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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Exposure to PFOA increased above- 
ground biomass and chlorophyll con
tent in hemp.

• Exposure to PFOA and PFOS inhibited 
the activity of antioxidant enzymes.

• PFAS Accumulation induced oxidative 
damage and compromised DNA 
integrity.

• PFOA and PFOS alter leaf proteome, 
affecting specific biological processes.
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A B S T R A C T

Due to their environmental persistence, widespread application, and toxicity to living organisms, contamination 
by PFAS has become a significant global concern. The ability of industrial hemp (Cannabis sativa L.) to accu
mulate PFAS in its aerial tissues makes it a candidate for PFAS phytoremediation, as well as a suitable biological 
model for assessing the toxicological effects of PFAS in higher eukaryotes. After in vitro culturing of industrial 
hemp for 14 days in the presence of 1 mg L− 1 PFOA or 1 mg L− 1 PFOS, no visible damage or macroscopic 
morphological alterations were evident, and a significant increase in shoot biomass and chlorophyll content 
following PFOA exposure was observed. Despite the higher accumulation of PFOS compared to PFOA both 
inhibited antioxidant enzymes activity, specifically catalase and ascorbate peroxidase, respectively. Alkaline 
Comet Assay showed nuclear damage in hemp leaves following both PFOA and PFOS accumulation, with the 
former significantly increasing 8-oxo-deoxyguanosine formation. Comparative proteomics analyses showed that 
PFOA and PFOS disrupt specific biological processes, with the former promoting the synthesis of proteins 
involved in the chlorophyll biosynthetic pathway. Both PFOA and PFOS altered the abundance of chloroplastic 
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proteins, suggesting that this cellular compartment could be involved in the phytotoxicity mechanisms triggered 
by PFAAs.

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are synthetic organic 
compounds containing at least one perfluorinated methyl (-CF₃) or 
methylene (-CF₂-) group, including more than 7 million different 
structures [1,2]. These comprise perfluoroalkyl acids (PFAAs), charac
terized by the presence of a terminal functional group on the per
fluorinated alkyl chain, such as a carboxylate in perfluorocarboxylic 
acids (PFCAs) or a sulfonate in perfluorosulfonic acids (PFSAs). Per
fluorooctanoic acid (PFOA), perfluorooctanesulfonic acid (PFOS), and 
their related compounds have been listed under the Stockholm 
Convention on Persistent Organic Pollutants (POPs) [1,3]. Indeed, the 
strength of the C-F bond confers PFAS high thermal and chemical sta
bility; this property, together with their high environmental persistence, 
has earned them the name “forever chemicals” [4]. PFAS are ubiquitous 
in the environment due to their widespread use in a wide range of in
dustrial applications, and because of their mobility and tendency to 
interact with different environmental matrices [5]. A large body of 
research has highlighted the toxicity of PFAS, with much of this research 
based on evidence relating to “legacy” PFAS, such as PFOA and PFOS 
[6]. While the ecotoxicological profiles of PFAS and their detrimental 
effects on humans, wildlife, and various environmental organisms have 
been extensively characterized, data regarding their phytotoxic poten
tial remain comparatively scarce [7–9].

Plants, as eukaryotes sharing many cellular and molecular features 
with animals, represent ideal models for environmental biomonitoring 
of emerging contaminants, given their direct interaction with all envi
ronmental matrices and the ability to detect toxic and genotoxic alter
ations with high sensitivity and without ethical concerns [10,11]. 
Toxicological assessments using model plant species have demonstrated 
the genotoxic capabilities of PFAS, including disruptions of mitotic ac
tivity and compromised DNA integrity [12,13]. Phytotoxic responses are 
strongly influenced by the specific PFAS compound, the plant species 
involved, and the duration of exposure [14]. To date, a limited number 
of studies have explored how different structural features (e.g. carbon 
chain length and functional group) determine molecular interactions at 
cellular and subcellular levels in plant species. A study in tobacco, which 
compared the toxicity of two PFSAs with different carbon chain lengths, 
showed that PFOS induced a greater increase in reactive oxygen species 
(ROS) and malondialdehyde (MDA) content than perfluorobutane sul
fonate (PFBS), probably due to the former’s ability to interact more 
strongly and inhibit the activity of antioxidant enzymes such as super
oxide dismutase (SOD) and catalase (CAT) [15]. In a study that utilized 
Arabidopsis thaliana mutants to compare the phytotoxicity of PFCAs and 
PFSAs with the same carbon chain length, it was found that although 
both PFOA and PFOS modulate the auxin signaling pathway, the 
disruption of the abscisic acid signaling pathway was PFOS-specific 
[16]. Metabolomic analyses in hydroponically grown lettuce revealed 
different targets of PFOA and PFOS phytotoxicity: while exposure to 
PFOA affects amino acid metabolism, PFOS perturbs linoleic acid 
metabolism [17].

Several agriculturally relevant species—such as cereals, fruit-bearing 
plants, and vegetables—have been shown to bioaccumulate PFAAs in 
their edible tissues. This raises significant public health concerns and 
underscores the imperative for regulatory oversight by governmental 
agencies, as well as the urgent development of sustainable strategies to 
mitigate PFAS environmental dissemination [18–20]. As a Nature-Based 
Solution that exploits the ability of plants to uptake and accumulate 
contaminants from the environment, phytoremediation is being studied 
as a potential strategy for the remediation of PFAS contaminated soils 
[21]. Industrial hemp has been proven to be a hyperaccumulator of 

PFAAs [22], and it has been the subject of a pilot-scale PFAS phytor
emediation trial [23]. Hemp is a plant species characterized by rapid 
growth rates, which generally tend to exhibit enhanced PFAS bio
accumulation efficiency, a phenomenon likely attributable to elevated 
transpiration rates that facilitate the passive upward translocation of 
these contaminants through the xylem [22–26]. These traits enable 
hemp to accumulate PFAAs in aerial tissues, primarily in leaves and 
pollen [23,27], thereby making it also a suitable species for investigating 
the physiological and molecular responses elicited by PFAS.

This study aimed to employ industrial hemp (Cannabis sativa L.) as a 
model species to investigate potential differential phytotoxicity of PFOA 
or PFOS exposure, as representatives of PFCAs and PFSAs. At this pur
pose, in-vitro cultured hemp was exposed to a sub-inhibitory concen
tration of PFOA or PFOS, and their accumulation in aerial parts, 
variation in biomass production, and content of photosynthetic pig
ments were evaluated. To assess whether PFAS exposure could perturb 
oxidative balance in hemp aerial tissues, the activity of two antioxidant 
enzymes, ascorbate peroxidase (APX) and CAT were also measured. 
Furthermore, potential genotoxicity of PFOA and PFOS exposure were 
evaluated in terms of DNA fragmentation and production of oxidative 
adducts. Finally, we conducted a comparative proteomic profiling to 
identify common and specific cellular pathways deregulated following 
PFOA or PFOS exposure. The integration of physiological, ecotoxico
logical and proteomic data suggests that PFOA, despite accumulating in 
hemp tissues at significantly lower concentrations than PFOS, induces 
comparable levels of DNA damage and activates distinct metabolic 
pathways, highlighting the importance of comparative studies in 
assessing PFAS genotoxicity.

