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During their once-in-a-lifetime transoceanic spawning migration,
anguillid eels do not feed, instead rely on energy stores to fuel the
demands of locomotion and reproduction while they reorganize their
bodies by depleting body reserves and building up gonadal tissue.
Here we show how the European eel (Anguilla anguilla) breaks down
its skeleton to redistribute phosphorus and calcium from hard to soft
tissues during its sexual development. Using multiple analytical and
imaging techniques, we characterize the spatial and temporal degra-
dation of the skeletal framework from initial to final gonadal matura-
tion and use elemental mass ratios in bone, muscle, liver, and gonadal
tissue to determine the fluxes and fates of selected minerals and met-
als in the eels’ bodies. We find that bone loss is more pronounced in
females than in males and eventually may reach a point at which the
mechanical stability of the skeleton is challenged. P and Ca are re-
leased and translocated from skeletal tissues to muscle and gonads,
leaving both elements in constant proportion in remaining bone struc-
tures. The depletion of internal stores from hard and soft tissues dur-
ing maturation-induced body reorganization is accompanied by the
recirculation, translocation, and maternal transfer of potentially toxic
metals from bone and muscle to the ovaries in gravid females, which
may have direct deleterious effects on health and hinder the repro-
ductive success of individuals of this critically endangered species.
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tocks of several eel species of the genus Anguilla have di-
minished severely in recent decades worldwide, putting them
at risk for conservation. The European eel (Anguilla anguilla) is
now rated as critically endangered on the red list of the In-
ternational Union for Conservation of Nature, and the American
eel (Anguilla rostrata) and Japanese eel (Anguilla japonica) are
rated as endangered. The reason for these declines is not fully
understood, however. Anguillid eels undergo a long oceanic larval
development before inhabiting inland and coastal waters for their
premature growth phase. With the onset of sexual maturation,
they change their appearance from resident yellow eel to migra-
tory silver eel to meet the physiological requirements for an up to
6,000-km, once-in-a-lifetime migration back to their oceanic
spawning areas. This peculiar changeover, termed “silvering,” in-
volves morphological adaptations, such as increase in eye diameter
and fin length, and physiological changes, including the cessation
of feeding, degeneration of the gut, and initiation of gonado-
genesis (1-3). Consequently, eels rely on the breakdown of their
lipid-rich muscle tissue to fuel gonadogenesis and locomotion
during their migration (4-6).
No European or American eel in an advanced maturation state
has yet been found in the wild, limiting observations to natural
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initial maturation stages and artificially matured eels. Previous
research has shown that the depletion of soft tissues during fasting
and maturation is accompanied by the resorption of phosphorus
and calcium from the bone, which acts as a mineral reservoir (7,
8). The endoskeleton (plus scales in most bony fish) forms the
largest depot for minerals in vertebrates, storing the majority of
Ca (~99%) and P (85-90%) (9-11). It has been postulated that
this feature could have promoted the evolution of the early dermal
skeleton millions of years ago (12, 13).

The use of the maternal body as a reservoir of nutrients during
migration in eels illustrates how bone loss, lipid metabolism, and
reproduction can be directly physiologically connected. Among
teleosts, diadromous salmonids also use energy reserves and lose
bone and scale mass during spawning migration (13, 14). While
Pacific salmon die after spawning, Atlantic salmon can restore their
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skeletons and survive. Depletion and restoration of bone mineral
reserves connected to reproduction is also known from mammals,
which lose bone during pregnancy and lactation and restore it af-
terward (10). Not only for this reason, the connection of bone and
energy metabolism has received attention in human health sciences
(15). Bone metabolism is hormonally linked to fat metabolism (15—
20), which can affect several diseases and pathologies, including
type 2 diabetes, osteopenia, and osteoporosis (11, 17).

