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A B S T R A C T

Introduction: Pyriproxyfen (PPF) and diflubenzuron (DFB) are widely used pesticides with metabolic toxicity in 
humans underexplored. White adipose tissue (WAT) is a potential target for endocrine-disrupting chemicals.
Aim: We investigated the effects of PPF and DFB on human adipose-derived stem cells (hASCs) redox balance, 
epigenetic regulation, and adipogenic differentiation.
Method: Visceral WAT hASCs were exposed to PPF or DFB (0.01–2 mg/L). Cytotoxicity was observed at ≥1.5 mg/ 
L, with 1 mg/L selected for further experiments.
Results: 8-day exposure to PPF or DFB reduced catalase and superoxide dismutase activities while increasing 
glutathione peroxidase. This was accompanied by 74% increase in mRNA expression of H3K27 demethylase 
KDM6B and elevated secretion of CCL2 in PPF-exposed cells. During adipogenic differentiation, PPF and DFB 
upregulated early transcription factors and enhanced lipid accumulation. Differentiated adipocytes exhibited 
higher proportion of saturated fatty acids and increased leptin secretion, while adiponectin levels remained 
unchanged. In mature primary adipocytes, PPF suppressed the secretion of leptin and adiponectin, and signifi
cantly increased basal lipolysis.
Discussion: our results show endocrine and metabolic disruption induced by non-cytotoxic concentrations of PPF 
and DFB. PPF upregulated the epigenetic modulator KDM6B and promoted dysregulated adipogenic program
ming in hASCs, favouring lipid accumulation and a pro-inflammatory, metabolically compromised phenotype.

1. Introduction

Pyriproxyfen (PPF) and diflubenzuron (DFB) are pesticides widely 
used worldwide, commonly employed in agriculture and for managing 
pests such as whiteflies (Porretta et al., 2019; Qin and Hu, 2023; Cabral 
et al., 2024) and the Aedes aegypti mosquito. PPF acts as a juvenile 
hormone analogue, disrupting insect development (Ur Rahman et al., 
2024), while DFB inhibits chitin synthesis, thereby impeding the growth 

of larvae and pests such as mosquitoes, cotton caterpillars, and flies (de 
Abreu et al., 2025). The World Health Organization (WHO) has formally 
endorsed the use of both compounds for pest control (World Health 
Organization, 2022a, 2022b).

However, their environmental persistence and biological activity 
raise concerns about potential effects on non-target organisms. For 
instance, exposure of zebrafish embryos to DFB (0–4.5 mg/L) leads to 
increased mortality, cardiac malformations, oxidative stress, and 
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apoptosis (Han et al., 2022). More critically, a study in Lithobates cat
esbeianus frogs showed that PPF exposure (2–20 mg/L) accumulates in 
white adipose tissue (WAT) even at concentrations near the 
WHO-recommended dose (Nimet et al., 2021), a range frequently cited 
as 0.01 to 0.05 mg/L for water treatment in breeding sites. These find
ings highlight WAT as a significant reservoir for lipophilic environ
mental toxins, including pesticides.

WAT is known to accumulate toxic substances from soil, water, and 
air, which can negatively affect adipocyte function (Jackson et al., 
2017). Studies on persistent pollutants such as organophosphate pesti
cides (OPPs) and organophosphate esters (OPEs) have demonstrated 
their accumulation in both subcutaneous and visceral WAT of obese 
women, where they correlate with altered adipose tissue hormonal 
secretion (Jackson et al., 2017). These effects may extend beyond 
mature adipocytes to the adipose-derived stem cells (ASCs) residing in 
the vascular stromal fraction. ASCs are essential for WAT plasticity, 
facilitating differentiation into mature adipocytes and adipogenesis 
(Lecoutre et al., 2025; Suchanecka et al., 2025a,b).

Dysfunctional adipogenesis is a key event in the development of 
metabolically unhealthy obesity, characterized by altered adipokine 
secretion such as reduced adiponectin and elevated leptin, chronic 
inflammation, and insulin resistance (Engin, 2024; Matar et al., 2025). 
Critically, exposure to environmental pollutants can disrupt ASC 
biology, skewing adipogenesis toward a pro-inflammatory and meta
bolically compromised phenotype.

Despite evidence of bioaccumulation, the specific effects of PPF and 
DFB on human adipose-derived stem cells (hASC) metabolism remain 
largely unknown, with their potential to induce oxidative stress and 
subsequently trigger epigenetic reprogramming yet to be elucidated. 
This gap in knowledge is significant, as oxidative stress can modulate the 
activity of epigenetic regulators such as the histone 3 lysine (H3K27) 
Lysine Demethylase 6 B (KDM6B), thereby influencing gene expression 
programs critical for adipocyte differentiation and function (Simão 
et al., 20240; Bispo et al., 2025; Bu et al., 2025).