2. Material and methods

2.1. Chemicals

Two perfluoroalkyl acids were selected as representative of per
fluoroalkyl carboxylic acids and perfluoroalkyl sulfonic acids and were 
used for plant treatment: perfluorooctanoic acid (PFOA) (Sigma Aldrich, 
St. Louis, MS, USA) and perfluorooctanesulfonic acid (PFOS) (abcr 
GmbH, Karlsruhe, Germany). Isotopically labelled PFAS standards 13C4- 
PFOA and 13C4-PFOS (Wellington laboratories, Guelph, ON, Canada) 
were added at a fixed concentration as external standards (ES) in mass 
spectrometry (MS) analysis to perform PFAS identification and quanti
fication. Before use, PFAS stock solutions were vortexed and sonicated 
for 15 min at room temperature in an Elma Transsonic T460/H (Elma 
Electronic GmbH, Pforzheim, Germany).

2.2. Allium cepa cytogenotoxicity test

A preliminary cytogenotoxicity test was conducted on onions (Allium 
cepa) grown in deionized water in the dark (25 ◦C) until a root devel
opment of 2–3 cm was observed. Onion roots were then exposed for 48 h 
to 1, 10, or 25 mg L− 1 of PFOA or PFOS, or deionized water in the un
treated negative control. Following the exposure period, roots were 
immediately fixed at 4 ◦C for 24 h with a solution of absolute ethanol: 
acetic acid (3:1 v/v), and hydrolyzed in 1 M HCl 10 min at 60 ◦C. The 
hydrolyzed roots were stained with Schiff’s reagent (Sigma Aldrich, St. 
Louis, MS, USA) for 2 h. Meristematic root tips were then observed and 
analyzed using a Nikon Eclipse Ci-L Plus Microscope (Nikon Europe BV, 
The Netherlands) at x40 magnification. Five roots per condition were 
analyzed, and a minimum of 500 cells were counted for each root. The 
mitotic index was calculated as the number of mitotic cells divided by 
the total number of counted cells, multiplied by 100, according to 
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Sivaram et al. [13].

2.3. Plant growth and treatment

The plant species selected for the study was industrial hemp 
(Cannabis sativa L., monoecious seed variety “Earlina”; SOC, France). 
Hemp seeds were surface sterilized in 40 % (v/v) commercial bleach. 
The seeds were plated in ¼ strength Murashige and Skoog nutrient so
lution (MS, Duchefa Biochimie, Haarlem, The Netherlands), vernalized 
in the dark at 4 ◦C for 3 days, and transferred to a controlled growth 
chamber (25 ◦C, 16 hr/8 hr light/dark; 120 μmol m− 2 s− 1 photosynthetic 
photon flux, 75 % HR) for germination. Seedlings were then transferred 
to polypropylene pots (dimensions: 140 mm depth, 120 mm top diam
eter, 90 mm base diameter) containing ½ strength MS, 0.6 % (w/v) plant 
agar (Duchefa Biochimie, Haarlem, The Netherlands), 2 % (w/v) sucrose 
(VWR, Darmstadt, Germany), 1x vitamin mixture (Duchefa Biochimie, 
Haarlem, The Netherlands), spiked with 1 mg L− 1 PFOA or 1 mg L− 1 

PFOS. Pots without PFAS supplementation served as control conditions. 
Three seedlings per pot and four pots per condition were prepared. After 
14 days in a controlled growth chamber, plants were sampled for sub
sequent analyses.

2.4. PFAS extraction and quantification

PFOA and PFOS extraction were performed on dry samples obtained 
from shoots oven-dried and ground with a mortar and pestle. 0.1 g of dry 
samples were suspended in 1 mL 50 % MeOH, sonicated for 20 min, and 
centrifuged 10 min at 14000 rpm. The same procedure was repeated 
twice, to ensure maximal recovery of PFAS. Both supernatants were 
combined, filtered through a 0.22 µm CA membrane filter, transferred to 
Falcon tubes and stored at 4 ◦C. Before injection samples were diluted in 
ratio 1:5 and spiked with a 13C-labeled PFOA and PFOS external stan
dard mixture (Wellington Laboratories) to a final concentration of 
2 µg L− 1 for quantification purposes. Concentration levels ranging from 
0.01 to 150 ppb of PFOA and PFOS standards were used to determine the 
linearity of the standard calibration curves. Both PFAAs showed good 
linearity, with correlation coefficients (R2) > 0.990. Quantification of 
molecules was carried out using the corresponding calibration curve. 
The limit of detection (LoD) and the limit of quantification (LoQ) were 
defined at a S/N ratio ≥ 3 and S/N ratio ≥ 10, respectively. LoD and LoQ 
values of PFOA and PFOS were 0.1 ng g− 1 and 0.2 ng g− 1. The accuracy 
and recovery of PFAS extraction were calculated by using a 13C-labeled 
internal standard (Wellington Laboratories). PFOA recovery was 87 % 
meanwhile PFOS resulted 82 %. Liquid chromatography coupled to 
tandem mass spectrometry (LC- LC-MS/MS) analysis using a triple 
quadrupole mass spectrometer (TSQ Quantiva, Thermo Fisher Scientific, 
USA) coupled with ultra-high performance liquid chromatography (Ul
timate 3000 UHPLC, Dionex, Thermo Fisher Scientific, USA) was 
employed to quantify PFOA and PFOS, in accordance with the meth
odology described by Sharma et al. [28]. Data acquisition was per
formed in single-reaction monitoring (SRM) mode, and raw data were 
processed using Skyline MS v. 21.2.0.425.

2.5. Morphological, physiological and biochemical parameters

For shoot biomass quantification, plants were collected from pots 
and shoot fresh weight was registered and reported as mean weight. Leaf 
area was measured by analyzing second leaves (n = 6) pictures using 
ImageJ (version 1.54d). Quantification of chlorophyll a, chlorophyll b 
and carotenoids were performed as reported by Kotecha and Ram [29]
with some modifications: 100 mg of frozen leaf tissue was homogenized 
in 80 % acetone (v/v), centrifuged 5 min at 5000 rpm, and analyzed for 
pigments content in a Cary 60 Spectrophotometer (Agilent Technolo
gies, Santa Clara, USA). Catalase (CAT) and ascorbate peroxidase (APX) 
activities were determined according to Potestio et al. [30], with some 
minor modification. Briefly, 100 mg of frozen leaves were ground in 

liquid nitrogen, suspended in 500 µL of 50 mM potassium phosphate 
buffer (pH 7 with 0.1 mM EDTA) and 1 mM 
phenyl-methane-sulfonyl-fluoride (PMSF). After centrifugation at 
14000 rpm at 4 ◦C for 20 min, supernatant was used to quantify CAT and 
APX enzyme activity.

