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Iron is an essential trace metal required for various physiological processes, yet
both deficiency and excess can disrupt metal homeostasis and compromise
fitness. In this study, we investigated how dietary iron availability influences
physiological performance across generations in zebrafish (Danio rerio). Fish
were fed diets spanning a gradient from deficiency to supplementation (Low
Fe, 11 mg Fe/kg; Medium Fe, 420 mg Fe/kg, and High Fe, 2,300 mg Fe/kqg),
and effects on growth, metal homeostasis, swimming performance, energy
metabolism, and reproduction were assessed. Following reproductive assays,
offspring were raised under control conditions and subsequently challenged
with the same dietary iron treatments (Low Fe, Medium Fe, and High Fe as
parents) in adulthood. Sub-acute exposure (20 days) to elevated dietary iron
enhanced aerobic scope, maximum metabolic rate, and critical swimming
speed, alongside improved reproductive output as measured by embryo survival
and early development. However, sub-chronic exposure (40 days) to High
Fe diminished swimming performance benefits and was also associated with
tissue iron loading. Notably, zebrafish tolerated sub-chronic exposure to Low
Fe without significant impacts on condition factor or energetic performance.
Interestingly, the difference in swimming and metabolic performance between
high and low iron treatments was more pronounced in the offspring, suggesting
an intergenerational effect of parental iron status. Together, these findings
suggest that dietary iron availability can shape both immediate and inherited
performance phenotypes, underscoring its dual role as a nutritional requirement
and a regulator of ecological fitness.

dietary iron, metal homeostasis, respirometry, swimming, reproduction,
intergenerational effects, zebrafish

1 Introduction

Iron is an essential micronutrient for all fish; it is a vital component of a multitude of
protein complexes, a cofactor for many enzymes, and is involved in various biochemical
and metabolic processes such as oxygen transport, energy metabolism, and development
(Wood et al., 2011; Chandrapalan and Kwong, 2021). However, imbalances in iron levels,
both deficiency and overload, can negatively impact fish health, leading to physiological
impairments such as reduced growth, disrupted oxygen transport, oxidative stress,
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and metal accumulation (Watanabe et al., 1997; Lall and Kaushik,
2021). In freshwater environments, iron concentrations are usually
low (<1mg/L), but hypoxia, acidification, and anthropogenic
activities (mining and industrial discharge) can substantially elevate
levels and increase availability (Peuranen et al.,, 1994; Xing and
Liu, 2011; Kwong, 2024). Within physiologically safe concentrations,
iron supplementation can be important for the maintenance of fish
health, including growth, feed utilization, and immune function
(Wang et al., 2023). While diet is considered the predominant route
of iron acquisition, the effects of dietary iron exposure have been
far less studied than waterborne uptake, leaving critical gaps in
our understanding of how dietary iron availability impacts fish
physiological performance (Andersen, 1997; Bury, 2003; Jee et al.,
2004; Lappivaara and Marttinen, 2005; Wang, 2013; Saha et al,,
2015). In general, dietary iron overload is linked to iron loading in
tissues, which can catalyze the Fenton reaction and the production
of reactive oxygen species and oxidative stress, whereas dietary iron
deficiency impairs hemoglobin synthesis, oxygen transport capacity,
and reduces energetic performance in fish (Gallaugher et al., 1995;
Andersen et al., 1996; Galbraith et al., 2019). However, no study
has comprehensively examined how dietary iron deficiency and
supplementation influence key survival traits such as sustained
swimming performance, metabolic capacity, and reproductive
success, and whether such effects can extend to subsequent
generations.

