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A B S T R A C T

Studies on the molecular mechanisms of heavy metal toxicity in invertebrate reproduction are limited. Given that
PARP-catalysed ADP-ribosylation is also involved in counteracting heavy metal toxicity and maintaining
genomic integrity, and that PARylation is implicated in chromatin remodelling but its role in sperm chromatin
remains to be elucidated, we investigated the effects of chromium(VI) at 1, 10 and 100 nM on the reproductive
health of Mytilus galloprovincialis. The damage to the gonads was assessed by morphological analyses and the
damage indices PARP and ɣH2A.X were measured. Changes in the binding of protamine-like (PL) to DNA and the
possibility of poly(ADP-ribosyl)ation of PL proteins were also investigated. Gonadal chromium accumulation and
morphological damage were found, especially when the mussels were exposed to the highest dose of chromium
(VI). In addition, the maximum expression of gonadal ɣH2A.X and PARP were obtained at 100 and 10 nM Cr(VI),
respectively. Interestingly, for the first time in all exposed conditions, poly(ADP)-ribosylation was detected on
PL-II, which, together with PL-III and PL-IV, are the major nuclear basic proteins ofMytilus galloprovincialis sperm
chromatin. Since PL-II is involved in the final high level of sperm chromatin compaction, this post-translational
modification altered the binding of the PL protein to DNA, favouring the action of micrococcal nuclease on sperm
chromatin. This study provides new insights into the effects of chromium(VI) on Mytilus galloprovincialis
reproductive system and proposes a molecular mechanism hypothesis describing the toxic effects of this metal on
PL-DNA binding, sperm chromatin and gonads.

1. Introduction

It is well known that in response to genomic material damage, an
increase of poly(ADP-ribose) polymerase 1 and 2 (PARP-1 and PARP-2)
activities occurs. The two nuclear proteins PARP-1 and PARP-2 function
as DNA nick-sensor enzymes and PARPs activation seems to be a crucial

event for resisting heavy metals cytotoxicity and maintaining genomic
integrity [1]. These enzymes can also be considered as new pollution
biomarkers, because significant PARP activity variations were measured
in both plants [2,3] and animals [4–8] exposed to xenobiotic agents.
Upon binding to DNA breaks, PARPs work by using NAD+ as their
substrate to form branched poly(ADP-ribose) (PAR), which bind on
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target proteins and themselves [9]. PAR is known to mediate the
response to damaged DNA and to control the organisation of chromatin,
as well as the repair of DNA and the regulation of transcription [10].
Activation of PARP1 following DNA damage involves not only PARP1
auto-PARylation, as well as extensive PARylation of proteins found in
chromatin, like histones [11,12] which is involved in the relaxation of
the chromatin. Chromatin relaxation by poly(ADPribosyl)ation repre-
sents one of the mechanisms by which nuclear events, including DNA
repair, are facilitated [13]. This because, the induction of DNA repair
leads to increased levels of poly (ADP-ribose) polymerase activity, which
determines nucleosome disassembly [14–16]. H1 histone was reported
to be a covalent acceptors of PAR [17] and this modification occurs
mainly on arginine, glutamate and lysine residues [18,19]. In addition, a
non-covalent interaction was also demonstrated between histone linker
H1 and PAR [20]. Several studies referred that core histones also are
covalently and non-covalently modified with PAR [15,19,21,22]. Myti-
lus galloprovincialis (M. galloprovincialis) is a filter-feeding sessile or-
ganism that is able to accumulate many different types of contaminants
in its tissues; it is a useful bioindicator in monitoring programs [23–26].
Chromium is an extremely toxic element, especially in its hexavalent
form (Cr(VI)) [27–31]. Chromium and its compounds are extremely
widespread, because of their vast use in industry [32]. For these reasons
this metal is often present in the air, in rocks, in the soil, in ground water
and even in organisms. Despite the fact that the concentration of chro-
mium in seawater is less than 0.5 μg/L, the concentration of Cr(VI) in
coastal groundwater that is contaminated by Cr-containing rocks or
minerals and/or anthropogenic activities, combined with the inflow of
seawater, can range up to hundreds of μg/L [33]. Variations in the
chromium concentration in seawater have generated a vivid interest in