2.6. Quantification of 8-oxo-deoxyguanosine

7,8-dihydro-8-oxo-2′-deoxyguanosine (8-oxodG) was quantified on 
genomic DNA extracted from 100 mg of frozen leaf tissues. DNA was 
isolated by grinding the tissue in liquid nitrogen to fine powder. Upon 
liquid nitrogen evaporation, isolation buffer was added (0.3 M NaCl, 
50 mM Tris–Cl pH7.5, 20 mM EDTA, 0.5 % SDS). After 5-min incubation 
at RT, solution was centrifuged at 12000 rpm for 5 min. An equal volume 
of PCI (Phenol:Chloroform:Isoamyl Alcohol, 25:24:1) was added to su
pernatant. After centrifugation 12’000 rpm for 10 min at 4 ◦C, DNA was 
precipitated adding 0.8 V isopropanol to the upper phase and recovered 
by centrifugation at 12000 g for 10 min at 4 ◦C. The DNA pellet was 
washed in 75 % cold ethanol and after brief air-drying, resuspended in 
water. A nuclease mix that degrades DNA to its individual nucleoside 
components (DNA Degradase Plus, Zymo Research, CA, USA) was used 
to digest 4 µg of DNA. Base quantification was performed with UHPL- 
MS/MS (ExionLC-API 6500 +, Sciex). Chromatographic separation 
was done in elution gradient (Phase A 10 mM HCOOH pH 3.75, Phase B 
MeOH) with column (ATLANTIS C18, Waters). The detection was per
formed in MRM mode and positive ionization.

2.7. Alkaline comet assay

Alkaline comet assay (or single cell gel electrophoresis) was per
formed according to Gullì et al. [31] with some modifications. Briefly, 
plant cell nuclei were obtained from C. sativa second leaves directly 
taken from in vitro plants and placed in a 60 mm Petri dish. Using a razor 
blade, the leaves were sliced perpendicular to the main rid to form a 
fringe. The cut surface was sprinkled with 200 µL of 0.7 % Low Melting 
point Agarose (LMA) in Phospate-bufferd saline (PBS) to collect nuclei. 
Afterwards a 100 µL aliquot of nuclei/agarose mixture was transferred 
to a glass slide previously coated with 1 % Normal Melting point Agarose 
(NMA) in PBS, covered with a cover slip and cooled at 4 ◦C for minimum 
15 min. A final layer was obtained using 90 µL of 0.7 % LMA in PBS and 
cooling again at 4 ◦C for least 15 min. After gel formation, the cover slip 
was removed, and the slides were moved to an electrophoresis appa
ratus. A cold electrophoresis buffer (1 mM Na2EDTA, 300 mM NaOH, pH 
≥ 13) was added and electrophoresis was performed (0.66 V cm− 1, 
300 mA, 10 min, 4 ◦C). After electrophoresis, the slide was washed in 
neutralization buffer (0.4 M Tris-HCl, pH 7.5), fixed 5 min in cold 96 % 
ethanol and dried at room temperature. Nuclei, stained with 100 µL 
ethidium bromide (10 µg mL− 1), were observed through a fluorescence 
microscope (Leica DMLS, Leica Microsystem, Wetzlar, Germany) 
equipped with an excitation filter (BP 515–560 nm) and a barrier filter 
(LP 580 nm) and linked to a monochromatic camera (Pulnix PE-2020P, 
Pulnix; Alzenau, Germany). An automatic image analysis system (Comet 
assay IV; Perceptive Instrument Ltd., Bury St. Edmunds, UK) was used to 
analyze fifty random selected nuclei per slide. Two slides were analyzed 
for every tested condition. The tail intensity parameter (median % tail 
intensity) was selected to estimate DNA damage.

2.8. Sample preparation, LC-MS/MS analysis and data analysis

Protein extraction from fresh leaves was performed as reported by 
Carpentier et al. [32] with some minor modifications. Powdered tissue 
was initially homogenized in a buffer containing 0.5 M Tris pH 8.0, 
0.7 M sucrose, 0.1 M KCl, 1 % dithiothreitol (w/v), 1 mM phenyl
methylsulfonyl fluoride, 1x protease inhibitor cocktail (Roche, Basel, 
Switzerland) in a 1:4 ratio, before phenol-based extraction and 
back-extraction. Protein precipitation in ammonium acetate/methanol 
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was carried out overnight. Protein pellets were washed once with the 
precipitating solution and three times with cold acetone and resus
pended in a buffer made of 7.2 M urea, 90 mM Tris, 2 % SDS (w/v), pH 
8.5. Proteins were quantified by BCA assay before tryptic digestion via 
Filter-Aided Sample Preparation (FASP) method, as described in detail 
by Battisti et al. [33]. Finally, dried peptide samples were resuspended 
in 3 % acetonitrile (ACN)/0.1 % formic acid (FA) for LC-MS/MS 
analysis.

Mass spectrometry analysis was carried out using an Orbitrap 
Exploris 480 (Thermo Fisher Scientific, Waltham, USA) interfaced with a 
Vanquish Neo UPLC System (Thermo Fisher Scientific, Waltham, USA). 
For each sample, 200 ng of peptide mixture were loaded into a trap 
column (PepMap™ Neo Trap Cartridge, C18, 5 µm, 300 µm x 5 mm, 
Thermo Fisher Scientific, Waltham, USA) and separated using an Aurora 
Elite XT UHPLC analytical column (C18, 1.7 µm, 75 µm x 150 mm, 
IonOpticks) with a linear gradient of ACN/0.1 % FA from 3 % to 25 % in 
60 min using a flow rate of 250 nl/min. Column temperature was fixed 
at 50 ◦C, ion transfer tube temperature was set at 280 ◦C, spray voltage 
was fixed at 1.8 kV, and AGC target and RF lens values were set to 300 % 
and 50 %, respectively. The instrument operated in a data-dependent 
mode, with a full scan at 60000 resolution in the 300–1200 m/z 
range, followed by MS/MS scans of the 20 most intense ions at 15000 
resolution. Three biological and three technical replicates were acquired 
for each sample.

