictive modeling to wet-lab experimental validation and
final rescoring. This figure was created by the authors.
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3.4. Emerging Hybrid Methods

Several platforms now combine AI with traditional docking algorithms,
either by re-scoring generated poses or guiding the conformational search
space. These hybrid pipelines e.g., DeepDock, AtomNet, and DeepDocking are
pushing the limits of virtual screening accuracy and speed, especially in large
chemical libraries (Zhang et al., 2024). The evolution of molecular docking
techniques from rigid scoring approaches to hybrid Al-driven methods is
summarized in Figure 1.

Machine Learning |

Traditional Docking : Deep Learning Hybrid Al + Docking
(1990s) ey < e (20205) (2025+)
¢ Rigid scoring * Flexible binding * 3D molecular o Combining methods
functions representations
¢ Limited accuracy » * Improved scoring ¢ Ensemble models e Future directions

o B @ PN

Figure 1. Timeline illustrating the evolution of molecular docking techniques,
transitioning from traditional rigid scoring methods to hybrid AI and quantum
computing approaches.

*Timeline illustrating the technological evolution of molecular docking,
starting from traditional rigid scoring functions in the 1990s, advancing
through machine learning-enhanced flexible binding models in the 2010s, deep
learning-driven 3D molecular representations in the 2020s, and progressing
toward hybrid AI and quantum computing-integrated docking approaches
projected for 2025 and beyond. This figure was created by the authors.

4. Tools and Platforms for AI-Enhanced Molecular Docking

Over the past two decades, a wide array of computational tools has been
developed to support molecular docking in virtual drug screening workflows.
These tools vary in their algorithmic approaches, scoring functions, interface
flexibility, and the extent to which they incorporate Al This section outlines
the key platforms in use today, highlighting both traditional and AI-powered
docking systems.

4.1. Traditional Docking Software

Several established docking programs have long served as critical
components of structure-based drug design workflows (Das et al., 2025).
Among the most widely utilized are AutoDock and its successor, AutoDock
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Vina, both of which are open-source platforms tailored for small-molecule
docking applications (Che et al., 2023). AutoDock Vina enhances docking
efficiency by employing a gradient-based local optimization algorithm,
improving both speed and accuracy relative to earlier methods (Zayed, 2025).

GOLD (Genetic Optimization for Ligand Docking) represents another
prominent tool in the field, offering a commercial docking solution that
leverages genetic algorithms to enable flexible ligand and receptor docking as
well as diverse scoring strategies (Mursal et al., 2024). Similarly, Glide, part
of the Schrodinger Suite, has become a GOLD standard in pharmaceutical
industry pipelines, renowned for its high precision and empirically derived
scoring functions (Rustagi et al., 2025).

Web-based platforms such as SwissDock and PatchDock provide more
accessible alternatives, designed for rapid, low-resource docking simulations
without sacrificing usability (Kihn et al., 2024). These tools have democratized
molecular docking by enabling broader access to virtual screening technologies
(Tarabara et al., 2022).

Despite their extensive contributions, traditional docking platforms
generally rely on rigid scoring functions and predefined molecular feature sets
(Blanes-Mira et al., 2022). As a result, they often face challenges when dealing
with novel targets, cryptic binding sites, or highly flexible molecular systems,
thereby limiting their adaptability in complex drug discovery scenarios.

4.2. Al-Integrated Docking Platforms

The integration of Al into molecular docking workflows has ushered in a
new generation of intelligent docking systems (Gangwal and Lavecchia, 2025).
These platforms leverage ML and DL models to improve pose prediction,
scoring accuracy, and screening efficiency across extensive chemical libraries
(Manan et al., 2025).

Among the notable advancements, DeepDock employs 3D (CNNs) to
predict ligand binding poses with high spatial resolution, enabling more
accurate docking simulations (Vittorio et al., 2024). AtomNet, one of the
pioneering DL-based platforms, revolutionized affinity prediction by treating
molecular interactions as image recognition problems, using CNNs to extract
and learn structural features critical for binding (Wang et al., 2025).

GNINA builds upon the AutoDock framework by integrating neural
networks to enhance pose scoring through learned molecular feature
representations, resulting in improved ranking of candidate compounds
(McNutt et al.,, 2021). DeepDocking offers a scalable solution for virtual
screening of ultra-large compound libraries by pre-filtering candidates using
ML models before applying traditional docking procedures, significantly
accelerating the discovery process (Ma et al., 2021).
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MolPal further extends Al-driven screening capabilities by combining
active learning techniques with docking scores, iteratively refining compound
libraries to prioritize high-potential candidates and optimize hit rates over
successive rounds (Sadybekov and Katritch, 2023)

Together, these Al-enhanced platforms represent a major advancement
over traditional docking methods, addressing limitations in flexibility, scoring
consistency, and scalability while expanding the horizons of structure-based
drug discovery. A comparative overview of commonly used traditional and
Al-enhanced docking platforms, highlighting their strengths and typical
applications, is presented in Table 1

Table 1. Comparative features of traditional and Al-integrated molecular docking

platforms.
Platform Al-Based Strengths Common Use
A.u toDock - Fast, widely validated Academic research
Vina
. High  precision, commercial .
Glide - O Pharma & biotech
pipelines
AtomNet + CNN-based affinity prediction Lead optimization
GNINA + Neural-network-based scoring Academic + Al-focused labs
DeepDocking  + Large-scale screening Big data virtual screening

5. Applications in Drug Discovery

The integration of Al into molecular docking workflows has significantly
expanded the scope and efficiency of virtual screening in drug discovery
(Rakshit et al., 2022). By enabling high-throughput, structure-based
prediction of ligand-receptor interactions, AI-enhanced docking systems have
been successfully applied across a range of therapeutic domains, including
oncology, neurological disorders, and antimicrobial research (Yingngam,
2024; Garg et al., 2024; Malla and Banka, 2025).

5.1. Oncology: Targeting Kinases and Oncoproteins

In cancer research, molecular docking augmented with DL has been
instrumental in discovering novel kinase inhibitors and optimizing lead
compounds (Elgawish et al., 2025). Al-based models trained on kinase-ligand
complexes have demonstrated improved specificity in identifying binding
pockets and predicting activity, particularly for targets such as EGFR and
CDK family proteins, and have also been applied to mutated kinases such
as BRAF (Mendolia et al., 2022). Hybrid approaches that integrate ML-based
scoring with traditional docking platforms (e.g., Glide, AutoDock, GOLD)
have been reported to improve pose ranking and selectivity profiling in cancer
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drug discovery, particularly in lung cancer applications (Ahmad et al., 2025).
5.2. Neurological Disorders: Structure-Based Repurposing

Al-enhanced docking has been leveraged to identify potential
neuroprotective agents in conditions such as Alzheimer’s and Parkinson’s
diseases (Vicidomini et al., 2024). Virtual screening of existing drug libraries
guided by neural network-based binding predictions has uncovered candidates
that modulate critical enzymes such as Acetylcholinesterase (AChE),
Monoamine Oxidase B (MAO-B) and Glycogen Synthase Kinase 3 Beta (GSK-
3B) (Cheong et al., 2022). These insights have accelerated preclinical testing
and supported the repositioning of known compounds (Pan et al., 2022).

5.3. Antibacterial and Antifungal Agents

The growing threat of antimicrobial resistance has driven the application
of Al-based docking in the identification of novel antibiotics and antifungal
agents (Talat and Khan, 2023). Predictive models have facilitated the screening
of natural productlibraries and synthetic scaffolds targeting bacterial enzymes
such as DNA gyrase, f-lactamase, and Dihydrofolate Reductase (DHFR)
(Parvaiz et al., 2021; Dasi-Delgado et al., 2025; Soni and Pratap, 2022). These
efforts have contributed to the discovery of non-traditional inhibitors with
unique mechanisms of action.