the scientific community over the last 40 years [34–37]. Very little is
well established about the effects of Cr(VI) on reproductive health of
aquatic organisms. Generally, papers focused on fertilizating rates in
organisms such as sea urchin and starfish [38] after very high doses of
chromium exposure [39,39,40]. Even studies conducted with sub-lethal
doses of Cr (8 ppm) have focused solely on alterations in indices of
oxidative stress and sperm morphology [41]. In externally fertilized
marine organisms, however, it is also useful the assessment of the impact
of heavy metals on the components of sperm chromatin in consideration
of their usefulness as a relevant biological target for assessing the gen-
otoxicity of contaminants, thus making sperm chromatin a promising
target for new strategies for rapid and sensitive toxicity assessment
[42–45]. Chromium (VI) indeed is a toxic metal, carcinogenic, Reactive
Oxygen Species (ROS) inducer and consequently genotoxic to DNA [46,
47]. The major protein components of M. galloprovincialis sperm chro-
matin is the three protamine-like (PL) proteins named PL-II, PL-III and
PL-IV [48]. PL proteins are part of the sperm nuclear basic proteins
(SNBP), which bind to DNA in the sperm nucleus at the conclusion of the
spermiogenesis process, and represent an intermediate group of proteins
in terms of structure and function between the histones (H) and prot-
amines (P) [49]. PL are histone-H1 related and are rich in both arginine
and lysine [50,51]. First identified in bivalve molluscs, they have since
been documented in the echinoderms, the tunicates and the vertebrates
[52]. PL proteins in M. galloprovincialis account for 76 % of all sperm
nuclear basic proteins (SNBP) of spermatozoa, divided into PL-II (20 %),
PL-III (50 %) and PL-IV (6 %).These proteins are co-existent with 4 % of
non-histone proteins and 20 % of somatic histones [37]. The
M. galloprovincialis PL-II protein belongs to the H1 family of histones and
possesses a conserved 84-residue globular core, closely analogous to the
two histone H1 wing-helix motifs. PL-IV is a small protein and its
composition is similar to that of the C-terminal tail of histone H1, which
is rich in lysine [53]. In fact, PL-IV is the posttranslational cleavage
product of a PL-II/PL-IV precursor [54]. PL-III, rich in lysine (27.5
mol/mol) and arginine (22.5 mol/mol), is a protein intermediate type
among histones and protamines, but does not possess a typical second-
ary structure as protamines do in vitro [55]. It has never been investi-
gated in the literature whether exposure of M. galloprovincialis to
chromium can induce poly(ADP ribosyl)ation of PL proteins and its
potential role in damage at multiple cellular levels. To address this gap
in this study, M. galloprovincialis was treated with 1, 10 and 100 nM Cr
(VI) and the chromium accumulated in the male gonad of mussels
exposed was measured. Moreover, a morphological analysis of mussel
gonad was conducted, and epigenetic alterations were determined. In
detail, gonadal H2A.X phosphorylated (ɣH2A.X) and PARP expression
and activity determinations were carried out, to verify possible oxida-
tive DNA damages. Furthermore, for the first time, it was investigated a
possible poly(ADPribosyl)ation of PL proteins, to verify whether and
how their heteromodification could influence chromatin structure.
Therefore, any changes in binding PL-DNAwere assessed byMicrococcal
nuclease (MNase) timed digestion and PL release from sperm nuclei. All
findings were used to formulate a hypothesized molecular mechanism
that describes the toxic effects of Cr(VI) on PL-DNA binding, sperm
chromatin and gonads.

2. Materials and Methods

2.1. Reagents

The chemicals used for this study are of analytical grade. Unless
otherwise specified, the chemical reagents were obtained from Merck
(Rome, Italy).

2.2. Ethics statement

The model organism used in this study, M. galloprovincialis is not
protected by any Italian environmental authority. The study was

Fig. 1. The accumulation of total chromium in the male gonads of mussels after
24h of exposure to the indicated Cr(VI) concentration, compared to the unex-
posed control (Unx). The histograms show values as mean ± S.D.
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conducted in compliance with the treatment and use of animals for
scientific purposes, according to the European (Directive 2010/63) and
Italian (Legislative Decree No. 116/1992) directives.

2.3. Mussels sampling and chromium exposure

The conditions of exposure were performed following the protocols
described in Piscopo et al., 2016 [56], and unexposed condition was
prepared following the protocol described in Lettieri et al. (2019) [57].
Mussels were supplied by Eurofish Napoli S.R.L. Bacoli. These chromium
doses are comparable to those found in the Mediterranean Sea [58].

2.4. Spermatozoa sampling and processing

Following 24 h of exposure, a knife was then used to open the
mussels. Care was taken not to damage the soft tissue. The gonads were
incubated for 5 min at 16 ◦C in 500 μL ASW to promote the release of
gametes. The gametes were examined under a microscope at 40x
magnification to identify the sex. After sex determination, some male
gonads were used for chromium accumulation measurements. The ASW
containing spermatozoa was first centrifuged at 2000×g for 2 min to
remove debris, and after centrifuging at 9000×g for 10 min the super-
natants spermatozoa were collected. Pellets of spermatozoa and male

gonads were stored at − 80 ◦C.

2.5. Chromium determination in gonads

For the ICP-MS evaluations, high purity water (resistivity of 18.2
MΩ cm) was taken from aMilli-Q unit (Millipore, USA). This was used to
prepare the standards and to dilute the samples. Nitric acid (HNO3, 69 %
v/v Ultratrace@ ppb-trace analysis grade) was provided by Scharlau
(Barcelona, Spain). A certified reference solution containing Cr at 100
mg/L of ultrapure grade for ICP, VWR Avantor® (Pennsylvania, US) was
used.

Cr was determined by inductively coupled plasmamass spectrometry
(ICP-MS Aurora M90, Bruker, Germany) in normal sensitivity mode. The
calibration curve for the quantification of Cr ranged from 0.1 to 100 μg/
L and was established daily by analysing standard solutions prepared
immediately before the analysis. HNO3 solution (2 %, v/v) was used for
all standards used in the analysis. In both the calibration curve and the
sample analysis, the internal standards were 89Y and 115In. With an R2
value greater than 0.9996, the linearity was acceptable. The treatment
of samples involved a wet digestion: gonads were wet digested with 1 ml
of ultrapure HNO3 (67–69%, v/v). The mixture was gently boiled for 3 h
at 90 ◦C to obtain a clear solution. After cooling, a solution of HNO3 (2
%, v/v) was added to a final volume of 10 mL. The solutions obtained

Fig. 2. Hematoxylin-Eosin staining (HE) of. M. galloprovincialis testis (a) Unexposed (Unx) animals; (b) animals exposed to 1 nM Cr; (c–d) animals exposed to 10 nM
Cr; (e–f) animals exposed to 100 nM Cr. The insert (f) shows nodular formation of immune cells. Arrowhead: haemolymph immune-functioning cells present in the
testis connective tissue of all treated animals. Double arrow: disconnection of the germ cells from each other and between the germ cells and the wall of the spermatic
follicles. GC: germ cells at an early stage of differentiation. SPZ: Spermatozoa. Scale bars: a, c, e: 40 μm; b, d, f, insert f: 15 μm.
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were analysed by ICP-MS.

