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Abstract

Background: Agent Orange (AO) is a Vietnam War-era herbicide that contains a 1 : 1 ratio of 

2,4-dichlorophenoxyacetic acid (2,4-D) and 2,4,5-trichlorophenoxyacetic acid (2,4,5-T). Emerging 

evidence suggests that AO exposures cause toxic and degenerative pathologies that may increase 

the risk for Alzheimer’s disease (AD).

Objective: This study investigates the effects of the two main AO constituents on key molecular 

and biochemical indices of AD-type neurodegeneration.

Methods: Long Evans rat frontal lobe slice cultures treated with 250 μg/ml of 2,4-D, 2,4,5-T, 

or both (D + T) were evaluated for cytotoxicity, oxidative injury, mitochondrial function, and AD 

biomarker expression.

Results: Treatment with the AO constituents caused histopathological changes corresponding 

to neuronal, white matter, and endothelial cell degeneration, and molecular/biochemical 

abnormalities indicative of cytotoxic injury, lipid peroxidation, DNA damage, and increased 

immunoreactivity to activated Caspase 3, glial fibrillary acidic protein, ubiquitin, tau, paired-

helical filament phosphorylated tau, AβPP, Aβ, and choline acetyltransferase. Nearly all indices 

of cellular injury and degeneration were more pronounced in the D + T compared with 2,4-D or 

2,4,5-T treated cultures.

Conclusions: Exposures to AO herbicidal chemicals damage frontal lobe brain tissue with 

molecular and biochemical abnormalities that mimic pathologies associated with early-stage AD-

type neurodegeneration. Additional research is needed to evaluate the long-term effects of AO 

exposures in relation to aging and progressive neurodegeneration in Vietnam War Veterans.
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INTRODUCTION

Neurodegenerative diseases, including Alzheimer’s disease (AD), are primarily sporadic 

in their occurrences rather than distinctly genetic, drawing interest in the potential roles 

of lifestyle, environmental, and exposure-related co-factors responsible for their initiation, 

propagation, or exacerbation. Metabolic disorders contributing to cognitive impairment 

and AD-type neurodegeneration include obesity, diabetes mellitus, and non-alcoholic fatty 

liver disease [1]. Heavy chronic and binge alcohol exposures cause cognitive impairment, 

neuropsychiatric disorders, and dementia [2]. Herbicides and other toxin exposures have 

been linked to Parkinson’s disease [3-6]. Environmental toxin (herbicide and pesticide) 

exposures are correlated with increased rates of sporadic motor neuron disease, particularly 

amyotrophic lateral sclerosis (ALS) [7, 8]. Chronic exposure to cycad toxins is believed to 

have been the cause of ALS-Parkinsonism-Dementia Complex of Guam, which was virtually 

abolished following public health interventions [9, 10].

The growing list of herbicides, pesticides, and preservatives that damage the nervous 

system and lead to long-term disabilities and diseases is of deep concern because 

the lack of awareness and therefore failure to implement preventive measures shorten 

productive lifespans, compromise quality of life, drive up healthcare costs, and threaten 

socioeconomic well-being. Worse yet are the exposures that occur for short-term gains 

vis-à-vis inadequate understanding of their long-term consequences. Examples include the 

widespread use of nitrates and nitrites to preserve and process foods while staving off 

Salmonellosis [11]. Chemical reactions between nitrates or nitrites and amine groups present 

in meats and fish lead to nitrosamine formation [12]. Nitrosamines in high concentrations 

are carcinogenic [13], but the long-term effects of low-concentration exposures include 

degenerative diseases that are rooted in insulin resistance, including cognitive impairment 

with AD-type neurodegeneration, diabetes, fatty liver disease, and obesity [11, 14, 15]. More 

recently, interest in the long-term adverse effects of Agent Orange exposures during the 

Vietnam War has grown as the affected U.S. Veteran population has aged with apparently 

higher rates of certain malignancies and chronic diseases [16-20].

Agent Orange is a synthetic defoliating herbicide that was widely used between 1965 and 

1970 during the Vietnam War [20]. U.S. military personnel exposures occurred with aircraft 

spraying of enemy territory and the stationing of ground troops close to treated zones 

[20]. First, the teratogenic effects of Agent Orange were acknowledged years after the 

exposures, based on increased rates of severe birth defects and developmental disabilities in 

the offspring of healthy Vietnamese women who resided in Agent Orange sprayed areas [21, 

22]. Next came the higher rates of newly diagnosed malignancies, cardiovascular disease, 

and diabetes mellitus in Agent Orange-exposed military personnel [23-26]. Furthermore, 

critical reviews and literature analyses revealed links between Agent Orange exposures 
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and later development of peripheral nervous system or central nervous system (CNS) 

degenerative diseases [27], and significantly higher rates and earlier onsets of dementia 

[28]. Although causal roles have been difficult to prove due to overlap with anticipated 

aging-associated pathologies, their higher rates, years after the exposures suggest that Agent 

Orange may have had indirect or “second hit” type long-term effects that promote or 

exacerbate aging-associated diseases. However, mechanistic studies are needed to solidify 

the links, better understand the process, and implement monitoring and interventional 

approaches.

Agent Orange exerts its toxic and degenerative effects on human nervous system cells [19, 

27, 29-31]. Agent Orange contains equal proportions of 2,4-dichlorophenoxyacetic acid 

(2,4-D) and 2,4,5-trichlorophenoxyacetic acid (2,4,5-T), together with trace contaminants 

of 2,3,7,8-tetrachloro-p-dioxin (TCDD) [20]. Acute exposures to 2,4-D or 2,4,5-T occur by 

ingestion of contaminated foods, or breathing contaminated air. Efficient absorption through 

the gastrointestinal tract or lungs is followed by widespread distribution of 2,4-D and 

2,4,5-T throughout the body prior to their excretion unchanged in urine [20, 32]. However, 

after repeated dosing, although the majority of chlorophenoxyacetic acids are excreted 

unchanged in urine, a significant proportion binds reversibly to plasma proteins and forms 

acid-hydrolyzable conjugates. Metabolites of 2,4,5-T such as N-(2,4,5- trichlorophenoxy-

acetyl)-glycine have been identified. Furthermore, despite relatively rapid clearance after 

short-term exposures, repeated and high-dose exposures to 2,4,5-T or 2,4-D exert significant 

and broadly toxic effects on the liver, kidneys, fetus and offspring growth, development, 

viability, and neurobehavioral functioning [32, 33].