Protein search was performed with MaxQuant [34] software 
v.2.5.2.0. against the C. sativa database (UniProt UP000583929, version 
2025–04–14, 30192 sequences). Trypsin was set as enzyme with up to 2 
missed cleavages allowed, while cysteine carbamidomethylation and 
methionine oxidation were set as fixed and variable modifications, 
respectively. A minimum of two peptides was required for protein 
identification, and results were filtered considering a false-discovery 
rate (FDR) of 0.01, both at the peptide and protein levels. Data 
normalization (Cyc-Loess) and statistics (Limma moderated t-test) were 
carried out using NormalyzerDE v.1.14 [35]. Differences in the protein 
abundance were considered significant at AdjP ≤ 0.05 using a fold 
change (FC) threshold of ±1.2. A classification based on clusters of 
orthologous groups (COGs) was performed on differentially abundant 
proteins (DAPs) identified following exposure to PFOA or PFOS (vs un
treated control), using eggNOG-mapper [36]. Enrichment analysis 
(p < 0.05; Benjamini<0.05) was performed using the DAVID Bioinfor
matics Database (https://david.ncifcrf.gov/). DAVID default annotation 
categories were condensed in 3 groups: Biological Process 
(UP_KW_BIOLOGICAL_PROCESS, GOTERM_BP_DIRECT), Cellular 
Component (UP_KW_CELLULAR_COMPONENT, GOTERM_CC_DIRECT), 
and Pathway (KEGG_PATHWAY). Bidirectional bar chart, Venn dia
grams, chord diagram, and functional annotation chart bubble plots 

were generated with R Studio (version 2025.05.0, build 496; https:// 
www.R-project.org/) eulerr, ggplot2, and circlize packages [37–39].

3. Results

3.1. Determination of sub-toxic PFOA and PFOS concentrations

To identify the concentration of PFAS suitable for evaluating possible 
effects on DNA without affecting the growth capacity of plants, pre
liminary tests were carried out on Allium cepa, commonly used as a 
model species for environmental monitoring. A. cepa roots were exposed 
to increasing concentrations of PFOA and PFOS (1–25 mg L− 1) and the 
mitotic index in root meristematic cells was evaluated, which is gener
ally considered to be a genotoxic endpoint [13]. The analysis showed 
that a concentration of 1 mg L⁻¹ of either PFOA or PFOS in the growth 
medium did not result in significant changes to the mitotic index while 
exposure to concentrations equal to or greater than 10 mg L− 1 of either 
PFOA or PFOS led to a drastic reduction in root mitotic index. For this 
reason, we decided to expose C. sativa to 1 mg L⁻¹ PFOA or PFOS con
centrations in our growth medium (Fig. 1).

3.2. Morphological and physiological parameters of hemp exposed to 
PFOA and PFOS

After 14 days exposure of hemp plants grown in vitro in presence of 
PFOA or PFOS, concentration of PFAS in aerial tissues and the effect on 
shoot biomass and pigments contents were assessed as primary end-out 
of PFAS exposure (Fig. 2). Both PFOA and PFOS were detected in hemp 
aerial tissues (Fig. 2A). Even though both showed a high accumulation 
of PFAS in aerial parts of the plants, in terms of micrograms per grams of 
dry weight (DW), PFOS showed a higher accumulation compared to 
PFOA in hemp shoots, with a concentration of 43.7 ± 2.5 and 7.8 
± 1.2 µg per grams of DW, respectively. Neither PFOS nor PFOA nega
tively affected hemp growth, with PFOA exposure significantly 
increasing shoot biomass, while no differences were observed after PFOS 
treatment, respect to the control condition (Fig. 2B-2D). Quantification 
of photosynthetic pigments, including chlorophyll a, chlorophyll b and 
carotenoids, showed that PFOA increased significantly chlorophyll a and 
b content in hemp leaves while no significant increase was observed 
after PFOS treatment respect to control condition (Fig. 2F, G). No vari
ation in carotenoids content was observed following both PFOA and 
PFOS exposure respect to control condition (Fig. 2H).

3.3. Activity of antioxidant enzymes in hemp exposed to PFOA and PFOS

Following 14-day exposure to PFOA or PFOS, activity of two 

Fig. 1. Analysis of mitotic index in Allium cepa meristematic root cells exposed to PFOA or PFOS. (A) Examples of mitotic phases (black arrows) identified in Allium 
cepa meristematic cells. (B) Mitotic index (%) variations following exposure to increasing concentration (1–25 mg L− 1) of PFOA or PFOS. Average mean values 
(±SD). Different letters represent significant differences among treatments. (One-way ANOVA followed by a post hoc Tukey’s test; p < 0.05).
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antioxidants enzymes, APX and CAT were evaluated in hemp leaves 
(Fig. 3). Results showed that both PFOA and PFOS exposure reduced 
antioxidant enzymes activity and that the inhibition is PFAS-specific: 
while a strong decrease in APX activity has been observed after PFOA 
exposure (Fig. 3A), PFOS induced a decrease in CAT activity (Fig. 3B).

3.4. Oxidative DNA damage in hemp exposed to PFOA and PFOS

Quantification of 8-oxodG and alkaline comet assay were performed 
to assess whether the exposure to PFOA and PFOS could induce geno
toxic alterations in C. sativa leaves (Fig. 4). The analysis revealed that 
after 14 days of exposure, both PFOA and PFOS increased the number of 

8-oxodG in genomic DNA respect to the control condition, although for 
PFOS the effect was not statistically significant (Fig. 4A). In addition, 
analyses of nuclei extracted from hemp leaves revealed a significant 
higher degree of DNA migration following exposure to both PFAS, 
indicating an increase of DNA fragmentation following 14-day exposure 
to either PFOA or PFOS (Figs. 4B, 4C).

3.5. Comparative proteomic analyses of hemp plants exposed to PFOA 
and PFOS

A comparative proteomic analysis was conducted to investigate 
common and specific proteomic pathways deregulated by the 

Fig. 2. Shoot quantification of PFAS and their effects on hemp shoot biomass and photosynthetic pigments following 14-days exposure to 1 mg L− 1 PFOA or PFOS. 
(A) Concentration of PFOA and PFOS in hemp aerial tissues in terms of µg per grams of dry weight (DW). (B) Quantification of shoot biomass expressed as fresh 
weight (FW). (C) Hemp leaf area following PFOA or PFOS exposure (n = 6). (D-E) Morphology of C. sativa shoots and leaves exposed to PFAS (scale bar, 2 cm). (F-H) 
Quantification of chlorophyll (Chl) a, chlorophyll b and carotenoids in hemp leaves. Average mean values (±SD). Different letters represent significant differences 
among treatments. (One-way ANOVA followed by a post hoc Tukey’s test; p < 0.05).
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accumulation of PFOA or PFOS in C. sativa leaves (Fig. 5, Fig. 6, 
Table S1). A total of 152 and 160 DAPs were identified for PFOA and 
PFOS, respectively (Table S1). Of these, 88 proteins for PFOA and 78 for 
PFOS were found to be more abundant with respect to the untreated 
control while 64 proteins and 82 proteins were found to be less abun
dant, respectively (Fig. 5A). The most abundant protein following PFOA 

exposure was a Jacalin-type lectin domain-containing protein 
(A0A7J6FJ85, Log2FoldChange = 4.12), whereas for PFOS was a SCP 
domain-containing protein (A0A7J6GGJ0, Log2FoldChange = 2.35) 
(Table S1). The COGs classification of DAPs (Fig. 5B) revealed that for 
both PFOA and PFOS “Metabolism” was the most affected COG group, 
with 62 e 69 DAPs, respectively. However, for PFOA most of them were 