Therefore, this study aimed to test the hypothesis that chronic 
exposure to PPF or DFB impairs hASC metabolism by disrupting redox 
balance and epigenetic regulation, leading to dysregulated adipo
genesis. We investigated their effects on: (1) cell viability and compo
nents of the antioxidant defence system (antioxidant enzyme activities); 
(2) the expression of the epigenetic modulator Jumonji D3 (JMJD3), 
also known as KDM6B, and associated inflammatory signals; and (3) 
adipogenic differentiation, lipid metabolism, and adipokine secretion. 
Our findings provide novel mechanistic insights into how these common 
pesticides may contribute to adipose tissue dysfunction and metabolic 
risk.

2. Materials and methods

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, 
USA), including general reagents (e.g., buffers and solvents) and 
specialized chemicals such as PPF and DFB, as well as those used for 
chromatography, spectroscopy, and molecular biology, unless otherwise 
stated.

2.1. Collection of patient samples

The study protocol was approved by the Research Ethics Committee 
of the Federal University of São Paulo (CEP/UNIFESP Project No. 0268/ 
2022; approval date: June 7, 2022; CAAE: 57087422.8.0000.5505), and 
authorization for sample collection at Hospital São Luiz was granted 
under Ethics Opinion No. 7.640.160.

Visceral white adipose tissue (vWAT) samples were obtained from 
the omentum region. These samples were collected from four male pa
tients, aged 30-50 years, with a body mass index (BMI) between 25 and 
27 kg/m2, who underwent elective surgery at Hospital São Luís do Itaim 
(São Paulo, Brazil). All participants provided written informed consent 

prior to enrolment by signing the Free and Informed Consent Form. 
Participant eligibility was determined according to pre-established in
clusion criteria based on WHO guidelines (World Health Organization, 
2023). Collected samples were transported in sterile phosphate buffered 
saline (PBS), maintained at 4 ◦C in an insulated container, and processed 
within 2 h of collection.

2.2. Processing of adipose tissue for human adipocytes and hASC 
isolation

Following dissection and fragmentation of vWAT, according to an 
established method with specific modifications for this study (Bellei 
et al., 2017), the tissue was placed in digestion buffer [Dulbecco's 
modified Eagle's medium - D'MEM/HEPES 20 mM/bovine serum albu
min (BSA) 4%, collagenase II - 1.0 mg/ml, pH 7.40]. Incubation took 
place for around 10-15 min at 37 ◦C in a water bath with orbital shaking 
(130 rpm) to digest the tissue. Samples were transferred to 50 mL falcon 
tubes and the volume completed to 25 mL with [25 mM EARLE/HEPES 
(EHB) salts, 1% BSA, 1 mM sodium pyruvate, without glucose, pH 7.45, 
37 ◦C]. The filtrate was centrifuged (400 g, 1 min) and divided into two 
fractions: the upper layer or supernatant, which contains the isolated 
primary adipocytes, and the stromal vascular fraction (SVF), which 
contains the hASCs precursor cells.

The first fraction was used for morphometric analysis, where aliquots 
of this adipocyte suspension were examined under an optical micro
scope with a graduated eyepiece to measure the average diameter of 
100 cells. Assuming a spherical shape, the average cell volume (in pL) 
was calculated using formula V = (π/6) × D3/103, where D is the 
average diameter in μm (Rodbell, 1964).

The SVF, which contains the hASCs precursor cells, were pelleted 
from the initial centrifugation and subjected to further centrifugation 
(1500 g for 5 min). The new pellet was washed with EHB buffer and 
centrifuged twice more. Finally, it was resuspended in complete culture 
medium [DMEM Han's F-12 supplemented with 10% foetal bovine 
serum (FBS) and 1% penicillin/streptomycin (P/S)] and plate. Cultures 
were maintained at 37 ◦C in a 5% CO2 atmosphere. The medium was 
refreshed every two days. After this period, the medium was removed, 
and the cells were washed PBS. The final step for isolation of hASCs is 
the selection of the adherent SVF population. This population of hASCs 
obtained for the first time is considered passage “0” (P0). Following 
removal of the medium and a PBS rinse, the adherent SVF population, 
which represents the hASCs, was detached using trypsin. These cells at 
passage 1 (P1) were resuspended and transferred to larger culture ves
sels for further expansion, maintaining the same confluence threshold. 
Cell counts were performed using a Neubauer chamber to monitor 
density. Subsequent confirmation of hASC identity was achieved via 
immunophenotyping, which demonstrated a population positive for 5′- 
nucleotidase ecto (CD73) and Cluster of Differentiation 90 (CD90) and 
negative for Platelet Endothelial Cell Adhesion Molecule-1 (CD31) and 
Leukocyte Common Antigen (CD45) (>95% purity; data not shown).

