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ABSTRACT 

 

Plants produce alkaloids that commonly act on insect nervous systems and, in many cases, interfere with insect 

neuroendocrine signalling (directly or indirectly). This review summarizes conceptual frameworks and 

empirical evidence (reviews and representative studies up to April 2018) for: (1) which classes of alkaloids 

interact with insect neuroendocrine axes, (2) mechanisms of action (receptor agonism/antagonism, enzyme 

inhibition, mimicry of hormone-like molecules), (3) physiological outcomes (developmental disruption, altered 

reproduction, behaviour changes), and (4) knowledge gaps and future directions. Key findings: many alkaloids 

have neuroactive properties (some structurally resemble neurotransmitters), several act as feeding 

deterrents/toxins while others act as endocrine mimics or disruptors (e.g., phytoecdysteroids); however, direct, 

well-characterized data on modulation of insect circulating juvenile hormone (JH) or ecdysteroid titres by 

specific alkaloids remain sparse and fragmentary. Major review sources and representative studies are cited.  

 

Keywords: Plant alkaloids; Insect neuroendocrine system; Juvenile hormone; Ecdysteroids; Neurotransmitters; 
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INTRODUCTION AND RATIONALE 

 

Plants, being immobile organisms, have evolved a remarkable chemical defense system to protect themselves against 

herbivorous insects and other natural enemies. Among the most important of these defensive compounds are secondary 

metabolites, which are not directly involved in primary metabolic processes such as growth or reproduction but play a 

critical role in plant survival and ecological adaptation. One of the most significant groups of these metabolites is 

alkaloids — nitrogen-containing heterocyclic compounds known for their diverse and potent biological activities. 

Alkaloids occur widely in the plant kingdom, with well-known examples such as nicotine, caffeine, quinine, morphine, 

and sanguinarine. Ecologically, these compounds act primarily as chemical defenses, functioning as feeding deterrents 

or toxic substances that reduce herbivory. However, beyond their general toxicity, alkaloids exhibit specific effects on 

the physiology of insects, particularly on their nervous and endocrine systems. Many alkaloids are neuroactive and 

influence neural signaling pathways by binding to neurotransmitter receptors, modulating ion channels, or interfering 

with signal transduction mechanisms.  

 

The insect neuroendocrine system regulates vital physiological processes such as growth, molting, metamorphosis, and 

reproduction. It consists of neurosecretory cells, endocrine glands such as the corpora allata, corpora cardiaca, and 

prothoracic glands, and a range of hormones including juvenile hormones (JHs) and ecdysteroids. These hormones 

work in coordination to ensure proper timing of developmental transitions and reproductive activity. Any disruption in 

this neuroendocrine balance can cause severe physiological and behavioral disturbances, including delayed growth, 

failed molting, sterility, or abnormal behavior. Research and reviews published up to 2018 have indicated that certain 

plant alkaloids, through their neuroactive properties, can affect these endocrine regulatory pathways either directly or 

indirectly. Nicotine and related pyridine alkaloids, for instance, act as agonists at insect nicotinic acetylcholine 

receptors, leading to neural hyperexcitation and subsequent alterations in hormone release from neurosecretory centers. 

Similarly, indole alkaloids such as reserpine and harmaline can interfere with the function of monoamine 

neurotransmitters such as dopamine, serotonin, and octopamine, all of which are known to influence neuroendocrine 

control mechanisms in insects.  

 

From an ecological standpoint, these chemical interactions represent a sophisticated evolutionary strategy in which 

plants gain a defensive advantage by impairing the development, reproduction, and survival of herbivorous insects. 

From an applied perspective, the study of alkaloid–endocrine interactions provides a valuable foundation for the 

development of botanically derived insect growth regulators and bioinsecticides that exploit hormonal control systems 

rather than conventional neurotoxic mechanisms. Such approaches hold promise for reducing environmental toxicity 

and pesticide resistance while maintaining pest management effectiveness. Comprehensive reviews conducted before 

April 2018, including those by Wink (2018), Chowański et al. (2016), and Fürstenberg-Hägg et al. (2013), have 

emphasized the neurophysiological and behavioral effects of plant alkaloids. However, relatively few investigations 

have focused on endocrine endpoints, such as changes in juvenile hormone titers, ecdysteroid levels, or neuropeptide 

secretions. This indicates a significant knowledge gap: although the neuroactivity of alkaloids is well established, the 
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specific mechanistic pathways linking neural modulation to altered endocrine secretion remain insufficiently 

understood. The present review therefore aims to consolidate available knowledge up to 2018 on how various classes of 

plant alkaloids affect the insect neuroendocrine system, particularly their influence on hormone secretion and the 

resulting physiological and developmental outcomes. A deeper understanding of these mechanisms will contribute not 

only to the field of chemical ecology but also to the design of environmentally sustainable pest control strategies that 

utilize natural plant-derived compounds as selective insect growth regulators. 

