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ABSTRACT: Per- and polyfluoroalkyl substances (PFAS) persist
in aquatic systems, yet hazard evaluations still rely largely on short-
term tests. We chronically exposed the medicinal leech Hirudo
verbana for two months to four PFAS congeners at 1 nmol L−1

aligned with the EU Drinking Water Directive thresholds (PFAS
total = 0.50 μg L−1): a legacy long-chain acid (PFOA), two short-
chain ether replacements (HFPO-DA and PFMoBa), and an
intermediate methoxy analogue (PFMOPrA). Histology, enzy-
matic histochemical staining, immunofluorescence, and quantita-
tive polymerase chain reaction tracked the canonical inflammatory
sequence, represented by CD11b+ granulocyte influx, CD31+

neovessel formation, and recruitment of CD45+/ACP+ macro-
phage-like cells, together with transcriptional responses of
oxidative stress genes (SOD and GST) and two immune mediators (HvRNASET2 and HmAIF-1), chosen for their known role
in leech innate immunity. PFOA and PFMOPrA sustained the full CD11b/CD45/CD31 cascade, maintained high ACP activity, and
strongly upregulated HvRNASET2, HmAIF-1, SOD and GST, signaling stability, and tissue-remodeling inflammation. By contrast,
HFPO-DA and PFMoBa induced a granulocyte influx but failed to promote macrophage recruitment or neovascularization;
HvRNASET2 transcripts rose, whereas HmAIF-1 expression, ACP activity, and CD31 signal remained at the baseline. These
outcomes suggest that while all PFAS trigger the same innate-immune program, only PFOA and PFMOPrA sustained its full
development. Taken together, these observations suggest that multiple structural and bioactivity determinants, potentially including
but not limited to the chain length, shape the sustained response at the chronic level in leeches. This supports the need for
multitemporal, policy-relevant PFAS hazard assessment.
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1. INTRODUCTION
Per- and polyfluoroalkyl substances (PFAS) are under intense
regulatory and scientific scrutiny owing to their extreme
persistence, global ubiquity, and emerging links to immunotox-
icity, cancer, and metabolic disease. Legacy long-chain
compounds such as perfluorooctanoic acid (PFOA), which
represents a long-chain PFCA with well-documented occur-
rence and persistence, and perfluorooctanesulfonic acid (PFOS)
have been detected in human serum worldwide,1−3 prompting
international measures from production phase-outs4 and the
substitution of legacy congeners with shorter chains or ether
linkages.5−11 Recent policy actions span both sides of the
Atlantic, including U.S. aquatic-life criteria,12 EU drinking water
group limits,13 and newly enforceable U.S. drinking water
standards,9 together signaling a broad regulatory shift toward

stricter PFAS control in water. Although these measures have
reduced environmental emissions of legacy PFAS,14 they also
raise new questions about residual hazards and risks.15−18

Indeed, it has been also proven that despite their classification,
all the most commercially produced PFAS have been detected in
many different biological matrices, from soil to waters, and
exhibit high rates of bioaccumulation.19
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The multitude of applications and the advantageous physical
properties, such as longevity and high heat stability, make PFAS
extremely attractive in terms of applicability, but simultaneously
increase the risk associated with their potential dispersion and
ecological persistence.20 Thus, released both from industrial raw
materials and directly from consumer products and everyday
retail articles, PFAS are able to persist for decades and, regardless
of their molecular structure, exhibit prolonged half-life and
significant environmental mobility, which confer high bio-
accumulative potential and are associated with adverse effects on
living organisms.21,22 Concerning aquatic ecosystems, short-
chain PFAS are highly water-soluble and can enrich at the air−
water interface, whereas longer-chain congeners exhibit stronger
sorption to sediments and greater bioaccumulation potential;
these behaviors scale with chain length and headgroup
chemistry.21−24 Across drinking water source waters, national
monitoring indicates total PFAS means of ∼90 ng L−1 in surface
waters and ∼210 ng L−1 in groundwater, with hotspot maxima
reported up to 7000 ng L−1 for PFOS; PFECAs such as HFPO-
DA (GenX) have been measured at ∼631 ng L−1 at community
intakes.25 Globally, surface and groundwaters typically fall in the
single-digit to few-tens of ng L−1 range, but industrial/AFFF-
impacted sites intermittently reach 102−103 ng L−1 and, in some
cases, μg L−1.26 Unfortunately, one of the primary routes by
which organisms come into contact with PFAS is the intake of
contaminated water. Groundwater, in particular, serves as a
crucial source for drinking water, providing a significant portion
of the potable supply for communities around the world.27 Thus,
growing concern regarding the migration of PFAS from ground
to drinking water sources is becoming a pressing issue for public
health and environmental safety. This aspect is further
reinforced by recent data demonstrating that even low
concentrations of PFAS can exert detrimental effects on
human health, including immune system dysfunction and
increased cancer risk.28,29

To address the toxicity of PFAS, we recently proposed the
medicinal leech Hirudo verbana (H. verbana) as a model
organism to investigate its impact on innate immunity and
angiogenesis. Unlike traditional invertebrate models such as
Drosophila melanogaster or Caenorhabditis elegans, H. verbana
possesses a closed circulatory system, circulating immune cells,
and vascular-like structures resembling those of vertebrates,30,31

enabling biologically relevant studies on inflammation, oxidative
stress, and vascular remodeling. Its immune system includes
conserved components analogous to vertebrate responses, as
confirmed by transcriptomic analyses showing high similarity
between leech innate-immune genes and mammalian counter-
parts.32 Prior studies have shown that H. verbana responds to
environmental contaminants with upregulation of proinflamma-
tory markers (e.g., HvRNASET2, HmAIF-1, and IL-18),33,34

increased oxidative stress (SOD andGST),35 ROS production,36

and activation of phagocytosis and angiogenesis,37,38 supporting
its use as a sentinel species. Moreover, vertebrate antibodies
such as CD11b, CD45, CD68, CD31, and VEGF receptors (Flt-
1/VEGFR-1 and Flk-1/VEGFR-2) cross-react with leech
tissues, indicating conserved epitopes involved in immune and
vascular processes31,33,39−41 and enabling immunohistochem-
ical investigation using vertebrate tools. These features highlight
H. verbana as an ecologically relevant and experimentally
versatile invertebrate model for assessing pollutant-induced
alterations to the immune homeostasis and vascular integrity.