Regarding the nervous system, 2,4-D was shown to exert lipotoxic effects on myelin, 

gangliosides, and Schwann cells [34-38], threatening speed and efficiency of neuronal 

conductivity and possibly contributing to chronic peripheral neuropathy. Increased rates 

of Parkinson’s disease have been observed in farmers exposed to 2,4-D or 2,4,5-T [32], 

and Vietnam war veterans exposed to Agent Orange [20, 27, 30]. Furthermore, recent 

studies in immature CNS-derived human neuronal cells showed that short-term exposures 

to 2,4-D or 2,4,5-T differentially produce neurotoxic and early degenerative effects with 

altered expression of proteins that are dysregulated in AD [39]. The present work extends 

the observations made initially in transformed immature human CNS neuronal cells by 

examining the neurotoxic and degenerative responses to 2,4-D, 2,4,5-T, and combined 

2,4-D+2,4,5-T (D + T) exposures on mitochondrial function, viability, stress, and markers 

of neurometabolic dysfunction and AD-type neurodegeneration using frontal lobe slice 

cultures from adolescent Long Evans rats. The rationale was that significant impairments 

related to these indices would provide evidence that Agent Orange exposures can initiate a 

deleterious path toward progressive neurodegeneration, including AD, motor neuron disease, 

peripheral polyneuropathies, and Parkinson’s disease [19] and that the adverse effects of 

combined exposures that mimic Agent Orange, would be additive or synergistic in driving 

neurodegeneration. It is also noteworthy that the molecular and cellular pathophysiological 

mediators of various types of neurodegeneration, including Parkinson’s disease, motor 

neuron disease, frontotemporal lobar degeneration, and Huntington’s disease share common 

pathways linked to mitochondrial dysfunction, oxidative stress, impaired neuronal viability, 

and dysregulated metabolism [40-43]. Therefore, the findings herein will likely have 
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relevance to the concept that adverse environmental exposures, including Agent Orange, can 

be linked to the pathogenesis of seemingly sporadic and varied forms of neurodegeneration 

[19].

MATERIALS AND METHODS

Reagents and resources

The purchased commercial antibodies used and RRID numbers are provided in Table 

1. Thermo Fisher Scientific (Bedford, MA, USA) was the source of Superblock (TBS), 

bicinchoninic acid (BCA) reagents, Enzyme-Linked Immunosorbent Assay (ELISA) 

MaxiSorp 96-well plates, and Horseradish peroxidase (HRP)-conjugated secondary 

antibody. Life Technologies (Carlsbad, CA, USA) was the source of Amplex Red 

fluorophore and 4-Methylumbelliferyl phosphate (4-MUP). Vector Laboratories Inc. 

(Newark, CA, USA) was the source of alkaline phosphatase streptavidin, the Biotin Protein 

Labeling Kit, and the ImmPRESS Universal PLUS Polymer kit for immunohistochemical 

staining. Molecular Devices Corp. (Sunnyvale, CA, USA) was the source of the SpectraMax 

M5 microplate reader.

Experimental model

The Lifespan Institutional Animal Care and Use Committee (IACUC), Board Reference 

#500221 approved using rats for this research. Adolescent Long Evans rats were sacrificed 

at four weeks of age by isoflurane inhalation to generate fresh frontal lobe slice cultures 

(FLSCs) as described [44-46]. After chilling in ice-cold Hank’s Balanced Salt Solution 

(HBSS), the frontal lobes were sliced at 250 μm intervals using a McIlwain tissue 

chopper (Mickle Laboratory Engineering Co. Ltd, UK). Slices separated under a dissecting 

microscope were cultured in 12-well Nunc plates (4 or 5 slices per well) containing 

Dulbecco’s Modified Eagles Medium (DMEM) supplemented with 10% heat-inactivated 

fetal bovine serum (FBS), 1X MEM non-essential amino acids solution, 4 mM L-glutamine, 

4.5 g/L glucose, 25 mM potassium chloride, 120 U/ml Penicillin, 120 μg/ml Streptomycin 

at 37°C in a 5% CO2 incubator. After overnight incubation, the cultures were treated with 

vehicle (Veh), 250 μg/ml of 2,4-D, 2,4,5-T, or both for 24 h. Since 2,4-D and 2,4,5-T 

were solubilized in dimethyl sulfoxide (DMSO) and further diluted with serum-free DMEM, 

vehicle control cultures were treated with the same content of DMSO diluted in DMEM. 

The 2,4-D and 2,4,5-T treatments were guided by our recent publication [39] and previous 

in vitro studies in a range of cell types [38, 47-49]. However, the concentrations used for 

in vitro experiments may have differed from those used in the herbicide sprays [50]. Direct 

comparisons with historical human exposures to Agent Orange are not possible, particularly 

since most of the earlier research was focused on TCDD. On the other hand, the doses used 

herein were substantially lower than the 100 or 200 mg/kg daily administrations employed 

for in vivo rodent models [35, 36].

At the end of the experiment, culture supernatants were harvested to measure glucose 6 

phosphate dehydrogenase (G6PD) release as a measure of cytotoxicity using the Vibrant 

Cytotoxicity Assay Kit (V-23111) according to the manufacturer’s protocol (Molecular 

Probes-Thermo Fisher Scientific, Eugene OR). Results were normalized to Hoechst 
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H33342 fluorescence to adjust for cell loss resulting from cytotoxicity. To analyze protein 

expression, the tissue slices were homogenized in a weak lysis buffer containing protease 

and phosphatase inhibitors [51], and supernatants resulting from a 15-minute,14000rpm 

centrifugation at 4°C were snap frozen for later analysis. The bicinchoninic acid (BCA) 

assay measured sample protein concentrations.

For histopathological and immunohistochemical staining studies, two slices from each 

culture well were fixed in 10% neutral buffered formalin, embedded en face in paraffin 

and sectioned at a thickness of 5 μm. Prior to staining, the slides were heated at 60°C 

for 20 min to melt the wax. The tissue sections were then deparaffinized and hydrated 

through two changes each of xylenes followed by graded ethanol solutions (100%, 95%, 

70%), and then distilled water. Hematoxylin and eosin (H&E) staining was performed 

using the Abcam ab245880 protocol [https://www.abcam.com/ps/products/245/ab245880/

documents/H&E-Staining-Kit-protocol-book-v2-ab245880%20.pdf]. Adjacent sections were 

immunostained with antibodies to myelin-associated glycoprotein 1 (MAG1), glial fibrillary 

acidic protein (GFAP), and phospho-tau (paired-helical filament) as previously described 

[52, 53]. For immunohistochemical staining, de-waxed, rehydrated sections were treated 

with 0.3% H2O2 in methanol for 30 min to quench endogenous peroxidase activity. Non-

specific binding sites were masked with blocking solution provided with the ImmPRESS 

HRP Universal PLUS Polymer kit, Peroxidase (Vector Laboratories, Inc. Newark, CA, 

USA). The tissues were then incubated with primary antibodies overnight incubation 

with primary antibody at 4°C. Immunoreactivity was detected with peroxidase-conjugated 

polymer and 3-3’-diaminobenzidine (Vector Laboratories) according to the manufacturer’s 

protocol. The sections were counterstained with Hematoxylin, dehydrated through graded 

ethanol solutions, cleared in xylenes, and preserved under coverglass. Under code, the slides 

were evaluated by light microscopy and then photographed using standardized conditions to 

qualitatively illustrate the distributions of immunoreactivity quantified by ELISA.