5.4. Rare and Neglected Diseases

Al-assisted virtual screening has also found utility in addressing rare and
neglected diseases, where traditional drug discovery efforts are often limited
due to low commercial interest (Gangwal and Lavecchia, 2024). Docking
studies driven by ML algorithms have led to the identification of promising
compounds for diseases such as leishmaniasis, Chagas disease, and cystic
fibrosis, offering new hope in areas with unmet clinical need (Altamura et al,,
2022; Chauhan et al., 2024).

6. Challenges and Limitations

Despite its growing impact and undeniable promise, the integration of AI
into molecular docking is not without critical challenges. These limitations
span computational constraints, algorithmic generalizability, data quality,
and the translational fidelity of predicted results (Jiang et al., 2017; Tiwari et
al., 2023).

6.1. Quality and Bias in Training Data

The accuracy of AI models is inherently dependent on the quality and
diversity of the training data (Gong et al., 2023). Many ML algorithms
used in molecular docking are trained on benchmark datasets derived
from crystallized protein-ligand complexes. These datasets often suffer
from sampling bias, overrepresentation of well-studied targets, and limited
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chemical diversity, which restricts the models’ generalizability to novel targets
or scaffolds (Siebenmorgen et al., 2024). This can lead to false positives or false
negatives, especially when extrapolating to underexplored chemical spaces
(Montoya et al., 2025).

6.2. Scoring Function Limitations and Interpretability

While DL -based scoring functions outperform traditional empirical
methodsinsome contexts, theirblack-boxnature oftenhampersinterpretability
(Dogan etal., 2021). Unlike classical scoring models, AI systems do not readily
offer mechanistic insights into why a specific pose or compound is favored,
which can reduce confidence in decision-making—particularly in regulatory
or translational settings (Tursunalieva et al., 2024).

6.3. Protein Flexibility and Binding Site Dynamics

Most docking algorithms, even Al-enhanced ones, still struggle to fully
capture protein flexibility and conformational changes upon ligand binding
(induced fit) (Son et al., 2024). Although some hybrid frameworks integrate
molecular dynamics simulations, this approach significantly increases
computational cost and complexity (Joshi and Deshmukh, 2021). As a result,
static snapshots of protein structures may not reflect biologically relevant
conformations, limiting the predictive power of docking results (Harmalkar
and Gray, 2021).

6.4. Computational Cost and Scalability

Although AI models promise speed and automation, training deep
neural networks and deploying them for large-scale virtual screening remains
computationally expensive (Gentile et al., 2022). Access to high-performance
computing infrastructure is often necessary for efficient execution, particularly
in projects involving ultra-large chemical libraries. This presents a barrier
for smaller research institutions and academic laboratories (Ungerer and
Carpenter, 2018).

6.5. Limited Experimental Validation

Despite impressive in silico results, relatively few Al-predicted ligands
undergo thorough experimental validation (Ferguson and RSci, 2025). The
persistent shortage of prospective wet-lab validations restricts the ability to
rigorously evaluate the translational potential of AI-enhanced docking, thereby
constraining its clinical relevance and commercial viability (Alzhikeyeva et
al., 2025).

Addressing these limitations requires a multi-pronged approach
involving curated datasets, hybrid modeling strategies, cross-validation with
experimental methods, and increased transparency in Al architectures. Only
through such efforts can the field fully realize the potential of intelligent
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docking systems in modern drug discovery.
7. Future Perspectives

As AI continues to evolve, its intersection with molecular docking is
poised to redefine the paradigms of virtual drug screening (Bhatia et al,,
2024). Looking ahead, several technological and conceptual innovations are
likely to expand the applicability, accuracy, and translational potential of AI-
enhanced docking systems.

7.1. Integration with AlphaFold and Protein Structure Prediction

The advent of highly accurate protein structure prediction tools such
as AlphaFold and RoseTTAFold offers unprecedented opportunities for
structure-based drug discovery (Chang et al., 2024). When combined with
Al-driven docking algorithms, these tools enable reliable virtual screening
against previously undruggable or structurally unresolved targets (Abramson
et al., 2024; Krishna et al., 2024). Future docking frameworks are expected to
incorporate dynamic ensembles of predicted protein conformations, thereby
addressing long-standing limitations related to receptor flexibility and cryptic
binding sites.

7.2. Toward Explainable AI in Molecular Docking

One of the critical needs moving forward is the development of
interpretable and explainable AI models. These models should not only predict
binding affinities or pose rankings but also provide mechanistic insights into
key molecular interactions. Such transparency will be crucial for regulatory
approval, hypothesis generation, and adoption in clinical settings. Emerging
efforts in explainable DL and attention-based architectures may bridge this gap.

7.3. AI-Driven Polypharmacology and Multi-Target Screening

Future docking platforms are likely to shift from a single target focus
toward polypharmacological modeling, where Al systems predict the behavior
of ligands across multiple targets. This could accelerate the discovery of multi-
target therapeutics for complex diseases such as cancer, neurodegeneration,
and metabolic disorders, where simultaneous modulation of several pathways
is desirable.

7.4. Quantum Computing and Next-Generation Algorithms

As quantum computing matures, it holds the promise to revolutionize
conformational sampling, energy calculations, and molecular interaction
modeling (Lappala, 2024). Hybrid quantum-classical algorithms may
significantly reduce the computational burden of docking simulations
and improve binding energy predictions beyond the current capabilities of
classical AI models.
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7.5. Personalized Docking and Precision Medicine

The future of molecular docking may align more closely with precision
medicine through personalized docking models trained on patient-specific
mutations, expression profiles, and proteomic landscapes. AI could facilitate
real-time therapeutic profiling by predicting the best drug-target interactions
for individual patients, bringing virtual screening from the bench to the
bedside.

Once considered a supplementary technique, Al-powered molecular
docking now stands at the forefront of rational drug design (Martin et al.,
2023; Cosmas et al., 2020). Its future lies in intelligent integration with
structural biology, transparent model architectures, and personalized
healthcare applications. Continued interdisciplinary collaboration among
computational scientists, biologists, and clinicians will be essential to realize
this transformative potential.

8. Conclusion

AT has revolutionized molecular docking by enabling more accurate,
scalable, and dynamic approaches to virtual drug screening. The integration
of ML and DL into docking workflows has addressed longstanding limitations
such as rigid scoring functions, inadequate handling of protein flexibility, and
limited predictive accuracy in novel chemical spaces. Through platforms like
AtomNet, DeepDock, and GNINA, AI has accelerated lead identification
and optimized screening efficiency across therapeutic domains ranging from
cancer and neurodegeneration to antimicrobial resistance and rare diseases.

Yet, the field continues to face important challenges. These include the
interpretability of AI models, dependency on biased training data, and the
need for broader experimental validation to ensure clinical relevance. As Al
algorithms grow more complex, it is essential to balance predictive power
with transparency and reproducibility.