Fig. 3. Evaluation of antioxidant enzymes activity following PFAS exposure. Quantification of ascorbate peroxidase (APX) (A) and catalase (CAT) (B) activity in 
hemp leaves exposed to 1 mg L− 1 PFOA or 1 mg L− 1 PFOS for 14 days. Average mean values (±SD). Different letters represent significant differences among 
treatments. (One-way ANOVA followed by a post hoc Tukey’s test; p < 0.05).

Fig. 4. DNA damage induced by PFOA and PFOS exposure. (A) Quantification of 7,8-dihydro-8-oxo-2′-deoxyguanosine (8-oxodG) on DNA extracted from hemp 
leaves digested to its individual nucleotides. (B) Median tail intensity (%) (50 nuclei, duplicate slide) from alkaline comet assay on C. sativa leaf nuclei. (Test T; *, 
p < 0,05; ***, p < 0,001). (C) Comet images of nuclei extracted from C. sativa leaves untreated and treated with 1 mg L− 1 PFOA or 1 mg L− 1 PFOS.
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more abundant proteins (n = 37), while for PFOS were less abundant 
proteins (n = 44) compared to the untreated control. Categories such as 
“Carbohydrate transport and metabolism” (n = 16), “Energy production 
and conversion” (n = 12), and “Amino acid transport and metabolism” 
(n = 8), were the most represented COGs categories for PFOA, whereas 
for PFOS were “Carbohydrate transport and metabolism” (n = 20), 
“Amino acid transport and metabolism” (n = 13), and “Lipid transport 
and metabolism” (n = 9). Globally, 18 less abundant proteins were 
common for both PFOA and PFOS exposure, and 26 were common be
tween more abundant proteins (Fig. 6A). Common DAPs belonged to 14 
COGs categories (Fig. 6B), and the most represented included “Function 

unknown” (n = 9), “Amino acid transport and metabolism” (n = 6), and 
“Carbohydrate transport and metabolism” (n = 5). Functional annota
tion analysis of DAPs revealed that exposure to both PFAS induced an 
increase of proteins localized to cellular components such as plastids, 
specifically chloroplast and chloroplast stroma (Fig. 6C), although most 
enriched annotation terms were PFAS-specific. PFOA exposure induced 
a significant increase in proteins involved in crucial step of chlorophyll 
biosynthetic processes (Figs. 6C, 6D), including a glutamyl-tRNA 
reductase (A0A7J6H526), two magnesium chelatases (A0A7J6EE54, 
A0A7J6HU76), a divinyl chlorophyllide a 8-vinyl-reductase 
(A0A7J6HEK8), and a NADPH-protochlorophyllide oxidoreductase 

Fig. 5. Overview of differentially abundant proteins identified after exposure to PFOA or PFOS. Bidirectional bar plots showing the number of less abundant proteins 
(blue) and more abundant proteins (red) (A) identified after PFOA (green) and PFOS (violet) treatment, and their clusters of orthologous groups (COGs) - based 
classification (B).
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Fig. 6. Comparison of less abundant and more abundant proteins identified following PFOA or PFOS exposure. (A) Venn diagrams showing the overlap of more 
abundant (top) and less abundant proteins (bottom) between DAPs identified in PFOA and PFOS treatments. (B) COGs-based classification of less abundant (blue) and 
more abundant proteins (red) identified after both PFOA or PFOS exposure. (C) Bubble plot of enriched annotation terms (Benjamini-adjusted p < 0.05) of less 
abundant (left) and more abundant proteins (right), identified using DAVID Bioinformatics and grouped into Biological Process, Cellular Component, Pathway and 
Protein features. Fold enrichment and number of DAPs associated with each annotation terms are also reported.
(a) (D) Proteins found to be more abundant after PFOA exposure and involved in chlorophyll biosynthetic processes illustrated within the KEGG Porphyrin meta
bolism pathway (adapted from map00860). (b) (E) KEGG orthology Glycolysis/Gluconeogenesis pathway illustrating the role of proteins less abundant following 
PFOS exposure and involved in gluconeogenesis (adapted from map00010).
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(A0A7J6I0E5), together with an overabundance of a chloroplastic 
chlorophyll a-b binding protein (A0A7J6I6H8) (Table S1). Conversely, 
PFOS exposure determined a decrease in abundance of proteins with 
roles in gluconeogenesis (Figs. 6C, 6E), such as two phosphoenolpyr
uvate carboxykinases (A0A7J6I3M8, A0A7J6HDF0), a fructose-1,6- 
bisphosphatase (A0A7J6F071), and a glucose-6-phosphate isomerase 
(A0A7J6DME2). Proteins involved in redox processes or in oxidative 
stress defense were found to be more abundant in the presence of both 
PFOA and PFOS, and these included a 2Fe-2S ferredoxin-type domain- 
containing protein (A0A7J6IAM6) and thioredoxin clot (A0A7J6EQC4). 
Other proteins were PFAS-specific, such as a peroxidase (A0A7J6HPV5) 
and of a dehydroascorbate reductase (A0A7J6GNZ6), which were more 
abundant following PFOA exposure; and a Cu-Zn superoxide dismutase 
(A0A7J6G1D4), the abundance of which increased after PFOS exposure.