Biomarker indices

The studies focused on the effects of 2,4-D, 2,4,5-T, and their combined exposures (D + 

T) in relation to AD pathology-associated protein expression, oxidative stress or injury, 

and mitochondrial function. Immunoreactivity was measured for tau, phospho-tau (paired 

helical filament, PHF), choline acetyltransferase (ChAT), acetylcholinesterase (AChE), 

amyloid-beta protein precursor (AβPP), Aβ fragment of AβPP, GFAP, ubiquitin (UBQ), 

8-hydroxydeoxyguanosine (8-OHdG), 4-hydroxy-2-nonenal (HNE), and activated Caspase 

3. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), an insulin-responsive enzyme 

[54], served as a marker of metabolic integrity. Proliferating cell nuclear antigen (PCNA) 

marked cellular proliferation responses. The five mitochondrial protein complexes (Complex 

I-V) were measured as indices of oxidative mitochondrial function. Large acidic ribosomal 

protein (RPLPO) served as an internal loading control [55-58] for normalizing the levels of 

specific immunoreactivities in each sample [44, 51, 59]. The antibody descriptions, sources, 

concentrations, and validation references are provided in Table 2.
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Duplex ELISAs

This assay quantified immunoreactivity in FLSC homogenates, including 6 independent 

cultures per group with duplicate measurements. In brief, the protein samples (50 ng 

each) were adsorbed overnight at 4°C to the bottom surfaces of 96-well MaxiSorp plates. 

Superblock (TBS) Buffer masked nonspecific sites. Primary antibody incubations (see Table 

1) were carried out overnight at 4°C, and after buffer rinsing, immunoreactivity was detected 

with HRP-conjugated secondary antibody and the Amplex UltraRed soluble fluorophore. 

Fluorescence intensity was measured in a SpectraMax M5 (Ex 530 nm/Em 590 nm). 

RPLPO immunoreactivity, measured in the same plates with biotinylated anti-RPLPO and 

streptavidin-conjugated alkaline phosphatase and 4-MUP (Ex360 nm/Em450 nm), was used 

to calculate relative levels of target protein expression in each well. The mean relative 

protein expression levels, i.e., ratios of specific protein/RPLPO, were used for inter-group 

statistical comparisons.

Statistics

Inter-group comparisons were made using one-way analysis of variance (ANOVA) with 

Tukey post hoc multiple comparisons tests (GraphPad Prism 10.0, San Diego, CA). The 

F-ratios, degrees of freedom, and p-values with significant (p < 0.05) differences highlighted 

are shown in Tables 2-4. The significant post hoc test results are depicted in the graphs (Figs. 

4-7).

RESULTS

Histopathological features of 2,4-D and 2,4,5-T exposures

Formalin-fixed, paraffin-embedded, H&E-stained rat FLSC sections were examined from 

each culture well to assess the qualitative histopathological changes resulting from 

2,4-D, 2,4,5-T, or both treatments. Representative images are shown in Fig. 1. H&E 

stained sections of control cases revealed relatively intact neuronal, parenchymal, and 

vascular architectures in cortical regions (Figs. 1A, 2A, 2B), and abundant white matter 

oligodendrocyte nuclei (Figs. 1B, 2C), intact vascular endothelial cells (Figs. 1B, 2C, 2D), 

uniform parenchyma except for mild edema, and scattered astrocytes (Figs. 1B, 2C, 2D). 

The 2,4-D treatment (Figs. 1C, 1D, 2E-2H) had striking injurious/degenerative effects 

on cortical neurons resulting in cytoplasmic eosinophilia with nuclear hyperchromasia or 

apoptosis (Figs. 1C, 2E), vascular wall necrosis in both cortex and white matter (Figs. 

1D, 2F, 2H), architectural disruption in white matter (Figs. 1D, 2G, 2H), and reduced 

abundance of oligodendrocytes (Figs. 1D, 2G, 2H). The treatment with 2,4,5-T (Figs. 1E, 

1F, 2I-2L) caused similar degrees of cortical neuronal injury/degeneration as observed 

with 2,4-D but with foci of conspicuous neuronal loss, focal vascular wall necrosis, and 

parenchymal degeneration (Figs. 1E, 2I, 2J) and white matter pathology associated with 

prominent activation of astrocytes, patchy vasculopathy, and modest oligodendrocyte injury 

or loss (Figs. 1F, 2K, 2L). The modest injury of oligodendrocytes was characterized by 

cytoplasmic eosinophilia or nuclear apoptosis. Treatment with 2,4,5-T severely disrupted the 

white matter matrix architecture (Fig. 2L). The D + T herbicidal toxin treatments (Figs. 1G, 

1H, 2M, 2P) appeared to have additive effects on cortical neuronal injury and degeneration 

with conspicuous apoptosis (Figs. 1G, 2M), cortical and white matter vascular wall necrosis 
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(Figs. 1H, 2N, 2P), activated hypertrophic astrocytes (Fig. 2O, 2P), and degeneration of 

white matter parenchyma associated with abundant punctate/granular processes reminiscent 

of diffusely swollen axons (Figs. 1H, 2O, 2P).

Immunohistochemical staining was used for qualitative assessments of glial pathology to 

complement the quantitative results obtained by ELISA. Representative results are shown 

in Fig. 3. Immunohistochemical staining for myelin-associated glycoprotein (MOG) (Fig. 

3A-3D) and GFAP (Fig. 3E-3H) were used to further assess the integrity of white matter and 

activation of astrocytes in response to the 2,4-D, 2,4,5-T, and D + T treatments. In control 

cultures, abundant MOG immunoreactivity was detected throughout white matter (Fig. 3A), 

whereas following 2,4-D, 2,4,5-T, or D + T treatment, the levels of MOG immunoreactivity 

were markedly reduced. In addition, treatment with 2,4-D or D + T resulted in striking 

coarse punctate MOG immunoreactivity which may have corresponded to diffuse axonal 

injury with swelling. GFAP immunoreactivity was largely associated with white matter 

vessels in control samples (Fig. 3E). Treatment with 2,4-D or 2,4,5-T resulted in increased 

densities of GFAP-reactive astrocytes with fibrillary cytoplasm (Fig. 3F, 3G). Treatment 

with D + T resulted in prominently increased GFAP+ fibrillary astrocytes and fibrils with 

intense levels of immunoreactivity (Fig. 3H).

Cytotoxic effects of 2,4-D and 2,4,5-T (Fig. 4)

Dead or dying cells release cytoplasmic G6PD and other enzymes like lactate 

dehydrogenase (LDH) into the surrounding culture medium. Agent Orange herbicidal toxin 

exposures had significant effects on FLSC cytotoxicity as demonstrated with the Vibrant 

Cytotoxicity Assay (G6PD release assay) (Table 3). The mean levels of G6PD corrected 

for DNA content (H33342 fluorescence) were significantly elevated in culture supernatants 

from the 2,4-D- and 2,4,5-T-treated relative to vehicle control cultures (Fig. 3). In contrast, 

the combined D + T treatment was not significantly elevated. Linear trend analysis for shifts 

in G6PD/H33342 from Vehicle to 2,4-D, to 2,4,5-T, to D + T treatments was not significant, 

but the non-linear trend (r2 = 0.6551) was significant (p = 0.011), corresponding with the 

inverted U-shaped trendline (See Fig. 4).