In previous work, we showed that a 24 h exposure to PFOA
and C4−C6 short-chain perfluoro ether carboxylic acids at

different concentrations (0.6 and 299 μmol L−1) triggered acute
inflammation in H. verbana. Notably, next-generation PFAS
congeners like HFPO-DA, PFMOPrA, and PFMoBa elicited
toxicological profiles comparable to PFOA.35

Here, we test whether structurally distinct PFAS, PFOA,
straight-chain perfluoro carboxylic acids (PFCAs) versus the
ether compounds (HFPO-DA, PFMOPrA, and PFMoBa)
differing in perfluoroalkyl length (C4−C8) and ether position
(α vs β/γ) sustain innate-immune and angiogenic alterations
and influence regeneration, under chronic, environmentally
realistic exposure, aligning our design with the EU Drinking
Water Directive parameters used by Member States for
compliance (PFAS total = 0.50 μg L−1). Compared to PFOA,
HFPO-DA is a short-chain ether replacement produced during
fluoropolymer manufacture and widely reported in impacted
waters in North America, Europe, and China. The closest low-
carbon analogues of HFPO-DA are PMPA (perfluoro-2-
methoxypropanoic acid) and PEPA (perfluoro-2-ethoxypropa-
noic acid), which share its α-alkoxy (branched) topology;
however, commercially available standards for PMPA/PEPA
were not commercially available at study design. We therefore
employed the isomeric methoxy-PFECAs PFMOPrA (C4,
−OCF3) and PFMoBa (C5, −OCF3), both reported alongside
HFPO-DA in the Cape Fear River (NC, USA) watershed,
including finished drinking water, consistent with coproduced
impurities/byproducts in fluoropolymer production
streams.42,43 Notably, monitoring reports sometimes group
methoxy-PFECAs and do not always resolve positional/
branched isomers.44 In China, PFECAs are increasingly
reported in surface waters and drinking water systems near
fluorochemical hubs (e.g., Poyang Lake; lower Yangtze), with
HFPO-DA and methoxy-PFECAs prominent, and PFECA
bioaccumulation documented in estuarine food webs, support-
ing exposure plausibility for this structural class.45−47 By pairing
PFMOPrA (C4) and PFMoBa (C5), we introduce a one-CF2
increment at a conserved ether headgroup, while HFPO-DA
provides a larger heptafluoropropoxy ether; together with
PFOA, this panel allows us to probe how the perfluoroalkyl
length and ether size/position govern chronic innate-immune
and angiogenic outcomes. To this end, we exposed leeches to 1
nmol L−1 of each compound for two months (acid-equivalent ≈
0.23−0.41 μg L−1 across analytes, see Section 2.1). This anchors
our comparisons to concentrations that are policy-salient and
within the upper end of PFAS levels intermittently observed in
European freshwaters and groundwater near emission sources.

2. MATERIALS AND METHODS

2.1. Animals and Treatments
Medicinal leeches (H. verbana, Annelida, and Hirudinea), derived from
the ILFARM breeding (Italian Leech Farm, Italy), were maintained in
aerated tanks in 200 mL of slightly salted water (1.5 g L−1 NaCl) at 20
°C. For the treatments, adult animals (10 cm in length) were randomly
separated into distinct experimental groups and exposed to diverse
treatments. For each condition, defined by the specific PFAS used, a
total of five animals were used, and all of the experiments were
performed in triplicate. After 2 months from PFAS water admin-
istration, leeches were anesthetized in a 10% ethanol solution until they
appeared completely asleep and then sacrificed.

Group 1: Leeches were exposed to isopropyl alcohol
[(CH3)2CHOH] (0.005%) and used as a control. The same
isopropanol concentration was also used to dilute the PFAS tested.
Control experiments were necessary to dismiss any possible side effects
induced by this chemical.
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Groups 2: Leeches were treated for 2 months with ammonium
perfluoro(2-methyl-3-oxahexanoate) (HFPO-DA).

Groups 3: Leeches were treated for 2 months with perfluoro-4-
methoxybutanoicacid (PFMoBa).

Groups 4: Leeches were treated for 2 months with perfluorooctanoic
acid (PFOA).

Groups 5: Leeches were treated for 2 months with perfluoro-3-
methoxypropanoic acid (PFMOPrA).

The animals’ water was changed weekly in order to maintain a
consistent concentration of PFAS. Moreover, the precise concen-
trations of PFAS were selected to evaluate the long-term effects, within
the framework of an EU project on PFAS (https://scenarios-project.
eu). To this aim, we selected 1 nmol L−1 to reflect the upper end of
policy-relevant drinking water levels in the EU. At this molarity, mass
concentrations span ≈0.33−0.414 μg L−1 across the PFAS tested
(PFMOPrA ≈ 0.230 μg L−1; PFMoBa ≈ 0.280 μg L−1; HFPO-DA ≈
0.330 μg L−1; PFOA = 0.414 μg L−1), placing our exposure near the
0.50 μg L−1 “PFAS total” parameter and above the 0.10 μg L−1 “sum of
PFAS” threshold used by UE Member States. Furthermore, reported
European surface and groundwaters are typically in the ng L−1 range,
with local hotspots occasionally reaching 102−103 ng L−1,25,26

supporting the realism of our chronic test level for organisms inhabiting
impacted waters.
In vivo studies were conducted using medicinal leeches of the species