2.6. Histological analyses

The organization and morphology of the testes of unexposed and
exposed mussels to the contaminant were studied by fixing the tissues in
Bouin’s solution, dehydrated in graded alcohols (first 75 %, then 96 %
and finally 3 steps at 100 %), cleared with xylene and embedded in
paraffin. Serial sections of 6 μm were mounted on glass slides and pro-
cessed for routine histological analysis as Hematoxylin-Eosin (HE) and
Periodic Acid-Schiff (PAS) staining as described previously [59]. Briefly,
for HE analysis, slides were initially stained with 0.25 % eosin acidified
with acetic acid (to stain the cytoplasm in pink), and nuclei were sub-
sequently stained blue with 1 % Mayer’s hemallumen. With the PAS
reaction, histological material was first treated with periodic acid that

oxidizes the 1,2-glycol groups to aldehydic groups, then, by adding the
Schiff’s reagent in the second step, the aldehydes took on a magenta-red
colour. As a result, the PAS reaction produced specific staining for
unsubstituted polysaccharides, neutral mucopolysaccharides, mucus
and glycoproteins. All morphology observations were made with the
Zeiss Axioskop microscope and images were taken with Axiovision 4.7
software (Zeiss) [60].

2.7. Extraction of PL proteins from M. galloprovincialis spermatozoa

Extraction of PL from unexposed and exposed mussel to Cr(VI), was
conducted by using perchloric acid as described in Lettieri et al., 2021
[61]. For this study, n = 2 male gonads were used from each tank. Each
gonad was used for one exposure condition. The gonads were homoge-
nized and acid extraction was performed as described by Notariale et al.,

Fig. 3. Testis of M. galloprovincialis PAS stained. (a) Unexposed animals (Unx); (b) Exposed with 1 nM Cr; (c–d) Exposed with 10 nM Cr; (e–f) Exposed with 100 nM
Cr. Hypertrophic and hyperplastic goblet cells (arrow) distributed in the peripheral connective tissue are present in the testes of all exposed mussels. Asterisk:
lipofuscin granules. Scale bars: a,b: 20 μm; c,e: 30 μm; d,f: 10 μm.
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2018 [62]. After 16 h at 4 ◦C on an orbital shaker, the samples were
centrifuged at 14000×g for 30 min and then the supernatants containing
soluble PL proteins were dialysed with bidistillated water to ensure that
all PCA had been removed. The extracted PL proteins were lyophilised
and stored at − 80 ◦C.

2.8. Homogenates preparation

Homogenates of the gonads were prepared as described in Bianchi
et al. 2023 [63]. The procedures were performed on ice or at 4 ◦C. The
gonad samples (0.3 g) were cut and resuspended in buffer A (1:5 w/v),
containing 10 mM Tris-HCl pH 7.5, 1 mM EDTA, 1 mM EGTA, 0.15 mM
spermine, 0.75 mM spermidine, 1 mM PMSF, 1 mM β-mercaptoethanol
and 2 μg/mL protease inhibitor cocktail. After low-speed homogeniza-
tion for 20–30 s using an Ultra Turrax T8 (IKA-WERKE), the tissues were
centrifuged at 10,000×g for 15 min at 4 ◦C, as described in Vlahogianni
et al. 2007 [64]. The supernatant was used for biochemical analysis. The
concentration of proteins was determined as reported in Marinaro et al.
2023 [65].

2.9. SDS-PAGE and immunoblotting for ɣH2A.X analysis

The SDS-PAGE was carried out on polyacrylamide gel 12.9 %

(acrylamide/bis-acrylamide 37.5:1, v/v 30 %) in tris-glycine 1X as
described in Piscopo et al., 2020 [66] with some changes. Specifically,
the stacking gel and the separating gel were 5.0 % and 12.9 % (w/v)
acrylamide, respectively, (acrylamide/bis-acrylamide 37.5:1, v/v 30%).
The proteins were then transferred on nitrocellulose filter (0.22 μm)
using mini blot system Invitrogen (Waltham, MA, USA). The transfer
was performed at 10V for 40 min using a buffer composed by tris-glycine
1X and SDS 0.025 %. This filter was then washed three times for 10 min
each time with TBS 1X supplemented with 0.1 % Tween 20. Afterwards,
the filter has been incubated for 2 h at room temperature with gelatine 3
% in TBS 1X added with 0.1 % Tween 20. Finally, the filter was washed
with TBS 1X containing 0.1 % tween 20. The filter was incubated with
primary antibody ɣH2A.X (Santa Cruz, 938CT5.1.1, sc-517336) in TBS
1X added with 0.1 % Tween 20 and gelatine 0.3 % overnight at 4 ◦C.
Later primary antibody incubation, the filter was washed and incubated
with peroxidase (HRP)-conjugated goat anti-mouse IgG (Bioss,
BS-0296G-HRP) and the filter was visualized with ECL by ChemiDoc
Imaging Systems (Bio-rad). Different times were tested to achieve a
correctly exposed filter.