Looking forward, the convergence of Al-powered docking with tools
like AlphaFold, advancements in explainable Al and the rise of personalized
docking models are likely to reshape structure-based drug design. To
fully realize this potential, ongoing interdisciplinary collaboration and
investment in data quality and model validation will be key. In doing so, AI-
driven molecular docking may become not just a computational asset, but a
transformative engine in precision medicine.
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1. INTRODUCTION

Neuroinflammation is seen as the process of inflammation happening in
the brain and spinal cord. The process happens when cytokines, chemokines,
reactive oxygen species (ROS), and other secondary messengers are made.
These processes are controlled by different types of support cells in the central
nervous system (CNS), like microglia, astrocytes, endothelial cells, and also
immune cells from outside the CNS (DiSabato et al., 2016). The main job of
microglia, which are the immune cells in the central nervous system, is to
keep the immune system balanced and protect the neurons from damage.
Neuroinflammation starts the process of microglial activation and changes in
their function, which can be seen in several diseases like Alzheimer’s disease
(AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), multiple
sclerosis (MS), and prion-related neurodegenerative diseases (Schetters et al.,
2018). Kim and de Vellis (2005) state that interleukins, interferons, tumor
necrosis factors, colony-stimulating factors, and transforming growth factors
produced by microglia play roles in both regulating inflammation, and in
development, growth, and homeostasis. Oxidative stress is a hallmark of
most neurodegenerative diseases. It is characterized by too much of a number
of harmful chemicals that are known as reactive oxygen species. In normal
physiological situations, reactive oxygen species (ROS) help maintain a redox
balance in the cells, but an excess of ROS can damage lipids, proteins and DNA,
leading to the loss of cellular function and cell death (Teleanu et al., 2022).
Oxidative stress is an early indicator of damage in chronic neurodegenerative
diseases such as Alzheimer’s disease, and is known to contribute to the
chronic loss of brain cells and deterioration of synaptic connections (Moreira
et al., 2005). At present, the forward progression of neuroinflammation is
regulated by the interactions among microglia, astrocytes, and the peripheral
immune cells within the central nervous system. Chronic activation of
microglial cells and their interaction with T lymphocytes and astrocytes make
the continuous release of cytokines, proteases, and other oxidative stress-
mediated factors, which aggravates and sustains the chronic inflammation in
the brain, as observed in multiple sclerosis, stroke, Alzheimer’s disease, and
Parkinson’s disease (Shi and Yong, 2025). A vicious cycle exists between brain
inflammation and brain cell death because activated brain-resident immune
cells and infiltrating peripheral immune cells continuously produce harmful
factors. As a result, the modulation of immune responses by agents capable
of reaching the brain becomes a promising research field for the treatment of
brain diseases characterized by cell loss (Shi and Yong, 2025).

Neurodegenerative diseases are a group of heterogeneous disorders that
characteristically involve the progressive loss of nerve cells in the central
and/or peripheral nervous system. Due to the limited capacity of neurons
for self-repair, their loss leads to structural damage and dysfunction of the
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brain networks, resulting in varying degrees of impairment of memory,
cognition, behavior, sensorimotor and other functions (Wilson et al., 2023).
In this context, elucidating the molecular mechanisms underlying brain
inflammation mediated by microglia and their links to neurodegenerative
diseases is paramount for developing novel therapeutic strategies.

2. MICROGLIA and NEUROINFLAMMATION
2.1 General Characteristics of Microglia

The central nervous system (CNS) contains a special type of immune
cells, called microglia cells. These cells stem from the myeloid cell lineage
and enter the CNS and multiply during embryonic development. Microglia
cells represent nearly 5-20% of the whole CNS glial cell population. Microglia
cells play important part in homeostasis maintenance of the CNS, including
physical defense, work out and pathogenesis, embryonic development,
and tissue restoration (Briick, 2020). Being intrinsic macrophages of the
brain, microglia, with a variety of surface receptors, can sense the external
environment and detect the external agents, damaged and dying cells, and
misfolded proteins through a series of receptors such as toll-like receptors
(TLRs) and pattern recognition receptors (PRRs) (Schetters et al., 2018). Except
for the immunological functions, the microglia cells participate in the synaptic
pruning, removal of apoptotic cells and debris, and modulation of neuronal
activity, which is crucial for the plasticity maintenance of the CNS. Rather
than representing a single activated state, microglia exhibit diverse functional
phenotypes depending on the microenvironment in which they operate.
Under physiological conditions, microglia display neuroprotective properties,
whereas during infections, acute injuries, and chronic neurodegenerative
processes they may acquire pro-inflammatory characteristics and contribute
to the progression of neuroinflammation (Giunti et al., 2014).

2.2 Microglial Activation and Neuroinflammation

During central nervous system (CNS) injury and various neurological
disorders, microglia undergo a complex series of cellular responses
collectively referred to as “activation” (Gao et al., 2023). Neurodegeneration-
associated alterations in the microenvironment trigger microglial activation
and excessive inflammatory responses (Karabag et al., 2023). In this process,
pro-inflammatory cytokines such as interleukin-1p (IL-1p), tumor necrosis
factor-a (TNF-a), and interleukin-6 (IL-6) play essential roles. In particular,
IL-1p amplifies inflammatory responses by stimulating the release of other
pro-inflammatory mediators (Barrientos et al., 2015). Reactive oxygen species
(ROS) generated during microglial activation are normally counterbalanced
by endogenous antioxidant defense systems; however, excessive ROS
production leads to the development of oxidative stress (Simpson and
Oliver, 2020). Although ROS produced by microglia constitute an important
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defense mechanism against pathogens, excessive ROS generation may induce
cellular damage through multiple pathways, including lipid peroxidation,
protein and DNA damage, mitochondrial dysfunction, and caspase
activation (Simpson and Oliver, 2020; Kaymak and Aydin, 2021). Persistent
exposure to inflammatory mediators and oxidative stress disrupts synaptic
transmission and neuronal plasticity, ultimately resulting in cognitive
dysfunction and impairment of neuronal network integrity (Henstridge et
al., 2016; Nugent et al., 2023). Therefore, chronic microglial activation and
the resulting neuroinflammatory responses are considered among the major
pathophysiological mechanisms underlying neurodegenerative diseases.

3. MOLECULAR MECHANISMS
3.1 NF-kB Signaling Pathway

The transcription factor known as nuclear factor-kappa B, or NF-«kB,
is a group of proteins that help the body manage inflammation and protect
against infections.They do this by controlling the genes that produce certain
molecules, such as cytokines, chemokines, proteins involved in the body’s
reaction to damage, molecules that help cells stay connected, and enzymes
that can be activated when needed (Babkina et al., 2021). NF-kB signaling
occurs via two primary routes, the canonical pathway and the non-canonical
pathway. The usual process begins with various signals, such as those from
cytokine receptors, pattern recognition receptors (PRRs), some parts of the
tumor necrosis factor receptor (TNFR) family, and T- and B-cell receptors.
In the usual process, the IKK complex leads to a chemical change called
phosphorylation, which makes the blocking protein IkBa break down,
allowing parts of NF-kB, like the p50/RelA and p50/c-Rel pairs, to enter the
nucleus, as found by Liu and their team in 2017. Unlike the main NF-«kB
pathway, the non-canonical pathway gets activated by certain receptors in the
TNEFR family, including LTBR, BAFFR, CD40, and RANK. The non-canonical
NF-kB pathway works differently from the canonical pathway because it uses
a protein called p100, which is part of the NF-kB2 protein, instead of breaking
down the IkBa protein. When NIK and IKKa become active, they break down
the p100 protein into p52.Then, p52 joins RelB and enters the cell’s nucleus,
according to Liu and other researchers in 2017. The usual NF-kB pathway is
important for the body’s first line of defense against infections and also helps
in building up long-term immunity.But there’s also another NF-«xB pathway
that works together with the usual one, and it helps manage some specific
functions of the immune system that adapt over time (Liu et al., 2017).

In acute inflammation, the NF-kB protein becomes very active when
it is activated by molecules like PAMPs and DAMPs, as well as by some
inflammatory signals such as TNF-a and IL-1B. When NF-kB becomes active,
the body starts making more of several substances that cause inflammation,
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such as IL-1, IL-6, IL-12, TNF-a, chemokines, cell adhesion molecules, and
other inflammatory proteins like inducible nitric oxide synthase (iNOS) and
cyclooxygenase (COX)-2.These substances help bring in immune cells, fight
oftf harmful germs, and start the process of healing damaged tissues (Mao
et al,, 2025). If the NF-«xB signaling pathway is activated too much or not
in the right way, it can cause a continuous release of chemicals that trigger
inflammation, which may lead to a long-lasting and ongoing inflammation
issue. Continuous activation of NF-kB can occur due to factors such as
oxidative stress, imbalances in the body’s metabolism, autoimmune reactions,
or exposure to environmental factors.This ongoing activation is one of the
proposed ways that neurodegenerative diseases might begin, as mentioned in
Mao et al., 2025.