H. verbana, which are not protected under Directive 2010/63/EU
governing the use of animals in scientific research, nor are they listed in
Legislative Decree no. 26, of 4 March 2014, “Implementing Directive
2010/63/EU on the protection of animals used for scientific purposes”,
published in the Italian Official Journal on 14 March 2014. However,
their use has been authorized by the Animal Welfare Body (OPBA) at
the University of Insubria.
2.2. Tissue Sampling
Small fragments were collected from the animals to perform the
different analyses. Leeches exhibited a consistent body structure along
their entire length with similar anatomical features observable across
sections, except for the more apical cephalic and posterior regions. This
uniformity allowed multiple samples to be obtained from the same
animal, providing adequate biological material for all of the planned
experiments.
2.3. Optical Microscopy Analyses
Leech samples used for morphological analysis, including quantitative
assessment of vessel and granulocyte numbers, were collected and fixed
in 4% glutaraldehyde (diluted in 0.1 mol L−1 cacodylate buffer, pH 7.4)
at room temperature for 2 h. After three washings in the same buffer,
samples were postfixed for 1 h in the dark using 2% osmium tetroxide
(OsO4). Subsequently, tissues were washed again in cacodylate buffer
and then dehydrated with an increasing ethanol concentration (30, 50,
70, 90, 96, and 100%). Samples were transferred into a solution of
propylene oxide and resin (1:1 ratio) for 1 h and last embedded in an
Epon-Araldite 812 mixture epoxy resin (Sigma-Aldrich, Italy). Semithin
sections for light microscopy (750 nm) were obtained with an RMC
PowerTome XL (Boeckeler Instruments, USA), collected on a slide,
and stained with crystal violet (1 g in 100 mL of distilled water) and
basic fuchsin (0.13 g in 100 mL of distilled water). Samples were finally
observed under a light microscope (Eclipse Nikon, Japan), and data
were recorded with a DS-5M-L1 digital camera system (Nikon, Japan).
2.4. Immunofluorescence Assay on Cryosections
All samples were rapidly included into an OCT (optimal cutting
temperature compound) (Polyfreeze TebuBio, France), frozen in
liquid nitrogen, and stored at −80 °C. Cryosections (7 μm) were
obtained with a cryostat (Leica CM1850), collected on gelatinated
slides (coated with bovine serum albumin, BSA), and held at −20 °C.
Sections were then rehydrated for 10 min in PBS (138 mmol L−1 NaCl,
2.7 mmol L−1 KCl, and 4.3 mmol L−1 Na2HPO4, pH 7.4) and incubated
in the BSA blocking solution (2% BSA, 0.1% Tween diluted in PBS) for
30 min and then for 1 h at room temperature with the primary
antibodies (Table 1) (BSA was used to dilute both primary and
secondary antibodies). These specific primary antibodies were already

used in leeches to specifically detect endothelial cells,35,41,48 or
granulocytes49 or hematopoietic precursors cells and their derived
monocyte-macrophage-like cell populations.,40,50 After several washes
in PBS buffer, slides were incubated with suitable secondary antibodies
conjugated with fluorescein isothiocyanate (FITC, Thermo Fisher
Scientific, dilution 1:250) for 45 min. Nuclei were then counterstained
with 4,6-diamidino-2-phenylindole (DAPI) 0.1 mg mL−1 diluted in
PBS for 5 min, and slides were mounted with PBS/Glycerol Cityfluor
(Cityfluor, UK). Negative control experiments were performed by
omitting primary antibodies. All samples were examined with a
fluorescence microscope (Nikon Digital Sight DS-SM, Japan), and
staining was visualized using excitation/emission filters of 490/525 nm
for FITC and 340/488 nm for DAPI. The obtained images were then
combined using Adobe Photoshop (Adobe System, Inc.).
2.5. Acid Phosphatase (ACP) Assay
Cryosections were rehydrated in PBS physiological solution for 10 min
and incubated for 5 min in 0.1 mol L−1 acetic acid-sodium acetate buffer
and then at 37 °C with the reaction mixture (sodium acetate-acetic acid
buffer (0.1 mol L−1), 0.01% naphthol phosphate, 2% N,N-
dimethylformamide, 0.06% Fast Red, and MnCl2 (0.5 nmol L−1)) for
90 min. After five washings in the same physiological buffer, samples
were mounted with Cityfluor (Cityfluor, UK) hydrophobic mounting
and observed under a light microscope, and data were recorded as
described above.
2.6. Paraffin Inclusion and Mucus Cell Analysis by
Histochemical Staining PAS (Periodic Acid−Schiff)
For paraffin inclusion, samples were fixed with 4% paraformaldehyde.
Following 5 washes in PBS, tissues were dehydrated using an increasing
concentration of ethanol (30, 50, 70, 90, 96, and 100%), transferred to a
paraffin and xylol solution (1:1 ratio) overnight, and finally included in
paraffin. Then, samples were cut with a microtome (Jung 2045, Leica),
and collected sections (0.7 μm in thickness) were processed for the PAS
histochemistry reaction, as recommended by the seller’s instructions
(PAS kit, Bio Optica, Italy). This staining allows to observe and
characterize the mucus cells present in the leech tissue, as already
described.34 Samples were then observed under the light microscope,
and the images were acquired as described above.
2.7. RNA Extraction and Quantitative Polymerase Chain
Reaction (qPCR)
For the RNA extraction and qPCR analyses, all of the animals involved
in the study were processed. Entire leech body wall sections (30 mg, wet
weight) were instantly frozen in liquid nitrogen and homogenized with
a pestle and mortar, further resuspended and lysed in 1 mL of a Trizol
reagent (Thermo Fisher Scientific, USA) by multiple pipetting, with
total RNA extracted according to the manufacturer's instructions, and
finally resuspended in 30 μL of RNase-free water. Samples were then
quantified using a NanoDrop spectrophotometer (Thermo Fisher
Scientific, USA), and the RNA purity was evaluated by means of high-
resolution 1.5% agarose gel electrophoresis under denaturing
conditions. 2 μg of RNA was retrotranscribed into cDNA using M-
MLV reverse transcriptase (Thermo Fisher Scientific, USA) in the
presence of oligodT (Invitrogen, Thermo Fisher Scientific, USA;
length: 16 bp) in a final volume of 20 μL. Quantitative real-time PCR
(qPCR) was carried out in triplicate in a CFX Connect Real-Time PCR
detection system (Bio-Rad, USA) using an iTaq Universal SYBR master
mix (Bio-Rad, USA) and 0.2 μmol L−1 each of forward and reverse

Table 1. List of the Primary Antibodies

antibodies description company application dilution

CD31 rabbit
polyclonal

Abcam IF 1:100

CD11b rabbit
polyclonal

Santa Cruz
Biotechnology, Inc.