Effects of 2,4-D and 2,4,5-T on indices of oxidative damage (Table 3 and Fig. 5)

Immunoreactivity to HNE, 8-OHdG, ubiquitin, and activated Caspase 3 served as markers 

of lipid peroxidation, nucleic acid damage, unfolded or misfolded protein responses and 

pro-apoptosis, respectively. The results were evaluated by one-way ANOVA with the post 

hoc multiple comparisons Tukey test and linear trend analysis for shifts in protein expression 

from Vehicle to 2,4-D, to 2,4,5-T, to D + T treatment.

HNE.—This lipid peroxidation biomarker reflects membrane damage [60] associated with 

pathophysiological states such as neurotoxicity and neurodegeneration [61-63]. HNE levels 

progressively increased from Vehicle to 2,4-D or 2,4,5-T to the combined D + T Agent 

Orange herbicidal treatments resulting in significant inter-group differences (Table 3) with 

higher levels in the 2,4-D and 2,4,5-T treated relative to control, and further significant 

increases in the D + T cultures (Fig. 5A), suggesting additive or synergistic effects of the 

2,4-D and 2,4,5-T exposures.
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8-OHdG.—Increased levels of 8-OHdG reflect oxidative injury and stress [64] related to 

RNA [65], mitochondrial DNA [66], and nuclear DNA [67] damage. 8-OHdG levels were 

significantly elevated by the 24-hour exposure to 2,4-D, 2,4,5-T, or D + T relative to control. 

In addition, the D + T-associated levels were significantly elevated relative to 2,4-D, but not 

2,4,5-T (Fig. 5B).

Ubiquitin.—This multifunctional small molecule conjugates target proteins for degradation 

via the ubiquitin-proteasome pathway, and regulates cellular processes such as proliferation, 

apoptosis, and DNA repair [68]. Oxidative stress leading to cellular damage results in 

the accumulation of ubiquitinated proteins which impairs protein synthesis, including 

antioxidant mechanisms [68]. In addition, ubiquitin functions as part of the unfolded protein 

response, contributing to declines in protein synthesis vis-à-vis ER and oxidative stress [68]. 

The one-way ANOVA test demonstrated a significant inter-group difference in ubiquitin 

immunoreactivity, and post-hoc Tukey tests revealed higher levels of ubiquitin in 2,4-D, 

2,4,5-T, and D + T-exposed cultures relative to control, with the highest levels linked to D + 

T (Fig. 5C), paralleling changes in HNE (Fig. 5A).

Caspase 3.—This proteolytic enzyme, when activated, is a critical mediator of cellular 

apoptosis in response to extrinsic or intrinsic triggers [69]. Caspase-3 has a major role in 

activating DNA fragmentation linked to apoptosis in mammalian cells [70]. Like the indices 

of oxidative injury and DNA damage, Caspase 3 immunoreactivity was significantly altered 

by Agent Orange herbicidal chemical exposures, such that the levels were similarly elevated 

by 2,4-D and 2,4,5-T, and further increased by the combined D + T exposures (Fig. 5D).

PCNA.—Proliferating cell nuclear antigen has essential roles in DNA replication and repair. 

One-way ANOVA demonstrated significant inter-group differences for PCNA expression (p 
= 0.0146) and a post hoc linear trend r2 = 0.8043; p = 0.0036). However, post hoc Tukey 

multiple comparisons demonstrated similar levels of PCNA in the Vehicle Control, 2,4-D, 

and 2,4,5-T cultures, significantly higher levels in D + T relative to Vehicle and 2,4,5-T, and 

a statistical trend increase relative to 2,4-D (Fig. 5E).

GFAP.—Glial fibrillary acidic protein is an astrocyte-expressing intermediate filament 

protein that has functional roles in maintaining the glial cell architecture, and supporting 

neighboring neurons and the integrity of the blood-brain barrier [71]. GFAP increases 

in response to injury and a broad range of acute and chronic CNS diseases, including 

neurodegeneration [71]. In this study GFAP immunoreactivity progressively increased from 

the Vehicle to 2,4-D, to 2,4,5-T, to D + T treatment effects, corresponding with the highly 

statistically significant linear trend analysis result (Table 3). Post hoc Tukey multiple 

comparisons tests revealed significantly higher GFAP expression following each of the 

Agent Orange herbicide toxin treatments relative to vehicle, and higher levels in the D + T 

versus 2,4-D and 2,4,5-T (Fig. 5F).

Effects of 2,4-D, 2,4,5-T and D + T on metabolic/mitochondrial function (Table 4 and Fig. 6)

Immunoreactivity to GAPDH and mitochondrial complex proteins I-V were measured by 

Duplex ELISA with results normalized to RPLPO. The one-way ANOVA tests and post 
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hoc linear trend analysis results are provided in Table 4. The graphs with significant post 

hoc Tukey multiple comparisons p-values are shown in Fig. 4. Linear trends in protein 

expression were assessed for the transitions from Vehicle to 2,4-D, to 2,4,5-T, to D + T 

treatments.

GAPDH.—GAPDH is an insulin-regulated enzyme that has a critical role in glucose-

regulated energy metabolism [54]. Although its levels were found reduced with CNS 

neurotoxic or neurodegenerative pathology [72, 73], GAPDH has pleiotropic roles. 

Oxidative stress can impair its catalytic activity and mediate cellular apoptosis and aging 

[74], and extra glycolytic effects can boost cellular proliferation, or trigger apoptosis 

via the release of cytochrome c from mitochondria [74]. One-way ANOVA demonstrated 

significant inter-group differences in GAPDH expression (p = 0.0218). Post hoc Tukey tests 

demonstrated significantly increased levels of GAPDH in D + T relative to vehicle, which 

likely drove the significant r2 for linear trend analysis (p = 0.0035) (Fig. 6A).

Complex I.—Mitochondrial Complex I is NADH ubiquinone oxidoreductase and the 

largest multi-subunit complex of the respiratory chain. Complex I contributes substantially 

to the formation of mitochondrial reactive oxygen species via NADH oxidation [75]. 

Complex I expression was significantly modulated by treatment with Agent Orange 

herbicidal chemicals as demonstrated by one-way ANOVA (p = 0.0029) and post hoc linear 

trend analysis (p = 0.0005). Tukey multiple comparisons tests demonstrated significantly 

higher levels of Complex I in 2,4,5-T- and D + T-treated relative to vehicle and 2,4-D, but no 

significant difference between 2,4,5-T and D + T (Fig. 6B).