3.2 NLRP3 Inflammasome

NLRP3 is a kind of protein that helps detect harmful signals in microglia
and astrocytes. When cells experience stress or get damaged, NLRP3 joins
with other proteins to create a group called an inflammasome. This group
plays a role in starting the process of neuroinflammation. The NLRP3
inflammasome is a group of proteins found inside cells that help manage
inflammation and are involved in removing damaged cells and aiding the
body in fixing tissues when they are active in the brain (Xu et al., 2025). The
NLRP3 inflammasome can be activated by different signals.For example,
when the P2X7 receptor causes potassium to exit the cell, when calcium flows
into the cell from inside, when reactive oxygen species are produced due to
stress in mitochondria, when DNA or cardiolipin from mitochondria leaks
out, or when lysosomal cathepsin B is released after the lysosome breaks (He
et al., 2025). Inflammasome activation takes place in two parts. The first part
is called priming, and the second part is called activation. During the priming
phase, toll-like receptors (TLRs) pick up signals from harmful microorganisms
and injured cells, which sets off the NF-kB signaling pathway. Once NF-xB
becomes active, it travels to the nucleus of the cell, attaches to the DNA, and
begins producing copies of the genes for NLRP3, pro-IL-1p, and pro-IL-18
(He et al., 2025). If the body isn’t able to control the inflammasome properly,
it can cause neuroinflammation.This type of inflammation can harm neurons
and is involved in the development of several diseases that affect the central
nervous system, such as multiple sclerosis, Alzheimer’s disease, Parkinson’s
disease, and stroke (Xu et al., 2025).

3.3 TLR4 and MAPK Signaling Pathways

Toll-like receptor 4 (TLR4) is a type of protein that is found in the cell
membrane. It has three parts: one part is on the outside of the cell, one part
is embedded in the cell membrane, and one part is inside the cell. The part
outside the cell that helps in recognizing specific molecules has repeated
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sections called leucine-rich repeats. Every one of these sections is comprised
of 20 to 29 building blocks known as amino acids. These having been arranged
are a set of specific locations, as a result of which the accession of ligands
can be detected subsequently. Lipopolysaccharide or LPS is an LPS binding
TLR4, which interaction with this receptor has been comprehensively studied
(Kim et al., 2023). Gallium does not bind with TLR4 directly, and therefore
uses a companion protein known as myeloid differentiation factor-2 (MD-2)
to link to the TLR4 receptor. When the MD-2, TLR4 and LPS complex binds
together, they initiate the process of signaling to upstream events. There are
other bacterial, viral and fungal proteins which can also activate TLR4 in a
similar fashion to LPS. When cellular injury takes place, various substances
are released into the vicinity. Among them are fragments of the cell’s outer
layer, such as the extracellular matrix and other constituents within the cell,
such as high-mobility group box 1 (HMGB1), DNA binding proteins and heat
shock proteins (HSPs). Some damage-associated molecular patterns (DAMPs)
are known to start immune responses through TLR4, but exactly how they do
this is still not fully understood (Kim et al., 2023).

Inside the cell, the TLR4 signaling process uses two different routes:
one that relies on MyD88 and another that doesn’t need MyD88. When the
TIR domain inside the cell joins together, it brings in two helper proteins
called MyD88 and TIRAP, which is also known as MAL-like protein. This
process starts a signal by making certain enzymes called IRAKs become
activated through a process called phosphorylation. When IRAKs are
activated, they get a phosphate group added, which then helps them start a
process by activating TRAF6.This happens through TAK1-binding proteins
called TAB2 and TAB3. When TAKI1 is turned on, it helps activate several
proteins called MAPKs, like JNK, p38, ERK 1/2, and the IKK complex.These
then help activate certain proteins inside the cell, such as NF-xB and AP-1,
and lead to the production of inflammatory proteins called cytokines (Ageeva
et al., 2024). MyD88-independent signaling happens when the TLR4-ligand
complex is taken inside the cell into endosomes. This process needs the TIR
domain to interact with TRIF and TRAM adaptors. TBK1 and IKKe become
active through TRAF3, which is necessary for moving IRF3 into the nucleus,
leading to the production of type I interferons (IFNs) (Kim et al., 2023). In
microglial cells, when the TLR4 pathway activates the PI3K/Akt pathway, it
increases the production of pro-inflammatory substances. In this situation,
microglial cells act in a harmful way toward neurons. They produce harmful
substances like reactive oxygen species, certain enzymes, nitric oxide, and
inflammatory proteins such as IL-6, IL-1p, and TNF-a.These substances
attract more glial cells and make the damage to neurons worse (Biswas, 2023).
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3.4 JAK/STAT Signaling Pathway

The JAK/STAT pathway is an important process that allows signals from
cytokines and growth factors to move into cells. The JAK/STAT signaling
pathways help control genes that play a role in causing inflammation, creating
glial scars, and handling immune responses (Ageeva et al., 2024). The JAK/
STAT signaling pathway plays an important role in helping myeloid and
lymphoid cells develop and control their functions. When the JAK/STAT
pathway is disrupted, it leads to myeloid cells and T cells becoming more
harmful, and this also helps in the start and worsening of neuroinflammatory
diseases (Jain et al., 2021). The NF-xB, NLRP3, TLR4/MAPK, and JAK/STAT
pathways work together and control the neuroinflammatory response caused
by microglia. When certain signaling pathways don’t work properly, it helps
keep chronic inflammation going and also makes neurodegenerative diseases
get worse.

4. ASSOCIATION with NEURODEGENERATIVE DISEASES
4.1 Alzheimer’s Disease

Alzheimer’s disease is the most common reason for dementia, causing
about 70% of all dementia cases, and it is a big problem for public health
because it has a large effect on society and the economy. Neuropathologically,
Alzheimer’s disease is marked by the buildup of faulty and clumped amyloid-
beta (Ap) peptides outside nerve cells and the development of tangles inside
nerve cells made up of a protein called tau that has been overly modified with
phosphate groups. Alois Alzheimer first noticed changes in astroglial and
microglial cells, but for a long time, these changes were seen as secondary
and not very important for understanding the disease (Heneka et al., 2025).
New research has shown that microglia linked to disease and their changed
signaling paths play a key role in Alzheimer’s disease. In the year AD,
microglia react to certain molecules from pathogens and damaged cells by
changing into a type of cell that causes more inflammation, which makes
the disease get worse faster. On the other hand, microglia can help protect
the brain by releasing anti-inflammatory chemicals like interleukin (IL)-
10 and transforming growth factor B (TGF-p).They also clean up harmful
substances such as AP and damaged nerve cells when they receive signals
to do so. Studies have helped us learn more about how microglia become
activated and cause brain inflammation when they respond to many types of
signaling molecules like cytokines, chemokines, phospholipases, and others.
More and more research shows that the buildup of Ap is closely linked to
inflammation in the brain. In brain tissue from people with Alzheimer’s
disease, activated microglia surround both the AP plaques that form outside
brain cells and the neurons that have neurofibrillary tangles inside them. Af
has been shown to trigger microglia, causing them to release inflammatory
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substances like IL-1P, IL-6, TNF-a, and certain chemokine ligands (CCL2,
CCL4, and CCLI11).These substances then help bring more microglia and
astrocytes to the areas where AP is accumulating. Microglia can clear Ap
by utilizing various surface receptors such as CD14, TLR2, TLR4, a6pl
integrin, CD47 and CD36 scavenger receptors. The large accumulation of Ap
in Alzheimer’s disease (AD) brains results from failure of clearance by brain
resident microglia. Studies with post mortem Alzheimer’s disease brain tissue
discovered reduced AP uptake by microglia that are surrounding AP plaques
in Alzheimer’s disease brain tissues in comparison with microglia in healthy
brain (Onyango et al., 2021). The brain resident microglia phenotypically
respond to ‘danger’ signals such as PAMPs and DAMPs from infected or dead
cells. This change leads them to release harmful chemicals, such as TNF-a,
IL-1P, IL-6, nitric oxide, and reactive oxygen species. This happens because
several internal signal pathways, including NF-kB, MAPKs, ERK, JNK, p38,
and the NLRP3 inflammasome, get activated (Garcia-Dominguez, 2025). In
people with Alzheimer’s disease, high levels of inflammation markers have
been found in both the brain’s outer layer and the fluid around the brain,
showing that the brain keeps having inflammation happening over time.
Besides that, studies linking genes related to Alzheimer’s disease risk with the
body’s natural defense system and findings from after death have shown that
neuroinflammation plays a key role in the development of Alzheimer’s disease
(Zhang et al., 2024).