2.3. Exposure of cells to PPF/DFB and MTT assay

One mg of PPF or DFB (PESTANAL®, analytical standard, CAS 
95737-68-1 and CAS 35367-38-5, respectively) was dissolved in one mL 
of dimethyl sulfoxide (DMSO) to prepare the stock solution. Serial di
lutions in culture medium were then performed to obtain the final 
working concentrations of 0.05, 0.1, 1, 1.5, and 2 mg/L. For hASCs, cells 
were seeded in 96-well plates at a density of 5 × 103 cells/well in 100 μL 
of complete medium (D'MEM Han's F-12/10% FBS/1% P/S). After 
reaching 100% confluence, cells were exposed to the respective con
centrations of PPF or DFB for 48 h, 96 h, 6 days, and 8 days. The po
tential effect of PPF (0.05 to 2 mg/L) on ASC differentiation was also 
evaluated over an 8-day period. Primary adipocytes isolated as 
described in section 2.2 were similarly exposed to the compound con
centrations for a 96-h period. Cells treated with 0 means absence from 
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PPF or DFB. Cell viability was assessed using the 3-[4,5-dimethylthiazol- 
2-yl]-2,5-diphenyltetrazolium bromide (MTT) reduction assay, reduc
tion assay (Denizot and Lang, 1986). Following each exposure period, a 
10 μL volume of MTT solution (5 mg/mL in PBS) was added to each well. 
The plates were then incubated for 4 h at 37 ◦C in a 5% CO2 atmosphere 
to allow formazan crystal formation. Subsequently, 100 μL of the solu
bilization solution 10% sodium dodecyl sulphate in 0.01 M Hydrochloric 
acid (HCl)] was added to each well. Plates were incubated for an addi
tional 16 h under the same conditions to fully dissolve the crystals. 
Absorbance was measured at 550 nm using a microplate reader. Results 
were expressed as a percentage of viability relative to the untreated 
control group.

2.4. Adipogenic differentiation

For differentiation, hASCs were cultured until they reached 100% 
confluence. Upon reaching confluence (designated as day 0, D0), adi
pogenic differentiation was induced by treatment with an induction 
medium. This medium consisted of DMEM/Ham's F-12 supplemented 
with an adipogenic cocktail containing 0.5 mM 3-isobutyl-1-methylxan
thine (IBMX), 0.1 μM dexamethasone, 0.5 μM human insulin, 2 nM 
triiodothyronine (T3), 30 μM indomethacin, 17 μM pantothenate, 33 μM 
biotin, 1 μM rosiglitazone, 1 mg/mL apo-transferrin, 2% FBS, and 1% P/ 
S. The cells were maintained in this medium for either 8 or 20 days, in 
the absence or presence of PPF or DFB, at concentrations selected based 
on the MTT assay results.

2.5. Staining with red oil O and determination of lipid content

hASCs were differentiated in 6-well plates for 20 days in the absence 
or presence of PPF 1 mg/L. Following this period, the cells were washed 
twice with PBS and fixed with 10% formalin in PBS for 15 min. After 
another PBS wash, the samples were stained for 1 h with a freshly pre
pared 0.3% Oil Red O solution in 60% (v/v) isopropanol. This staining 
was performed to label, visualize, and quantify the intracellular lipid 
content, intracellular lipid content (Fei et al., 2011). The staining solu
tion was then removed, and the cells were washed twice with 2 mL of 
distilled water. Finally, the cells were destained with 60% isopropanol 
and photographed. Imaging was performed using an inverted micro
scope equipped with AxioVision software (AxioVision 4, Zeiss, Goet
tingen, Germany). For quantification, the incorporated dye was eluted 
with 100% ethanol, and its optical density was measured spectropho
tometrically at 540 nm.

2.6. Enzyme-linked immunosorbent assay (ELISA)

The concentrations of monocyte chemoattractant protein-1 (CCL2/ 
MCP1), leptin, and adiponectin in the culture medium following PPF or 
DFB exposure were quantified using commercially available ELISA kits 
(Quantikine M; R&D Systems, Minneapolis, MN, USA).