Complex II.—Mitochondrial complex II is succinate dehydrogenase. This electron 

transport protein oxidizes FADH2, transferring electrons to ubiquinol, which carries 

electrons to Complex III [76]. Consequently, Complex II is at the crossroads of oxidative 

phosphorylation and the Krebs tricarboxylic acid cycle and has a major role in generating 

mitochondrial reactive oxygen species [77]. One-way ANOVA demonstrated no significant 

inter-group differences in the levels of Complex II (Fig. 6C).

Complex III.—Complex III, also termed coenzyme Q-cytochrome c reductase, shunts 

electrons across the intermembrane space to cytochrome c, generating reactive oxygen 

species in the intermembrane space or within the matrix [76]. One-way ANOVA 

demonstrated significant inter-group differences in Complex III expression, and the post hoc 

linear trend analysis was significant for higher levels with different Agent Orange herbicidal 

exposures relative to vehicle (p = 0.003). Post hoc Tukey tests demonstrated higher levels 

of Complex III in 2,4-D, 2,4,5-T, and D + T-relative to vehicle-treated cultures, but not 

compared with each other (Fig. 6D).

Complex IV: Complex IV is cytochrome c oxidase (COX). This is the final oxygen-

accepting enzyme in the electron transport chain for generating ATP by oxidative 

phosphorylation [78]. One-way ANOVA demonstrated significant inter-group differences 

in Complex IV expression. Linear trend analysis was significant for increasing COX 

expression from Vehicle to single then double Agent Orange herbicidal exposures (p = 
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0.0007). Post hoc Tukey tests revealed higher levels of Complex IV in the 2,4,5-T- and D + 

T-treated relative to Vehicle and higher levels in D + T than 2,4-D (Fig. 6E).

Complex V.—Mitochondrial Complex V is ATP synthase which generates ATP from ADP 

and inorganic phosphate via the ECT proton electrochemical gradient [79]. There were no 

significant effects of Agent Orange herbicide exposures on Complex V expression in the 

FLSCs (Fig. 6F).

Effects of 2,4-D, 2,4,5-T and D + T on biomarkers of AD-type neurodegeneration (Table 5 
and Fig. 7)

Tau, pTau, AβPP, Aβ, ChAT, and AChE immunoreactivities were used as molecular indices 

of AD-type neurodegeneration following exposure to Agent Orange herbicidal toxins. One-

way ANOVA tests and post hoc linear trend analysis were statistically significant for all but 

AChE (Table 5).

Tau.—Tau is a microtubule-binding protein that functions in controlling microtubule 

assembly and stability, impacting axonal transport and growth cone development [80]. Tau’s 

function and subcellular localization are modulated by phosphorylation [81] and targeted 

in many neurodegenerative diseases, including AD, frontotemporal lobar degeneration, 

progressive supranuclear palsy, and corticobasal degeneration [82]. With neurodegeneration, 

neurotoxicity, or oxidative stress, aberrantly phosphorylated tau proteins can accumulate 

and form aggregates [83] that get ubiquitinated [84] and drive further oxidative stress 

within neurons [82], or they could undergo fragmentation leading to reduced expression 

vis-à-vis synaptic disconnection and cytoskeletal collapse [85]. Tau expression was similarly 

elevated in the 2,4-D and 2,4,5-T treated relative to vehicle cultures, and further elevated by 

combined D + T treatment (Fig. 7A).

pTau.—The pTau antibody detected the S396 phosphorylated epitope of tau, 

which corresponds to PHF and is one of the many sites that contributes to 

tau hyperphosphorylation in AD and other neurodegenerative diseases [86]. Besides 

neurodegeneration, hypoxic-ischemic injury or oxidative stress can also promote tau 

phosphorylation via glycogen synthase kinase-3β (GSK-3β) activation, as occurs in AD 

[87]. The mean levels of pTau (S396-PHF) were significantly elevated by 2,4-D or D + T 

treatment relative to Vehicle. In addition, the difference between Vehicle and 2,4,5-T had a 

statistical trend effect (p = 0.06) (Fig. 7B). Although significant inter-group differences were 

detected for the calculated pTau/tau ratio, the only significant post hoc Tukey test result was 

reduced levels in the D + T relative to Vehicle (p < 0.05; not shown). In contrast to all the 

other linear trend effects, the slope of the linear trend effect line was negative, reflecting 

combined effects of sharply increased tau accumulation with the modest increases in pTau 

(S396).

AβPP.—AβPP is abundantly expressed in many organs throughout the body including the 

brain [88]. AβPP’s normal physiological functions are still under investigation, although 

evidence suggests roles in intercellular adhesion, neuroprotection, neurotropism, and 

neuronal migration [89]. However, with increased brain expression as occurs in sporadic 
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AD [90], AβPP’s susceptibility to cleavage leads to excess accumulation of neurotoxic/

proneurodegenerative Aβ [89]. Similarly elevated mean levels of AβPP were measured in 

2,4-D, 2,4,5-T, and D + T treated FLSCs relative to control, but there were no inter-group 

differences with respect to individual or dual Agent Orange herbicide exposures (Fig. 7C).

Aβ.—Proteolytic cleavage of AβPP, initially by beta-secretase and then gamma-secretase 

[88] yields C-terminal 40 or 42 amino acid amyloid-beta peptides (Aβ) that aggregate or 

form oligomers and contribute to AD pathology [88]. Aβ immunoreactivity was significantly 

elevated in the 2,4-D, 2,4,5-T, and D+ T treated FLSCs relative to vehicle, with the 

highest expression associated with D + T, suggesting additive effects of the herbicide toxin 

exposures (Fig. 7D).

ChAT.—Choline acetyltransferase (ChAT) enzymatically generates acetylcholine, a 

neurotransmitter that becomes deficient in the early stages of AD and other 

neurodegenerative diseases [91]. ChAT immunoreactivity was significantly elevated by 2,4-

D and D + T treatments relative to vehicle. In addition, the levels ChAT were significantly 

higher than in 2,3,5-T cultures, which did not differ significantly from control (Fig. 7E).

AChE.—Acetylcholinesterase breaks down acetylcholine, terminating cholinergic 

neurotransmission [92]. In AD, AChE expression is reduced [93-95], but the standard-

of-care includes treatment with an acetylcholinesterase inhibitor to preserve the already 

reduced levels of acetylcholine [92, 94, 96, 97]. One-way ANOVA demonstrated no 

significant intergroup differences with respect to AChE expression (Fig. 7F).