At the early stage of AD, activated microglia can ameliorate AP
accumulation by phagocytosis, shielding barriers around plaques, and
degradation of AP, to return to the normal state. However, the over-activation
of inflammatory pathways and the down-regulation of anti-inflammatory
cascades severely affect the phagocytic and degradative functions of microglia.
Therefore, an irreversible self-amplifying positive feedback loop is formed,
which continuously activates microglia, promotes progressive neuronal
injury, and increases plaque deposition, further accelerating the progression
of the disease (Valiukas et al., 2025).

4.2 Parkinson’s Disease

Parkinson’s disease is a lasting condition that impacts the brain and
happens because of the gradual loss of certain nerve cells that produce
dopamine.These cells are located in a part of the brain known as the substantia
nigra.When these cells are damaged, it causes issues with movement, such
as slow movements, muscle stiffness, shaking, and trouble with balance.This
information is based on Dhariwal et al., 2025. Different things, like when
a-synuclein folds incorrectly, issues with mitochondria, and changes in genes
connected to the immune system, could all contribute to starting long-term
brain inflammation in Parkinson’s disease. Other than the loss of neurons
that make dopamine, there are also several bad changes happening in the
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substantia nigra pars compacta.These include the buildup of alpha-synuclein,
problems with the body’s ability to break down proteins, and issues with
mitochondria, which are the energy centers of cells.These changes create an
environment that promotes inflammation in the SNpc and encourage other
cell types to come and become active (Isik et al., 2023). Studies have shown
that in people with Parkinson’s disease, there is more activation of microglia,
which are a type of brain cell involved in the immune response (Tansey et
al., 2022). In the early stages of the disease, microglia start to become active
and take part in inflammation in certain areas of the brain that are more
affected (Tansey et al., 2022). Parkinson’s disease mainly happens when the
nigrostriatal pathway doesn’t work properly.This happens because the neurons
that make dopamine in the substantia nigra pars compacta start to die, and
there’s not enough dopamine signaling in the striatum (Troncoso-Escudero
etal., 2018).

4.3 Multiple Sclerosis

Multiple sclerosis is a long-term inflammatory condition that mainly
affects the central nervous system. It is marked by damage to the myelin
sheath, which is the protective covering of nerves, and can also lead to some
loss of the nerve fibers themselves. Multiple sclerosis affects both gray and
white matter in the brain, such as the cerebral cortex, basal ganglia, brainstem,
and white matter, as well as the spinal cord (Hoftberger and Lassmann, 2017).
Demyelination happens when astrocytes become active during active injury
and also occurs when there are gliotic scars in areas where the injury is
not active anymore. In areas where the myelin is breaking down, activated
microglia and macrophages produce an enzyme called NADPH oxidase,
which helps cause oxidative damage to tissues (Hoftberger and Lassmann,
2017). Microglia become very active around the edges of areas where the
myelin is damaged, and they are also clearly seen in the region around the
plaques. Sometimes, they can even be found in parts of the white matter that
look normal. You can see groups of active microglia and lymphocytes around
some axons that are starting to break down, which is common in multiple
sclerosis plaques, as noted by Lassmann in 2018. Over the years, scientists
have studied a lot about how microglia and macrophages contribute to the
development of multiple sclerosis. At first, these cells were thought to just be
helpers that cause inflammation, making tissue damage worse by presenting
antigens using major histocompatibility complex, creating harmful oxygen
and nitrogen substances, releasing pro-inflammatory signaling molecules,
and eating up damaged cells (Muzio et al., 2021).
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4.4 Microglia-Mediated Neuroinflammation in Other Neurological
Disorders

Microglia-caused brain inflammation has been found in not only
Alzheimer’s disease, Parkinson’s disease, and multiple sclerosis, but also in
many otherbrain conditionssuchasamyotrophiclateral sclerosis, Huntington’s
disease, epilepsy, stroke, traumatic brain injury, spinal cord injury, and
several other similar disorders (Subhramanyam et al., 2019). Under usual
conditions, microglia help keep the brain balanced and healthy.But when the
brain faces harmful changes, like infections, lack of blood flow, injuries, or
the start of diseases that damage nerves, microglia change their behavior and
become active (Subhramanyam et al., 2019). Microglia detect danger signals
from harmful or damage-related molecules using toll-like receptors (TLRs)
and other types of receptors that help the body respond to threats in the brain
and spinal cord. Microglial activation can be beneficial or detrimental under
neuroinflammatory conditions. The excessive release of some of the noxious
substances like pro-inflammatory cytokines, reactive oxygen species and
other toxic products can maintain chronically injured neurons (Kraft and
Harry, 2011). The research studies have revealed that microglia, the resident
immune cells of the brain, modulate their functions based on the signals that
they receive from their surrounding environment.If these cells remain active
for a sustained period of time it can result in chronic inflammation and brain
cell injury which is closely related to several neurodegenerative diseases (
Folta et al., 2025). These diseases may differ in terms of symptoms and way
of injury, but they do have common features resulting in damage. Some of
them are prolonged activation of microglia, increased oxidative stress and
prone inflammatory response of the body. We need to learn more about how
microglia lead to brain inflammation so we can discover new treatments for
diseases that impact the nervous system.

5. CURRENT APPROACHES and THERAPEUTIC STRATEGIES
5.1 Therapeutic Targeting of Neuroinflammation

Cytokines and chemokines play a key role in controlling how the
immune system responds outside the body’s main organs. In addition, they
help the immune and nervous systems work together (Ramesh et al., 2013).
Some chemicals in the nervous system help control how the brain develops,
how inflammation happens in the nerves, and how nerve cells communicate
with each other (Ramesh et al., 2013). When microglia become activated,
certain health issues can lead to damage in neurons and other brain cells.
This happens because the activated microglia produce various harmful
substances like cytokines, chemokines, glutamate, and reactive oxygen
species, which cause inflammation and harm. They also help move parts of
cells across the blood-brain barrier, which happens when the body’s immune
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system responds and cells move toward certain signals. In cases of chronic
inflammation, the positive feedback loop comprised of effector cells sustains
the immune response over long periods, and it ultimately leads to neuronal
damage (Ramesh et al.,, 2013). Therefore, the development of therapies that
target the modulation of neuroinflammation is nowadays an essential strategy
to ameliorate several neurological disorders, including Parkinson’s disease,
Alzheimer’s disease, multiple sclerosis and other similar pathologies, as these
haveahighly complex etiology and progression. This complex understanding of
neuroinflammation has spawned numerous pharmacological therapies able to
modulate both molecular and cellular processes that underpin inflammation.
These treatments comprise commonly used drugs, such as non-steroidal anti-
inflammatory drugs (NSAIDs), steroids, monoclonal antibodies, and novel
therapies in development, such as the modulation of microglial cells and anti-
inflammatory drugs (Garcia-Dominguez, 2025). Many NSAIDs have emerged
as an alternative to traditional drugs used to control inflammation. Despite
their ability to inhibit cyclooxygenase (COX), these molecules also influence
the synthesis of inflammatory molecules in a COX-independent manner.
NSAIDs stop the process where NF-kB moves into the cell nucleus and
activate it, which helps reduce inflammation. This effect, along with blocking
prostaglandin production, helps repair damage in nerve cells. In addition to
NSAIDs, several other known anti-inflammatory compounds, such as the
corticosteroids dexamethasone and methylprednisolone, also show potent
anti-inflammatory activity because they act through glucocorticoid receptors
(Garcia-Dominguez, 2025).