2.7. Lipid profile analysis

ASCs were cultured until confluence and induced to adipogenic 
differentiation for 10 days in the presence or absence of PPF (1 mg/L). 
Total lipids were extracted using a sequential solvent extraction protocol 
adapted from (Schreiner et al., 2006). Briefly, cells were homogenized in 
chloroform: methanol (1:1, v/v), followed by extraction with chloro
form: methanol:water (1:2:1, v/v/v). The combined extracts were 
evaporated to dryness under a gentle nitrogen stream. Lipids were 
transmethylated to fatty acid methyl esters (FAMEs), which were ana
lysed by gas chromatography with flame ionization detection (GC-FID) 
using analytical-grade reagents.

2.8. Enzyme activity assay

Following an eight-day exposure to 1 mg/L PPF or DFB, cells were 
harvested by scraping in 150 μL of ice-cold potassium phosphate buffer 
[19% Monopotassium phosphate (KH2PO4) and 81% Dipotassium 
phosphate (K2HPO4), pH 7.4]. The resulting cell lysates were then used 
for the determination of antioxidant enzyme activities. Catalase (CAT) 
activity was measured spectrophotometrically by monitoring the 
decomposition rate of hydrogen peroxide (H2O2) at 240 nm. The enzy
matic activity was quantified by comparison with a standard curve 
prepared from known concentrations of H2O2. Enzyme activities were 
assessed using commercially available kits: superoxide dismutase (SOD) 
activity was measured using the RANSOD kit (Randox®, Cat. No. SD 
125/MD, Randox Laboratories Ltd., Crumlin, UK), and glutathione 
peroxidase (GPx) activity was measured using the RANSEL kit (Ran
dox®, Cat. No. RS 504/MD, Randox Laboratories Ltd., Crumlin, UK), 
following the manufacturer's instructions to account for differences in 
cell number across samples, all enzyme activities (CAT, SOD, and GPx) 
were normalized to the total protein content of each corresponding 
lysate. Total protein concentration was determined using the bicincho
ninic acid (BCA) assay. Results are expressed as units per milligram of 
protein (U/mg protein).

2.9. Lipolysis assay

Basal lipolytic activity was assessed in primary adipocytes by 
quantifying glycerol release into the incubation medium. Adipocytes 
were first treated with 1 mg/L PPF or vehicle for 96 h. After exposure, 
cells were washed and incubated for 30 min at 37 ◦C in Krebs Ringer- 
phosphate buffer (pH 7.4) containing 20 mM BSA and 5 mM glucose 
to stimulate basal lipolysis. The reaction was stopped on ice, and me
dium aliquots were collected. Glycerol concentration was determined 
using enzymatic assay (Free Glycerol Determination Kit), with absor
bance measured at 540 nm. Cell number for normalization was esti
mated based on the average cell volume (pL), which was derived from 
the morphometric analysis of adipocyte diameter described in Section 
2.2. Results are expressed as nanomoles (nmol) of glycerol released per 
106 cells.

2.10. RNA extraction and quantitative real-time PCR

hASCs were cultured for eight days in the presence of PPF or DFB at a 
concentration of 1 mg/L. Total RNA was then extracted using TRIzol 
reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) according to 
the manufacturer's instructions. The RNA concentration and purity were 
assessed spectrophotometrically at 260 nm using a NanoDrop instru
ment (Thermo Scientific, Walthamm, MA, USA). RNA samples were 
stored at − 80 ◦C until further processing. For cDNA synthesis, 1 μg of 
total RNA was reverse transcribed using oligo (dT) primers and the 
SuperScript III Reverse Transcriptase kit (Thermo Scientific, Walthamm, 
MA, USA) in the presence of dNTPs, following the manufacturer's pro
tocol. Quantitative real-time PCR (qPCR) was performed on a Rotor- 
Gene thermocycler (Qiagen) using the SYBR Green PCR kit (Qiagen). 
The reaction conditions were as follows: initial denaturation at 95 ◦C for 
5 min, followed by 40 cycles of denaturation at 95 ◦C for 5 s and 
annealing/extension at 60 ◦C for 10 s. Gene expression levels were 
normalized to the housekeeping gene Glyceraldehyde-3-phosphate de
hydrogenase (GAPDH) and calculated using the 2–ΔΔCt method. The 
primers used were as

Follows: GAPDH: forward 5′-GTCTCCTCTGACTTCAACAGC-3′, 
reverse 5′ACCACCCTGTTGCTGTAGCCAA-3′; KDM6B: forward 5′- 
CTCAACTTGGGCCTCTTCTC-

3′, reverse 5′-GCCTGTCAGATCCCAGTTCT-3′; CCAAT/enhancer 
binding protein alpha (CEBPA): forward 5′CAAGAACAGCAACG 
AGTACCG-3′, reverse 5′-GTCACTGGTCAGCTCCAGCAC-3; CCAAT/ 
enhancer-binding protein beta (CEBPB): forward 5′- 
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CTTCAGCCCGTACCTGGAG-3′, reverse 5′-
GGAGAGGAAGTCGTGGTGC-3′; Krüppel-like factor 15 (KLF15): 

forward 5′-GGTGAAAAGCGTCCCCCACT-3′, reverse 5′-TGTCTGGGAAA 
CCGGAGGAG-3′3.