DISCUSSION

Previously, we showed that 2,4-D and 2,4,5-T, the two co-dominant herbicidal toxins in 

Agent Orange, cause mitochondrial dysfunction, cell death, increased expression of AβPP, 

Aβ, pTau, elevated indices of oxidative stress, and altered cholinergic function in cultured 

immature PNET2 human neuronal cells [39], reminiscent of early molecular pathologic 

findings in AD. This study extends the effort to delineate mechanistic roles of Agent 

Orange herbicidal toxin exposures in the pathogenesis of AD-type neurodegeneration by 

utilizing a model of mature intact brain tissue that includes the full complex array of 

cell types and tissue sub-structures rather than uniform populations of immature neuronal 

cells. Importantly, in addition to neuronal pathological changes, the ex vivo frontal lobe 

slice culture model provided new information about the effects of Agent Orange exposure 

on oligodendrocytes, astrocytes, myelin, and cerebral microvessels. The approach was 

designed to better characterize the neuropathological, neurotoxic, and neurodegenerative 

consequences of Agent Orange toxin exposures in young otherwise healthy brains, as 

would have been the case for Vietnam War era military personnel. In addition, the 

results could serve to either validate or refute epidemiological data suggesting increased 

risks of developing AD and other aging-associated neurodegenerative diseases in military 

personnel that had Agent Orange herbicide exposures [27, 98]. The 2,4-D+2,4,5-T (D 
+ T) combined exposures mimicked the effects of Agent Orange and were intended to 

assess the impacts of both direct military personnel exposures and civilian population 

exposures that occurred via decades-long persistence of Agent Orange pollutants in the 
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environment [99]. The independent 2,4-D and 2,4,5-T exposures have relevance to the 

ongoing human exposures afforded by the continued widespread inclusion of 2,4-D in 

herbicide and pesticide agricultural, commercial, and consumer products as potential 

mediators of neurodegeneration and other health risks [7, 100, 101].

Histopathological studies demonstrated that both 2,4-D and 2,4,5-T caused neuronal 

injury and degeneration, endothelial cell and vascular wall necrosis, oligodendrocyte 

loss, and white matter parenchymal damage. However, the 2,4-D and 2,4,5-T effects 

were distinguished bythe more prominent oligodendrocyte loss, white matter parenchymal 

degeneration and vascular necrosis with 2,4-D, and greater severities of neuronal 

degeneration and astrocyte activation with 2,4,5-T. The D + T combined exposures had 

additive or synergistic neuropathological effects on neurons, oligodendrocytes, astrocytes, 

and vascular structures. The immunohistochemical staining for MOG1 provided convincing 

evidence of white matter myelin loss/degeneration with the separate and combined 

treatments, and striking activation of GFAP-positive fibrillary astrocytes in the D + T 

treated relative to 2,4-D, 2,4,5-T, and vehicle-treated cultures, supporting the impression of 

additive or synergistic effects of the two herbicidal compounds present in Agent Orange. 

These progressive increases in GFAP were confirmed by similarly significant increases in 

GFAP immunoreactivity measured by ELISA. These overall results are quite intriguing as 

they suggest that in the early stages of Agent Orange-mediated neurodegeneration multiple 

CNS cell types are targeted rather than predominantly or solely neurons. This observation 

raises questions about the spectrum of neuropathology that may accompany the earliest 

stages of AD in humans to account for the long-term neurodegenerative changes that impact 

cortical neurons, white matter parenchyma, oligodendrocytes, and micro-vessels distributed 

in gray and white matter tissue. Indeed, the overlapping neuropathologies are a common 

finding in children and teens highly exposed to air pollution, with AD being the predominant 

pathology starting in infants [102-105].

Along with the histopathological evidence of neurodegeneration, we detected significantly 

increased cytotoxicity following exposure to 2,4-D or 2,4,5-T. The paradoxically negative 

results obtained with D + T treatments most likely reflect severe cellular injury with loss 

of membrane integrity combined with depletion of enzyme activity as previously discussed 

[106]. However, other measures of oxidative damage including HNE (lipid peroxidation), 

8-OHdG (DNA/RNA damage), ubiquitin (unfolded protein response), and activated Caspase 

3 (proapoptosis) provided evidence of increased cellular pathology following 2,4-D or 2,4,5-

T treatments, and further increases with the combined D + T exposures. HNE is a major 

α,β-unsaturated aldehyde product of n-6 fatty acid oxidation and lipid peroxidation end-

product. HNE functions as a second messenger of oxidative/electrophilic stress [107] and 

modulates cell survival/death via ER stress induction and promotes cell death via apoptosis 

[107]. The 2,4-D-, 2,4,5-T-, and D + T-induced increases in HNE suggest a role for 

lipid peroxidation as a mediator of oxidative stress, DNA damage, and activated Caspase-3-

associated apoptosis. Likewise, the increased ubiquitin immunoreactivity likely reflects the 

accumulation of ubiquitin-conjugated proteins targeted for degradation following oxidative 

damage. These effects of 2.4-D, 2,4,5-T, and D + T correspond with the known molecular 

mediators of AD and other neurodegenerative diseases [82, 108, 109]. Corresponding with 

the expected responses to injury in the brain, GFAP immunoreactivity increased in parallel 
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with the indices of oxidative stress and damage, peaking with the D + T treatments and 

mirroring the findings by immunohistochemical staining. In contrast, the PCNA marker 

of cellular proliferation was similarly expressed in control, 2,4-D, and 2,4,5-T cultures. 

The selective increase in PCNA following D + T most likely reflects a consequence of 

reactive oxygen species-induced cellular proliferation via oxidative stimulation of mitogenic 

pathways known to occur with neurodegeneration [110].

The levels of immunoreactivity to mitochondrial complex proteins I-V served as indices of 

mitochondrial function. Complexes I, III, and IV were significantly modulated by 2,4-D, 

2,4,5-T, or D + T exposures with predominantly increased expression relative to control. 

The similarly increased levels of Complex I and IV in the 2,4,5-T and D + T suggest 

that 2,4,5-T was the main driver of NADH (ubiquinone oxidoreductase) and cytochrome c 

oxidase activity without additive or synergistic effects of 2,4-D, which had no detectable 

effect on these mitochondrial enzymes. Complex III’s similarly elevated levels in the 2,4-D, 

2,4,5-T, and D + T FLSCs suggest saturated responses to the oxidative injury resulting in the 

comparable generation of ROS within the matrix. Although these findings appear to conflict 

with our earlier observation that 2,4-D and 2,4,5-T inhibited MTT activity in immature CNS 

neuronal cells [39], the disparate results could be attributed to differences in the culture 

properties, i.e. proliferating versus post-mitotic, neuronal versus mixed cell types in the 

brain, and monolayer versus tissue slices. Furthermore, the MTT assay reports combined 

effects of cell viability, proliferation, and mitochondrial function [111, 112] whereas the 

mitochondrial complex ELISA results corresponded to enzyme protein expression rather 

than activity per se. Certainly, the increased levels of Complexes I, III, and IV would 

have led to increased superoxide and ROS generation with attendant damage to lipids, 

proteins, and nucleic acids [113], corresponding with results shown in Fig. 3. However, at 

the relatively early stage of tissue analysis post-herbicidal toxin exposure, no significant 

effects on ATP synthase expression were detected, suggesting that overall oxidative energy 

had not yet been impaired. The caveat in this interpretation is that the results reflect averaged 

responses of mixed brain cell types, some of which may have been activated, e.g. astrocytes 

and microglia, and others inhibited, e.g., neurons.