5.2 Therapeutic Modulation of Microglia

The nervous system and immune system communicate with each other,
resulting in a bidirectional interaction between the two systems, in which each
system has profound effects on the other (Perry and Teeling, 2013). Microglia
are highly sensitive to virtually all injury or disease of the central nervous
system and become activated in response to suitable stimuli (Perry and
Teeling, 2013). Neuron-microglia interactions have two major outcomes: (1)
during acute or chronic neurodegenerative processes, neuronal loss releases
microglia from negative tonic inhibitory signals derived from neurons, which
results in continuous microglial activation (Perry and Teeling, 2013). (2)
Neuron-microglia interactions also enhance tissue repair and regenerative
functions. Colony-stimulating factor-1 (CSF-1) is critical for microglial
activation, survival, and functional maintenance.

The common receptor for IL-34 and CSF-1, known as CSF1R, is required
for signaling by both cytokines. Pharmacological inhibition of CSF1R isknown
to attenuate microglial cell numbers, although the potential unintentional
effect on peripheral immune cells remains a concern. Microglia can release
circulating pro-inflammatory mediators, but they also play important roles in
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tissue repair and regeneration. So, using molecular methods to turn harmful
microglia-like cells into more protective ones has been proposed as a possible
treatment, especially for diseases like multiple sclerosis, as mentioned in
Muzio et al., 2021.

5.3 Experimental Therapies and Emerging Perspectives
5.3.1 Novel Therapeutic Approaches in Alzheimer’s Disease

In recent years, scientists have looked into different methods to slow
or stop Alzheimer’s disease, including using nanoparticles, plant-based
chemicals, and small molecule drugs. The blood-brain barrier is very strict
and helps keep the central nervous system balanced, but it makes it hard to
get medicine to the brain. So, using nanoparticle-based platforms is seen as
a promising way to send drugs to the right places in the body. PEG-PLGA
nanoparticles that have been modified with ligands that target AP have been
used to deliver curcumin and help lower the amount of amyloid plaques. In
addition, nanoparticles targeted at hyperphosphorylated tau protein allow the
selective delivery of therapeutic agents to the affected regions in an attempt
to reduce systemic side effects and improve therapeutic efficacy (Dhariwal et
al., 2025).

5.3.2 Novel Therapeutic Approaches in Parkinson’s Disease

Current therapeutic approaches for Parkinson’s disease (PD) are focused
on motor symptom control and are not able to stop disease progression.
Rapid drug metabolism, low bioavailability, short half-life, and poor brain
penetration are major challenges of current therapies for PD. Nanotechnology
has been more recently explored to overcome many of these difficulties,
including protection of therapeutic agents against degradation, targeted
delivery, and reduction of drug dosage. Gold-doped titanium oxide (TiO)
nanotubes have been used for the detection of a-synuclein on the basis of
photoelectrical techniques. Moreover, gold nanoparticles conjugated with
nerve growth factor have been found to suppress a-synuclein aggregation.
Curcumin nanomaterials improve dopamine levels, enhance blood-
brain barrier penetration, inhibit a-synuclein aggregation, and improve
mitochondrial function. On the other hand, liposomal preparations show
the advantage of delivering more controlled and sustained dopamine release
and have been shown to have beneficial effects in experimental paradigms of
Parkinson’s disease (Dhariwal et al., 2025).

5.3.3 Novel Therapeutic Approaches in Multiple Sclerosis

Therapeutic strategies to treat multiple sclerosis (MS) include symptomatic
nutraceutical remedies and conventional pharmacological drugs. All current
therapeutic approaches directly or indirectly aim at controlling symptoms
and preserving the patient’s quality of life. More recently, nanotechnology-
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based systems have been proposed for drug delivery and can improve the
therapeutic approaches to treat MS. For instance, porous and water-soluble
corticosteroid implants in poly(ethylene glycol) liposomes were demonstrated
in a murine model of neuroinflaimmation to selectively accumulate at
inflammatory sites and/or delay the onset of inflammation. Liposomes
containing myelin basic protein (MBP) peptides were also used to circumvent
disease by a mannosylated liposome. Liposome formulations have been
also delivered to the brain through the nasal cavity. As another therapeutic
alternative, non-oligomeric gold nanocrystal suspension CNM-Au8® was
proposed to favor neuroprotection and remyelination in the brain (Dhariwal
et al., 2025). Another experimental method uses nanostructures that mimic
natural structures, made from polycyclic aromatic hydrocarbons (PAHs) and
single-walled carbon nanotubes (SWNTs).These structures might help find
specific disease markers in the breath of people with MS. However, most of
these methods still need more testing in big preclinical and clinical studies.

6. CONCLUSION and FUTURE PERSPECTIVES

Neuroinflammationisacomplexresponsein thecellsofthe centralnervous
system that happens when the body’s balance is thrown off. It is considered
one of the main reasons that cause and make worse neurodegenerative
diseases. Microglia are the immune cells that are naturally present in the
central nervous system, and they help keep the tissue healthy and in balance.
When cells in the brain get hurt, microglia — which are a type of brain cell
— become active as part of the body’s natural way to keep things balanced.
This activation causes the release of harmful things like pro-inflammatory
cytokines and chemokines, reactive oxygen species, proteases, and other toxic
materials. These harmful substances help start and keep going the process
of brain cell damage and diseases. If these processes keep happening out of
control and over a long time, it can cause problems in the brain cells, loss
of connections between cells, and gradual damage to nerve cells, which can
eventually lead to diseases that damage the nervous system. New research
shows that microglia-driven inflammation is not just a result of brain cell
damage but also plays an active role in causing it. Also, there is strong evidence
that in the pathways related to brain inflammation, certain processes like NF-
kB, the NLRP3 inflammasome, TLR4/MAPK, and JAK/STAT signaling play a
major role in activating microglia. These processes could be important targets
for treatments that reduce brain inflammation, and might offer new ways to
treat the harmful effects of neurodegenerative diseases. Having a better grasp
of these signaling networks is important for creating new treatment options.
Alzheimer’s disease, Parkinson’s disease, and multiple sclerosis each have
different signs and changes in the body, but scientists are now learning more
about the shared causes and processes that affect all three. Chronic activation
of microglial cells, increased oxidative stress, problems with mitochondria,
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and the activation of pathways that cause inflammation are common issues
that need more attention. These could be important areas to focus on when
creating better treatments that protect the brain from specific diseases and
more general damage.