of
physiological capacity because it incorporates oxygen transport,

Swimming performance is an integrative measure
energy metabolism, and muscle function (Martinez et al., 2003;
Rubio-Gracia et al., 2020). Ecologically, swimming ability is crucial
for avoiding predation, foraging for food, migration, and mating
success, making it a key determinant of fitness (Tudorache et al.,
2008; Cano-Barbacil et al.,, 2020). Consequently, swimming assays
are widely used as sensitive biomarkers of environmental and
nutritional stress (Little and Finger, 1990). Previous studies on
other metals or metalloids have demonstrated that exposure to
elevated levels of copper, selenium, and cadmium can impair
swimming ability and alter metabolic rates in multiple species
(minnows, trout, and sturgeon) (Massé et al, 2013; McPhee
and Janz, 2014; Cunningham and McGeer, 2016; Puglis et al.,
2019). In contrast, one study on iron supplementation (~1500 mg
Fe/kg) reported improved burst swimming activity in masu
salmon (Oncorhynchus masou) (Mizuno et al., 2007). Nonetheless,
sustained swimming activities are energetically costly and are
underpinned by metabolic capacity. Fish partition energy among
basal maintenance, locomotion, and reproduction, and this balance
is strongly influenced by nutrient availability (Ohlberger et al., 2006;
Mcbride et al., 2015; Chabot et al., 2016). Since iron is directly
involved in mitochondrial respiration and enzymatic activities,
dietary iron levels have the potential to affect metabolic rates and
energy balance (Judge and Dodd, 2020; Chandrapalan and Kwong,
2021). However, whether dietary iron deficiency or supplementation
can also alter swimming performance remains largely unexplored.
Beyond swimming and metabolic performance, iron exposure
may also affect reproductive success and influence intergenerational
fitness. Intergenerational effects occur when parental environments
shape offspring traits via altered nutrient provisioning, direct metal
transfer to gametes, or epigenetic reprogramming (Thomas and Janz,
2014; Beaver et al., 2017; Dominguez-Petit et al., 2022). Such effects
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are increasingly recognized as critical for understanding population
responses to environmental stressors, including metals. In fish,
parental exposure to metals has been linked to metal accumulation
in reproductive tissues and altered reproductive performance,
including fecundity, egg quality, and hatching success (Taslima et al.,
2022). Most oviparous fish, like zebrafish (Danio rerio), rely
on maternally supplied yolk nutrients during early development
and can be particularly vulnerable to these parental influences
(Beaver et al., 2017; Thomason et al., 2017). Moreover, swimming
performance in zebrafish has been shown to have a heritable
component, and parental metal exposure was linked to persistent
changes in offspring swimming ability and metabolism (Thomas
and Janz, 2015; Wakamatsu et al., 2019). Investigating whether
dietary iron availability affects reproductive performance and shapes
offspring physiology is therefore essential to evaluate the ecological
and intergenerational consequences of micronutrient stress.

In addition, iron exposure may have broader implications
beyond its direct physiological roles, as iron is known to compete
with or facilitate the uptake of other trace metals and major
ions. Consequently, dietary iron deficiency or supplementation
may disrupt systemic trace metal and ion homeostasis, with
effects extending beyond iron regulation alone. These interactions
between metals and metal transport pathways are further reflected
in tissue-specific responses. For example, the brain is a highly
metabolically active site and is sensitive to iron-induced oxidative
stress; the intestine is the primary site of dietary metal absorption;
the liver functions as the central hub for iron storage and
metabolic regulation; and the ovaries represent a direct link between
metal bioaccumulation to reproductive success, and potential
maternal transfer (Kwong and Niyogi, 2008; Anderson and Shah,
2013; Thomas and Janz, 2015; Hassan and Kwong, 2020). Thus,
understanding how dietary iron exposure affects the accumulation
of metals and ions across these key tissues provides crucial
insight into the mechanistic pathways by which iron may shape
physiological performance and reproductive outcomes.

In the present study, we tested the hypothesis that dietary
iron levels influence swimming performance by altering metabolic
capacity and energy use, and affect reproductive success. We further
hypothesized that these effects extend across generations and alter
offspring performance. To address these questions, the freshwater
teleost, zebrafish, with well-characterized physiology, tractability
for dietary manipulation, and validated assays for swimming,
metabolism, and reproduction, was chosen as the model species.
Adult zebrafish were fed an iron-deficient (11 mg Fe/kg; Low Fe),
adequate (420 mg Fe/kg; Medium Fe), or iron-enriched (2,300 mg
Fe/kg; High Fe) diet for 20 or 40 days. The concentrations of
iron in the Low Fe, Medium Fe, and High Fe diets were selected
to reflect fluctuating iron levels in the environment that span
a biologically relevant gradient from deficiency, to adequacy, to
supplementation. The Medium Fe diet was considered nutritionally
adequate as it meets the baseline recommended levels in aquaculture
(~30-170 mg Fe/kg) while also closely resembling the composition
of commercial zebrafish diet (e.g., Zeigler) commonly used in
laboratory rearing (Watanabe et al., 1997). To capture both early and
longer-term responses, we examined 20-day (sub-acute) and 40-day
(sub-chronic) exposures. These durations align with toxicological
testing windows (~14-30 days), typical zebrafish nutritional trials
(~3-10 weeks), and are ecologically relevant given the species’ rapid
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life cycle and sexual maturation at ~3 months (Cooper et al., 2006;
Singleman and Holtzman, 2014; Beaver et al., 2017; Chandrapalan
and Kwong, 2020). We assessed: i) trace metal and major
ion accumulation in the brain, intestine, liver, and ovaries, ii)
swimming and metabolic performance, and iii) reproductive output.
To evaluate potential intergenerational effects, the offspring of
iron-exposed parent fish were raised under control conditions
to adulthood before being challenged with the same dietary
iron treatments as their parents. By integrating organ-specific
metal analyses with performance-based assessments across two
generations, this study provides novel insight into the role of dietary
iron in regulating metabolism, reproduction, and intergenerational
fitness in fish.