Tau is a major microtubule-associated binding protein with important roles in 

maintaining the neuronal cytoarchitecture and inter-neuronal connections [80]. The neuronal 

cytoskeleton is highly vulnerable to oxidative injury and its degradation, the consequences 

of which cause growth cone collapse and synaptic disconnection [114, 115]. In AD and 

other neurodegenerative diseases, hyperphosphorylation of tau on Ser and Thr residues has 

been linked to stress-mediated increases in the activities of various kinases such as glycogen 

synthase kinase-3β (GSK-3β) [87], cyclin dependent kinase 5 (Cdk5) [87, 116], and 

calmodulin-dependent protein kinase (CaMKII) [115], leading to misfolding, aggregation, 

and intracellular accumulation of tau. The studies herein showed that both tau and pTau 

were significantly increased in the 2,4-D and D + T-treated cultures, and that tau was 

increased in 2,4,5-T-treated cultures relative to Vehicle. The increases in tau protein were 

likely mediated by oxidative stress, cytoskeletal collapse, protein aggregation, and possibly 

ubiquitination. The significantly increased PHF-pTau appeared to be driven by 2,4-D since 

the levels associated with single and D + T dual exposures were similarly elevated. The 

finding of increased pTau in 2,4-D-treated cultures corresponds with previous observations 
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in PNET2 CNS neuronal cells [39] and supports the argument that Agent Orange herbicide 

toxin exposures can promote stress-related tau phosphorylation as in AD.

This study detected elevated AβPP and Aβ in FLSC brain tissue treated with 2,4-D, 2,4,5-T, 

or D + T. The effects of 2,4-D, 2,4,5-T, and D + T on AβPP were similar, but they were most 

pronounced for Aβ following dual D + T compared with the single treatments. Previous 

studies showed that AβPP expression and Aβ immunoreactivity increase with oxidative 

stress [85] and that AβPP expression is elevated in brains with sporadic AD [95, 117], 

i.e., unrelated to germline mutations or the APOE4 genotype. Presumably, the oxidative 

stress-driven increases in AβPP expression and processing led to the Aβ cleavage product 

accumulation. Together, these results support the concept that Agent Orange herbicide toxins 

exert oxidative injury accompanied by AβPP and Aβ-related molecular pathologies that 

occur in AD-type neurodegeneration.

ChAT is needed for acetylcholine biosynthesis and a specific marker of cholinergic neuron 

function [118]. In AD, reduced ChAT expression is linked to cognitive impairment [91], 

and dysregulated insulin signaling in neurons [44, 117, 119, 120]. However, in the very 

early stages of neurodegeneration manifested by mild cognitive impairment, ChAT is 

paradoxically increased [121], suggesting a compensatory response to evolving cholinergic 

pathway failure. The significantly elevated levels of ChAT associated with 2,4-D and D 
+ T likely reflect increased efforts to generate acetylcholine in Agent Orange herbicide 

toxin-stressed cells and appear reminiscent of very early-stage AD.

AChE, has dual roles in regulating hydrolytic metabolism [122, 123], and non-enzymatic 

functions mediating axonal growth, synaptogenesis, neuronal migration, and cell adhesion 

[123]. Previous studies demonstrated AD-associated increases in AChE associated with 

senile plaques [122], and reduced expression in plaque-free regions [93] or in brains that 

had been subjected to chronic ethanol exposure [53, 124, 125]. The inhibition of AChE 

can have neurotoxic effects caused by prolonged cholinergic stimulation. Of note is that 

AChE is a specific target of organophosphates and carbamate pesticides which inhibit 

enzyme activity [123]. In contrast to the previous finding of AChE inhibition by 2,4-D and 

2,4,5-T in CNS neuronal cultures [39], AChE expression in the FLSCs was not significantly 

modulated by exposure to the Agent Orange herbicide toxins, perhaps due to averaged 

results from mixed cell populations. Nonetheless, the findings suggest that ChAT activity 

was dysregulated since the increased expression/activity was incompletely opposed by 

correspondingly increased AChE expression.

Conclusions

Agent Orange pollutants remain in the environment for decades [99]. Besides the increased 

risk of generating TCDD with the manufacture of 2,4-D and 2,4,5-T, strong evidence that 

2,4,5-T itself causes harm led to its discontinued registered use in the US. Unfortunately, 

human exposures to 2,4-D still adversely impact global populations due to its widespread 

inclusion in herbicide and pesticide products, including in the US. The results of these 

studies using mature brain tissue suggest that Agent Orange damages the CNS in 

ways that typically occur in neurodegenerative diseases [126-128], and therefore could 

account for the suspected increased risk of AD and other neurodegenerative diseases 
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among Vietnam War Veterans. Retrospective epidemiologic [27, 129] and biomarker [98] 

studies have highlighted the potential contributions of Agent Orange exposures to brain 

atrophy and neurodegeneration [130], including Parkinson’s disease and other forms of 

neurodegeneration in humans [5, 19, 20, 27, 28]. Differences in the nature/subtype of 

neurodegeneration following Agent Orange exposures may be attributable to variability in 

the concurrent presence of other herbicidal toxins in the environment such as TCDD [20, 

99, 131] Although the doses of 2,4-D and 2,4,5-T used in these studies correspond with 

previous reports [38, 47-49], they may have been higher than the levels incorporated into the 

Agent Orange herbicide sprays [50]. On the other hand, repeated exposures, long intervals 

of post-exposure follow-up, and persistence of chemicals in the environment and body are 

concerning for their likely significant impact on the development of Agent Orange-related 

diseases.

An important limitation of this study pertains to its ex vivo design therefore lack of data 

pertaining to the long-term and delayed CNS effects of Agent Orange exposure. Another 

drawback was that the slice cultures, despite their many advantages, are very delicate and 

fragile, rendering them fragmentable and difficult to evaluate using in situ quantitative 

approaches. Therefore, the histologic studies served as qualitative tools for reinforcing 

results obtained with more quantitative approaches such as ELISAs. Finally, the limited 

experimental tissue obtained constrained the number and nature of experimental assays 

needed for mechanistic studies such as signal transduction pathway analysis. Nonetheless, 

the combined descriptive qualitative and quantitative results are sufficiently encouraging to 

extend the investigations utilizing in vivo models and possibly human postmortem brain 

tissues.

Despite growing appreciation of the broad toxic and carcinogenic effects of 2,4-D, concern 

has not achieved a level sufficient for federal agencies to ban its use [132]. Currently, the 

widespread, uncontrolled use of 2,4-D in herbicide and pesticide products is such that one 

in three Americans has biomarker evidence of prior exposure [133]. The results of the 

present study and another recent publication [39] support the notion that 2,4-D, 2,4,5-T, and 

D + T (Agent Orange) exert alarming adverse effects on the mature brain/CNS and cause 

neuropathologic and molecular abnormalities reminiscent of AD as well as other forms of 

neurodegeneration including motor neuron disease/ALS [7, 134] and Parkinsonism [27, 28]. 