2.11. Statistical analysis

Data are presented as the mean ± standard error of the mean (SEM). 
Statistical comparisons were performed using GraphPad Prism version 
9.1 (GraphPad Software, Inc., San Diego, CA, USA). For comparisons 
between two groups, an unpaired Student's t-test was applied. For 
comparisons among three or more groups, a one-way analysis of vari
ance (ANOVA) was conducted, followed by Tukey's post hoc test when 
the ANOVA indicated a significant difference. A p-value of less than 0.05 
was considered statistically significant.

3. Results

3.1. Toxicity and cell viability of PPF and DFB in hASCs

Cell viability was assessed by MTT assay following exposure to PPF 
or DFB (0.05–2 mg/L) for 48 h, 96 h, 6 days, and 8 days. Both com
pounds induced a concentration dependent decrease in hASC viability. A 
significant reduction in viability was consistently observed at concen
trations of 1.5 and 2 mg/L for all exposure periods (Fig. 1A–H). In 
contrast, the concentration of 1 mg/L did not cause significant cyto
toxicity at any time point compared to the control. Therefore, this non- 
cytotoxic concentration (1 mg/L) was selected for all subsequent ex
periments to investigate the specific effects of PPF and DFB on hASC 
function without the confounding factor of overt cell death. This con
centration was chosen also because it reflects levels already tested in 
other cell lines and in vivo models including zebrafish, mice, and rats 
(Lee et al., 2021; Cabral et al., 2024).

3.2. PPF and DFB exposure impairs antioxidant defences and upregulates 
the epigenetic modulator KDM6B in hASCs

Exposure of hASCs to PPF and DFB significantly reduced the activity 
of key antioxidant enzymes: SOD decreased by 8.84% and 46.9 % 
(Fig. 2A and D), and CAT by 3.7% and 8.2 % (Fig. 2B and E), respec
tively, whereas GPx activity increased by 18.4% and 22.9% (Fig. 2C and 
F). This selective impairment indicates a disruption of cellular redox 
homeostasis.

Given the established role of reactive oxygen species (ROS) as me
diators of epigenetic reprogramming (He et al., 2016; Kietzmann et al., 
2017; Bu et al., 2025), we investigated the expression of KDM6B, an 
H3K27 demethylase known to be sensitive to redox changes. Quantita
tive analysis revealed a marked, 74% increase in KDM6B transcript 
levels in hASCs exposed to PPF (Fig. 2G). In line with previous findings 
linking KDM6B activity to inflammatory pathways, this upregulation 
was associated with increased secretion (14.3 %) of the proin
flammatory chemokine CCL2/MCP-1 (Fig. 2H).

3.3. Exposure to PPF and DFB during proliferation upregulated the 
expression of early transcription factors in hASCs prior to differentiation

To determine whether the pesticides could alter adipogenic pro
gramming prior to adipogenic induction, we analysed the expression of 
key adipogenic regulators following eight days of exposure during 
proliferation and confluence, but before adipogenic induction. Pre
exposure to PPF (1 mg/L) significantly increased the mRNA levels of the 
early transcription factors KLF15 and CEBPB. Similarly, DFB exposure 
upregulated the expression of KLF15 and CEBPA (Fig. 3).

3.4. PPF and DFB enhance lipid accumulation and alter adipocyte 
phenotype during differentiation

Given the evidence of early adipogenic programming, we induced 
adipogenic differentiation in the continuous presence of PPF. This 
chronic exposure resulted in a significant increase in lipid accumulation 
in mature adipocytes, as quantified by Oil Red O staining (Fig. 4A). 
Analysis of the lipid composition by gas chromatography revealed a 
consistent trend (despite the limited sample size, n = 4) toward a higher 

Fig. 1. Cytotoxicity of PPF and DFB in hASCs. Cell viability was assessed by 
MTT assay after exposure to increasing concentrations (0.05–2 mg/L) of (A-D) 
PPF or (E-H) DFB for 48 h, 96 h, 6 days, and 8 days. Data are expressed as a 
percentage of the control (untreated) group. Mean ± SEM from n = 2 inde
pendent human donors (biological replicates), each assayed in technical trip
licate. **p < 0.001, ****p < 0.00001 (One-way ANOVA followed by Tukey's 
post-test).
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proportion of myristic and palmitic acid, and consequently of total 
saturated fatty acids, in PPF-treated cells (Fig. 4B).