Inflammation is a common pathological phenomenon of many brain
diseases in which nerve cells undergo degeneration. Anti-inflammatory drugs
are a class of broad-spectrum medicines and do not target one single disease.
Researchers are paying greater attention to them as they help the development
of these diseases. Anti-inflammatory drugs are often recommended as
a good treatment for symptoms of inflammatory diseases, as they can
reduce or control the body’s inflammatory responses. Traditional anti-
inflammatory and immunomodulatory drugs have some evidence that they
can reduce inflammation in the nervous system. However, the penetration
of these target substances into the brain remains a major challenge due to
the blood-brain barrier and the complex neuroinflammatory processes in
the central nervous system, which makes it difficult to treat and prevent
neuroinflammation. Therefore, CSFIR inhibitors, inflammasome inhibitors,
and certain modulators of signaling pathways appear to be handsome and
new options for reducing neuroinflammation and because not all substances
are able to reach the brain and control inflammation in the nervous system.
New technologies based on nanotechnology, targeting, and biocompatible
nanoparticles have been developed to help drugs reach the brain more safely
and efficiently. These strategies are effectively used in treating nervous
system diseases. Importantly, therapies targeting the AP and tau proteins in
Alzheimer’s disease, nanostructures that contribute to prevent a-synuclein
aggregation in Parkinson’s disease, and nanosystems designed to facilitate
remyelination in multiple sclerosis are promising for real-world studies and
applications. Recent studies indicate that microglia can’t simply be classified
as either pro-inflammatory or anti-inflammatory. Microglia expressed
different activity levels according to the type of disease and environmental
signals. Recent advances in single-cell omics, transcriptomic research, and
the use of bioinformatics for artificial intelligence are expected to improve
our understanding of the different types of microglia and may help identify
disease targets and personalized treatment plans.

In conclusion, a thorough knowledge of the molecular mechanisms
of microglia-mediated neuroinflammation is crucial for clarifying the
pathogenesis of neurodegenerative diseases and identifying novel therapeutic
targets. Multidisciplinary research, integrating advances in molecular biology,
neuroscience, immunology and nanotechnology, will potentially lead to more
innovative and sustainable interventions for neurodegenerative diseases.
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Introduction:

Myxomycetes, (plasmodial slime molds, true slime molds or mxogastrids),
is a free-living protists, a group of amoeboid eukaryotes, placed phylum
Amoebozoa of the kingdom Protozoa. According to the current classification,
Myxomycetes form the phylum Eumycetozoa together with the classes
Dictyosteliomycetes and Protosteliomycetes within Amoebozoa (Adl et al.,
2019; Baba and Akgiil, 2024). Myxomycetes, like macrofungi, are capable of
forming both macro and very small micro-sized fruiting bodies. Therefore,
they are very valuable organisms for scientists and researchers working on
protista diversity and ecology (Azirakhmet et al., 2026). Myxomycetes are
very important group of organisms in morphological and molecular studies,
phylogenetic relationships, protista systematics and soil and environmental
microbial ecology studies (Urich et al., 2008).

Myxomycetes are fungus-like organisms that have an assimilation
stage (vegetative), which is a free-living, multinucleated, motile mass of
protoplasm called a plasmodium, and a sporulation stage (generative),
which typically consists of a mass of spores that are surrounded by a simple
or complex membrane or carried in a rigid, cell-free spore coat (Chimankar,
2022). Myxomycete species can form myxoamoebas, myxoflagellates, and
multinucleated plasmodiums in their vegetative stages, both microscopic
and macroscopic. The resistance forms that myxomycetes develop in extreme
conditions during their vegetative stages; cysts and sclerotia are very different
formations. They have a complex life cycle containing sporophores that
produce endospore type spores within a membranous structure called the
peridium during the generative stage (Garcia-Martin et al., 2023).

Myxomycetes feed on bacteria, vyeasts, nematodes and other
microorganisms and play a crucial role in balancing soil microbial communities
(Gao et al., 2022). They are particularly abundant in decaying bark, wood
and dead or living leaves and plant materials in forest areas (Stephenson and
Stempen, 1994). There are 1218 species worldwide (Lado 2005-2026) and 312
species in Tiirkiye (Baba et al., 2025).

Materials and Methods:

Lister (1925) classified myxomycetes into Lamprosporales (non-purple-
brown or purplish-grey spores) and Amaurosporales (purple-brown or
purplish-grey spores) based on their distinctive spore colors and pigments. This
concept has recently been updated with the recognition of two main clades:
Lucisporidia (bright-spored) and Fuscisporida (dark-spored). Lucisporidia has
34% of myxomycete and into two orders Liceida and Trichiida. Fuscisporida
myxomycetes orders Physarida and Stemonitida (Fiore-Donno et al., 2010b).
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Within the dark spore-bearing clade, the order Physarida is distinguished
by exhibiting distinct crystalline or amorphous calcareous deposits in
different parts of its fruiting bodies (Keller et al., 2022). Studies on the
formation, development and morphological characteristics of species in the
Physarida order and other orders have been conducted since ancient times.
Molecular systematic studies on myxomycetes, have only recently begun and
are relatively new compared to other eukaryotes. Recent advancements in
modern molecular biology techniques have led to significant progress in the
molecular classification and identification of myxomycetes. The application
of new molecular methods has enabled the acquisition of crucial information
about phylogenetic relationships at the molecular level. These developments
have helped clarify the taxonomic status of many previously obscure groups.
A phylogenetic analysis combining detailed morphological research with three
commonly studied genes (nSSU, EF-1a, and COI) has been performed. The
classification of the order Physarida recognizes three families: Didymiaceae,
Elaeomyxaceae and Physaraceae. Members of these families exhibit calcium
deposits in different parts of their fruit bodies. However, they differ in the
following respects: 1) the type of capillitium; 2) the shape of the peridial
calcium deposits; 3) the chemical composition of the calcium compounds;
and 4) the manner in which these deposits are excreted when fruit formation
begins. Traditionally, different morphological characteristics are used to
distinguish between families, genera, and species. Historically, lime knots have
been a significant morphological feature distinguishing the Didymiaceae and
Physaraceae families (Garcia-Martin et al., 2023; Li et al., 2024).

The order Physarida is the largest group of myxomycetes and has got 491
species (Lado 2005-2026). Didymiaceae has got 6 genus (Diachea 19, Diderma
94, Didymium 102, Neodiderma 6, Polyschismium 14, Trabrooksia 1 species)
and 236 species. Elaeomyxaceae has got 1 genus (Elaeomyxa) and 4 species.
Physaraceae has got 16 genus (Aethaliopsis 1, Angioridium 1, Badhamia 40,
Badhamiopsis 7, Claustria 1, Craterium 21, Erionema 1, Fuligo 8, Kelleromyxa
1, Leocarpus 1, Lignydium 1, Nannengaella 14, Physarella 1, Physarina 3,
Physarum 149, Willkommlangea 1) and 251 species (Lado 2005-2026).

The fruiting bodies of the Physaraceae family are sessile or stalked, with
a sporangium, plasmodiocarp or aethaloid. Containing calcareous deposits in
some parts and never containing oil or wax. The peridium is usually a thin
membrane covered with granular calcareous deposits. Its outer layer is covered
with small, rounded calcareous granules. The stalk is sometimes present or
absent, rarely extending as a columella within the sporangium to a specific
region of the sporotheca. The columella is rarely present, sometimes appearing
as a calcareous pseudo-columella. The capillitium is a network of transparent
tubes connecting calcareous nodes. It sometimes contains branched threads or
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simple and unbranched peridial projections. It forms a complex network that
branches repeatedly in all directions. It consists of thin tubes that anastomose,
their ends attached to the sporangium wall on all sides. Calcareous deposits of
varying shapes and sizes are found at the corners of the network. The physaroid
capillitium structure, consisting of large calcareous nodes connected by non-
calcareous tubes, is the characteristic capillitium structure of the Physaraceae
family. Spores globose, very rarely ellipsoidal, violaceous (Baba and Tamer,
2008; Baba and Sevindik, 2020b).