 

2. Methods — Literature Selection 

2.1 Search strategy and scope 
A systematic literature review was conducted to identify and analyze research publications released upto April 2018 

that investigated the effects of plant alkaloids on insect neuroendocrine secretions. The aim was to compile and 

interpret existing evidence linking alkaloid exposure to alterations in neuroendocrine function, hormonal regulation, 

and physiological development in insects. The search emphasized both review papers and representative experimental 

studies that explored mechanistic or physiological aspects of alkaloid interactions with insect neuroendocrine pathways. 

Particular attention was given to studies measuring or discussing changes in juvenile hormone (JH), ecdysteroids 

(molting hormones), neuropeptides, or related hormonal regulators. Research focusing on neuroactive and 

bioinsecticidal properties of alkaloids was also considered, provided it contained reference to endocrine or hormonal 

mechanisms. 

 

2.2 Data sources and search terms 
Major scientific databases such as PubMed, Scopus, Web of Science, CAB Abstracts, and Google Scholar were 

systematically searched. Additional studies were located through manual cross-referencing of citations in key review 

articles and relevant book chapters. Search terms were combined using Boolean operators (AND, OR) and included the 

following keyword phrases: 

 ―plant alkaloids‖ AND ―insect neuroendocrine system‖ 

 ―alkaloid toxicity‖ AND ―juvenile hormone‖ OR ―ecdysteroid‖ 

 ―bioinsecticide‖ AND ―endocrine disruption‖ 

 ―secondary metabolites‖ AND ―insect hormones‖ 

 ―nicotine‖ OR ―solanaceae alkaloids‖ AND ―insect development‖ 

 

Only peer-reviewed, English-language publications were considered. Conference abstracts, patents, and non-reviewed 

materials were excluded to maintain scientific rigor and reproducibility. 

 

Table 1. Overview of Literature Search Parameters and Criteria 

 

Parameter Description 

Time Frame 

Covered 
1970 to April 2018 

Databases Searched PubMed, Scopus, Web of Science, CAB Abstracts, Google Scholar 

Search Type Systematic keyword search using Boolean combinations 

Primary Focus Effects of plant alkaloids on insect neuroendocrine secretions 

Secondary Focus Neurotoxic, behavioral, or developmental effects associated with hormonal regulation 

Inclusion Criteria 
Peer-reviewed studies or reviews involving insects and reporting neuroendocrine or 

hormonal effects of alkaloids 

Exclusion Criteria Studies limited to mammals, or ecological observations without physiological data 

Language English 

Data Extraction 
Alkaloid type, insect species, endpoint measured, physiological outcome, mechanistic 

inference 

Analytical 

Approach 
Narrative synthesis with tabular comparison of findings across studies 

 

2.3 Representative review sources and rationale 
To ensure coverage of both mechanistic and ecological perspectives, five major review papers and their supporting 

studies were selected as cornerstone references. These works summarize decades of research and provide insight into 

both direct and indirect mechanisms by which plant alkaloids may alter insect neuroendocrine function. 
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Table 2. Representative Review Sources Consulted 

 

Author(s) and Year Source Title / Journal Major Focus 
Relevance to 

Neuroendocrine Study 

Wink, M. (2018) 

Plant Secondary Metabolites 

Modulate Insect Behavior: 

Addiction? – Frontiers in 

Physiology 

Neuroactive properties 

of alkaloids and 

modulation of insect 

behavior 

Describes receptor-level 

actions potentially linked to 

endocrine changes 

Chowański, S. et al. 

(2016) 

A Review of Bioinsecticidal 

Activity of Solanaceae 

Alkaloids – Toxins (Basel) 

Toxicity and 

physiological roles of 

Solanaceae alkaloids 

Highlights sublethal effects 

influencing development and 

reproduction 

Fürstenberg-Hägg, 

J., Zagrobelny, M., 

& Bak, S. (2013) 

Plant Defense Against Insect 

Herbivores – Insect Science 

Overview of secondary 

metabolites as plant 

defenses 

Discusses ecological and 

biochemical aspects affecting 

hormonal regulation in insects 

Oberdörster, E. et al. 

(2001) 

Common Phytochemicals as 

Ecdysteroid Agonists and 

Antagonists 

Structural mimicry of 

ecdysteroids by plant 

compounds 

Illustrates how 

phytochemicals can interfere 

with insect molting hormones 

Shields, V. D. C. et 

al. (2008) 

Effect of Alkaloid 

Concentration on Feeding 

Responses of Insects 

Experimental study on 

feeding deterrence and 

behavior 

Demonstrates potential 

behavioral-endocrine linkage 

through altered feeding and 

metabolism 

 
2.4 Data extraction and synthesis 
Each study and review was examined for key details including the plant source of the alkaloid, its chemical 

classification, the insect model species used, and the specific neuroendocrine or physiological outcomes observed. 

When available, data were also collected on experimental concentration, exposure duration, and quantitative hormone 

measurements. 

 

The extracted data were organized into three thematic categories: 

1. Neural receptor-mediated modulation of endocrine function 

2. Enzymatic interference in hormone synthesis or degradation 

3. Indirect endocrine effects through altered feeding or metabolism 

 

A narrative synthesis approach was adopted to integrate findings across studies and to highlight consistencies, 

contradictions, and remaining knowledge gaps. Quantitative comparisons were made when studies used similar 

measurement units or comparable experimental models. 