IF 1:100

CD45 rabbit
polyclonal

GenScript IF 1:200

VEGF-R2 mouse
monoclonal

Sigma-Aldrich IF 1:50
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primers, in final a volume of 15 μL. After initial denaturation, the PCR
reaction was performed at 95 °C (10 s), 60 °C (5 s), and 72 °C (10 s)

for 39 cycles. Relative gene expressions were calculated using the ΔΔCt
method, and GAPDH (D-glyceraldehyde-3-phosphate dehydrogenase)

Table 2. List of Primers Used for qPCR Analyses

target genes product size (bp) primers T melting (°C)

HvRNASET2 136 fw: 5′-GGTCCCAACTTCTGCACAAAGGAT-3′ 58.3
rev: 5′-GTTTGTCCCATTCATGCTTCCAGAA-3′ 58.5

HmAIF-1 229 fw: 5′-GACCTCAAAGACAAGCAGGG-3′ 57.7
rev: 5′-GGCCAATCTTCTCCAGCATC-3′ 58.5

GST 127 fw: 5′-AGACACATCGCCAGGACTAA-3′ 58.4
rev: 5′-ACGGATACACGACTCCAACT-3′ 58.5

SOD 95 fw: 5′-ATCCTCTTGAACCCACCACA-3′ 58.6
rev: 5′-ATCTGGACGCACATTCTTGT-3′ 58.7

GAPDH 121 fw: 5′-GAAGACTGTGGATGGACCCT-3′ 58.7
rev: 5′-GTTGAGGACTGGGATGACCT-3′ 58.7

Figure 1. Morphological analyses of leeches exposed to isopropanol, used as control (A, B), and to the different PFAS compounds (C−J). Details at
higher magnification of isopropanol-treated (B) and PFAS-treated (D−J) samples are referred to black squares. The graph indicates the number of
blood vessels observed by means of morphological analyses in different treated samples (K). Bars in A, C, E, G, and I: 100 μm; bars in B, D, F, H, and J:
50 μm. ECM: extracellular matrix; e: epithelium; m: muscles; v: blood vessels; arrowheads: macrophages; arrows: granulocytes.
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was used as a reference gene. The primers used for qPCR amplifications
are reported in Table 2. All of the primer sequences possessed an
amplification efficiency of 99%, and the melt curve was assessed.

2.8. Statistical Analyses
The statistical analyses were conducted using Prism GraphPad 8
software (GraphPad Software, USA), and significant differences were
calculated by means of one-way ANOVA after verification of normality
and homoscedasticity by means of Shapiro−Wilk and Levene tests,
respectively. Significant differences were calculated followed by
Dunnett’s post hoc test, and values of p < 0.05 were considered
statistically significant. In the graphs, averages ± standard deviation
(SD) with asterisks represented the significant differences between

vehicle control animals and PFAS-treated leeches. For blood vessels,

granulocytes, APC+ macrophages, both type 1 and type 2 mucus cell

total count, and CD45 fluorescent signal intensity evaluation, 10

different slides (random fields of 45.000 μm2 for each) were analyzed

using the ImageJ software package (Bethesda, USA). All image

acquisitions and quantifications were performed blindly to minimize

observer bias.

Figure 2. Evaluation of angiogenic process induction after PFAS chronic exposure (A−G). Immunofluorescence analyses using specific anti-CD31 and
VEGF-R2 antibodies (B−E). As expected, an increase in both fluorescent signals is mainly visible only after PFOA (F, L) and PFMOPrA (G, M)
treatments compared to the control (A, H) and HFPO-DA (D, J) or PFMoBa (E, K) exposure. Cell nuclei are stained with DAPI, and no signals are
visible in negative control experiments, in which the primary antibody is omitted (C, I). The graphs indicate the CD31 and VEGF-R2 total fluorescent
areas in different treated samples (G, N). Bars in B−G: 100 μm. e: epithelium; m: muscle fibers.
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3. RESULTS

3.1. Morphological Evaluation of Leech Tissues Exposed to
PFAS
The effects induced by chronic PFAS exposure were primarily
evaluated through morphological analyses (Figure 1). Optical
microscopy images showed that the body wall of isopropanol-
treated leeches, used as controls, displayed a typical condition
similar to that of untreated animals. The tissues appeared largely
avascular, with only a few immune cells present, located either
underneath the epithelium or within the inner muscle layer
(Figure 1A,B). In contrast, several remarkable differences were
detected following PFAS treatment (Figure 1C−H), with
significant variations based on the fluorinated compounds
tested. Compared to control samples (Figure 1A,B), numerous
newly formed blood vessels were observable in leeches treated
with PFOA and PFMOPrA (Figure 1G−J), whereas no such
evidence was found in those exposed to HFPO-DA and
PFMoBa (Figure 1C−F). Interestingly, different outcomes
were also observed in the modulation of the innate-immune
system responses. Indeed, although a significant recruitment of
leech granulocytes occurred in all examined samples, with a
higher concentration in those treated with HFPO-DA and
PFOA (Figure 1C,H), the activation of macrophage-like cells,
localized underneath the epithelium and in the muscular body,

was evident only after PFOA and PFMOPrA exposure (Figure
1H,J), suggesting differential activation of leech immune cell
populations according to the specific fluorinated molecule
tested. In addition, morphometric analysis of vessel density
showed that vessel density remained unchanged in leeches
exposed to the vehicle (isopropyl alcohol), HFPO-DA, or
PFMoBa. In contrast, a significant increase was observed
following exposure to PFOA and PFMOPrA (Figure 1K).
3.2. Characterization of Angiogenic Events