2.10. SDS-PAGE and immunoblotting for PARP and PAR identification

Electrophoresis and Western blotting were performed as follows. All
gonad homogenates (20 μg of proteins) were electrophorized at constant
current 18 mA on 12 % polyacrylamide slab gel in 0.025 M Tris-0.192 M
glycine buffer pH 8.3, containing 0.1 % SDS. 0.1 % Coomassie Brilliant
Blue R. was used for gel staining. The proteins separated by SDS-PAGE
were then transferred onto a PVDF filter (0.45 μm; Cat No.
IPVH00010, Merck Millipore, Milano, Italy) using a Bio-Rad Transblot
system (BioRad, Hercules, CA, USA) at constant 200 mA in 0.025 M Tris-
0.192 M glycine- 0.025 % SDS buffer, pH 8.6, at 4 ◦C for 2 h. Monoclonal
anti-poly(ADP-ribose)polymerase antibody was used for immunoassay
of the blotted PVDF filter (sc-8007, Santa Cruz Biotechnology, Inc.,
Texas, USA, 1:500) and horseradish peroxidase (HRP)-conjugated anti-
mouse secondary antibodies (sc-525409, Santa Cruz Biotechnology,
Inc., Texas, USA, 1:2000). HRP reaction was conducted using a kit for
chemiluminescence (ECL Western Blotting Substrate, Pierce, 32106,
Waltham, MA, USA) and reading by ChemiDoc system (BioRad, Her-
cules, CA, USA). To remove primary antibodies, PVDF filter was stripped
[65]. After repeated washings in Tris-buffered saline (50 mM Tris-HCl
and 150 mM NaCl, pH 8.0), the immunoblotting was carried out using
monoclonal anti-poly ADP-ribose (PAR) antibody (sc-56198, Santa Cruz,
Biotechnology, Inc., Texas, USA, 1:500) and as anti-mouse secondary
antibody was utilized horseradish peroxidase (HRP)-conjugated
(sc-525409, Santa Cruz Biotechnology, Inc., Texas, USA, 1:2000). PARP
and PAR-related signals were quantified through densitometric analysis
with Image Lab software (Bio-Rad, Hercules, CA, USA) and reported in
terms of optical density (OD; i.e. intensity of one band/mm2). All ex-
periments were performed at least three times. Electrophoretic analyses
showed in Fig. 5 instead, was carried out on 12.8 % polyacrylamide gels.

2.11. PARP activity

PARP activity was measured as reported in Capriello et al. (2022)
[4]. The activity assay was set up using a reaction mixture (final volume
50 μL) constituted by 0.5 M Tris-HCl pH 8.0, 50 mMMgCl2, 10 mM DTT,
0.4 mM [32P]NAD+ (10000 cpm/nmole), and 20 μg protein of all
examined samples. The reaction mixture was incubated for 15 min at
25 ◦C, and subsequently the reaction was stopped on ice after addition of
20 % (w/v) trichloroacetic acid (TCA). The modified and unmodified
proteins by PAR were filtered through Millipore filters (HAWPP0001,
0.45 μm) and subjected to repeated washing with 7 % trichloroacetic
acid. The determination of acid-insoluble radioactivity (PARP activity)
was measured by liquid scintillation in a Beckman counter (model LS
1701) and expressed as mU/g. The enzyme amount required to convert
1 nmol of NAD+/min under standard conditions represents one enzyme

Fig. 4. Western blotting carried out in gonad homogenates of unexposed (Unx)
and treated M. galloprovincialis with 1 nM, 10 and 100 nM Cr(VI). Histograms
shown a densitometric analyses of ɣH2A.X bands, reported as mean ± S.D. The
differences are not significant. n = 2.
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unit. All experiments were repeated for three times.

2.12. Acetic acid urea polyacrylamide gel electrophoresis and western
blotting on PL proteins by anti-PAR antibody

The PL proteins were separated by acetic acid urea polyacrylamide
gel (AU-PAGE) according to Carbone et al. [67], but with a final con-
centration of acrylamide of 11.2 % (37.5:1 acrylamide/bis-acrylamide,
v/v 30 %). The electrophoresis was carried out at 100V for 1 h. Subse-
quently, the proteins were transferred from gel to PVDF membrane for 2
h at 4 ◦C at 100 V. The transfer was performed with 0.7 % acetic acid.
Regarding the immunoblotting of H1 histone, the electrophoresis is the
same protocol of PL, but the transferred was carried out on nitrocellulose
membrane and the blocking was performed with no-fat milk 5 %, as
described in Passaro et al. [68]. Finally, anti-PAR polyclonal (Abcam
ab14460) and anti-H1 monoclonal antibodies (ABclonal A4342) anti-
bodies was used to conduce the immunoblotting on PVDF membrane
and nitrocellulose membrane respectively as described above. The im-
ages were acquired by ChemiDoc Imaging Systems (Bio-rad).

2.13. Sperm nuclei preparation and MNase assay

The procedure described by Lettieri et al., 2019 [69] was used to

prepare sperm nuclei. Briefly, the sperm pellet was resuspended in 1 mL
of a solution consisting of: NaCl 0.15M; EDTA pH 8 25mM; PMSF 1mM.
Afterwards the sample was centrifuged for 10 min at 4 ◦C at 1900×g and
the supernatant was removed. The pellet obtained was resuspended in 1
mL of solution composed as following: sucrose 0.25 M, MgCl2 5 mM,
TRIS-HCl pH 8 10 mM, PMSF 1 mM, Triton X-100 0.38 %. Subsequently
the sample was placed on ice for 10 min and then centrifuged at 1900×g
at 4 ◦C for 10 min. The solution containing: 0.25 M sucrose, MgCl2 5
mM, TRIS-HCl pH 8 10 mM, PMSF 1 mM, was added as final step and
after centrifuging at 1900×g at 4 ◦C for 10 min, the sperm nuclei were
stored at 4 ◦C. All concentrations are to be considered final.