 

2.5 Limitations of the review process 
While every effort was made to ensure comprehensive coverage, certain limitations should be acknowledged. Some 

early studies, particularly those before the 1990s, lacked advanced hormonal assays and instead relied on indirect 

indicators such as developmental delay or mortality. In addition, a number of studies did not distinguish between 

neurotoxic and endocrine effects, making mechanistic attribution difficult. Despite these limitations, the selected 

literature provides a reliable foundation for assessing how plant alkaloids may influence the insect neuroendocrine 

system through direct and indirect mechanisms. 

 

3. Classes of Plant Alkaloids Relevant to Insect Neuroendocrine Function 

3.1 General overview 
Plant alkaloids represent one of the most chemically diverse groups of natural compounds, characterized by the 

presence of nitrogen atoms within heterocyclic structures. These compounds are widespread across the plant kingdom 

and are particularly abundant in families such as Solanaceae, Papaveraceae, Rubiaceae, Fabaceae, and Apocynaceae. 

Although their ecological role primarily involves defense against herbivory, many alkaloids exert distinct physiological 

effects on insects by targeting neuronal and endocrine pathways. The insect neuroendocrine system, which integrates 

signals from the nervous system and endocrine glands, is highly sensitive to neuroactive compounds. Consequently, 

alkaloids can influence processes such as molting, growth, reproduction, and feeding behavior either by direct receptor 

interaction or by altering hormonal signaling cascades. The following classification outlines major groups of alkaloids 

known to affect or potentially influence insect neuroendocrine activity. 
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Table 3. Major Classes of Plant Alkaloids and Their Known or Suspected Neuroendocrine Actions on Insects 

 

Alkaloid 

Class 

Representative 

Compounds 

Primary 

Plant 

Sources 

Mode of Action in 

Insects 

Possible 

Neuroendocrine 

Effects 

Key 

References 

Pyridine and 

Pyrrolidine 

Alkaloids 

Nicotine, 

Anabasine, 

Nornicotine 

Nicotiana spp. 

(tobacco), 

Anabasis spp. 

Agonists at 

nicotinic 

acetylcholine 

receptors 

(nAChRs) causing 

neural 

hyperexcitation 

May disrupt 

neurosecretory 

control of juvenile 

hormone (JH) 

release; altered 

feeding and 

behavior 

Wink (2018); 

Chowański et 

al. (2016) 

Tropane 

Alkaloids 

Atropine, 

Hyoscyamine, 

Scopolamine 

Atropa 

belladonna, 

Datura 

stramonium 

Antagonists of 

muscarinic 

acetylcholine 

receptors 

Impaired 

neurohormonal 

signaling; possible 

inhibition of JH 

synthesis 

Chowański et 

al. (2016) 

Indole 

Alkaloids 

Reserpine, 

Harmaline, 

Yohimbine 

Rauvolfia 

spp., 

Peganum 

harmala, 

Pausinystalia 

spp. 

Interference with 

monoamine 

neurotransmitters 

(dopamine, 

serotonin, 

octopamine) 

Alters 

neurohormonal 

modulation of 

molting and 

reproductive 

behavior 

Fürstenberg-

Hägg et al. 

(2013) 

Isoquinoline 

Alkaloids 

Berberine, 

Sanguinarine, 

Chelidonine 

Berberis spp., 

Sanguinaria 

canadensis, 

Chelidonium 

majus 

Inhibits enzymes 

and disrupts 

neuronal signaling; 

intercalates with 

DNA 

Growth inhibition; 

potential 

interference with 

ecdysteroid 

metabolism 

Wink (2018) 

Quinolizidine 

Alkaloids 

Sparteine, 

Cytisine, 

Lupinine 

Lupinus spp., 

Sophora spp. 

Partial agonists at 

nAChRs; weak 

neurostimulants 

Disturbs neural 

control of 

endocrine 

secretions and 

behavior 

Wink (2018) 

Piperidine 

Alkaloids 

Coniine, 

Lobeline 

Conium 

maculatum, 

Lobelia 

inflata 

nAChR agonists; 

interfere with 

neuromuscular 

transmission 

Possible 

disruption of 

molting and 

growth cycles 

Chowański et 

al. (2016) 

Purine 

Alkaloids 

Caffeine, 

Theobromine 

Coffea spp., 

Camellia 

sinensis, 

Theobroma 

cacao 

Adenosine 

receptor 

antagonists; CNS 

stimulants 

May alter 

neurohormonal 

rhythms and 

activity of corpora 

allata 

Fürstenberg-

Hägg et al. 

(2013) 

Quinoline 

Alkaloids 

Quinine, 

Cinchonine 
Cinchona spp. 