4. Discussion

4.1. PFOA and PFOS accumulation promoted hemp growth and 
chlorophyll content

The ability of industrial hemp to bioaccumulate PFAS in aerial tis
sues makes it of great interest not only in the context of PFAS phytor
emediation [22,23,27] but also as a potential model species for the 
evaluation of PFAS phytotoxicity and genotoxicity. The aim of this study 
was to explore the potential effects induced in in vitro-grown industrial 
hemp by the exposure to 1 mg L− 1 PFOA or PFOS, a concentration that 
allowed the detection of molecular alterations under short-term expo
sure without compromising plant growth (Fig. 1, Fig. 2). In addition, this 
concentration is representative of environmental scenarios character
ized by elevated PFAS contamination, such as areas adjacent to fluo
rochemical industries or sites impacted by the application of aqueous 
film-forming foams (AFFFs), where PFAS concentrations can reach the 
ppm range [40,41]. PFAS quantification in hemp shoots showed greater 
PFOS accumulation compared to PFOA (Fig. 2A). PFAS uptake in plants 
depends on molecular properties, initial concentrations, species-specific 
traits, and the physical–chemical characteristics of the root-associated 
matrix (e.g., liquid vs. solid media) [21,42–44]. Most studies assessing 
PFAS accumulation in aerial tissues use mixtures, where competitive or 
interactive effects can alter bioavailability [21,45]. Table S2 summa
rizes studies measuring PFOA or PFOS in aerial tissues after exposure to 
individual compounds with all other experimental conditions held 
constant. Some species, such as cucumber, carrot, lettuce, sea rush, and 
water hyacinth, accumulate more PFOA, whereas others, including 
pumpkin and maize, accumulate significantly more PFOS [17,46–51]. 
No studies on hemp have tested accumulation after exposure to single 
PFAS. As root PFAS accumulation was not considered in our study, we 
can only speculate whether differential shoot accumulation among 
PFOA and PFOS reflects distinct translocation patterns or differences in 
uptake kinetics influenced by the exposure medium (e.g., plant agar).

Despite their different accumulation profiles, both PFAS induced an 
increase in above-ground hemp biomass, significantly PFOA, with this 
latter also promoting an increase in leaf area (Figs. 2B, 2C). It has been 
proved that low concentrations of PFAS tend to stimulate plant growth, 
and this phenomenon has been observed in a variety of plant species 
exposed to different types of PFAAs [20]. Indeed, several studies 
demonstrate that exposure concentrations of PFOA or PFOS in the 
growing medium comparable to those utilized in the present study 
(1 ppm) induce an increase in aboveground tissues in multiple herba
ceous species. In hydroponically cultivated maize, an increase in shoot 
biomass was observed following a 10-day exposure to 1 mg L− 1 PFOA 
[50]. In a similar study with Brassica juncea, a 7-day exposure resulted in 
a doubled shoot biomass [52]. Furthermore, an increase in aboveground 
biomass has been observed in multiple lettuce cultivars following 
exposure to PFOA or PFOS [53,54]. The phenomenon of plant growth 
stimulation at low concentrations of chemicals has been observed for 
pollutants, herbicides, and heavy metals [55–57]. Despite the absence of 

comprehensive elucidation of the underlying mechanisms of hormesis in 
plants, emerging evidence suggests a potential involvement of hormonal 
regulation systems, antioxidant enzymes activity, ROS and stress pro
teins production in response to exposure to low concentrations of 
chemicals [58,59]. Furthermore, a meta-analysis by Agathokleous et al. 
[60] suggested that chlorophylls can be stimulated by abiotic stresses, 
and can be considered as major components of plant stress biology. Our 
results showed that both PFOA and PFOS stimulated chlorophyll a and 
chlorophyll b content, significantly the former, without affecting ca
rotenoids content (Fig. 2 F-H). An increase in total chlorophyll content 
was already observed in wheat exposed to increasing concentration (0.1 
– 100 µM) of PFOS [61]. Interestingly, bell-shaped responses in chlo
rophyll content were observed in the aquatic species Vallisneria natans 
and Cyperus alternifolius following exposure to increasing concentration 
of PFOA (0.1–10 µg L− 1) or PFOS (0.001–10 mg L− 1), respectively [62, 
63].

4.2. PFOA and PFOS inhibited antioxidants enzymes activity and induced 
DNA damage

A hallmark of PFAS-induced phytotoxicity is the alteration of cellular 
antioxidant systems, leading to an increase in ROS and reactive nitrogen 
species (RNS), often accompanied by damage such as lipid peroxidation, 
protein oxidation and compromised DNA integrity [64,65]. Conse
quently, the activity of two antioxidant enzymes, APX and CAT, was 
evaluated, whose importance in downstream ROS detoxification pro
cesses as H2O2-metabolising enzymes in plants exposed to abiotic stress 
is well documented [66]. PFOA and PFOS accumulation in the aerial 
tissues of hemp resulted in a decrease in the activity of these two anti
oxidant enzymes (Fig. 3). Specifically, exposure to PFOA was found to 
reduce APX activity by 50 % (Fig. 3A), and a substantial decrease in CAT 
activity was observed following exposure to PFOS (Fig. 3B). The inhi
bition of APX activity following exposure to PFOA (100 µM) has previ
ously been demonstrated in the model plant A. thaliana, where, in 
parallel, a downregulation of gene expression was recorded [67]. 
Moreover, studies conducted on wheat, soybean, and mung bean 
revealed a decrease in CAT activity following exposure to PFOS [61,68, 
69]. It has been hypothesized that PFOA and PFOS may physically 
interact with antioxidant enzymes, thereby altering the intracellular 
redox state [70–72]. Specifically, a study that utilized a range of spec
troscopic methodologies, molecular docking, and enzymatic activities to 
assess the binding between PFOA or PFOS and CAT revealed that while 
the PFOA-CAT interaction is superficial and does not involve alterations 
in enzyme activity, PFOS binds in proximity to amino acids in the active 
site, resulting in a 71.81 % decrease in enzyme activity [71]. This evi
dence suggests that the inhibition of CAT activity observed in hemp 
leaves following PFOS accumulation may be attributable to PFOS 
physical interaction and block of enzyme activity. Although the inter
action of PFOA with APX has yet to be explored, a similar mechanism 
could occur. Following exposure to both PFOA and PFOS, the inhibition 
of antioxidant enzymes could result in ROS accumulation. Indeed, the 
quantification of 8-oxodG on DNA extracted from hemp leaves following 
PFAS accumulation, a marker of DNA oxidative damage, showed an 
increase in oxidative adducts for PFOA and PFOS, with the increase 
being significant for the former (Fig. 4A). Despite the documented in
crease in 8-oxodG in plants exposed to heavy metals and salt stress [73, 
74], a limited number of studies investigated this trait in response to 
PFAS exposure. In hydroponically cultivated lettuce leaves, an increase 
in 8-oxodG has been reported through a metabolomic approach 
following 28-day exposure to 500–5000 ng L− 1 PFOA or PFOS [75]. 
Interestingly, a number of cross-sectional studies have correlated human 
exposure to PFOA and PFOS with an increase in urinary 8-oxodG 
[76–78]. In order to assess whether the increase in oxidative DNA 
damage was accompanied by impaired genomic DNA integrity, an 
alkaline comet assay was performed on nuclei extracted from hemp 
leaves following 14-day exposure to PFOA or PFOS (Fig. 4B-4C). The 
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analysis demonstrated a decrease in DNA integrity following exposure to 
both PFAS, with a significant increase in tail intensity (Fig. 4B) and DNA 
migration (Fig. 4C) across both treatments. To date, studies employing 
this technique to detect PFAS genotoxicity in plants are limited to tests 
conducted in the model species Allium cepa [13,79,80]. These studies 
have demonstrated that exposure to class B firefighting foams, which 
constitute a primary source of PFAS contamination [81], or to PFOS, 
results in DNA damage, with a significant increase in tail intensity 
together with the detection of different chromosomal aberrations, 
including micronuclei [13,79]. Furthermore, comet assay has been uti
lized to assess the genotoxicity of PFOA and PFOS in the ecotoxicological 
model species Daphnia carinata, showing significant DNA damage after 
exposure to 1 mg L− 1 PFOS or 10 mg L− 1 PFOA, suggesting a higher 
genotoxic effect for the former [82]. Furthermore, studies in HepG2 cells 
exposed to a range of PFAAs have highlighted the genotoxic potential of 
both PFOA and PFOS, with a significant increase of percentage tail DNA 