In summary, bone loss in connection with reproduction can be a
designated and physiologically purposeful feature, in contrast to
the bone loss caused by pathological conditions. Nonetheless,
maturation-related and disease-related bone loss may involve
similar endocrine mechanisms. In short, appetite, reproduction
and bone remodeling are regulated by a complex hormonal system
in which leptin and other adipokines control energy homeostasis
and modulate bone cells through direct and indirect actions (18—
20). At the same time, bone-forming cells (osteoblasts) secrete
osteocalcin, which affects lipid storage by regulating insulin (17).
The involvement of leptin and its actions in sexual reproduction
and energy metabolism seems to be a conserved evolutionary
feature found in basal teleosts, such as freshwater eels, as well as
in basal osteichthyans, such as gars (20, 21). Interactions between
bone and adipose tissue are influenced by an array of hormones,
including peripheral hormones and prehormones (18, 19, 22, 23),
that have been described in eels (21, 24-26).

Body reorganization during maturation in eels also carries risks.
Eels are long-lived, semelparous predators with a high body fat
content that are especially prone to the uptake and accumulation
of toxic substances during their growth phases (27-29). While
many organic compounds are lipophilic and thus concentrate in
the eels’ lipid-rich soft tissues, the mineral phase of bone can also
act as a sink for metals (23, 30). Some of these elements can exert
toxic effects by interfering with nutritionally essential metals, by
competing for binding sites, or by inhibiting metabolic pathways
(31-33). During migration and sexual maturation, similar to or-
ganic xenobiotics, these metals can be further concentrated due to
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catabolic processes, remobilized, and maternally transferred to the
gonads, posing a threat to the reproductive fitness of this endan-
gered species (6, 34-36). However, little is known about the
physiological effects and the fate of remobilized substances during
the phase of fasting and sexual development.

In this study, we investigated the body reconstructions that
may occur during the migration of maturing European eels. Our
analyses illustrate details of bone resorption at anatomic, micro-
anatomic, and cellular levels and at the same time draw a com-
prehensive picture of the remobilization and fate of relevant
minerals and potentially toxic metals through different relevant
somatic body matrices of eels in several maturation stages.

Results

Female Eels Lose More Bone Than Males During Sexual Maturation.
Biological data of individual fish are provided in SI Appendix,
Text and Table S1. Demineralization of skeletal structures in
premature and artificially matured eels was confirmed by non-
invasive whole-body computed tomography (CT) imaging (Fig.
14, Top). Yellow female eels (yf) exhibited less total bone vol-
ume than silver females (sf) and maturing females (gf), and sf
had greater skeletal bone volume than the group of fully mature
females (mf). No significant differences in skeletal bone volume
were found between silver males (sm) and mature males (mm)
(Fig. 14, Bottom). Color-coded Ca maps show differences in
bone mineral density (BMD) among the groups (Fig. 1B, Top).
Quantitative analyses showed a trend toward decreasing BMD
during maturation in both sexes (SI Appendix, Text and Table
S2), with significant differences among the groups (Fig. 1B,
Bottom). Distinct differences across the progressing maturation
stages were also evident in Ca maps of the skull structures (S
Appendix, Fig. S14). Along with the decrease in BMD, Ca maps
of the CT scans also showed signals of elevated mineral density
in the body cavities around the developing ovaries, marking the
onset of gonadal maturation in sf (SI Appendix, Fig. S1B).
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Bone loss in skeletons and skeletal elements from eels in different maturation stages. (A, Top) CT-derived 3D renderings of whole eel skeletons depict