2 Materials and methods
2.1 Animals and experimental design

Adult zebrafish (Tiipfel long-fin strain) were housed in
recirculating systems (Aquaneering, CA, USA) and maintained
at 28 °C with a 14 h light: 10 h dark photoperiod at York University’s
zebrafish vivarium. They were fed brine shrimp in the morning and
commercial zebrafish pellets to satiation in the afternoon (Zeigler,
PA, USA; comprised of 55% protein; 15% fat; 1.5% fiber; 12% ash;
1.5% phosphorus; 2.78% calcium; and 0.37% sodium). During
weekends, they were fed once a day with pellets. The measured
trace metal content in the Zeigler diet was 309.00 mg Fe/kg,
208.00 mg Zn/kg, 57.00 mg Mn/kg, 40 mg Cu/kg, 0.41 mg Co/kg,
and 1.19 mg I/kg. All animal work was conducted in accordance
with the Canadian Council for Animal Care and approved by the
York University Animal Care Committee (2017-2 R2).

A total of 150 adult zebrafish (~12 months of age) were used
in this study, and 25 fish were allocated per treatment group. Each
group of 25 was split into two tanks (2.8 L) with an approximately
equal ratio of males to females (12-13 fish per tank). In brief, the
fish were subjected to a feeding trial (Section 2.2), physiological
assessments (Section 2.3), and respirometry trials (Section 2.4).
Throughout the dietary iron exposure, the fish also participated in
repeated breeding trials (Section 2.5), and offspring from Day 15
were used to assess the potential intergenerational effects of parental
dietary exposure. A schematic illustrating the experimental design
is shown in Figure 1.

2.2 Preparation of experimental diets and
dietary treatment

Three experimental diets ranging in iron content were prepared
as described previously (Kwong et al, 2013; Chandrapalan
and Kwong, 2020), with some modifications. A purified low-
iron zebrafish diet (Dyets Inc; nutritional composition listed in
Supplementary Table S1) was formulated by replacing high-iron
protein sources (i.e., casein, wheat gluten, and egg white) with
purified L-amino acids and ingredients lower in iron content
(i.e., microcrystalline cellulose). Inductively coupled plasma mass
spectrometry (ICP-MS) analysis (Water Quality Center, Trent
University) determined the iron concentration in this purified
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diet to be 7.5 + 0.2 mg Fe/kg (mean + SEM, n = 4). To prepare
the Medium and High Fe diets, an appropriate amount of iron (as
FeSO, - 7H,0) was dissolved in deionized water and mixed with the
purified diet. The resulting paste was dehydrated at 65 °C for 2 days.
The food was then portioned into edible sizes (~1 mm) and stored
at 4 °C until use. The Low Fe diet was prepared in the same manner
but without the addition of FeSO,. The final iron concentrations
in the three diets were 11 = 1 (Low Fe), 419 + 46 (Medium Fe),
and 2,280 + 75 (High Fe) mg Fe/kg (Supplementary Table S2). The
elemental composition of the purified diet and experimental diets
are reported in Supplementary Table S3. Among the three dietary
iron levels, the Medium Fe diet was considered the control, as its
iron content was similar to that of the commercial zebrafish diet (i.e.,
Zeigler) used for routine zebrafish rearing alongside brine shrimp
supplementation, although brine shrimp were not provided during
the experimental feeding period.

At the start of the feeding trials, all fish were acclimated to the
Medium Fe diet for 1 week to ensure adjustment to the new feeding
regime and experimental diet. Thereafter, the fish were divided into
six groups: one group of three received a 20-day dietary exposure,
while the other three groups received a 40-day exposure. The fish
were fed the Low, Medium, or High Fe diets twice daily (totaling
5% of body weight) on weekdays and once daily on weekends.
During feeding, the recirculating system (Aquaneering, CA, USA)
was turned off, and the water in each tank was continuously flushed
for 1 hour. To assess potential iron leaching from the diet, water
samples were collected after feeding, and ICP-MS analysis indicated
negligible leaching, with measured iron concentration of 2.03 +
0.85 pg Fe/L (n = 4). The iron concentration in the water of the
recirculating system was approximately 1.2 pg Fe/L.