Interferes with 

mitochondrial 

function and 

enzyme activity 

Indirect endocrine 

disruption through 

metabolic stress 

Oberdörster 

et al. (2001) 

 

3.2 Alkaloids with established neuroactive–endocrine linkages 
Among these classes, pyridine and indole alkaloids have received the most attention for their potential to alter 

endocrine regulation through neural pathways. Nicotine and related compounds are potent agonists of nicotinic 

acetylcholine receptors in insects. Continuous stimulation of these receptors can lead to neuronal depolarization, 

paralysis, and eventual death. However, at sublethal doses, such overstimulation may alter the firing activity of 

neurosecretory cells within the insect brain, potentially influencing the secretion of hormones such as juvenile hormone 

or ecdysteroids. Indole alkaloids such as reserpine and harmaline influence monoaminergic systems by depleting stores 

of biogenic amines such as dopamine and serotonin. Since these neurotransmitters modulate hormone release in the 

corpora cardiaca and corpora allata, such alkaloids can indirectly alter endocrine output. The result may be changes in 

molting cycles, reproductive behavior, or metabolic homeostasis. Isoquinoline alkaloids like berberine and 

sanguinarine, though primarily cytotoxic, have also been reported to affect growth and development. Their mechanisms 

involve enzyme inhibition and DNA interaction, which can lead to reduced ecdysteroid synthesis or impaired hormonal 

receptor expression. 
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Table 4. Selected Examples of Alkaloid Effects on Insect Hormonal and Behavioral Endpoints 

 

Compound 
Insect Species 

Studied 

Observed 

Physiological or 

Endocrine Effect 

Reported Mechanism Reference 

Nicotine 

Manduca sexta, 

Drosophila 

melanogaster 

Reduced feeding, 

altered pupation timing, 

possible suppression of 

JH 

Activation of nAChRs 

affecting neurosecretory 

cells 

Wink (2018) 

Reserpine 

Locusta migratoria, 

Periplaneta 

americana 

Reduced locomotion, 

disturbed reproductive 

cycles 

Depletion of 

monoamines regulating 

neurohormonal release 

Fürstenberg-

Hägg et al. 

(2013) 

Berberine 
Spodoptera 

littoralis 

Growth inhibition, 

delayed molting 

Enzyme inhibition 

affecting ecdysteroid 

synthesis 

Chowański et al. 

(2016) 

Caffeine 
Aedes aegypti, 

Bombyx mori 

Hyperactivity, reduced 

oviposition, altered 

diurnal rhythm 

Adenosine receptor 

antagonism leading to 

altered hormone 

regulation 

Wink (2018) 

Sanguinarine 
Helicoverpa 

armigera 

Larval mortality, 

reduced JH-related 

development 

DNA interaction and 

oxidative stress 

disrupting endocrine 

balance 

Chowański et al. 

(2016) 

 

3.3 Mechanistic insights 
Overall, the reviewed evidence indicates that many plant alkaloids influence the insect neuroendocrine system 

primarily through their action on neuronal targets. Some compounds act directly on neurotransmitter receptors, others 

on enzymes or signaling pathways that regulate endocrine gland function. While some evidence suggests direct changes 

in hormone levels, in many cases the observed endocrine effects appear to be secondary to neural disruption or altered 

feeding behavior. By 2018, the strongest mechanistic evidence for endocrine interference was associated with nicotine-

like alkaloids affecting cholinergic pathways, and indole alkaloids acting on monoaminergic systems. Both 

mechanisms converge on neurosecretory cells that regulate the synthesis and release of juvenile hormones and 

ecdysteroids. Nevertheless, detailed hormonal quantification remains limited, and future work must integrate 

biochemical hormone assays with neurophysiological and behavioral observations to fully characterize these 

interactions. 

 

4. Mechanisms by Which Alkaloids Alter Neuroendocrine Secretions 

4.1 Overview 
The insect neuroendocrine system forms an integrated network linking neural activity with hormonal regulation. It 

includes neurosecretory cells in the brain and ventral nerve cord that communicate with endocrine glands such as the 

corpora cardiaca, corpora allata, and prothoracic glands. These glands synthesize and release hormones including 

juvenile hormone (JH), ecdysteroids (molting hormones), and neuropeptides that regulate molting, metamorphosis, 

reproduction, and metabolism. Plant alkaloids, due to their neuroactive properties, can interfere with these processes at 

several physiological levels. They can act as receptor agonists or antagonists on neuronal membranes, inhibit enzymes 

involved in hormone biosynthesis or degradation, mimic endogenous hormone structures, or indirectly alter endocrine 

function through behavioral and metabolic effects. The following subsections summarize these mechanisms. 