the total skeletal volumes of female and male eels in different maturation stages. (A, Bottom) Comparative analyses of total bone volume in eel skeletons
revealed significant differences among female maturation stages. Sf and gf females showed the greatest skeletal volumes. (B, Top) Ca maps (Imalytics
Preclinical software) depict BMD in female and male eels of different maturation stages. (B, Bottom) BMD in skeletal bone from eels of both sexes differed
significantly, with an overall trend toward a decrease with progressing maturation. (C, Top) 3D reconstructions of C2 cervical vertebrae bodies of female eels
in different maturation stages show the successive decline in bone volume. (C, Bottom) Vertebral volumes in female eels increased during growth phase from yellow
stage to silver stage and decreased in both sexes in fully mature stages. (D, Top) Color-coded volume renderings of single skeletal elements of female eels show the
decline in BMD during maturation. (D, Bottom) BMD in vertebral bodies from female and male eels decreased from silver stage to fully mature stage. In A-D,
different letters indicate statistically significant differences among maturation stages per sex (P < 0.05). yf, n = 3; sf, n=4; gf, n=3; mf, n=4; sm,n=4; mm, n=4.
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Micro-CT scans and Ca maps of isolated female eel vertebrae
of different maturation stages provided insight into spatial dif-
ferences in bone resorption (Fig. 1 C and D, Top). Bone loss in
all areas intensified with progressing maturation. While trabec-
ular bone structures in cervical vertebrae from yf and sf were
mostly intact and stable, hormone-treated groups showed signs
of progressive bone loss. Vertebrae from hormone-treated
groups (gf and mf) had resorbed structures in all parts of the
vertebral body (Fig. 1C, Top). Quantitative analyses revealed
lower vertebral volumes in yf compared with sf and gf, but no
difference between yf and mf (Fig. 1C, Bottom and SI Appendix,
Text and Table S2). In contrast, sm had larger vertebral volumes
than mm (Fig. 1C, Bottom). In female eels, BMD in vertebrae
showed a decreasing trend from yf to mf, in line with maturation
(Fig. 1D, Top and Bottom). In male eels, BMD in vertebrae was
greater in sf compared with mf (Fig. 1D, Bottom).

Structural Examination of Vertebral Bodies Indicates a Conserved
Functionality of the Notochord. Scanning electron microscopy
(SEM) images of vertebral bodies provided details of bone loss
in individual bone compartments. While overview images of cut
vertebrae (Fig. 24) depicted a uniform degradation of bone
trabeculae, magnified views (Fig. 2B) illustrated microstructural
changes in the trabecular bone. Fenestration and increased
widths in bone marrow-like structures, lined by exposed collagen
fiber bundles, were present in sf and further progressed in the
two hormone-treated groups (gf and mf). The loss of trabecular
bone structure in male eels was less pronounced compared with
that in females. Histological examination of vertebrae (Fig. 2C)
revealed abundant bone remodeling. Osteons were clearly visible
in yf, sf, and sm. Compared with the other groups, yf had denser
bone structures and showed only minor signs of bone resorption.
Sf showed a regular amount of bone at the vertebral body end
plates with their bone trabeculae connected and the in-
tervertebral space and the notochord still intact. In contrast, both
artificially matured female groups (gf and mf) showed progressive

bone loss with disconnected bone trabeculae and indications of
substantial bone resorption (asterisk) at the vertebral body end
plates. In mf, most of the bone was resorbed down to the noto-
chord sheath with no open fenestration, leaving the notochord
functional. Traces of previous notochord fenestration with scar-
ring tissue indicated repair of this damage. In male eels (SI Ap-
pendix, Fig. S2), maturation-related bone resorption was less
pronounced than in females, yet mm showed greater bone re-
sorption compared with untreated sm.

Eels Use Bone as a Mineral Reservoir to Build up Gonads During
Maturation. Energy-dispersive X-ray spectroscopy (EDXS) was
used to determine emission signals for Ca and P in cervical ver-
tebrae of animals from all the experimental groups. Emission
spectra revealed similar Ca:P ratios and thus stable elemental
composition (Fig. 3 A and B). In contrast, emission strength and
peak areas differed considerably among the groups, indicating
decreasing BMD along progressing maturation in both sexes. In-
tegrals of both targeted elements ranged from 0.1 to 0.6 normal-
ized counts, with yf displaying the highest counts for both elements,
ranging from 0.55 to 0.59 (Fig. 34). Ca and P signals in vertebrae
from sf showed smaller peaks, and the lowest signals were detected
in vertebrae from gf and mf, with counts ranging from 0.10 to 0.20.
Vertebrae from male eels also showed differences in emission
intensity according to stage (Fig. 3B); however, compared with
females, the differences by life stage were not as pronounced.
Elemental inductively coupled plasma mass spectrometry
(ICP-MS) mass-balance analyses of P and Ca in different tissues
revealed differences in body composition across the maturation
stages (Fig. 3 C and D). P was found mainly in bone (between
82% in mm and 93% in yf), with some (between 2% and 16%)
allocated in muscle tissue. With advancing maturation, the soft
tissue/bone mass ratio rose, with 9-13% of total allocated P
found in gonads of gf and mf. The relative amount of P bound
in muscle tissue decreased compared with earlier maturation