Immunofluorescence assays targeting anti-CD31 and anti-
VEGF-R2, specific endothelial markers in H. verbana (Figure
2), were performed to analyze PFAS-induced angiogenic
activation. Both CD31 and VEGF-R2 immunofluorescence
displayed consistent patterns: the signal was negligible in
sections from leeches treated with vehicle, HFPO-DA, and
PFMoBa (Figure 2A,C,D,H,J,K), whereas a 3- to 4-fold
intensification was detected in PFOA- and PFMOPrA-exposed
animals, particularly beneath the epithelium and between
muscle fibers (Figure 2E,F,L,M). No signals were detected in
control sections incubated without the primary antibody,
confirming the specificity of the staining (Figure 2B,I). These
findings indicate that only PFOA and PFMOPrA among the
tested PFAS elicit a robust angiogenic response inH. verbana, as

Figure 3. Quantification and characterization of granulocytes recruited after PFAS chronic exposure (A−E). The graph indicates the number of
granulocytes observed in morphological analyses in different treated samples (A). Immunofluorescence analyses used the anti-CD11b antibody (B−
E). As expected, an increase in the number of granulocytes is visible in all samples, with more significant results in HFPO-DA (D), PFOA (F) and
PFMoBa (E) samples, compared to the control. Cell nuclei are stained with DAPI, and no signals are visible in negative control experiments, in which
the primary antibody is omitted (C). HvRNASET2 qPCR analyses (H). Bars in B−G: 100 μm. e: epithelium; m: muscle fibers.
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demonstrated by the increased levels of CD31 and VEGF-R2
expression, as observed in the graph (Figure 2G,N).
3.3. Quantification and Characterization of Immunocytes
Involved in the Innate-Immune Response Triggered by
PFAS Exposure
3.3.1. Leech Granulocyte Quantification and Charac-

terization. As shown in Figure 3A, the chronic PFAS chronic
exposure led to a significant increase in granulocyte numbers
across all exposed samples, compared to the isopropanol-treated
animals. This result was further validated by immunofluor-

escence (Figure 3B−G) using the leech granulocyte-specific
marker CD11b.34 Fluorescent images demonstrated a clear
increase in CD11b+ cells in all PFAS-exposed samples compared
to the controls (Figure 3D−G). No fluorescent signal was
detected in the negative control experiments, where the primary
antibody was omitted (Figure 3B), confirming the staining
specificity. To further investigate the PFAS ability in activating
leech granulocytes, also the expression of the HvRNASET2
proinflammatory marker was evaluated by means of qPCR
(Figure 3H). The data revealed that the HvRNASET2

Figure 4. Immunofluorescence analyses of isopropanol control and PFAS-treated leeches using an anti-CD45 antibody (A−H), specific for the leech
monocyte-macrophage-like cell lineage. In untreated (A), HFPO-DA- (C), and PFMoBa-treated (D) leech tissues, only a few CD45+ cells are
decorated, while an increase in the signal becomes clearly detectable only after PFOA (E) and PFMOPrA (F) chronic treatments, as reported in the
graph related to the total fluorescent signal calculated (G). Cell nuclei are stained with DAPI, and no signals are visible in negative control experiments,
in which the primary antibody is omitted (B). Acid phosphatase assay (ACP) to evaluate recruited active macrophages during chronic PFAS response
(H−M). The data reveal that, compared to the control (H), HPFO-DA (I), and PFMoBa (J) in which no significant differences are visible, an increase
in ACP+ cells (thin arrows) is visible after PFOA (K) and PFMOPrA (L) exposure. The count of ACP-positive cells is reported in a graph (M). The
graph (N) shows theHmAIF-1 expression profile in isopropanol control tissues of leeches or in animals treated with PFAS. Bars in A−F and H−L: 100
μm. e: epithelium; m: muscle fibers.
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expression levels were higher in all treated samples compared to
controls. Of note, the expression trend of HvRNASET2
mirrored the number of leech granulocytes recruited to the
area exposed to PFAS, thus confirming previous findings.49

3.3.2. Monocyte-Macrophage-like Cell Characteriza-
tion and Quantification. The recruitment of both leech
circulating hematopoietic precursor cells and their derived
monocyte-macrophage-like cell populations was primarily
assessed through immunofluorescence analyses (Figure 4). In
particular, a reduced CD45+ cell number was observed in control
animals (Figure 4A), as well as in leeches treated with HFPO-
DA (Figure 4C) and PFMoBa (Figure 4D). In contrast, a

significant increase in the CD45 fluorescent intensity was
detected after PFOA and PFMOPrA exposure (Figure 4E,F).
No signals were observed in the negative control experiments in
which the primary antibody was omitted (Figure 4B). These
findings, corroborated by the quantitative analysis of total CD45
fluorescence (Figure 4G), indicated a different potency of PFAS
in modulating monocyte-macrophage inflammatory pathways.
Notably, this finding was in line with the reduced level of
neovascularization previously observed in HFPO-DA- and
PFMoBa-treated samples (Figure 1C−F).