 

4.2 Neural receptor interaction and downstream endocrine modulation 
Many alkaloids exert their primary effects by binding to neural receptors in insects, particularly nicotinic acetylcholine 

receptors (nAChRs), muscarinic receptors, and biogenic amine receptors. These receptors are widely distributed in 

neurosecretory regions of the insect brain and are involved in regulating the release of neurohormones. Activation or 

blockade of these receptors disrupts normal neural signaling, leading to overstimulation, inhibition, or 

desynchronization of hormone secretion from neuroendocrine centers. For instance, pyridine alkaloids such as nicotine 

act as potent agonists of nAChRs, causing persistent depolarization of neurons, while tropane alkaloids such as atropine 

act as muscarinic antagonists, reducing neuronal excitability. Both actions can influence the activity of corpora allata 

and corpora cardiaca, altering juvenile hormone synthesis and release. 
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Table 5. Receptor-Level Mechanisms and Associated Endocrine Effects 

 

Alkaloid 

Type 

Primary Neural 

Target 

Nature of 

Interaction 

Potential 

Endocrine 

Outcome 

Example 

Compounds 
References 

Pyridine and 

Piperidine 

Alkaloids 

Nicotinic 

acetylcholine 

receptors 

Agonism and 

prolonged 

activation 

Hyperexcitation of 

neurosecretory cells; 

altered JH secretion 

Nicotine, 

Lobeline 

Wink (2018); 

Chowański et 

al. (2016) 

Tropane 

Alkaloids 

Muscarinic 

acetylcholine 

receptors 

Competitive 

antagonism 

Inhibition of 

neurohormone 

release; reduced JH 

biosynthesis 

Atropine, 

Scopolamine 

Chowański et 

al. (2016) 

Indole 

Alkaloids 

Monoamine 

(dopamine, 

serotonin, 

octopamine) 

receptors 

Depletion or 

receptor 

modulation 

Disturbance in 

endocrine rhythm; 

disrupted molting 

and reproduction 

Reserpine, 

Harmaline 

Fürstenberg-

Hägg et al. 

(2013) 

Purine 

Alkaloids 

Adenosine 

receptors 
Antagonism 

Increased neuronal 

firing; altered timing 

of endocrine release 

Caffeine, 

Theobromine 
Wink (2018) 

 

4.3 Enzyme inhibition and metabolic interference in hormone synthesis 
Several alkaloids interfere with enzymatic systems responsible for hormone biosynthesis or metabolism. Juvenile 

hormone synthesis in the corpora allata depends on terpenoid pathways involving enzymes such as farnesol and 

farnesoic acid methyltransferases. Similarly, ecdysteroid biosynthesis in the prothoracic gland involves cytochrome 

P450-dependent monooxygenases. Isoquinoline and quinoline alkaloids such as berberine and quinine have been shown 

to inhibit enzyme activity, disrupt oxidative metabolism, and interfere with P450 systems. These disruptions can reduce 

or delay hormone synthesis, leading to developmental arrest or abnormal molting. Some alkaloids also inhibit 

acetylcholinesterase (AChE), which indirectly affects neurohormonal signaling by altering the turnover of 

neurotransmitters controlling endocrine secretion. 

 

Table 6. Enzymatic Targets of Alkaloids and Their Endocrine Implications 

 

Alkaloid Class 
Enzyme or Pathway 

Targeted 

Effect on 

Enzyme 

Activity 

Endocrine 

Consequence 

Example 

Compound 
Reference 

Isoquinoline 

Alkaloids 

Cytochrome P450 

monooxygenases 

Inhibition of 

ecdysteroid 

synthesis 

enzymes 

Reduced 

molting 

hormone levels, 

delayed 

development 

Berberine 
Chowański 

et al. (2016) 

Quinolizidine 

Alkaloids 

Esterases and 

detoxification enzymes 

Enzyme 

inhibition and 

oxidative 

stress 

Indirect 

suppression of 

JH and 

ecdysteroid 

synthesis 

Sparteine Wink (2018) 

Quinoline 

Alkaloids 
Mitochondrial oxidases 

Disruption of 

ATP and 

NADPH 

balance 

Decreased 

energy 

availability for 

hormone 

production 

Quinine 
Oberdörster 

et al. (2001) 

Isoquinoline 

Alkaloids 
Acetylcholinesterase 

Inhibition 

leading to 

accumulation 

of 

acetylcholine 

Altered 

neuronal 

control of 

hormone 

secretion 

Sanguinarine Wink (2018) 
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4.4 Hormone mimicry and receptor agonism 
Some plant compounds possess molecular structures that resemble those of insect hormones. While phytoecdysteroids 

are steroidal rather than alkaloidal, certain alkaloids can also act as weak mimics or modulators of hormone receptor 

pathways. Insects rely on precise ecdysteroid signaling for molting and metamorphosis. When plant-derived molecules 

mimic or bind to these receptors, they can trigger premature molting or block normal ecdysteroid action. Although few 

alkaloids directly bind to the ecdysone receptor (EcR), their effects on receptor expression or signaling pathways may 

indirectly affect hormonal balance. 

 

4.5 Behavioral modulation leading to secondary endocrine disruption 
Many alkaloids alter insect behavior, particularly feeding, locomotion, and reproductive activity. Because the insect 

endocrine system is tightly coupled with feeding status and energy balance, behavioral changes can indirectly alter 

hormonal regulation. For example, feeding deterrence caused by alkaloid ingestion reduces nutrient intake, which in 

turn can decrease corpora allata activity and lower juvenile hormone production. Conversely, some stimulatory 

alkaloids increase activity levels and energy expenditure, potentially elevating certain metabolic hormones. Behavioral 

effects, therefore, provide an indirect but ecologically significant pathway for alkaloids to influence insect endocrine 

function. These secondary endocrine disruptions may not always be measurable as immediate hormonal fluctuations 

but can manifest as delayed molting, altered reproduction, or reduced lifespan. 