2.14. Salt-induced release of M. galloprovincialis SNBP

For the salt-induced release of M. galloprovincialis sperm nuclear
basic proteins (SNBP) was followed the protocol described in De
Guglielmo et al., 2019 [70] The AU-PAGE described in Fioretti et al.,
2012 [50] was used to analysed the protein extracts obtained.

2.15. SDS-PAGE for the analysis of M. galloprovincialis PL-proteins

The SDS-PAGE was prepared as following: the stacking gel 4 % (w/v)
acrylamide (acrylamide/bis-acrylamide 30:0.2) and the separating gel

Fig. 5. Western blotting performed in gonad homogenates from unexposed (Unx) and exposed M. galloprovincialis to 1 nM, 10 and 100 nM Cr(VI); (a) 12 % (SDS-
PAGE); (b) anti-PARP immunoblotting; (c) anti-PAR immunoblotting; (d) densitometric analysis of 50 kDa bands immunopositive to anti-PARP; (e) densitometric
analysis band immunopositive to anti-PARP with molecular weight between 30 and 40 kDa; (f) Kruskal-Wallis test followed by Dunn’s multiple comparison test was
used to highlight statistically significant differences between gonad homogenates. The data are showed as mean ± SD and the minimum level of acceptable sig-
nificance was set at p < 0.05.

C. Marinaro et al.



Chemico-Biological Interactions 401 (2024) 111186

7

11 % (w/v) acrylamide (acrylamide/bis-acrylamide 30:0.2). The
running was performed at 100V constant for about 1h. Coomassie Bril-
lant blue was used to stain the gel and the image was acquired by Image
Lab (ver. 6.0.1, build 34) software by Gel-doc system. (BioRad, Hercules,
CA, USA (BioRad, Hercules, CA, USA).

2.16. Effect on the DNA absorption spectrum of PL addiction in mussels
exposed to Cr(VI)

Absorption spectra of DNA were performed after the addition of PL
from 1 nM, 10 nM and 100 nM Cr(VI) exposed mussels following the
protocol indicated in Lettieri et al., 2021 [61], by using 1 μg plasmid
DNA in 400 μL 1X TBE.

2.17. Statistical analysis

Kruskal-Wallis test was used for PARP expression, then Dunn’s
multiple comparison test (Fig. 5). ɣH2AX expression and PARP activity
instead, was analysed by one-way ANOVA with Tukey’s test (Figs. 4 and
6). The values were displays as mean ± SD. Differences p ≤ 0.05 were
considered significant. In the supplementary material are reported the
table of multiple comparison for anti-PAR and anti-PARP analyses. The
statistical analyses were executed by GraphPad Prism 10.1.0 (316).

3. Results

3.1. Assessment of the accumulation of chromium in the male gonads

Inductively coupled plasmamass spectrometry (ICP-MS) was utilized
to evaluate the accumulation of chromium in the male gonads of mussels
exposed to Cr(VI). These analyses showed that upon a 24 h exposition to
1, 10 and 100 nM Cr(VI), chromium was found to accumulate in the
gonads. Specifically, the quantity of chromium was found to be 0.045 ±

0.0140 μg/g in the gonads of the unexposed animals. The values ob-
tained for the exposed mussels were 0.048 ± 0.0213 μg/g when 1 nM
was used, 0.052 ± 0.0116 μg/g when 10 nM was used and 0.072 ±

0.0076 when 100 nM was used (Fig. 1).

3.2. Morphological analyses

Given the accumulation of chromium in the gonad, the possible
gonadal damage was determined at morphological level. In unexposed
organisms, the testis sections revealed a normal histological architec-
ture, and the cellular composition reflects the reproductive period [71],
indeed the spermatic follicles rich in germ cells (GC), in all differentia-
tion stages including spermatozoa (SPZ), are immersed in few connec-
tive tissue (Fig. 2a). At the level of cellular interactions, inside the
follicles the germ cells were strictly adherent to each other and showed
no evidence of disaggregation (Fig. 2a). Testes from animals treated
with 1 and 10 nM Cr showed unaltered spermatic follicles even though
they began to show signs of tissue distress, in fact infiltrates of hemo-
lymphatic immune cells were evident in the interstitial spaces between
the follicles (Fig. 2b–d). The number of immune infiltrates significantly
increased in the testes of mussels treated with the highest concentration
of Cr, where also structural changes in spermatic follicles have been
recorded, showing clear detachment of germ cells from each other and
the follicular wall (Fig. 2e). Furthermore, this experimental group
showed nodular formations of different immune cells forming a granu-
lomatous structure similar to those observed in vertebrates (Fig. 2f).
Finally, PAS staining demonstrated the presence in all treated animals,
especially in those exposed to 10 and 100 nM Cr, hyperplastic and

Fig. 6. Poly-ADP-ribose polymerase activity. One-way ANOVA test followed by
Tukey’s test was used to evaluate statistically significant differences between
gonad homogenates. Data expressed as mean ± SD and the minimum level of
acceptable significance was set at p < 0.05. Unx: unexposed condition.

Table 1
Results of multiple comparison of Dunn’s test for 50 kDa band immunopositive
to anti-PARP antibody.

Dunn’s multiple comparisons test Significant? Summary Adjusted P Value

Unexposed vs. 1 nM Cr (VI) Yes ** 0,0013
Unexposed vs. 10 nM Cr (VI) Yes **** <0,0001
Unexposed vs. 100 nM Cr (VI) No ns 0,2441
1 nM Cr (VI) vs. 10 nM Cr (VI) No ns 0,2441
1 nM Cr (VI) vs. 100 nM Cr (VI) No ns 0,5998
10 nM Cr (VI) vs. 100 nM Cr (VI) Yes ** 0,0013

Table 2
Results of multiple comparison of Dunn’s test for 30 kDa band immunopositive
to anti-PARP.