Fig. 2. Structural aspects of bone loss during sexual maturation in eels. Superior view (A) and 500x magnified (B) SEM images of entire vertebral body end
plates of female eels in different maturation stages depict the successive bone loss on a supracellular level. (C) Bone histology based on azan-dyed, para-
sagittal sections of vertebral bodies illustrates changes in bone structures during the maturation process on a cellular level. Defined structures are marked and
labeled: BT, bone trabeculae; NC, notochord; OS, osteon; VE, vertebral body end plate. *Indication of bone resorption.
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stages. The ratio of bound P in total soft tissue to bone tissue was
significantly greater in mf than in yf (Fig. 3C).

By far the largest share of total Ca mass balance was detected
in bones, accounting for ~95% to >99% of the total estimated
mass (Fig. 3D). While Ca was not found in substantial amounts
in liver, the amount bound in soft tissue of females rose slightly
with onset of hormone treatment, with the highest soft tissue-to-
bone mass ratio seen in mf.

Body Reorganization During Maturation Leads to Maternal Transfer
of Toxic Metals. Mass balance analyses (Fig. 44) and dry weight
concentrations (Fig. 4B) were also obtained to analyze the re-
distribution of different metals in body compartments of rele-
vance in female eels from sf stage to mf stage (SI Appendix, Text
and Tables S2 and S4). Cd and Cu exhibited quite similar
characteristics. While in sf, both metals accumulated in muscle
tissue (60-80%), with low amounts found in bone (5-20%), in gf
and mf, 50%-65% of Cd was found in the gonads Concentra-
tions of Cd were <0.1 mg kg™ dry weight (dw) in most matrices
of all stages, elevated only in livers (>1 mg kg dw) and gonads
(>0.2 mg kg™" dw). Cu in gonads was found in 51m11ar ranges but
at significantly lower concentrations (<3 mg kg™ dw) in both gf
and mf compared with sf.

0.05).yf,n=3;sf,n=4;9f, n=3; mf, n=4;sm, n=4;
mm, n = 4.

For Mn, the greatest shares were bound in skeletons of sf
(90%), with the proportion decreasing with advancing matu-
ration (~70% in gf and 60% in mf). While the relative mass
balance in muscle tissue of all stages remained low (<10%),
amounts of Mn in gonadal tissue rose to around 20-30% of
total mass balance in the gf and mf. The highest concentrations
of Mn were found in bone tissue (20-37 mg kg~' dw) and
revealed a slight decreasing trend during maturation, with
no significant differences across the groups. Concentrations
in liver and gonads increased durlng maturation, exceedmg
10 mg kg~ dw in livers of mf and remaining below 5 mg kg~! dw
in gonads of all groups.

For Hg, in untreated sf, almost the entire body burden (~97%)
was found in muscle tissue, while in gf and mf, substantial Hg
levels were detected in gonads (Fig. 44). Total concentrations of
Hg in all organs were significantly greater in mf than in females
at earlier maturatlon stages (>0.1 to >3.0 mg kg™' dw vs. <0.1
to <1.0 mg kg~! dw) (Fig. 4B).

Discussion

This study demonstrates that body reconstruction in European
eels during sexual development can initiate the mobilization
and maternal transfer of toxic metals, with possible detrimental
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consequences on health and reproductive success. By analyzing
the changes in relative mass balances of selected elements within
different body compartments, we have depicted the dispersal and
fate of remobilized minerals and metals during maturation. Our
results suggest a reciprocal interrelation between the storage and
depletion processes in bone and soft tissues of European eels
during their spawning migration. Since the speciation of the genus
Anguilla 20-40 Mya (37), the reproductive strategy of these fishes
has evolved to include a “programmed death” resulting from use
of the parental body as a storehouse to supply the requirements of
locomotion, maturation, and successful spawning. The migrating
eel’s body provides energy resources, such as lipids and proteins,
from muscles (5), as well as minerals from the bones (7, 8).