In recent years, numerous molecular studies have been conducted
on Myxomycetes, providing in-depth information about the phylogenetic
relationships between taxa. Genera and species previously placed in other taxa
have been reclassified within the Physarida taxon, and their positions at the
family and genus level have been changed. The species Angioridium sinuosum
(Bull.) Grev. was previously a species belonging to the genus Physarum and was
known as Physarum bivalve Pers. As a result of morphological and molecular
studies by Garcia-Martin et al. (2023), this species was removed from the
genus Physarum and reclassified as Angioridium sinuosum (Bull.) Grev. as the
sole species of the genus Angioridium.

Results:

The genus Physarum, the largest genus of Myxomycetes with 149 species
(Lado 2005-2026), is characterized by the presence of calcium in the capillitium,
a network of finely interwoven tubes between spores in the sporotheca; the
nodes are often filled with calcium granules. In addition, the peridium and
stalk may also contain calcium (Baba et al., 2012¢; Renato et al., 2019).

The genus Angioridium Grev. was first described by Greville (1828).
The type species consisted of a plasmodiocarp with a longitudinal cleft and
laterally strongly flattened. The genus Angioridium was initially proposed as a
single species genus containing the species Angioridium sinuosum. Over time,
the genus and species were revised to be synonymous and named Physarum
bivalve and with different names. In the most recent phylogenetic revision,
the genus was re-established by Garcia-Martin et al. (2023) within the genus
Angioridium, the species Angioridium sinuosum is considered a single species
genus.

Taxonomic category of Angioridium Grev.:

Angioridium Grev., Scott. crypt. fl. 6(62):pl. 310 (1827) [See Garcia-
Martin, Zamora & Lado, Persoonia 51:116. 2023];

The genus Angioridium Grev. is a genus of plasmodial slime molds
(Myxomycetes/true slime molds). It belongs to the kingdom Amoebozoa, class
Myxomycetes (or Myxogastrea) and order Physarida and Physaraceae family.
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Angioridium sinuosum is the known only species in this genus. Angioridium
Grev. is a monotypic genus Lado (2005-2026).

Morphological features of Angioridium Grev.:

Description: In Angioridium, granular or crystalline calcareous deposits
(calcium carbonate) may be found in the peridium, stem, capillitium or all
of fruiting bodies. Sporophores are plasmodiocarpous, sessile, cylindrical or
laterally strongly flattened and compressed. The peridium is white to gray in
color, bilayered and calcareous. Both layers are distant from each other and
usually separate distinctly upon opening. The capillitium is always present and
has a reticular structure. It consists of numerous white calcareous nodules,
transparent filaments, or tubes connecting the nodules. Columella present
or absent. Spores black, dark purple or purplish brown, free. Plasmodium of
the phaneroplasmodium type (Ashworth and Dee, 1975; Garcia-Martin et al.,
2023).

According to Lado (2005-2026) there are 1 species all over the world
and there are 1 species Angioridium Grev. in Tirkiye; Angioridium sinuosum
(Bull.) Grev. (Baba and Sevindik, 2023).

Angioridium sinuosum (Bull.) Grev., Scott. crypt. fl. 6(62):pl. 310
(1827) [Garcia-Martin, Zamora & Lado, Persoonia 51:116. 2023];

Synonyms: Reticularia sinuosa Bull., Herb. France 10(109-120):pl. 446,
fig. 3 (1790),

Physarum sinuosum (Bull.) Weinm., in Fries, Syst. mycol. 3(1):145 (1829),
Physarum sinuosum (Bull.) Rostaf., Sluzowce monogr. 112 (1874),
Lignydium sinuosum (Bull.) Kuntze, Revis. gen. pl. 3(3):490 (1898),
Physarum bivalve Pers., Ann. Bot. (Usteri) 15:5 (1795),

Diderma valvatum Fr., Syst. mycol. 3(1):109 (1829),

Carcerina valvata (Fr.) Fr., Summa veg. Scand. 451 (1849).

Description: Sporocarps are scattered or clustered plasmodiocarps,
mixed with a small number of sessile sporangia. Plasmodiocarps are short or
long, simple or branched, segmented, laterally quite flattened, with an upper
slit similar to those of bivalve mollusks, light brown to yellowish-brown in
color, 0.3 to 13 mm long, 0.2 to 1 mm high. Sporangia appear stalk-like on
a small, constricted base. Scattered and crowded, sessile or long, curved or
branched, constricted-based plasmodiocarps are formed; the upper dorsal side
is flattened and eventually longitudinally divided, crowded, laterally flattened,
parallelogram-shaped, sometimes curved sporangia and plasmodiocarps
(some branched), white, gray or yellowish, sometimes with a constricted base.
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The hypothallus is inconspicuous. The peridium is two-layered structure;
the outer layer is usually thick and calcareous, containing more or less dense
deposits of lime, mostly white, with a light lemon-yellow color at the base of
some sporangia, flat or reticulated; light yellowish towards the top, darker
towards the base, opens from the upper slit, after opening resembles a bivalve
mollusk; the inner layer is wrinkled and colorless, membranous, iridescent,
usually adherent to the outer layer, thin and translucent, grayish-white,
sprinkled with lime, opens irregularly, but remains intact for a longer time.
Opening occurs from a pre-formed longitudinal slit, + regular (Figure 1).
Columella are absent. Capillitium is abundant, consisting of numerous white,
usually branching, large or small calcareous nodes and connected by relatively
short translucent threads, composed of calcareous nodes and non-calcareous
internodes; Nodes are numerous, white, spherical, semi-spherical, irregular,
smooth; The internodes are short, thin, tube-shaped, delicate, transparent,
attached to the nodes, and form a network. The spore mass is black. Spores
are brown, dull purple, dark purplish-brown under light, finely spiny/wart-
like, 8-11 pum in diameter, spherical, and the warts are in the form of a small
curved line (Figure 2). Plasmodium grey, pallid or yellowish (Poulain et al.,
2011; Chimankar, 2022; Garcia-Martin et al., 2023).

Figure 1: Plasmodiocarpous structure of Angioridium sinuosum (Bull.) Grev.

Strongly laterally flattened, compressed, convoluted plasmodiocarps,
double peridium; pre-formed longitudinal cleft, thin and smooth spines,
lighter colored spores 8-10 pm in diameter are features that distinguish the
species Angioridium sinuosum. The opened sporangia of Angioridium sinuosum
resemble those of a mollusk, making it easily distinguishable from others. The
species can vary from simple to branched plasmodiocarp to sporangium-
forming.

It is closely related to Physarum laevisporum Agnihothr. However, the
latter is characterized by smaller spores, cylindrical, slightly laterally flattened,
yellowish-brown or grayish-brown fruiting, and quite large nodes up to 100
pm with irregular opening. It is comparable to Physarum echinosporum Lister;
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This species is characterized by its rather flattened, chalky white fruiting
body, double peridiatum, and larger, dark, and highly warty (or spiny) spores
measuring 7-11 pm in diameter. The spiny warts are arranged in irregular
lines, forming a very incomplete and highly irregular reticulate structure
(Baba et al., 2021a; Chimankar, 2022).

Figure 2: Spores and capillitium of Angioridium sinuosum: a: Light microscope, b:
Electron microscope.

Distribution of Angioridium sinuosum (Bull.) Grev. in Tiirkiye:

Nizip/Gaziantep (Baba et al., 2021a).

Conclusion:

Angioridium is a recognized genus of plasmodial slime molds
(myxomycetes) belonging to the family Physaraceae and the order Physarida.
In previous literature, the name Angioridium sinuosum was known as Physarum
bivalve within the genus Physarum, which contained multiple species.
However, recent multiple genetic revisions of Physarida have re-established the
genus to represent a specific, well-defined group of dark-spored myxomycetes.
Today, the genus Angioridium contains only one universally accepted species:
Angioridium sinuosum in Tiirkiye.
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