Dunn’s multiple comparisons test Significant? Summary Adjusted P Value

Unexposed vs. 1 nM Cr (VI) Yes ** 0,0012
Unexposed vs. 10 nM Cr (VI) Yes **** <0,0001
Unexposed vs. 100 nM Cr (VI) No ns 0,3347
1 nM Cr (VI) vs. 10 nM Cr (VI) No ns 0,2800
1 nM Cr (VI) vs. 100 nM Cr (VI) No ns 0,4331
10 nM Cr (VI) vs. 100 nM Cr (VI) Yes *** 0,0009
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hypertrophic goblet cells (full of PAS-positive secretion granules) in the
connective tissue contour, plus Lipofuscin granules deposited between
cells, absent in the unexposed condition and increasing in a dose-related
manner in the gonads of Cr-exposed mussels (Fig. 3a–e).

3.3. ɣH2A.X expression

Given the gonadal damage at the morphological level, the level of
ɣH2A.X was measured, the latter being a marker of double-stranded
damage. Western blotting to evaluate ɣH2A.X expression showed that
the increase of the exposure dose resulted in an increase of expression of
this protein (Fig. 4).

Fig. 7. Western blotting carried out on PL proteins and H1 histone of M. galloprovincialis unexposed (Unx) and exposed to 1 nM, 10 and 100 nMCr(VI). (a):11.2 %
acetic acid-urea polyacrylamide gel (AU-PAGE). (b): anti-PAR immunoblotting.

Fig. 8. PL release from sperm nuclei at different molar NaCl concentrations in unexposed (Unx) mussels (blue line, circle) and those exposed to the three con-
centrations of Cr (VI), 1 nM (red line, square), 10 nM (green line, triangle) and 100 nM (purple line, reversed triangle). (a) release of PL-II, (b) release of PL-III and (c)
release of PL-IV.
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3.4. Analysis of PARP expression

PARP expression was evaluated in gonads homogenates of
M. galloprovincialis exposed to 1, 10 and 100 nM of Cr(VI) doses. Gonad
homogenates from unexposed mussels was used as control samples.
Electrophoretic analysis of whole tested samples showed that there were

no differences in protein quantity and quality (Fig. 5a). Using anti-PARP
antibody, two immunopositive bands were identified. One of 50 kDa and
the other of 30–40 kDa (Fig. 5b). The densitometric analysis of the
immunoreactive bands indicated that the signal intensity of the protein
with molecular weight between 30 and 40 kDa (Fig. 5e) in both unex-
posed and exposed samples to Cr(VI) was weaker than that measured in
correspondence of the 50 kDa protein (Fig. 5d). Moreover, in gonadal
homogenates of exposed mussels to 1 and 10 nM Cr(VI), the intensity of
both immunopositive signals increased significantly compared to the
unexposed mussels (Fig. 5d and e). Higher concentrations of Cr(VI) (100
nM) did not cause significant changes in the intensity of either band
compared to unexposedmussels. (Fig. 5d and e). Tables 1 and 2, show all
multiple comparison of Dunn’s test (Supplementary Fig. 1). Immuno-
blotting by anti-PAR antibody allowed to identify covalent protein ac-
ceptors of PAR. In all examined gonad homogenates, the antibody
recognized a protein with a molecular weight between 30 and 40 kDa,
which is also immunopositive to anti-PARP (Fig. 5c). Although the in-
tensity of this band was greater in all exposed mussels than in unexposed
mussels, the highest immunopositive level was found in the sample
exposed to 10 nM Cr(VI) (Fig. 5f).

3.5. Enzyme activity of PARP

PARP activity was determined in all examined gonad homogenates
to verify whether and how it can be affected by exposure to different
doses of Cr(VI). The data showed that exposure at 1 nM and 10 nM Cr
(VI) causes a significant increase of enzyme activity compared to un-
exposed condition. The highest PARP activity was determined at 10
nMCr(VI). In addition, at 100 nM dose, PARP activity was significantly
lower than that measured in the mussels exposed to 10 nMCr(VI),
however it remained significantly higher compared to unexposed mus-
sels and comparable to that obtained at 1 nM (Fig. 6).

3.6. Poly(ADPribosyl)ation of PL proteins

PL proteins extract from all examined M. galloprovincialis gonads
were separated by AU-PAGE (Fig. 7a) and subjected to immunoblotting

Fig. 9. SDS-PAGE analysis of PL proteins and H1 histone from M. gallopro-
vincialis unexposed (Unx) and exposed to 1 nM, 10 and 100 nM Cr(VI).

Fig. 10. Absorption spectra of plasmid DNA alone and PL/DNA mixtures at different PL/DNA ratios in the 200–300 nm range: PL extracts from unexsposed mussels
(a) and PL extracts of mussels with exposure to 1 nM (b), 10 nM (c) and 100 nM Cr(VI) (d).
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with anti-PAR antibody (Fig. 7b), to investigate whether PL proteins
were endogenously modified with ADPR polymers. Two immuno-
positive signals were observed in all samples, PL-II and H1 histone. The

electrophoretic band with lower mobility respect to PL-II corresponding
H1 histone was demonstrated by immunoblotting with anti-H1 antibody
(Supplementary Fig. S1)

Fig. 11. Histogram of absorption DNA peak for each PL/DNA (w/w) ratios.