Eels provide an example of the tight interaction between bone
turnover and lipid metabolism in a vertebrate species. As this
connection can also be found in extant mammals, the eel may pose
an interesting model for generating a better understanding of the
physiological pathways involved in associated human pathological
conditions and diseases.

In the current study, hormone-treated eels did not constantly
swim before being killed. This is important, since with sufficient
nutrition, exercise can be beneficial for bone retention and for-
mation in humans and other vertebrates (11). Constant locomotion
displayed by nonfeeding, migrating eels however, could amplify
bone resorption since muscle mass is continuously depleted during
their journey. It has been shown in simulated migration trials that
active swimming initiates lipid mobilization and hormonal
changes which lead to gonadal maturation in female and male
silver eels (5, 38, 39). Due to the lack of feeding during the time of
gonadogenesis, especially increasing P requirements would conflict
with exercise-triggered bone formation and mineralization. Since
the maturing gonads in our sampled fish were supplied with min-
erals from the bones, we conclude that under natural conditions,
the swimming performance necessary for transoceanic migration adds
an additional effect to the observed processes.

Ca maps of skeletal structures in this study reveal a corre-
sponding picture. Beginning with initial silvering and thus the
start of migration, average mineral content and skeletal mass
successively declined in both sexes. This decreasing volume is
characterized by the loss of bone tissue in all areas of the ver-
tebrae (Fig. 1 C and D, Top). In fact, single vertebrae in large mf
shrunk to the size of those in much smaller, immature yf. This
finding is remarkable, since the size of vertebrae in premature
eels usually correlates well with their full body size (40). The
observed severe bone loss at the vertebral body end plates
combined with the disconnection of bone trabeculae until final
maturation strongly suggests the loss of mechanical support by
vertebral bodies. At the same time, the notochord remained
intact and likely functional as axial skeleton (14).

In line with the decline in BMD and bone volume throughout
maturation, structural bone loss was more accentuated in female
eels compared with males. This was not surprising, since anguillids
are sexually dimorphic and females grow larger than males. During
oogenesis, female eels also use a greater percentage of their body
mass for egg production than male eels do for spermatogenesis (5).
To provide sufficient P (and partly Ca) for early embryonic de-
velopment, egg yolk must be enriched from maternal resources
that are stored before migration. Accordingly, CT-derived Ca
maps revealed elevated mineral signals located around the gonads
of sf (SI Appendix, Fig. S1B, red arrows). At this stage, female
gonads are still at an initial maturation stage without further di-
lution effects initiated by protein metabolism or hydration (41).

EDXS spectra revealed that gross mineral composition in bone
remained unchanged during maturation of both sexes. P and Ca
persist at the same ratio, which is in line with the observed bone
resorption, a process that liberates all bone minerals equally.
Yamada et al. (7) found only small amounts of Ca from the bones
transferred to the gonads of eels, suggesting discharge of excess Ca
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from the body. Unlike P, Ca is generally not limited in aqueous
marine environments, since fish are usually able to take up
Ca®" from sea water via gill and stomach epithelia (42). At times
of extreme Ca demand (e.g., during gonadal maturation), water-
derived Ca may be insufficient, and food can provide additional
Ca for fish (42, 43). This does not apply to nonfeeding migrating
eels (2, 3) and suggests that along with seawater-derived Ca taken
up via gills, Ca liberated from the skeleton can be used for oo-
genesis, muscle function, and other physiological processes.

Elemental analyses also indicated that maturation in eels can
induce the redistribution of toxic metals from the animals’ bone
and soft tissues. Metals such as Cd, Cu, Mn, and Hg are inducers
of oxidative stress and are known to cause toxicity in aquatic or-
ganisms. Their toxicity mostly originates from their capacity to bind
and interfere with proteins and nucleic acids, and the generation of
reactive oxygen and nitrogen species may result in oxidative
damage of these biomolecules (44). As reviewed by Jezierska et al.
(45), teleost early-life stages are particularly sensitive, and the in-
fluence of toxic metals may lead to impaired embryonic develop-
ment. It was further concluded that exposure of spawning animals
to metal might result in contamination of eggs and sperm, with
potential adverse effects on fertility and embryogenesis.