At the molecular level, this enhanced lipid-storage phenotype was 
accompanied by increased expression of the late adipogenic marker 
leptin after 8 days of differentiation (Fig. 4C). In contrast, the expression 
of adiponectin—a key adipokine associated with metabolic health
—remained unchanged (Fig. 4D). This specific pattern of marker 
expression (elevated leptin, unchanged adiponectin) indicates a dysre
gulated adipogenic process. Importantly, the same phenotype
—increased lipid accumulation with elevated leptin but unchanged 
adiponectin—was fully replicated in adipocytes differentiated under 

continuous DFB exposure (Fig. 4E–F).

3.5. PPF does not affect viability but increases lipolysis and decreases 
adipokine secretion by human primary adipocytes

To assess the direct impact of PPF on mature adipocyte function, we 
first evaluated cell viability after a 96-h exposure to a concentration 
range (0.05–2 mg/L). The MTT assay revealed no cytotoxic effects at any 
concentration tested compared to the untreated control (Fig. 5A). Based 
on this non-cytotoxic profile, we selected the concentration of 1 mg/L to 
investigate the compound's effect on adipocyte metabolism and endo
crine function.

Exposure to 1 mg/L PPF significantly increased basal lipolysis by 
38%. Interestingly, in contrast to its effect on newly differentiated adi
pocytes derived from hASCs, PPF reduced the secretion of key adipo
kines in mature primary adipocytes, decreasing leptin by 25% (Fig. 5B) 
and adiponectin by 25% (Fig. 5C). This distinct, cell-context-dependent 
response suggests that PPF simultaneously promotes lipid mobilization 
and impairs the endocrine function of mature fat cells, while inducing a 
dysregulated secretory phenotype during the differentiation of progen
itor cells.

4. Discussion

Our study describes a multi-faceted adverse outcome pathway in 
hASCs exposed to the pesticides PPF and DFB. The exposure triggered a 
cascade of unfavourable events, initiated by redox imbalance, pro
gressing through epigenetic and proinflammatory reprogramming, and 
culminating in dysregulated adipogenic commitment and a dysfunc
tional adipocyte phenotype.

First, we observed that chronic exposure significantly reduced the 
activity of key antioxidant enzymes, specifically SOD and CAT. This 
attenuation suggests a possible scenario of ROS accumulation and 
consequent disturbance in cellular redox homeostasis (Zorov et al., 
2014). ROS are established mediators of epigenetic reprogramming (He 
et al., 2016; Kietzmann et al., 2017) and can induce the expression of the 
histone demethylase KDM6B via ROS-sensitive pathways, such as STAT6 
(He et al., 2016). KDM6B removes repressive marks (H3K27me3) and 
recruits acetylases to add activating marks (H3K27ac), promoting the 
expression of genes, including antioxidants and proinflammatory genes 
(Chen et al., 2017; He et al., 2016; Kietzmann et al., 2017; Sun et al., 
2021; Bu et al., 2025).

Supporting this mechanistic link, our analysis revealed a substantial 
upregulation of KDM6B transcript levels in PPF-exposed hASCs. This 
aligns with a recent mechanistic study, which established that H3K27 
demethylation, catalyzed by the KDM6B enzyme, is a critical event for 
CCL2 upregulation in LPS-stimulated mononuclear cells (Akhter et al., 
2022). It also aligns with prior work from our group, which links 
elevated KDM6B to increased H3K27 acetylation and the upregulation of 
proinflammatory genes (Simão et al., 2024). Guided by this established 
pathway, we hypothesized that pesticide exposure might similarly 
engage this mechanism in hASCs, thereby extending the relevance of the 
KDM6B-CCL2 axis to an environmental toxicant model in human 
mesenchymal cells. It is important to note, however, that this study did 
not delve into the functional validation of this mechanism. While the 
correlation with existing literature is compelling, further mechanistic 
studies are essential to establish a causal link. Specifically, experiments 
involving KDM6B inhibition are required to determine if this epigenetic 
modifier is directly responsible for the CCL2 upregulation observed 
upon PPF exposure.