2.3 Physiological parameters, tissue metal
loading, and energy reserves

Physiological parameters such as standard body length (SL; the
distance from the tip of the snout to the base of the caudal peduncle)
(cm), wet weight (g), and condition factor [100 x weight (g)/length3
(cm)] were measured at the start and end of all feeding trials (Day
20 or 40). Hepatosomatic index [HSI; 100 x (liver weight (g)/body
weight (g)] and gonadosomatic index [GSI; 100 x (gonad weight
(g)/body weight (g)] were measured at the completion of feeding
trials. The fish were fasted for 24 h to clear the gut contents prior
to euthanasia with an overdose of tricaine methanesulfonate (MS-
222) buffered with sodium bicarbonate to pH 7 (0.4 g/L MS-222) and
tissue collection. Brain, intestine, liver, and ovaries were collected,
and organs from three to five fish from each experimental group
were pooled to form one replicate. A total of three to four replicates
were collected for each organ, and all tissue samples were dehydrated
at 65 °C overnight and then digested with 6N HNOj; for 48 h. The
samples were diluted in 2% HNOj, filtered (0.45 pm), and analyzed
for metal concentrations using ICP-MS (Agilent, 8800 ICP-QQQ-
MS, CA, USA) at the Water Quality Centre, Trent University (ON,
CA). NIST SRM 1640a (Trace Elements in Natural Water) was used
for QA/QC, and the measured concentrations were within 5% of the
certified values.

Following organ extraction, fish carcasses were weighed,
flash-frozen in liquid nitrogen, and stored at —80°C until
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FIGURE 1

Schematic overview of dietary (parent and offspring) iron exposure, breeding trials, and intergenerational swim performance trials in zebrafish. Part (A)
Adult zebrafish were exposed to three experimental diets differing in iron content (Low Fe, Medium Fe, and High Fe) for 20 or 40 days. Following
exposure, fish were assessed for physiological parameters, tissue metal accumulation, and swim performance. Part (B) Concurrent breeding trials were
conducted at 10-day intervals between days 5 and 40 of exposure. Fertilized embryos were collected from each dietary treatment group. Part (C)
Offspring from Day 15 breeding session were raised to adulthood under standard conditions, then exposed for 20 days to the same dietary iron
treatment as their parents. Swim performance was examined in parent and offspring generations to assess intergenerational effects of dietary

iron exposure.

use. Glycogen and triglyceride, which are primary energy
sources utilized during burst and sustained swimming activities,
were quantified in the carcass using colorimetric kits from
Abcam following the manufacturer’s instructions (Abl169558

and Ab65336).

2.4 Swimming and metabolic performance

Two Loligo miniswim tunnel respirometers (Loligo® Systems,
Viborg, Denmark) with 170 mL swim tunnels were used for
all intermittent-flow respirometry trials. Each Loligo system
was connected to a recirculating system with a flush pump
(Eheim Universal 1046 pump) and externally mixed to ensure
homogenous oxygen distribution. Oxygen and velocity calibrations
were conducted before the onset of the swim trials. The external
water bath with a submersible aquarium heater was used to maintain
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a constant temperature (28 °C), and both chambers were visually
isolated using opaque shielding to minimize external disturbances
and reduce stress to fish. The lighting conditions were maintained
constant throughout the experiment, and all trials were conducted
during the daytime.

Oxygen saturation (%) was monitored continuously using
oxygen probes (Dipping probe mini sensor, Loligo® Systems)
connected to an oxygen meter (Witrox 4, Loligo® Systems).
Readings were recorded at a frequency of approximately 1 Hz, and
saturation was maintained above 85%. Chamber temperature was
maintained at 28 °C + 0.5 °C and monitored with a temperature
probe (Temperature sensor Pt1000, Loligo® Systems) connected
to the Witrox 4 system. AutoResp™ 2 software (Loligo® Systems)
was used to automate the intermittent-flow respirometry cycles
and measure oxygen consumption. Each cycle consisted of a
flush phase (Imin 30s), a wait phase (30s), and a measurement
phase (3min).
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For critical swimming speed (Ucrit) tests (Supplementary
Figure S1), fish were transferred into the Loligo swim tunnel (inner
swim chamber) quickly to minimize handling stress and allowed
to acclimate to the new environment for 30 min at a velocity of
3.5 cm/s, or until their oxygen consumption rates stabilized. After
30 min, the critical swim test began, during which the water velocity
was increased by 3.5 cm/s every 5 min until the fish reached fatigue,
defined as consistent failure to swim against the current and resting
against the back of the swim tunnel. Once the swim test concluded,
the velocity was reset to the acclimation speed to allow the fish to
rest briefly (~5 min) before being removed from the swim tunnel.
The fish were then sacrificed to measure physiological indices
and collect tissue for metal analysis and energy storage assays (as
described above). Oxygen consumption (MO,), cost of transport
(COT), standard metabolic rate (SMR), maximum metabolic rate
(MMR), aerobic scope (AS), and U, (body lengths/second, BL/s;
the average length of the fish was 3.2 cm) were determined. SMR
was calculated using linear regression analysis to extrapolate MO,

crif

values to 0 swimming speed. COT was calculated by multiplying
MO, by an oxycaloric value of 14.1 J/mg O, and then dividing by

the corresponding swimming speed (m/s) (Videler, 1993). U_;, was

crit
calculated as follows:
U. =

crit

Up+ (Tf/T,-) x U;

U is the highest velocity (cm/s) maintained by the fish for a
whole interval (5 min). Ty is the time elapsed at fatigue (min), and
T, is the prescribed time interval (min). Uj is the prescribed velocity
increment (cm/s). U, was corrected for the body length of the
fish (BL/s).