at concentration as low as 1.85 µM and 0.77 µM, respectively [83,84]. In 
our study, PFOA was detected at lower concentrations than PFOS in 
hemp aerial tissues (Fig. 2A). Nevertheless, it exerted a stronger intrinsic 
toxicity, resulting in oxidative and genotoxic damage comparable to 
those induced by PFOS. This evidence suggests that the observed in
crease in biomass and chlorophyll content (Figs. 2B, 2F-2G) should not 
be considered as an adaptive response, but rather as a overcompensatory 
growth response triggered by a deregulation of cellular homeostasis 
[85].

4.3. PFOA and PFOS altered hemp leaf proteome

Following PFOA and PFOS accumulation in hemp leaves, a 
comparative proteomic approach was conducted to assess potential al
terations in proteome caused by PFAS exposure (Fig. 5, Fig. 6, Fig. 7, 
Table S1). Most of the identified DAPs after PFOA or PFOS exposure, a 

Fig. 7. Schematic overview of the main molecular targets of PFOA- and PFOS-induced phytotoxicity in hemp leaves. Representation of biological processes altered 
following PFAS exposure, along with the list of specific DAPs involved and their hypothesized interplay (dotted lines) with physiological and genotoxic findings, 
labeled in black square. Lower abundance (blue), unaltered (white) or higher (red) abundance of each DAP following exposure to PFOA (left) or PFOS (right) is 
represented by colored squared flanking protein UniProt ID.
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significant portion of which being common to both PFAAs (Fig. 6A), 
belonged to the “Metabolism” COGs category class, mainly related to 
lipids, amino acids, and carbohydrates transport and metabolism, and in 
energy production and conversion processes (Fig. 5B).

Given their structural similarity to fatty acids, it is not surprising that 
the abundance of several proteins involved in lipid metabolism was 
altered following exposure to PFOA (n = 12) or PFOS (n = 7) (Fig. 5B). 
Specifically, three of these (A0A7J6HYX6, A0A7J6HVQ3, A0A7J6F5Y7) 
were found to be commonly altered following exposure to both PFAAs. 
Moreover, both PFOA and PFOS exposure resulted in an overabundance 
of a non-specific lipid-transfer protein (A0A7J6HLZ9) (Fig. 6B). In a 
proteomic analysis of hydroponically grown maize exposed to a mix of 
PFCAs and PFSAs, the non-specific lipid transfer protein 1 (NSLTP1), 
involved in fatty acid and lipid metabolism, emerged as one of the most 
abundant proteins in response to PFAS exposure [86]. Molecular dock
ing analyses further revealed a higher affinity for the tested PFAS 
compounds compared to the native ligand palmitic acid. The authors 
also highlight how the high binding affinity of PFOA and PFOS may be 
due to multiple polar interactions they could form with palmitic acid 
[86]. Although further analyses would be required to confirm this sce
nario in hemp, it is possible that, as observed for maize, the binding of 
PFOA and PFOS to this protein may induce its overproduction in an 
attempt to restore its ability to perform its physiological functions.

The link between PFAS and altered amino acid metabolism has 
already been highlighted in several studies that have used metabolomic 
approaches to analyze the plant response to PFAS exposure. Neverthe
less, both increases and decreases in amino acid content were observed, 
with highly plant-specific and PFAS-specific results [87–91]. The ami
noacidic profile of root maize following exposure to a mix of 11 PFAAs 
was analysed, and the level of 15 amino acids resulted significantly 
altered. In this study, the abundance of 6 proteins (A0A7J6FL01, 
A0A7J6I1C4, A0A7J6F6N3, A0A7J6I9H8, A0A7J6HBR9, A0A7J6F700) 
with roles in amino acids transport and metabolism was found to be 
altered both in the presence of PFOA or PFOS (Fig. 6B). Interestingly, 
these include the chorismate synthase (A0A7J6FL01), which was found 
to be highly over-abundant in response to both PFAAs. This enzyme 
catalyzes the last step in the shikimate pathway that leads to chorismate 
production, a precursor molecule for the biosynthesis of aromatic amino 
acids, such as phenylalanine, tyrosine, and tryptophan, as well as sec
ondary metabolites such as vitamin K, folate and salicylic acid [92]. 
Co-exposure to PFOA and PFOS in hydroponically grown lettuce resul
ted in a strong induction of shikimate pathway, and the same trend was 
observed in PFOS-exposed A. thaliana leaves, suggesting this mechanism 
to be a strategy to cope with PFAS phytotoxicity [88,93].

Several studies have highlighted marked alterations related to car
bohydrate metabolism, such as TCA cycle, glycolysis, and gluconeo
genesis, following exposure to PFAS in plants [87,89–91]. In this study, 
hemp exposure to PFOS resulted in a significant reduction in the 
abundance of proteins involved in gluconeogenesis, compared to the 
untreated control (Fig. 6C). Covering many steps leading to the synthesis 
of glucose-6P from oxaloacetate, these proteins included 
glucose-6-phosphate isomerase (A0A7J6DME2), fructose-1, 
6-bisphosphatase (FBP) (A0A7J6F071), and two phosphoenolpyruvate 
carboxykinases (PEPCK) (A0A7J6I3M8, A0A7J6HDF0) (Fig. 6E). The 
deleterious effects of PEPCK deficiency have been well documented in 
several plant species, suggesting a key role in the response to abiotic 
stresses [94–96]. The downregulation of PEPCK and FBP had previously 
been associated with the response to light deprivation in grape berries, 
as key genes controlling gluconeogenesis, thus resulting in lower glucose 
and fructose levels [96]. A decrease in sugar content has already been 
observed following exposure to increasing concentrations 
(0.2–5 mg kg⁻¹) of PFOS in wheat [97]. The inhibition of gluconeogen
esis in response to PFOS exposure could therefore represent a metabolic 
reprogramming towards less energy-consuming processes to cope with 
the stress generated by its accumulation in tissues, with consequences 
that could also have an impact on nutritional quality when exposure 