Macrophage-like cell activation by PFOA and PFMOPrA was
confirmed via the acid phosphatase (ACP) enzymatic assay

Figure 5. Evaluation of the oxidative stress response. In control samples (A), type 1 (arrows) and type 2 (arrowheads) mucus cells are characterized by
a rounded shape inactive form and are located under the epithelium (e) and between the muscle fibers (m). After PFAS administration (B−E),
especially type 2 cells appear more elongated, suggesting a continued stimulation. Expression of SOD andGSTwas examined by qPCR analyses (F, G).
The graphs show the expression levels of both oxidative enzymes in isopropanol control leeches or in leeches treated with PFAS. The total number of
both type 1 and type 2 mucus cells was quantified, and the differences between treatments are illustrated in the corresponding graphs (H, I). Bars in A−
F: 100 μm.
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(Figure 4H−M) and qPCR analyses (Figure 4N). As expected,
few ACP+ cells were detectable after isopropanol (Figure 4H),
HFPO-DA (Figure 4I), and PFMoBa (Figure 4C) exposure.
Meanwhile, after the treatment with PFOA (Figure 4K) and
PFMOPrA (Figure 4L), their number significantly increased,
both underneath the epithelium and in the inner muscle layers,
as also reported in the graph related to the total ACP-positive
cell count (Figure 4M). In parallel, the expression level of the
HmAIF-1 cytokine, specifically involved in macrophage-like cell
recruitment, was analyzed (Figure 4N). The qPCR data revealed
that HmAIF-1 was significantly expressed only in samples
exposed to PFOA and PFMOPrA, confirming the strong
activation of ACP+ macrophage-like cells in these samples.
3.4. Evaluation of the Oxidative Stress Response

The ability of PFAS to induce oxidative stress was evaluated by
examining both the activation of leech type 1 and type 2 mucus
cells and the expression levels of two fundamental antioxidant
enzymes: the superoxide dismutase (SOD) and the glutathione-
S-transferase (GST) (Figure 5).

In detail, histochemical analyses revealed that in control
samples, few type 1 and type 2 mucus cells presenting the
distinctive round shape of nonactivated secretory cells were
present close to the epithelium (Figure 5A). Instead, following
PFAS exposure (Figure 5B−E), both their morphology and
number increased considerably (Figure 5H,I). Indeed, numer-
ous elongated mucus cells, stretching toward the inner muscle
and the epithelial layer, were clearly visible. In parallel, qPCR
assays revealed that the expression of SOD and GST was
significantly higher in all PFAS-treated samples compared to the
controls (Figure 5F,G).

4. DISCUSSION
In the current study, we chose four PFAS compounds that
include both older and newer chemistries, thus comparing their
structure−activity relationships at the same policy-relevant dose.
Although acute exposure studies are essential to identifying the
immediate effects of pollutants, they are often insufficient to
capture delayed or cumulative outcomes. Many contaminants
persist in the environment, bioaccumulate in organisms, and
may induce harmful effects only after prolonged exposure.
Moreover, physiological and morphological alterations often
develop gradually as organisms initially compensate for stress.
For this reason, assessing long-term impacts is crucial to fully
understand the toxicological profile of a compound.51,52

Consistent with this, the data collected in this work
demonstrate that fluorinated compounds elicit chronic
responses distinct from those observed after acute exposure,
underscoring the need for a broader long-term perspective on
their toxic potential. Specifically, our earlier investigation
showed that, regardless of the dose chain length or functional
group, all PFAS tested triggered an inflammatory sequence inH.
verbana comprising an initial influx of CD11b+ granulocytes,
recruitment of CD45+ macrophage-like cells, and CD31+ and
VEGF-R2+ angiogenesis.35 However, this cascade remains intact
for PFOA and PFMOPrA throughout two months of exposure
at 1 nmol L−1, whereas for HFPO-DA and PFMoBa, it stalls at
the granulocyte phase, with no subsequent macrophage
recruitment or vascular remodeling. These contrasting out-
comes confirm that prolonged interactions at environmentally
relevant concentrations can either consolidate or blunt the
toxicological profiles of individual PFAS.

From a risk perspective, the finding that 1 nmol L−1 (acid-
equivalent ≈ 0.23−0.41 μg L−1 across analytes; e.g., PFOA at
0.414 μg L−1) can sustain innate-immune activation over two
months is noteworthy in light of the current European policy.
The EU Drinking Water Directive [Directive (EU) 2020/2184]
requires Member States to ensure compliance by January 12,
2026 with parametric values of 0.10 μg L−1 for the sum of PFAS
or 0.50 μg L−1 for the PFAS total. Our test level lies near the
latter threshold for several PFAS and overlaps the upper range of
concentrations sometimes detected in European surface and
groundwaters near contamination sites.24−26 Thus, the tissue-
level alterations that we document are plausibly encountered by
organisms inhabiting contaminated waters and remain mecha-
nistically relevant to human water-quality management.

Although PFMOPrA and PFMoBa differ minimally in
chemical structure, our findings clearly show that even subtle
variations in the molecular architecture can result in distinct
biological outcomes. PFMOPrA behaves similarly to PFOA,
sustaining the full CD11b/CD45/CD31/VEGF-R2 inflamma-
tory cascade, while PFMoBa blocks the process after the
granulocyte stage. Such divergence likely stems from structural
differences that influence physicochemical behavior, cellular
uptake, bioaccumulation, or interference with immune-related
signaling pathways.