2.5 Reproductive capacity and subsequent
responses of the offspring to iron
challenges

The breeding capacity of zebrafish was examined at 15, 25, and
35 days of dietary iron treatment. Before the onset of breeding
trials, all fish were pre-bred once and maintained in mixed-sex
groups to allow embryo release. At day 5 of iron treatment, males
and females were separated, and this separation was maintained
for 10 days between each breeding session on days 15, 25, and 35.
This timeline ensured that both sexes were isolated for an equal
duration (10 days) between breeding sessions. Eight breeding pairs
were established for each dietary iron treatment group (Low Fe,
Medium Fe, and High Fe), consisting of one male and one female
per pair. Breeding pairs were set up in separate breeding tanks
overnight and bred in the morning. Following breeding, the sexes
were returned to their original tanks. All embryos were collected and
transferred to 50 mL Petri dishes (20 embryos per dish) to quantify
total embryo production. Eighty embryos (20 embryos per replicate,
n=4per treatment) were collected for ICP-MS analysis (as described
previously for tissue samples; section 2.3). Survival rate at 1 day
post-fertilization (dpf) for each breeding session (Day 15; n = 28-29,
Day 25; n = 6-32, and Day 35; n = 3-12) (each replicate consists of
20 embryos) and standard body length at 5 dpf were measured (n =
4-10). All remaining embryos were euthanized, except those from
the Day 15 breeding session, which were raised into adulthood for
the next part of the study (intergenerational iron exposure).
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To assess how the offspring of iron-exposed parents (F,
generation) responded to dietary iron treatment compared to their
parents (F,), embryos from the Day 15 breeding session were raised
to adulthood (under standard dietary regimes; Section 2.1) and then
re-exposed to the same experimental conditions (Low Fe, Medium
Fe, or High Fe; Section 2.2) as their parents for 20 days. The feeding
and respirometry trials were conducted using the same protocols
as for the parent generation (as outlined above). Physiological
parameters (SL, weight, and condition factor) were measured at the
start and end of the dietary iron exposure. All fish were fasted for
24 h and subjected to the critical swim test.

2.6 Statistical analysis

Statistical analyses were performed using R (Version 4.1.3).
Normality and homogeneity of data were assessed using the Shapiro-
Wilk and Brown-Forsythe tests prior to all parametric tests. Two-
way analysis of variance (ANOVA) or two-way repeated measures
ANOVA followed by a Holm-Sidak multiple comparisons test
was utilized to determine any statistical significance (p < 0.05)
of the dietary iron treatment and duration of iron exposure
on multiple physiological parameters (tissue metal accumulation,
swimming performance, and offspring development). One-way
ANOVA followed by a Holm-Sidak multiple comparisons test was
utilized to determine any statistical significance (p < 0.05) within
dietary treatments or exposure duration (physiological parameters
of parents, offspring swim performance, and fatigue measurements).
Permutation-based two-way ANOVA (10,000 iterations), followed
by pairwise permutation tests (FDR-adjusted, p < 0.05), was used
when assumptions were not met to compare group differences
(average embryo survival). All graphs were constructed in R using
the package ggplot2. Boxplots show the mean (central yellow
diamond), median (horizontal line), upper and lower quartiles, and
1.5x interquartile range.

3 Results
3.1 Physiological indices

The effects of three different diets with low (11 mg Fe/kg),
medium (420 mg Fe/kg), and high (2,300 mg Fe/kg) levels of iron
were assessed over two exposure periods: 20 days and 40 days.
Physiological parameters, including condition factor, HSI, and GSI,
were analysed separately for each sex (Table 1). Following both
20- and 40-day exposures, there were no statistically significant
differences in various physiological indices (condition factor, HSI
(%), and GSI (%)) among the dietary iron treatment groups.
Additionally, dietary iron treatments did not affect zebrafish survival
as only one mortality was recorded, occurring on Day 34 in the Low
Fe treatment group (Day 40 trial; data not shown).

However, there were significant differences between the duration
of iron exposure (Day 20 and Day 40) within each diet (Table 1).
Specifically, condition factor, HSI, and GSI were generally higher
in fish from the Day 20 group compared to those from the Day 40
group, across all treatments in males except for GSI within the High
Fe group. In females, condition factor and HSI were stable in Low
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TABLE 1 Condition factor (g/cm?3), hepatosomatic index (HSI), and gonadosomatic index (GSI) of male and female zebrafish exposed to different dietary
iron treatments (Low, Medium, and High Fe) for 20 or 40 days. Lowercase letters denote statistically significant differences between exposure durations
within each dietary treatment and sex (Student’s t-test, p < 0.05). Data are mean + SEM; n = 9-13.