occurs in edible plants.
The disruption of energy balance processes is another common 

feature identified in plants exposed to PFOA or PFOS, in which changes 
in photosynthesis, in terms of fluorescence parameters, gas exchange, 
and chlorophyll content, are frequently identified [20]. Here, photo
synthesis and chlorophyll biosynthetic processes were the most affected 
biological process following hemp exposure to PFOA (Fig. 6C). Indeed, 5 
proteins were found to be significantly more abundant following PFOA 
accumulation in hemp leaves, which included glutamyl-tRNA reductase 
1 (A0A7J6H526), magnesium chelatases (A0A7J6EE54, A0A7J6HU76), 
divinyl chlorophyllide a 8-vinyl-reductase (A0A7J6HEK8), and 
NADPH-protochlorophyllide oxidoreductase (A0A7J6I0E5), enzymes 
that catalyse several step that lead to chlorophyll a and chlorophyll b 
synthesis from L-glutamyl-tRNA. Furthermore, PFOA exposure was 
found to induce the synthesis of a chloroplastic chlorophyll a-b binding 
protein (A0A7J6I6H8) (Table S1). This finding aligns with the signifi
cant increase in chlorophyll a and chlorophyll b content observed 
following PFOA exposure (Fig. 2F-2G). Moreover, tetrapyrroles are 
known to play a role in oxidative stress-induced cellular response, 
contributing to ROS-mediated retrograde signalling from plastid 
affecting nuclear gene expression [98,99]. Here, chloroplasts repre
sented the most affected cellular compartments after both PFOA and 
PFOS exposure (Fig. 6C), with enzymes such as the magnesium chela
tases (A0A7J6HU76, A0A7J6EE54) over-abundant in both treatments. 
Specifically, these enzymes lead to the formation of Mg-protoporphyrin 
IX, which is directly involved in retrograde signalling via 1O2 generation 
following its accumulation [100].

The presence of proteins such as 2Fe-2S ferredoxin-type domain- 
containing protein (A0A7J6IAM6) and thioredoxin clot (A0A7J6EQC4) 
(Fig. 6B) among the proteins common to both PFAS supports a scenario 
of redox imbalance. However, exposure to PFOA or PFOS revealed also 
specific features. Following exposure to PFOA, the most abundant pro
tein compared to the control was a Jacalin-type lectin domain- 
containing protein (A0A7J6FJ85) (Table S1). Recently, the role of 
jacalin-related lectins in abiotic stress response in tomato has been 
highlighted, along with a chromosomal localization associated with cis- 
regulatory elements involved in environmental stress response [101]. In 
rice, a salt stress-responsive jacalin-related lectin (OsJRL45) was found 
to improve salt stress tolerance by increasing the activity of antioxidant 
enzymes and regulating osmotic balance [102]. On the other hand, the 
most abundant protein compared to untreated control condition 
following PFOS exposure was a cysteine-rich secretory protein-related 
protein (A0A7J6GGJ0) (Table S1). It has been proposed that this su
perfamily domain may participate in abiotic stress tolerance by regu
lating membrane stability and modulating antioxidant enzyme activity 
[103]. Interestingly, PFOA and PFOS induced an overabundance of 
specific antioxidants. Indeed, the former increased the abundance of a 
peroxidase (A0A7J6HPV5) and of a dehydroascorbate reductase 
(A0A7J6GNZ6), further supporting the idea of a perturbation of H2O2 
detoxification systems induced by PFOA exposure. Conversely, exposure 
to PFOS induced an overproduction of a Cu-Zn superoxide dismutase 
(A0A7J6G1D4) hemp leaves, pointing to a possible accumulation of 
superoxide anion (O2

¡⋅) as one of the mechanisms underlying 
PFOS-induced phytotoxicity.

5. Conclusions

This study evaluated morphological and physiological parameters, 
genotoxic endpoints and alterations in leaf proteome following PFAS 
accumulation in hemp shoots. The data revealed that shoot concentra
tions on the order of µg g− 1 didn’t result in evident morphological al
terations. Although high aerial accumulation is a beneficial trait in the 
context of phytoremediation, this aspect should be considered as an 
ecological risk for possible trophic transfer, as shoots are potentially 
edible and easily accessible plant parts. PFOA, despite accumulating in 
hemp tissues at significantly lower concentrations than PFOS, induces 
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comparable levels of DNA damage and activates distinct metabolic 
pathways (Fig. 7), thus highlighting the importance of comparative 
studies in assessing PFAS genotoxicity. The results obtained suggested 
that the genotoxic effect may arise from a decrease in antioxidant 
enzyme activity with consequent oxidative stress, leading to an increase 
in DNA oxidation markers and genomic DNA fragmentation (Fig. 7). The 
latter may result directly from an increase in ROS within the nucleus, but 
also indirectly from incomplete repair of premutagenic 8-oxo-dG 
through the base excision repair mechanism, with possible formation 
and accumulation of single- and double-strand breaks. In addition, 
comparative proteomic analysis revealed a common response of both 
PFOA and PFOS on the chloroplast proteome and on proteins involved in 
redox homeostasis. Exposure to the two PFAAs also resulted in the 
disruption of specific biological processes. While PFOS accumulation 
decreased the abundance of proteins directly involved in gluconeogen
esis, PFOA exposure promoted the synthesis of proteins involved in 
chlorophyll biosynthesis, suggesting that the two compounds may 
interact with different molecular targets. In the case of PFOA, the 
observed increase in biomass and chlorophyll content in the presence of 
genotoxic damage could represent an overcompensatory growth 
response triggered by deregulation of cellular homeostasis, although the 
molecular basis underlying this response remains to be elucidated. The 
present study has provided the first information on genotoxicity of PFAS 
in plant leaf tissues, providing also novel insights into the molecular 
mechanisms perturbated by PFAS from a proteomic perspective.

Environmental implication

Hemp is a candidate for PFAS phytoremediation, as it accumulates 
high concentrations of PFAS without showing visible signs of toxicity. 
Due to its features, it can be also a valuable model to understand possible 
genotoxic effects and alterations in cellular pathways induced by PFAS 
accumulation in plants. This study is among the first to investigate the 
genotoxic effects due to accumulation of PFOA and PFOS in plants, along 
with showing the alterations of cellular pathways induced by PFAS 
exposure. The study suggests hemp as a model species for environmental 
monitoring of PFAS and their detrimental effects on living organisms.
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