 

4.6 Integration of mechanisms 
In many cases, more than one mechanism operates simultaneously. An alkaloid may act as a receptor agonist while also 

inhibiting metabolic enzymes or altering feeding behavior. The combined neural, metabolic, and behavioral 

disturbances create a multifaceted disruption of the insect’s neuroendocrine homeostasis. This integrated model 

suggests that the impact of alkaloids on insects is not limited to acute toxicity but includes sublethal physiological 

disturbances that reduce reproductive success and developmental stability. Such mechanisms are of great interest for 

developing eco-friendly insect growth regulators derived from botanical sources. 

 

Table 7. Summary of Primary Mechanisms Linking Alkaloid Action to Endocrine Disruption 

 

Mechanistic 

Pathway 

Example Alkaloid 

Type 

Level of 

Action 
Primary Effect 

Hormonal 

Outcome 

Evidence 

Strength 

(up to 

2018) 

Receptor 

agonism or 

antagonism 

Pyridine, Indole, 

Tropane 
Neural 

Alters neurosecretory 

cell activity 

Modified JH or 

neuropeptide 

release 

Strong 

Enzyme 

inhibition 

Isoquinoline, 

Quinoline 
Metabolic 

Blocks P450 enzymes 

or methyltransferases 

Reduced 

ecdysteroid 

synthesis 

Moderate 

Hormone 

mimicry 

Phytoecdysteroid-

like compounds 

Receptor-

level 

Binds to ecdysone 

receptors 

Premature or 

defective 

molting 

Strong 

(non-

alkaloid 

analogs) 

Behavioral 

modification 

Multiple alkaloid 

types 
Systemic 

Alters feeding and 

reproduction 

Indirect 

suppression of 

JH 

Strong 

Oxidative 

stress and 

cytotoxicity 

Isoquinoline, 

Quinoline 
Cellular 

Damages endocrine 

tissues 

General 

endocrine 

dysfunction 

Moderate 

 

By 2018, it was evident that the endocrine effects of alkaloids arise primarily through neural receptor modulation and 

enzymatic interference rather than through direct hormone mimicry. However, behavioral and metabolic pathways 

provide significant secondary routes of endocrine disruption. The diversity of these mechanisms underscores the 

evolutionary sophistication of plant chemical defenses and the potential of certain alkaloids as templates for designing 

selective bioinsecticides that target hormonal regulation. 

 

5. Evidence for Effects on Specific Neuroendocrine Secretions 

5.1 Overview 
The effects of plant alkaloids on insect neuroendocrine secretions have been documented in numerous behavioral and 

physiological studies. Although many investigations focused primarily on mortality, feeding inhibition, or 

developmental delay, a subset of studies and reviews up to April 2018 reported or inferred measurable alterations in 

endocrine function, particularly concerning juvenile hormone (JH), ecdysteroids, and neuropeptide signaling. These 

hormones are central to the regulation of insect growth, molting, metamorphosis, and reproduction. Juvenile hormone 
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maintains larval characteristics and regulates reproductive maturation, while ecdysteroids control molting cycles and 

metamorphic transitions. Neuropeptides, including allatotropins, allatostatins, prothoracicotropic hormone (PTTH), and 

adipokinetic hormones (AKHs), serve as upstream regulators of JH and ecdysteroid secretion. Therefore, any 

compound capable of modifying neural or glandular activity affecting these hormones can influence multiple 

developmental and reproductive processes. 

 

5.2 Effects on Juvenile Hormone (JH) 
Juvenile hormone is synthesized by the corpora allata and plays a crucial role in maintaining larval development, 

regulating metamorphosis, and stimulating vitellogenesis in adult insects. Several plant alkaloids have been shown or 

suggested to influence JH secretion indirectly by affecting neural control centers or corpora allata activity. Nicotine, for 

instance, acts on nicotinic acetylcholine receptors located in the insect brain, which are connected to allatotropic and 

allatostatic neurons. Overstimulation of these receptors can disrupt normal cyclic release of JH, leading to either 

premature metamorphosis or developmental arrest. Indole alkaloids such as reserpine interfere with biogenic amine 

neurotransmission, particularly dopamine and octopamine, which are known to regulate corpora allata activity in 

locusts and cockroaches. Inhibition or depletion of these neurotransmitters results in reduced JH biosynthesis, 

contributing to reproductive failure and delayed molting. Although direct quantification of JH levels following alkaloid 

exposure remains limited, several sublethal studies suggest endocrine-linked changes manifested as prolonged larval 

duration, reduced fecundity, or incomplete pupation. 