Condition factor HSI (%) GSlI (%)
Day 20 Day 40 Day 20 ‘ Day 40 ‘ Day 40
Low Fe 1.7 +0.05° 1.4 +0.09° 0.84 + 0.09* 0.59 + 0.09° 0.64 + 0.09* 0.31 +0.07°
Male Medium Fe 1.6 +0.06* 1.3+0.07° 0.91 +0.09* 0.71+0.1° 0.77 +0.2* 0.31 +0.06"
High Fe 1.8+0.07° 1.4 +0.04° 13+0.2° 0.84+0.1° 0.69 + 0.09* 0.56 +0.1*
Low Fe 1.7 £0.05% 1.7 £0.07* 1.9+0.2 12+0.1° 8.1+1% 2.5+0.4°
Female Medium Fe 1.8 +0.08* 1.6 + 0.08* 14+0.1° L1+0.1° 56+ 1° 3.6+0.6"
High Fe 1.9 +0.06* 1.6 = 0.06° 1.9+0.3° 1.4+0.1° 8.2+ 1% 3.5+0.4°

TABLE 2 Glycogen and triglyceride concentrations (mg/g) in the carcass
of adult zebrafish exposed to different dietary iron treatments. Data are
mean + SEM; n = 3—4. No statistical difference noted following one-way
ANOVA, p < 0.05.

Glycogen (mg/qg) Triglyceride
(mg/q)
Day 20 Day 40 Day 20 Day 40
Low Fe 3.99+0.9 9.46+3 17.8+4 109+2
Medium Fe 5153 34007 8571 9.89+3
High Fe 382408 499+ 1 7.93+3 13.0+2

and Medium Fe groups, but not in the High Fe group, and the GSI of
the Low Fe group. Only females in the Medium Fe group maintained
condition factor, HSI, and GSI at both sampling time points.

Consistent with the generally higher physiological indices
observed in the Day 20 group, the body weight of fish used in
the Day 20 experiment was also higher than that of the Day
40 group, both pre- and post-exposure (Supplementary Table S4).
Likewise, concurrent and repeated breeding trials may have resulted
in temporal variation, as reflected by significantly lower GSI values
within the Day 40 groups.

3.2 Tissue burden of trace metals and
major ions

Tissue samples from the brain, intestine, liver, and ovaries
were collected for trace metal and major ion analysis. A bar
chart showing trace metal concentrations across tissues and dietary
iron treatments (Low, Medium, High Fe) is presented in Figure 2,
with summarized heatmaps in Supplementary Figure S2. The liver
consistently exhibited the highest iron concentrations across all
dietary treatments. Iron levels in various organs were influenced
by both dietary iron levels and the exposure duration. Specifically,
intestinal iron concentrations in the High Fe group increased
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significantly from Day 20 to Day 40 (p < 0.001). Significant increases
in iron accumulation were also observed in the brain (p < 0.001),
liver (p < 0.05), and ovaries (p < 0.01) after 40 days of High
Fe exposure.

Zinc concentrations in the ovaries also increased at Day
40, but this effect was independent of dietary treatment
(Figure 2; Supplementary Figure S2). At Day 40, an increase in
intestinal zinc levels was also observed in fish from the High Fe
group (p < 0.01). Manganese, nickel, and cobalt levels in the liver
and ovaries were largely unaffected by dietary iron levels. However,
nickel and cobalt concentrations in the intestine increased between
Day 20 and Day 40 in the High Fe group. Within the Medium Fe
group, manganese and cobalt showed elevated levels in the intestine
and brain, respectively. Copper levels were measured but showed no
significant treatment effects (data not shown).

For major ions, dietary iron treatments did not have significant
effects across most organs (Figure 3; Supplementary Figure S2).
Instead, major ion levels appeared to fluctuate from Day 20 to Day
40 within dietary Fe treatments. At Day 40, hepatic calcium levels
were higher in fish fed the low and medium Fe diet when compared
with fish fed the high Fe diet (p < 0.01 in both dietary iron groups).

3.3 Swimming capacity and energy
metabolism

On both Day 20 and Day 40, the High Fe groups consistently
outperformed the other two dietary treatment groups in
terms of swimming endurance during the critical swim test,
often lasting one to three cycles longer (Figures4A,B). MMR,
AS, Ucrit, and COT, but not SMR, were positively affected
by higher dietary iron levels following 20 days of exposure
(Figures 4C-F; Supplementary Figure S3). However, by Day 40,
some of these positive effects appeared to diminish. At that time
point, fish fed the Low and Medium Fe diets showed increases in
Ucrit and MMR, respectively.