Additional studies are needed to further characterize Agent Orange herbicide toxin-mediated 

neurodegeneration in relation to insulin resistance, which is a feature of diabetes mellitus 

and AD-type neurodegeneration [1, 135].
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Fig. 1. 
Neuropathological Effects of 2,4-D, 2,4,5-T, and D + T Treatment. Formalin-fixed paraffin-

embedded, H&E-stained sections of rat frontal lobe slice cultures (FLSCs) treated with 

(A, B) Vehicle (DMSO-negative control), (C, D) 250 μg/ml of 2,4-D, (E, F) 250 μg/ml of 

2,4,5-T, or (G, H) D + T (both agents) for 24 h. Cortex is shown in Panels A, C, E, G and 

white matter in Panels B, D, F, H. Vehicle-control (A) cortical tissue had abundant normal-

appearing granule-type neurons with delicate cytoplasm, and (B) white matter with intact 

vessels (V) with prominent endothelial cells, moderately abundant oligodendrocytes (small 

round dark nuclei), and scattered larger reactive astrocytes (green asterisks). The 2,4-D 

treatments resulted in (C) cortical pathology characterized by neuronal injury/degeneration 

with cytoplasmic eosinophilia and nuclear hyperchromasia (examples circled), or apoptosis 

(arrow), and (D) white matter loss of oligodendrocytes (sparse cellularity relative to B), 

vascular necrosis (V-note endothelial nuclear fragmentation), and parenchymal degeneration 

(fragmentation-large irregular clear spaces). The 2,4,5-T treatments caused (E) cortical 

neuronal injury (circled) or apoptosis (arrows), and vascular necrosis (V), and (F) white 
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matter astrocyte activation (asterisks), but modest vascular and oligodendrocyte pathology. 

D + T treatment caused (G) abundant cortical neuronal degeneration with apoptosis 

(arrows) or injury (circled), and (H) conspicuous white matter degeneration (note abundant 

punctate swollen axons and tissue fragmentation), oligodendrocyte pyknosis (green box), 

and vascular necrosis (V-labeled). All images were photographed at 400×. The final image 

magnification scale bars are displayed.
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Fig. 2. 
Cellular Neuropathology of FLSCs treated with 2,4-D, 2,4,5-T, or D + T. Formalin-fixed 

paraffin-embedded, H&E-stained histological sections of FLSCs treated with A–D) Vehicle, 

E–H) 250 μg/ml of 2,4-D, I-L) 250 μg/ml of 2,4,5-T, or M–P) D + T (both agents) for 24 

h. Cortex (Panels A, B, E, F, I, J, M, N) showing relatively intact neurons (black arrows) 

or neurons with degenerative of apoptotic pathology (yellow arrows), and relatively intact 

vessels (Black ‘V’) or vascular necrosis (Red ‘V’). White matter (Panels C, D, G, H, K, L, 

O, P) with normal round oligodendrocytes (black 4-point stars) or oligodendrocyte apoptosis 

(yellow 4-point star), reactive enlarged astrocyte (black arrows) or injured, eosinophilic 

astrocyte (blue arrow), intact vessels/vascular endothelial cells (Black ‘V’) or degenerated 

necrotic vessels (Red ‘V’). Samples were photographed at 600x, then cropped and re-scaled. 

Final image magnification scale bars are displayed for each row.
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Fig. 3. 
Agent Orange Herbicide Toxin Effects on Myelin-Oligodendrocyte Glycoprotein (MOG) 

and Glial Fibrillary Acidic Protein Expression in FLSCs: Adjacent formalin fixed, paraffin-

embedded FLSC sections were immunostained for MOG1 (A–D) and GFAP (E–H) to 

evaluate the effects of (B, F) 2,4-D, (C, G) 2,4,5-T, and (D, H) D + T relative to (A, 

E) Vehicle control. Immunoreactivity was detected with the ImmPRESS Universal PLUS 

Polymer kit and DAB as the chromogen (brown precipitate). The sections were lightly 

counterstained with hematoxylin to show tissue architecture. Samples were photographed at 

600x, then cropped and re-scaled. Final image magnification scale bars are displayed.
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Fig. 4. 
Cytotoxicity Assay Results. Culture supernatants from rat FLSCs treated for 24 h with 

Vehicle (Veh), 2,4-D, 2,4,5-T, or D + T were analyzed for G6PD release using the 

CyQuant Cytotoxicity Assay. Results were normalized to cellular content using H33342 

fluorescence. Violin plots display data from 4 replicate cultures per group with each culture 

containing 4 or 5 frontal lobe slices (250 μm thick). Intergroup comparisons were made by 

one-way ANOVA (see Table 3) with post hoc multiple comparison Tukey tests. Significant 

differences are displayed (*p < 0.05; **p < 0.01).
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Fig. 5. 
Metabolic and Oxidative Stress Indices Modulated by Agent Orange Herbicide Toxins. Rat 

FLSCs treated for 24 h with Vehicle (Veh), 2,4-D, 2,4,5-T, or D + T were analyzed for 

A) HNE, B) 8-OHdG, C) Ubiquitin, D) activated Caspase 3, E) PCNA, and F) GFAP 

immunoreactivity by duplex ELISA with results normalized to RPLPO. Each group included 

6 replicate cultures with 5 or 6 frontal lobe slices per well. Results were analyzed by 

one-way ANOVA with post hoc Tukey tests (repeated measures; See Table 3). Significant 

p-values are indicated within the graphs (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 

0.0001).
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Fig. 6. 
Effects of Agent Orange Herbicide Toxins on Mitochondrial Complex Protein Expression. 

Rat FLSCs treated for 24 h with Vehicle (Veh), 2,4-D, 2,4,5-T, or D + T were analyzed 

for A) GAPDH, B) Complex I, C) Complex II, D) Complex III, E) Complex IV, and F) 

Complex V immunoreactivity by duplex ELISA with results normalized to RPLPO. Each 

group included 6 replicate cultures with 5 or 6 frontal lobe slices per well. Results were 

analyzed by one-way ANOVA with post hoc Tukey tests (repeated measures; See Table 4). 

Significant p-values are indicated within the graphs (*p < 0.05; **p < 0.01; ***p < 0.001).
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Fig. 7. 
Effects of Agent Orange Herbicidal Toxin Exposures on AD Biomarker Expression. Rat 

FLSCs treated for 24 h with Vehicle (Veh), 2,4-D, 2,4,5-T, or D + T were analyzed for A) 

Tau, B) pTau-pS396-Tau; PHF), C) AβPP, D) Aβ, E) ChAT, and F) AChE immunoreactivity 

by duplex ELISA with results normalized to RPLPO. Each group included 6 replicate 

cultures with 5 or 6 frontal lobe slices per well. Results were analyzed by one-way 

ANOVA with post hoc Tukey tests (repeated measures; See Table 5). Significant p-values 

are indicated within the graphs (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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