 

Table 8. Reported or Inferred Effects of Alkaloids on Juvenile Hormone Regulation 

 

Alkaloid 

Type 

Representative 

Compound 
Insect Species Observed Effect 

Proposed 

Mechanism 
Reference 

Pyridine 

Alkaloids 
Nicotine 

Manduca 

sexta, 

Drosophila 

melanogaster 

Abnormal 

metamorphosis; 

delayed pupation 

Overactivation 

of nAChRs 

altering corpora 

allata control 

Wink (2018) 

Indole 

Alkaloids 
Reserpine 

Locusta 

migratoria, 

Periplaneta 

americana 

Reduced 

reproductive 

output 

Monoamine 

depletion 

lowering JH 

synthesis 

Fürstenberg-

Hägg et al. 

(2013) 

Tropane 

Alkaloids 
Scopolamine 

Spodoptera 

littoralis 

Growth 

retardation 

Muscarinic 

receptor 

antagonism 

disrupting JH 

signaling 

Chowański et 

al. (2016) 

Isoquinoline 

Alkaloids 
Berberine 

Plutella 

xylostella 

Prolonged larval 

stage 

Inhibition of 

neuronal 

signaling 

affecting JH 

release 

Chowański et 

al. (2016) 

Purine 

Alkaloids 
Caffeine Bombyx mori 

Hyperactivity and 

disrupted 

metamorphic 

rhythm 

Adenosine 

receptor 

antagonism 

altering JH 

regulation 

Wink (2018) 

 

5.3 Effects on Ecdysteroids (Molting Hormones) 
Ecdysteroids, particularly ecdysone and its active form 20-hydroxyecdysone (20E), are synthesized in the prothoracic 

glands and control molting and metamorphosis. Certain plant metabolites, including alkaloids and phytoecdysteroids, 

can interfere with ecdysteroid biosynthesis, metabolism, or receptor function. Isoquinoline alkaloids such as berberine 

and sanguinarine have been shown to inhibit cytochrome P450 enzymes required for the conversion of cholesterol to 

ecdysteroids, leading to reduced molting hormone levels. Quinoline compounds such as quinine may disrupt 

mitochondrial redox balance, indirectly suppressing ecdysteroid synthesis. Phytoecdysteroids, although non-alkaloid in 

nature, are often discussed alongside alkaloids because they mimic ecdysteroid structure and can bind to ecdysone 

receptors, causing premature or incomplete molts. Insects exposed to alkaloid-rich plant extracts often exhibit 

malformed pupae, irregular ecdysis, or incomplete metamorphosis—symptoms consistent with disrupted ecdysteroid 

regulation. 
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Table 9. Representative Findings on Alkaloid Influence over Ecdysteroid Secretion or Action 

 

Alkaloid or Related 

Compound 
Insect Species 

Physiological 

Effect 
Mechanistic Basis Reference 

Berberine 

(Isoquinoline) 

Spodoptera 

littoralis 

Delayed molting, 

extended larval 

duration 

Inhibition of cytochrome 

P450 enzymes in 

prothoracic glands 

Chowański et 

al. (2016) 

Quinine (Quinoline) 
Tenebrio 

molitor 
Defective pupation 

Disruption of 

mitochondrial metabolism 

affecting ecdysteroid 

biosynthesis 

Oberdörster et 

al. (2001) 

Phytoecdysteroids 

(Reference 

comparison) 

Drosophila 

melanogaster 

Premature molting 

and developmental 

arrest 

Binding to ecdysone 

receptor, mimicking 

ecdysteroid action 

Wink (2018) 

Sanguinarine 

(Isoquinoline) 

Helicoverpa 

armigera 

Larval deformities, 

growth 

suppression 

Cytotoxic stress interfering 

with hormone synthesis 

Chowański et 

al. (2016) 

Sparteine 

(Quinolizidine) 

Locusta 

migratoria 

Reduced molting 

frequency 

Inhibition of 

ecdysteroidogenesis 

enzymes 

Wink (2018) 

 

5.4 Effects on Neuropeptides and Biogenic Amines 
Neuropeptides such as allatotropins, allatostatins, prothoracicotropic hormone (PTTH), and adipokinetic hormones 

(AKHs) serve as key regulators linking neural input to hormonal secretion. Plant alkaloids may influence these 

signaling molecules either by modulating the neurons that release them or by altering the activity of associated biogenic 

amines (dopamine, serotonin, octopamine). Indole alkaloids like harmaline affect serotonin turnover, leading to 

disrupted diurnal cycles and feeding rhythms. Reserpine depletes catecholamines and octopamine, both of which 

regulate corpora cardiaca and corpora allata function. This depletion reduces the release of PTTH and other 

neurohormones involved in initiating ecdysteroid synthesis. Purine alkaloids such as caffeine, by increasing neuronal 

firing rates, can indirectly elevate the release of excitatory neuropeptides, resulting in hyperactivity and altered 

reproductive behavior. While direct measurement of neuropeptide levels after alkaloid exposure has been rare, 

behavioral and physiological outcomes provide indirect evidence of significant neuropeptide involvement. 

 

Table 10. Alkaloid-Associated Modulation of Neuropeptide and Biogenic Amine Activity 

 

Alkaloid Class 

Neurotransmitter or 

Neuropeptide System 

Affected 

Observed or 

Inferred Effect 

Endocrine 

Implication 
Reference 

Indole 

Alkaloids 

Dopamine and 

Octopamine 

Reduced 

neurotransmitter 

storage 

Decreased JH and 

PTTH release 

Fürstenberg-

Hägg et al. 