Fig. 12. Agarose gel (0.9 %) analysis of chromatin digestion time-course products with MNase of sperm nuclei from unexposed and exposed mussels. (a) unexposed
condition; (b)1 nM Cr(VI), (c) 10 nM Cr(VI), (d) 100 nM Cr(VI) condition.
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3.7. Release of PL from sperm nuclei by salt solution

Given the Poly(ADPribosyl)ation of PL-II observed after chromium
exposure, the changes in PL-DNA binding were investigated. For this
purpose, we tested how PLs were released from sperm nuclei (Fig. 8) in
mussels exposed and unexposed by using increasing concentrations of
NaCl. This analysis indicated that PL-II (Fig. 8a), after having exposed
mussels to 100 nM Cr(VI) was released in very similar amounts with
respect to unexposed condition, and in greater amounts after exposure
to 10 and 1 nM Cr(VI), where at 1 nM a greater release was observed
compared to 10 nM. In contrast, PL-III (Fig. 8b) shows greater release
after exposing mussels to all doses matched to unexposed condition. PL-
IV (Fig. 8c), on the other hand, was released in larger amounts after
exposure to 1 and 100 nM Cr (VI) respect to the unexposed condition,
where at 100 nM a greater release respect to all the other conditions was
observed.

3.8. Electrophoretic analyses of PL by SDS-PAGE

The analysis of PL proteins by SDS-PAGE exhibited a complete co-
migration of H1, PL-II and PL-III in mussels that were exposed to 100
nM; in contrast, in the 1 and 10 nM Cr(VI) exposure conditions, the
electrophoretic pattern was similar to the unexposed (Unx) condition
(Fig. 9).

3.9. Absorption spectrum of DNA after the addition of PL proteins

To evaluate possible effects of exposure of mussels to Cr(VI) on the
ability of PL proteins to bind to DNA, the absorption spectrum in the
200–300 nm range of plasmid DNA lonely was equated with the ab-
sorption spectra of the same after addition of increasing amounts of PL
(0.5-1-1.5-2-3 PL/DNA (w/w) ratios) from unexposed (Fig. 10a) and Cr
(VI)-exposed (Fig. 10b–d) mussels. PL proteins derived from exposed
mussels showed reduced DNA binding compared to PL proteins from
unexposed mussels, as shown in Fig. 10b–d. This could indicate changes
in the binding of PL-DNA after exposure to Cr(VI). The absorption peaks
for each PL/DNA ratio (w/w) are shown in Fig. 11, where the different
decrease in DNA absorption between unexposed and exposed conditions
is clearly visible.

3.10. Sperm chromatin digestion by micrococcal nuclease

Possible Cr(VI)-induced alterations in sperm chromatin were inves-
tigated using micrococcal nuclease (MNase) and performing a time-
course of digestion. As shown in Fig. 12, in unexposed mussels, DNA
was progressively degraded as digestion times increase under our
experimental conditions (Fig. 12a). Following exposure to doses of 1 nM
(Figs. 12b) and 10 nM Cr (VI) (Fig. 12c), the sperm chromatin DNA
appeared to show increased accessibility to micrococcal nuclease while
a very similar result respect to unexposed condition was observed after
exposure to 100 nM Cr(VI) (Fig. 12d).

4. Discussion

Epigenetic modifications are pivotal to the metabolism of DNA, and
in the last few years PARP and PARylation have gained an increasingly
central role in the remodelling of chromatin. PARylation is commonly
associated with DNA repair, but the role of PARylation in sperm chro-
matin remains to be elucidated. In the present work we demonstrated
that M. galloprovincialis exposure to 1, 10 and 100 nM Cr(VI) doses
influenced PARP expression and enzyme activity. In detail, the gonad
homogenates of unexposed and exposed mussels indicated the presence
of two PARPs isoforms, one with a molecular weight of 50 kDa and the
other with a molecular weight ranged 30–40 kDa, both already identi-
fied in M. galloprovincialis [72]. The increase of PARP expression and
activity measured in the gonads of the mussels exposed to 1 nM and 10