How the quality of sperm in eels is affected by paternal metal
levels and the extent to which male gametes contribute to the
overall transfer of metals into fertilized eggs are unclear at pre-
sent. In female eels, the distribution of these elements changes
substantially with ongoing body restructuring, leading to the in-
corporation of substantial amounts into the gonads, with possible
implications for individual reproductive success. Recirculated and
relocated metals are of concern, since their concentration in liver,
muscle, or gonads, in line with the metabolic reconstructions, may
exceed critical values and produce toxic effects.

Cd has also been shown to interfere with bone turnover (46).
Pierron et al. (47) showed that Cd is a strong endocrine disruptor
in eels, with the potential to interfere with hormone synthesis, to
alter egg quality and quantity, and to lead to exhaustion during
migration. Since it can negatively affect the lipid storage capac-
ities of European eels, Cd may impact the interaction of lipid
metabolism and bone remodeling once the element is released
from muscle during migration (48).

Our results for Cu suggest that this element redistributes
similar to Cd. Even though Cu is essential to fish nutrition (49), it
can exert genotoxic effects (45) and is known to become toxic to
aquatic life at concentrations slightly greater than essentially
required concentrations (50).

Knowledge of Mn toxicity in fish is scarce, yet it is of relevance
here, as it has been shown to accumulate in vertebrate skeletons
(32) and to interfere with bone metabolism (51).

Due to its distinct physiochemistry, body distribution, and
mass ratio, Hg differed substantially from Cd, Cu, and Mn. This
element is known to produce a range of deleterious effects in
vertebrates, including microtubule destruction, mitochondrial
damage, and lipid peroxidation (52). It also has been shown to
negatively affect reproduction of teleost fish (53) and has spe-
cifically been suggested to pose a health risk to eels (36). Al-
though mostly associated with the brain and nervous system, Hg
can impair any organ and lead to severe organ malfunction and
interference with Ca homeostasis (33). Our results indicate a
limited but proportional transfer of Hg from muscle tissue into the
ovaries, with elevated concentrations in livers of mature fish, in-
dicating a possible metabolic pathway via the liver. Our results are
generally in line with Hg levels in somatic tissues of artificially
matured female European eels reported by Nowosad et al. (36).

In conclusion, our findings on the resorption and mineral re-
lease from the bones of eels contribute to a better understanding
of physiological processes involved in the sexual maturation of
European eels. Moreover, this study shows that the metabolic
turnover of somatic tissue into gametic tissue can induce mobilization
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of potentially toxic metals. Proof of maternal transfer of these
elements into the ovaries of female eels demonstrates the fairly
incalculable challenges that eels encounter in the course of re-
production. For future studies, a desirable focus would be
an assessment of specific toxicity biomarkers to generate effect data,
to better support the hypothesis that maternal transfer of metals to
the gonads represents a specific risk to offspring in eels. Due to the
involvement of apparently ancient, congeneric physiological path-
ways, new knowledge of the pertinent mechanisms in eels may be
helpful to better understand the interconnections of lipid metabo-
lism and mineral retention that are also involved in conditions and
diseases seen in humans. However, additional investigations are
needed to further elucidate the involved endocrine interactions that
regulate energy metabolism, storage depletion, and bone remodel-
ing in eels during migration and sexual maturation.

Methods

Female and male European eels in different natural and artificially induced
maturation stages were analyzed postmortem for BMD and maturation-
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related structural changes in skeletal elements using clinical CT and micro-
CT. Structural changes on a microanatomic level in single skeletal elements
were investigated using histology and SEM. Elemental composition of eel soft
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ological variables, hormone treatment, sampling and handling, methodo-
logical procedures and instrumental settings, and test statistics, as well as
the reference database for mass balance calculations, are provided in
SI Appendix.
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