As for PFOA, no specific differences are visible when
comparing previous short timings and the current results. Its
prominent role in driving immune-related alterations is
confirmed also over longer exposure in treated leeches,
demonstrating that this legacy PFAS is certainly one of the
most unsafe molecules, able to trigger considerable harmful
effects in various organisms.53,54 For this reason, its production
has been banned or extremely globally restricted, especially for
its proven carcinogenic potential.52 Similar to the evidence
recorded during the acute response, PFOA causes a severe
inflammation in aquatic invertebrates also after a prolonged
contact. Consistent with the canonical cascade, granulocytes
labeled by CD11b accumulate first, followed by a robust influx of
CD45+ macrophage-like cells and, finally, a CD31- and VEGF-
R2-positive neovascularization beneath the epithelium and
within the inner muscle layer. Indeed, light microscopy images
show a high activation of these cells, which migrate toward the
external layers following recruitment by the entry of this
fluorinated compound, increasing in number, as also confirmed
by immunofluorescent, histochemical enzymatic, and molecular
assays. In this context, the vascular formation is critical to
facilitate the continuous recruitment of hematopoietic precursor
cells that migrate through the circulatory system into the target
area and differentiate into mature effector immune cells.55,56

High CD11b fluorescence identifies the granulocyte wave,
strong CD45 staining and elevated acid phosphatase activity
mark the macrophage phase, and CD31 and VEGF-R2 outline
the expanding microvascularization. In particular, CD45 acts as
an integrin, and it is expressed on the surface of myeloid cells. In
mammals, CD45 is a pan-leukocyte tyrosine phosphatase, but in
H. verbana, it preferentially labels macrophage-like cells,
highlighting a conserved epitope whose regulation differs in
invertebrates.57,58 Parallel qPCR analyses show a significant
increase in two immune factors: HvRNASET2, secreted by
granulocytes to attract macrophage-like cells, and HmAIF-1, a
proinflammatory cytokine produced by activated phago-
cytes.49,59 Their expression aligns with the sequential activation
of these immune compartments.
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Interestingly, a similar result was also observed for PFMOPrA,
whose chronic exposure causes effects residable to PFOA. Again,
the full CD11b/CD45/CD31/VEGF-R2 cascade is preserved,
confirming the ability of this PFAS congener to sustain the leech
inflammatory response over the long term. Remarkably, just as
for PFOA, PFMOPrA is also able to induce the production of
superoxide dismutase and glutathione-S-transferase over time, as
confirmed not only by molecular analyses but also by the
stimulation of mucus cells that produce these antioxidant
enzymes.34,35 These data are consistent with observations in
other freshwater invertebrates such as the cladocera Daphnia
magna and the rotifer Brachionus calycifloruswhere long-chain or
legacy PFAS (e.g., PFOA and PFOS) affect multiple biological
functions regardless of exposure duration.60,61 Our findings
expand the list of PFAS able to drive a complete innate-immune
cascade in annelids to include PFMOPrA.

Conversely, weaker results were obtained following HFPO-
DA and PFMoBa chronic administration. HFPO-DA, synthe-
sized to replace PFOA with the trademark GenX20 as well as its
five-carbon-atom byproduct PFMoBa, negatively influences the
leech immune response by halting the cascade after the
granulocyte step. As already observed during the acute
treatment,35 increasing their concentration reduced the number
of macrophage-like cells; after two months, a similar result was
recorded. Indeed, the acid phosphatase assays show that the
number of ACP-positive phagocytes remains extremely low,
comparable to the number of controls, and CD45 fluorescence
stays at the baseline. This finding is strictly correlated with the
absence of blood vessels, which are not visible in morphological
analyses or in CD31 and VEGF-R2 staining. The reduced
presence of neovessels impairs recruitment of immune precursor
cells that normally exploit the circulatory system to reach
stimulated areas and differentiate into mature phagocytic cells.56

Importantly, the absence of macrophage recruitment should
not be interpreted as a sign of reduced toxicity. Rather, it may
reflect a form of immunosuppression, in which the activation
and differentiation of phagocytic cells are actively impaired. In
support of this, HmAIF-1 expression remains low in both
HFPO-DA and PFMoBa-treated leeches, suggesting suppres-
sion of the phagocyte-derived cytokine response. Thus, failure to
progress beyond the granulocyte phase may indicate dysfunc-
tional immune signaling rather than a lower toxic burden.
Interestingly, the inhibition of angiogenic processes has also
been demonstrated through in vitro studies. Comparable
inhibition of angiogenesis by PFAS has been reported in
vertebrate systems: PFOS reduces tubule formation in HUVECs
by interfering with VEGFR-2 signaling,62 and several PFAS
decrease macrophage viability in THP-1-derived cultures.63

These parallels between annelids and vertebrates highlight the
evolutionary conservation of innate-immune and vascular
responses, reinforcing the relevance of H. verbana as a model
for environmental toxicology.

However, although HFPO-DA and PFMoBa inhibit the cell
phagocytic arm of inflammation, they still trigger a pronounced
CD11b-positive granulocyte influx. The high expression of
HvRNASET2, an alarmin released by granulocytes, corroborates
this finding.49,59 Both compounds also stimulate oxidative stress
defenses, elevating SOD- and GST-relative mRNA levels and
reactivating mucus cells even after two months of exposure at
low concentrations, thus indicating persistent but compartmen-
talized irritation. Comparable oxidative damage has been
reported in mollusks: PFOS induces DNA strand breaks,
antioxidant-enzyme imbalance, and apoptosis in the green

mussel Perna viridis and triggers gill compression, SOD
upregulation, and metabolic-pathway disruption in the pearl
mussel Hyriopsis cumingii.64 Notably, our findings, summarized
in Table 3, are consistent with observations in several fish

species, where chronic wounds or bacterial infections trigger
ROS production by skin mucous cells, subsequently affecting
the expression of stress-related enzymes.65

To interpret this, PFOA/PFMOPrA vs HFPO-DA/PFMoBa
divergence, we consider structure−activity differences, perfluor-
oalkyl chain length, and ether size/position relative to the acid
headgroup and how they shape binding to soluble proteins in the
leech circulatory fluid, transporter engagement, and clearance at
an equal external dose. Annelids lack serum albumin; oxygen
transport relies on giant extracellular hemoglobins (erythroc-
ruorins) and other soluble proteins,66 so protein binding and the
resulting free (unbound) fraction are the relevant determinants
of internal exposure. PFMOPrA and PFMoBa share the −OCF3
ether headgroup, but PFMoBa carries one additional CF2 (C5 vs
C4) with the ether slightly farther from the acid, whereas HFPO-
DA is a heptafluoropropoxy (−OC3F7) PFECA rather than a
trifluoromethoxy ether. Across PFAS, protein binding generally
increases with the perfluoroalkyl length, while ether/branching
substitutions tend to reduce binding versus straight-chain
PFCAs. Therefore, it is plausible that PFMOPrA exhibits
lower binding to soluble circulatory fluid proteins than PFMoBa
at 1 nmol L−1, yielding a higher unbound fraction, whereas
HFPO-DA shows lower binding and distinct interaction modes
than PFOA in mammalian systems, consistent with weaker
retention.67,68 In parallel, transporter studies indicate chain-