Interestingly, the proinflammatory shift was accompanied by a 
concurrent, yet seemingly insufficient, antioxidant response, as evi
denced by an increase in GPx activity alongside declines in SOD and 
CAT. This pattern points to a state of redox imbalance, suggesting that 
the antioxidant system is overwhelmed, which may in turn exacerbate 
the pro-inflammatory state — a response conserved across models, as 

Fig. 2. Antioxidant enzyme activity, KDM6B expression, and CCL2 secretion in 
hASCs exposed to PPF or DFB. (A–C) Activity of catalase (CAT), superoxide 
dismutase (SOD), and glutathione peroxidase (GPx) in hASCs treated with PPF 
(1 mg/L) for 8 days. (D–F) Activity of CAT, SOD, and GPx in hASCs treated with 
DFB (1 mg/L) for 8 days. (G) KDM6B mRNA levels, expressed in arbitrary units 
(AU) and normalized to GAPDH. (H) Secreted CCL2 protein levels. Mean ± SEM 
from n = 4 independent human donors (biological replicates), each assayed in 
technical triplicate. *p < 0.05, **p < 0.001 (Student's t-test).
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zebrafish exposed to PPF/DFB similarly exhibit adaptive upregulation of 
antioxidant enzymes (Teixeira et al., 2024).

Beyond inflammation and oxidative stress, PPF and DFB directly 
influenced cellular fate by upregulating key early transcriptional drivers 
of adipogenesis. PPF increased KLF15 and CEBPB, while DFB induced 
KLF15 and CEBPA. The consistent induction of KLF15, a critical gate
keeper of differentiation (Lin et al., 2023), suggests that both pesticides 
promote adipogenic commitment. This transcriptional reprogramming 
manifested phenotypically as enhanced lipid accumulation, confirmed 
by Oil Red O staining, and increased secretion of the adipokine leptin— 
a hallmark of mature adipocytes (Obradovic, 2021). In addition, fatty 
acid profiling revealed higher levels of myristic acid in adipocyte cell 
with PPF compared to absence PPF, reinforcing the alterations in lipid 
metabolism associated with adipocyte maturation. Significantly, how
ever, this adipogenic program was metabolically impaired. We observed 

a dissociation in adipokine secretion: leptin levels increased, while 
adiponectin—an insulin-sensitizing, anti-inflammatory hormone central 
to metabolic health—remained unchanged. This specific pattern of 
elevated leptin without a proportional increase in adiponectin is a 
recognized signature of dysfunctional, hypertrophic WAT (Gao et al., 
2025). Notably, this precise endocrine disruption was reported in adult 
bullfrogs (Lithobates catesbeianus) with PPF bioaccumulation in WAT 
(Nimet et al., 2021). The concordance of this adipokine imbalance 
across vertebrate classes strengthens its biological and toxicological 
relevance.

Intriguingly, the endocrine effect of PPF was strictly dependent on 
the cellular differentiation state. While it increased leptin secretion 
during the adipogenic differentiation of hASCs, exposure to mature 
primary human adipocytes elicited an opposite response, suppressing 
the secretion of both leptin and adiponectin. This result indicates that 

Fig. 3. mRNA expression of early adipogenic transcription factors in hASCs exposed to PPF or DFB. (A–C) Expression of KLF15, CEBPB, and CEBPA by hASCs treated 
with PPF (1 mg/L) for 8 days. (D–F) Expression of KLF15, CEBPB, and CEBPA by hASCs treated with DFB (1 mg/L) for 8 days. Mean ± SEM from n = 4 independent 
human donors (biological replicates), each assayed in technical triplicate. Data were expressed in arbitrary units (AU) and normalized to GAPDH. *p < 0.05, **p <
0.001 (Student's t-test).
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PPF not only dysregulates but also actively inhibits the endocrine 
function of mature fat cells. This cell context-dependent dual
ity—promoting a dysfunctional secretory profile in developing adipo
cytes while suppressing hormone output in mature ones—reveals a more 
complex endocrine-disrupting mechanism that could impair adipose 
tissue communication at multiple physiological levels. Consistently, in 
mature adipocytes exposed to PPF, the lipolysis assay demonstrated a 
significant increase in basal glycerol release compared to non-exposed 
adipocytes, indicating enhanced basal lipolytic activity. Metabolically, 
this finding suggests a disruption of lipid homeostasis, a condition 
closely associated with adipose tissue dysfunction and systemic 

metabolic imbalance (Morigny et al., 2016).
While no prior studies have specifically investigated the effects of 

PPF or DFB on human adipose cells, research in other models provides 
crucial context and mechanistic support for our findings. Notably, a 
conserved theme across these studies is the induction of oxidative stress 
as a primary insult, aligning with our observation of redox imbalance in 
hASCs.