There were no statistically significant differences in glycogen
or triglyceride levels among zebrafish fed Low, Medium, or
High Fe diets (Table 2). However, within the Low Fe group, glycogen
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levels appeared elevated at Day 40, and triglyceride levels appeared
elevated at Day 20.

3.4 Reproductive performance
Adult fish exposed to Low, Medium, and High dietary iron

treatments were bred every 10 days to assess fertility. Of the
eight breeding pairs (1 male:1 female) per treatment group, two
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to seven pairs successfully bred during each session (Figure 5A).
Embryo production per breeding pair varied considerably, with
no significant differences among treatment groups (p > 0.05).
However, the Medium Fe group showed the highest breeding success
at Day 15, with 7 of 8 pairs producing embryos. With repeated
breeding, the number of successful breeding pairs decreased on
Day 35 (from seven to threeat Day 15 to two to threeat Day
35). Although embryo production varied widely between breeding
sessions with no statistical differences, the High Fe group produced
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TABLE 3 Body weight (g), standard body length (cm), and condition factor (g/cm?3) of male and female offspring exposed for 20 days to the same dietary
iron treatments (Low, Medium, and High Fe) as their parents. Data are mean + SEM; n = 10-13. No statistical difference noted following one-way
ANOVA, p < 0.05.

Diet Body weight (g) Standard body length (cm) Condition factor (g/cm?3)
Low Fe 0.69 + 0.05 33+0.1 1.8 +0.1
Medium Fe 0.54 £0.02 32+0.0 1.7£0.0
High Fe 0.63 +0.04 33+0.1 1.7 0.1

the most cumulative embryos (total embryos collected on Days
15, 25, and 35) (Supplementary Figure S4). This group produced
approximately 300 more embryos than the Medium Fe group and
500 more than the Low Fe group.

Embryos from parents exposed to 35 days of High Fe exhibited
the highest survival rate compared to the other treatment groups
(p < 0.01) (Figure 5B). No significant differences in survival were
observed in embryos collected from parents exposed to 15 and 25
days of Fe.

Offspring of parent fish exposed to 15 days of High Fe treatment
had the lowest SL (Figure 5C). In contrast, longer parental High Fe
exposure led to significant increases in larval SL. An increase in SL
was also observed in the Medium Fe group following 35 days of
parental iron exposure. The duration of Low Fe exposure did not
affect the SL of the offspring.

During the Day 15 and Day 35 breeding sessions,
embryos were collected for trace metal and major ion analysis
(Figure 6; Supplementary Figure S5). Iron was the most abundant
trace metal in embryos from the Day 15 parental exposure group.
Interestingly, zinc appeared to be more abundant in embryos in
the Day 35 exposure group. Also, at Day 15, copper levels in
embryos from High Fe treated parents were significantly higher
than those from Low Fe groups. In embryos from the Day 35
exposure group, major ions such as calcium, magnesium, and
sodium were significantly higher in the High Fe group compared
to the Low Fe group. Apart from selenium at Day 35, all other
metals and ions measured were not different between the Low and
Medium Fe groups.

3.5 Physiological condition, swimming
performance, and metabolic rate of the
offspring

3.5.1 Physiological condition

Embryos from the parental iron treatment groups were raised
to adulthood and were treated with the same dietary iron regimen
as their parents. There were no significant differences in weight,
SL, or condition factor among the three offspring groups following
dietary Fe exposure (Table 3). Condition factor was also comparable
between the offspring groups and their respective parent groups
at Day 20 (Table 1).

3.5.2 Swim and metabolic parameters

Offspring exposed to Low, Medium, or High Fe diets for 20 days
exhibited similar trends in swimming and metabolic performance
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as their parents at Day 20 (Figure 7; Supplementary Figure S6).
Offspring from the High Fe group showed significant improvement
in swimming performance, with maximum sustained swimming
speeds reaching 35 cm/s in High Fe offspring, compared to 24.5 cm/s
in Low Fe fish (Figure 7A). Metabolic parameters including
MMR, AS, and Ucrit were also elevated in the High Fe group
(Figures 7B,C).

The difference in Ucrit between Low and High Fe groups
was most pronounced in the offspring (p < 0.001), exceeding the
disparity observed in Day 20 (p < 0.01) and Day 40 (p > 0.05)
parents (Figure 7; Figure 4). A similar pattern was observed for time
to fatigue, which differed significantly between Low and High Fe
offspring (p < 0.001) but not in parents (Figure 8). The offspring
group displayed the largest increases in MMR, Ucrit, and fatigue
time between Low and High Fe treatments when compared with
their parents.