nM of Cr(VI) allows us to hypothesize that already low doses of this
metal were capable of inducing oxidative damage to genomic material.
It seems also plausible to assume that the PARP activity and its auto-
modification increase are correlated to genomic material damage entity
[73]. On the other hand, the PARP activation under stress conditions
and its correlation with pollution was already widely demonstrated in
both animals and plants [4,7,74–77]. Interestingly, the most oxidative
DNA damage would occur at 10 nM chromium dose, at which the
highest activity and maximum automodification of the enzyme was
detected. At higher doses of chromium (100 nM), mussels could adopt
the strategy of reducing the activity of PARP, recognized as being one of
the most important cellular energy consumers, in order to maintain
energy homeostasis, necessary for their survival. In addition, for the first
time, we demonstrated endogenous heteromodification by poly(ADPri-
bosyl)ation of PL proteins obtained from exposed and unexposed sam-
ples. In detail, the anti-PAR immunopositive signal corresponding to a
protein with higher electrophoretic migration we know corresponds to
PL-II, while the signal with lower migration corresponds to H1 histone.
This modification is very common in the H1 histone, but it is new for
PL-II. This latter protein plays an important part in organising the
chromatin of M. galloprovincialis spermatozoa by interacting with linker
DNA [78] and is required for the high degree of compaction reached by
the Mytilus sperm nucleus, as revealed by electron micrographs of the
spread nuclei [79]. The evidence that the intensity of the signal was
always higher in the exposed samples than the control leads us to hy-
pothesize that, following the DNA damage caused by the exposure to
chromium, the PL-II is heteromodified, as well as the histone H1, with
poly(ADPR) and its poly(ADPribosyl)ation is related to the deconden-
sation of chromatin and its repair [12,17–19]. Therefore, DNA damage
induced by exposure to chromium (VI) leads to activation of poly
(ADPribosyl)ation, with consequent automodification of PARP and
heteromodification of PL-II by poly(ADPR) polymers. These data allow
us to assume that PAR bound to PARP acts as a signaller of damage to
genomic material and attracts the enzymes involved in repair, after
chromatin relaxation following PLII heteromodification. Starting from
this evidence, gonadal H2A.X phosphorylation (ɣH2A.X), another
marker of DNA damage, was also evaluated. In fact, an immediate
phosphorylation by the Map kinase enzyme cascade of this histone oc-
curs, favouring the recruitment of the enzymes and protein complexes
responsible for DNA damage resolution [80]. Our data highlighted an
increase in the expression of ɣH2A.X dose-dependent on chromium
exposure. Since both poly(ADPribosyl)ation and phosphorylation are
two modifications activated by genotoxic damage, we wanted to verify
whether and what relationship might exist between them. In this regard,
we propose a molecular model in which hypothesize, that at low chro-
mium concentrations both modifications are activated following geno-
toxic damage and act as signals for the recruitment of factors involved in
DNA repair. This hypothesis seems to be also confirmed by MNase data,
which showed a major accessibility of MNase to sperm DNA. At high
chromium concentrations, instead, the concomitant decrease in PARP
activity and increase in ɣH2A.X could indicate the possibility that,
although poly(ADPribosyl)ation continues to ensure chromatin relaxa-
tion, the phosphorylation becomes the main player in its repair. After
exposure to 100 nM Cr(VI), however, the phosphorylation does not seem
to be able to repair all the damaged DNA, thus damage proceeds at level
of the gonads, as clearly shown by morphological data. In detail, his-
tological investigations recorded gonadal damage with a
dose-dependent trend. The most significant alterations found are rep-
resented by a structural disorganisation of the germ cells within sper-
matic follicles and the presence of haemocyte infiltrates in the gonadic
connective tissue. The disconnection between the cells within the
spermatic follicles agrees with the literature, in fact, it is a well-known
fact that heavy metals are detrimental to the process of spermatogen-
esis; between the numerous types of damage that have been observed,
the disruption of the blood-testicular barrier and of cell junctions has
been described [65,81]. The presence of many haemocytes in the
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testicular connective tissue, particularly in the testis of mussels exposed
to 100 nM Cr, where the evidence for the presence of haemocytes
clustered in the formation of a granulomatous structures is also detected,
suggests strong inflammation of the gonad caused by the metal accu-
mulation [82]. The inflammatory process and the stress condition are
also confirmed by the presence of PAS-positive cells with a
dose-dependent trend in the exposed animals. It is known that, in mol-
luscs, under stress conditions a large release of mucus is observed
through goblet cells, cells positive to PAS staining, which appear hy-
pertrophic and more numerous [83]. It is very likely that the inflam-
matory process just described could be triggered by Cr-induced
oxidative stress phenomena. Indeed, PAS staining also revealed the
presence of lipofuscin granules in animals exposed to Cr especially at
concentration of 100 nM. These granules are high-molecular weight
formations of protein aggregates. There is much evidence that the for-
mation of lipofuscin aggregates is a direct condition of oxidative stress.
Indeed, under normal conditions, most protein aggregates are ubiq-
uitinated by the proteasome and subsequently eliminated [84]. On the
contrary, highly oxidised and cross-linked proteins are unfavourable
substrates for the proteasome, which in turn is inhibited by this type of
formation; therefore, these aggregates are not ubiquitinated, forming
evident cellular precipitates of coloured granules known as lipofuscin
granules [84]. Considering all data obtained on gonadal tissue, we hy-
pothesized that chromium could affect PL proteins-DNA binding, which
is critical in the compaction of sperm chromatin. As a matter of fact,
compared to unexposed mussels, the released PL from sperm nuclei at
increasing NaCl molarities indicates changes in PL binding to sperm
DNA, as an increase in the amount of PL released from sperm nuclei was
almost always observed under exposed conditions. For this experimental
approach, the only condition most similar to the unexposed condition
was for PL-II at a Cr(VI) exposure dose of 100 nM. This last result could
be due to the observation of a complete SDS-PAGE co-migration of PL-II
with PL-III and H1 histone only in this condition. The explanation could
be due to the conformational changes of the PL proteins induced by
chromium, as already reported by Marinaro et al., 2023 [85]. Consid-
ering these conformational changes in PLs, we performed turbidimetric
measurements under all conditions tested to obtain further evidence of
alterations in PL-DNA binding induced by exposure of mussels to chro-
mium. The results obtained showed a reduction in the ability of PL to
bind the DNA of mussels that were exposed to the three doses of Cr(VI).
In fact, a lowering of the absorbance peak at 260 nm was observed, and
more clearly at the 1 and 10 nM Cr(VI) exposure conditions. The
structure of the chromatin of spermatozoa may be affected by changes in
the binding of PL to DNA which in turn influence the locomotion of male
gametes and consequently also their ability to fertilise oocytes. In fact,
an increase in the accessibility of sperm chromatin to this enzyme after 1
and 10 nM Cr (VI) exposure was observed. These results suggest that the
exposure of mussels to these doses of Cr(VI) leads to a series of molecular
alterations in PL, which affect their binding to DNA and influence the
sperm chromatin. In addition, these Cr(VI) exposure doses induce
gonadal damage as indicated by the PARP and ɣH2A.X markers alter-
ations. Although many investigations are still needed to define the
precise mechanisms of action leading to the damage produced by
chromium, the results of this work add new insights into the possible
molecular mechanism underlying the effects of chromium on
M. galloprovincialis. reproductive system.
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