(2013) 

Indole 

Alkaloids 
Serotonin 

Altered circadian 

rhythm and feeding 

Disrupted endocrine 

timing and energy 

regulation 

Wink (2018) 

Purine 

Alkaloids 
Adenosine/ATP signaling 

Increased neuronal 

excitation 

Possible 

overproduction of 

neuropeptides 

Wink (2018) 

Tropane 

Alkaloids 

Acetylcholine and 

Muscarinic Pathways 
Neural inhibition 

Reduced release of 

allatotropic 

neuropeptides 

Chowański et al. 

(2016) 

Isoquinoline 

Alkaloids 

General neuropeptide 

disruption via oxidative 

stress 

Neurosecretory cell 

damage 

Suppression of 

multiple endocrine 

pathways 

Oberdörster et 

al. (2001) 

 

The collective evidence up to 2018 supports the view that plant alkaloids influence multiple tiers of the insect 

neuroendocrine hierarchy. The most consistently affected systems are: 

1. The cholinergic control of juvenile hormone synthesis, primarily targeted by nicotine-like alkaloids. 

2. The enzymatic regulation of ecdysteroid production, interfered with by isoquinoline and quinoline alkaloids. 

3. The monoaminergic control of neuropeptide release, disturbed by indole alkaloids. 
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While several studies provide strong physiological correlations, quantitative endocrinological measurements (for 

example, direct assays of JH or ecdysteroid titres) remain limited. Future investigations should integrate biochemical 

hormone quantification with electrophysiological and molecular assays to confirm causal pathways. Overall, the data 

suggest that alkaloids, though structurally diverse, converge functionally on similar neural and endocrine nodes, 

resulting in disrupted development, reproduction, and survival. 

 

CONCLUSIONS 

 

By the year 2018, accumulated evidence from experimental and review studies clearly established that plant alkaloids 

possess significant neuroactive properties, and these properties can profoundly influence insect neuroendocrine 

systems. The interaction between plant alkaloids and insect physiology extends far beyond simple toxicity. Alkaloids, 

through their ability to modulate neuronal signaling, receptor activity, and enzymatic pathways, exert multi-layered 

effects on the endocrine regulation of growth, metamorphosis, and reproduction. Numerous studies have demonstrated 

that alkaloids such as nicotine, reserpine, berberine, and caffeine can modify insect behavior, feeding responses, and 

development — all of which are under partial control of neuroendocrine hormones such as juvenile hormone (JH), 

ecdysteroids, and neuropeptides. Despite these observations, direct mechanistic studies quantifying changes in hormone 

levels following alkaloid exposure remain limited.  

 

Most of the available data are indirect, inferred from physiological or behavioral alterations rather than confirmed 

through hormonal assays. For instance, delayed molting, disrupted pupation, and reduced fecundity have been observed 

in insects exposed to alkaloid-rich diets, suggesting interference with JH or ecdysteroid activity, but few studies have 

directly measured these hormones using biochemical or molecular techniques. Similarly, the influence of alkaloids on 

neuropeptide secretion and biogenic amine signaling is well-theorized but insufficiently documented with quantitative 

evidence. The complexity of the insect neuroendocrine system, combined with the chemical diversity of plant alkaloids, 

presents a major challenge for experimental analysis. Each alkaloid class operates through different molecular 

pathways — some act as receptor agonists or antagonists, others as enzyme inhibitors or metabolic disruptors — yet 

their downstream effects often converge on common hormonal processes.  

 

This convergence suggests that alkaloids may not only act as neurotoxins but also as subtle endocrine modulators, 

capable of altering the timing and magnitude of hormonal secretions that govern key life-history traits in insects. The 

literature up to 2018 consistently calls for a more integrative research approach to bridge these gaps. Future 

investigations should combine receptor pharmacology, electrophysiology, and molecular endocrinology to map the full 

cascade from neural stimulation to hormonal output. Incorporating advanced analytical methods such as LC–MS-based 

hormone quantification, transcriptomics of endocrine genes, and imaging of neurosecretory tissues could provide more 

definitive mechanistic insights. Furthermore, studies should integrate ecological and behavioral outcomes with 

laboratory measurements to understand how these interactions operate in natural systems.  

 

In summary, plant alkaloids represent a biologically powerful and ecologically refined class of compounds that not 

only defend plants against herbivory but also offer valuable models for studying neuroendocrine regulation in insects. 

Their dual capacity to affect both neural and hormonal systems makes them promising candidates for developing 

selective bioinsecticides and insect growth regulators that exploit endocrine vulnerabilities rather than relying solely on 

acute toxicity. However, realizing this potential requires a deeper mechanistic understanding of how alkaloid exposure 

translates into specific endocrine and physiological outcomes. The synthesis of biochemical, neurophysiological, and 

ecological approaches will be essential to fully characterize the endocrine-modulating potential of plant alkaloids and 

to harness their effects for sustainable pest management and chemical ecology research. 
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