For PPF, evidence points to multifaceted toxicity. In vitro genotox
icity assays in human lymphocytes show that PPF directly induces 
chromosomal damage and micronuclei formation, unlocked, whereas its 
mutagenic potential is revealed only upon metabolic activation, 

Fig. 4. Lipid accumulation, fatty acid composition, and adipokine secretion in hASCs differentiated with PPF or DFB. (A) Lipid accumulation (Oil Red O) in hASCs 
differentiated with or without PPF (1 mg/L) for 20 days. Data are expressed as a percentage of the control (untreated) group. Representative images of stained cells 
are shown below the graph. (B) Fatty acid composition, expressed as percentage of total fatty acids, determined as FAMEs by gas GC-FID in hASCs differentiated with 
PPF (1 mg/L) for 10 days. SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids. (C–D) Secreted leptin and adiponectin 
by hASCs differentiated with PPF (1 mg/L). (E–F) Secreted leptin and adiponectin by hASCs differentiated with DFB (1 mg/L). Mean ± SEM from n = 4 independent 
human donors (biological replicates), each assayed in technical triplicate. *p < 0.05, **p < 0.001, ****p < 0.00001 (Student's t-test). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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classifying it as an indirect mutagen (Bugda et al., 2023). In zebrafish, 
PPF acts as a neurotoxicant by inhibiting acetylcholinesterase and, 
critically, by impairing mitochondrial function—leading to energy 
depletion, calcium dysregulation, and a surge in mitochondrial ROS 
(Azevedo et al., 2021). This direct link to mitochondrial-derived ROS 
offers a plausible source for the oxidative stress we observed in hASCs.

Similarly, studies on DFB delineate a cascade initiated by ROS. In 
bovine mammary epithelial cells, DFB exposure triggers a sustained 
oxidative burst that activates pro-inflammatory and pro-apoptotic JNK 
signalling while suppressing pro-survival PI3K/AKT pathways, culmi
nating in mitochondrial failure and cell death (Lee et al., 2021). This 
pattern of redox-driven signalling reprogramming is consistent with our 
findings of inflammatory activation (via KDM6B/CCL2) and points to an 
altered state of cellular homeostasis.

Furthermore, the relevance of combined exposures and develop
mental toxicity is highlighted by a study in zebrafish embryos, where 
both PPF and DFB—individually and in mixtures—induced mortality, 
teratogenicity, and a consistent increase in embryonic ROS levels 
(Teixeira et al., 2024). This underscores oxidative stress as a conserved 

mechanism of toxicity across life stages and models, reinforcing the 
pathophysiological relevance of the redox imbalance we report in 
human progenitor cells. Together, this literature substantiates the ca
pacity of both pesticides to disrupt fundamental cellular processes, with 
oxidative stress as a central mediator. Our study extends this paradigm 
to human adipose biology by demonstrating that non-cytotoxic con
centration alters the epigenetic and transcriptional landscape of hASCs, 
steering them toward a proinflammatory and dysfunctional adipogenic 
fate. This novel endpoint bridges the gap between cellular oxidative 
damage and the risk of metabolic tissue dysfunction.

In conclusion, this study provides the first evidence that exposure to 
non-cytotoxic concentrations of the widely used pesticides PPF and DFB 
disrupts fundamental processes in hASCs directly linking environmental 
exposure to pathways of adipose tissue dysfunction. Collectively, our 
findings outline a potential adverse outcome pathway in which 
pesticide-induced disturbances in redox regulation may activate inter
connected epigenetic, inflammatory, and adipogenic signals, appearing 
to steer hASCs toward a metabolically dysfunctional state. This triad of 
events (suggested redox imbalance, epigenetic alterations, and 

Fig. 5. Cell viability, metabolism and adipokine secretion in human primary adipocytes exposed to PPF. (A) Cytotoxicity of PPF in human primary adipocytes 
isolated from vWAT. Cell viability was assessed by MTT assay after exposure to increasing concentrations (0.05–2 mg/L) of PPF for 96 h. Data are expressed as a 
percentage of the control (untreated) group. (B) Basal lipolysis measured as glycerol release in primary adipocytes after exposure to PPF (1 mg/L). (C-D) Secreted 
levels of leptin and adiponectin from primary adipocytes exposed to PPF (1 mg/L). Mean ± SEM from n = 4 independent human donors (biological replicates), each 
assayed in technical triplicate. *p < 0.05, **p < 0.001, ****p < 0.00001 (One-way ANOVA followed by Tukey's post-test).
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adipogenic disruption) offers a preliminary mechanistic framework for 
understanding how environmental chemicals may contribute to meta
bolic disorders.

While these findings offer initial insights in a relevant human pri
mary cell model, we acknowledge that the use of cells from a small 
sample population of male donors represents a demographically narrow 
sample, which limits the generalizability of our conclusions. Future 
studies should expand on these findings using larger and more diverse 
donor cohorts to specifically assess the impact of variables such as age, 
sex, and metabolic status on pesticide susceptibility. Given the global 
use of these pesticides in vector control, our results underscore the need 
for further investigation into their potential endocrine and metabolic 
effects in human health to inform more comprehensive environmental 
and public health risk assessments.
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