Table 3. Summary of Morphological, Inflammatory, and
Oxidative Stress Responses Observed inH. verbana following
PFAS Chronic Exposurea

PFAS

angiogenesis
(blood vessel

density, CD31,
VEGF-R2)

granulocyte
recruitment

(CD11b,
HvRNASET2)

macrophage-
like cells
(CD45,

ACP,
HmAIF-1)

oxidative
stress

(mucus
cells, SOD,
GST)

PFOA strong increase high high high
↑ vessel

density
↑ granulocytes ↑ CD45+

cells
↑ mucus

cells
↑ CD31/

VEGF-R2
↑HvRNASET2 ↑ ACP+ cells ↑ SOD and

GST
↑ HmAIF-1

PFMOPrA strong increase moderate high high
↑ vessel

density
↑ granulocytes ↑ CD45+

cells
↑ mucus

cells
↑ CD31/

VEGF-R2
↑HvRNASET2 ↑ ACP+ cells ↑ SOD and

GST
↑ HmAIF-1

HFPO-DA no change high low high
↑ granulocytes no CD45 or

ACP signal
↑ mucus

cells
↑HvRNASET2 baseline

HmAIF-1
↑ SOD and
GST

PFMoBa no change moderate low high
↑ granulocytes no CD45 or

ACP signal
↑ mucus

cells
↑HvRNASET2 baseline

HmAIF-1
↑ SOD and
GST

control baseline baseline baseline baseline
aThe table compares the effects of each compound on angiogenesis,
granulocyte and macrophage-like cell recruitment, and oxidative stress
parameters.
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length-dependent uptake/retention (e.g., OAT/NTCP/OATP
families), with longer-chain PFCAs such as PFOA showing
greater transporter-mediated persistence and slower systemic
clearance than short-chain PFECAs.69,70 Taken together, these
determinants predict lower effective internal exposure and less
sustained signaling for HFPO-DA and (to a lesser extent)
PFMoBa than for PFMOPrA and PFOA at 1 nmol L−1, a
structure−activity inference that does not exclude a contribution
of chain length and that we advance cautiously given the absence
of pair-specific binding constants in annelid fluids. While
PMPA/PEPA would provide the closest positional match to
HFPO-DA, their lack of commercial availability required the use
of PFMOPrA/PFMoBa as isomeric substitutes. Therefore,
inferences about ether position/size effects are presented as
structure−activity hypotheses rather than definitive positional
attributions; nevertheless, the reproducible divergence between
the C4/C5 methoxy-PFECAs and HFPO-DA at 1 nmol L−1

indicates that small changes in the ether architecture can
modulate chronic innate-immune and angiogenic outcomes.

It is important to consider other limitations of this work to
avoid overinterpretation of the results. First, we tested only a
single-dose exposure, which does not allow assessing dose−
response relationships or nonlinear effects that are often typical
of PFAS. Second, we did not directly measure the actual
concentrations of PFAS in the exposure water during the
experiment, nor their accumulation in leech tissues. This
introduces uncertainty with respect to the effective internal
dose experienced by the organisms and requires caution in the
interpretation of the results in environmental terms. Third,
although H. verbana proves to be a sensitive model for innate
immunity, angiogenesis, and oxidative stress, it lacks adaptive
immune functions and organ-specific physiology, limiting the
extent to which long-term or systemic toxicological outcomes
can be inferred. It is important to acknowledge the limitations of
leeches as a predictive model. While these invertebrates offer a
reliable platform to study these mechanisms, they do not possess
the complex organ systems proper of vertebrates. These
boundaries need to be emphasized to interpret the model
correctly and to integrate it with complementary vertebrate
data.37 These constraints highlight the importance of integrating
our data with complementary vertebrate studies and dose−
response analyses to achieve a comprehensive risk assessment.
Nevertheless, acknowledging these limitations strengthens the
translational value of the findings, which remain mechanistically
consistent with the toxicological outcomes observed across taxa.

5. CONCLUSIONS
Acute and chronic readouts reflect different stages of the same
inflammatory process shaped by PFAS chemistry and exposure
time. Short-term end points alone can therefore mischaracterize
eventual hazard if longer-term dynamics are not considered. At a
policy-relevant low dose (1 nmol L−1) over two months, the
initial defensive wave either persists and matures into the full
CD11b/CD45/CD31 cascade with elevated oxidative stress and
immune transcripts (PFOA and PFMOPrA) or stalls after the
granulocyte stage (HFPO-DA and PFMoBa), yielding divergent
physiological outcomes. These patterns indicate that structure−
activity determinants, including the ether size/position and
perfluoroalkyl length, extend beyond the nominal chain length
in shaping chronic responses at 1 nmol L−1. Of note, we do not
exclude a contribution of chain length. Together, the results
argue for multitemporal, low-dose designs as standard practice
in PFAS hazard assessment.
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pylene-oxide dimer acid;HmAIF-1,Hirudo medicinalis allograph
inflammatory factor-1; HvRNASET2, Hirudo verbana RNA-
SET2; PAS, periodic acid−Schiff; PFAS, per- and polyfluor-
oalkyl substances; PFMOPrA, perfluoro-3-methoxypropanoic
acid; PFMoBa, perfluoro(4-methoxybutanoic) acid; PFOS,
perfluorooctanesulfonic acid; PFOA, perfluorooctanoic acid;
SOD, superoxide dismutase
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