4 Discussion

4.1 Overview and physiological responses
of adult zebrafish to dietary iron levels

Fish need to tightly regulate iron balance to meet metabolic
requirements while also avoiding excessive accumulation under
changing dietary iron availability. In the present study, zebrafish
were fed diets representing iron deficiency (11 mg Fe/kg),
adequate/control (420 mg  Fe/kg),
(2,300 mg Fe/kg), to reflect environmentally relevant differences

levels and iron-enriched
in dietary iron availability. Although precise dietary requirements
for zebrafish remain undefined, the three diets represented a
gradient from below sufficiency to excess. The Low Fe diet
contained approximately three times less iron than the lowest
recommended dietary level reported for fish (Andersen et al.,
1996). Here, we observed that there was no significant difference
in weight, body length, condition factor, and HSI as a result
of dietary iron concentrations. Our data indicate that zebrafish
tolerated sub-chronic exposure to low dietary Fe without major
physiological deficits, which is possibly buffered by pre-existing
iron reserves. While the acclimation period (7 days) to the Medium
Fe diet may have been insufficient to stabilize iron reserves in the
Low Fe group, it is likely that the pre-exposure diets (~300 mg
Fe/kg daily during regular rearing) could have facilitated the
accumulation of sufficient iron reserves for the duration of this
experiment. In a similar study, no adverse effects were reported in
zebrafish fed a diet containing 33 mg Fe/kg, although a decline
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Reproductive performance and offspring quality in zebrafish following
parental dietary iron exposure. (A) Average embryo production per
breeding pair (n = two to seven successful breeding pairs per session).
(B) Percentage embryo survival 1 day post-fertilization (n = 28-29
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in body weight became apparent after 10 weeks of exposure
(Cooper et al., 2006).

Despite no difference among dietary groups, condition factor,
HSI, and GSI were generally higher at Day 20 than Day 40.
These changes coincided with the initial differences in body
weight between Day 20 and Day 40 fish groups, leading to the
higher physiological indices observed within the Day 20 group.
The variation between Day 20 and 40 was further magnified by
reproductive demands such as repeated spawning, reflected in the
significantly lower GSI observed at Day 40. In particular, female
zebrafish can release hundreds of eggs, which may have also
contributed to weight fluctuations during the trial. A decrease in
GSI of up to 5% has been reported in females following consecutive
breeding sessions (Hoo et al., 2016). Nonetheless, all parameters
remained within ranges that were considered normal, and there were
no other overt changes in their feeding activity (Frederickson et al.,
2021). Only the females from the Medium Fe group showed
no change in physiological metrics throughout the exposure
duration. The iron level in this Medium Fe diet was the most
similar to their pre-exposure conditions and was likely the most
nutritionally optimal of the three experimental diets for maintaining
all physiological indices. Furthermore, there were no apparent
benefits of high iron supplementation to general physiological
conditions, and both the condition factor and HSI were decreased
in both sexes within this group during prolonged exposure.

4.2 Tissue burden of trace metals and
major ions

Dietary iron is absorbed in the intestine and distributed
throughout the body for storage and metabolic use. Iron and
its transport pathways are known to interact with multiple other
metals, including zinc, copper, nickel, and calcium, and dietary
iron exposure has been shown to modulate the expression of zinc
(Zrt- and Irt-like protein; zip8 and zipI4) and copper (copper
transport 1; ctrl) transporters, and calcium (epithelial calcium
channel; ecac) channel (Gunshin et al.,, 1997; Qiu and Hogstrand,
2004; Kwong and Niyogi, 2009; Chandrapalan and Kwong, 2020).
In particular, the highly conserved major iron transporter, divalent
metal transporter 1 (DMT1), was found to have broad specificity to
multiple divalent metals (iron, zinc, manganese, cobalt, cadmium,
copper, nickel, and lead) in mammals (Gunshin et al, 1997;
Garrick et al., 2003). These studies suggest potential interactions
among metal uptake mechanisms and multi-metal homeostasis.
In the present study, we found that dietary iron altered tissue
metal burdens, most notably increasing iron in the intestine and
brain. While the deleterious effects of iron in the intestine are less
understood, the accumulation in the brain may have functional
implications, consistent with earlier reports of neurobehavioral
sensitivity to iron (Hassan and Kwong, 2020). Although we observed
tissue iron accumulation, we did not directly measure biomarkers
of oxidative stress (e.g., lipid peroxidation, ROS production,
antioxidant enzyme activity) or tissue-level pathology, which would
be important indicators of iron toxicity (Pereira et al, 2016;
Chowdhury and Saikia, 2022; Formicki et al., 2025). While iron
toxicity is not the scope of this study, future work incorporating these
endpoints would be useful to understand whether the elevated iron
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burdens translate into cellular or organ-level damage. Nonetheless,

among all organs examined, the intestine was the most affected

by dietary Fe treatment, with almost all measured metals/ions

(excluding calcium) showing significant changes either across

exposure duration or between dietary treatment. Notably, there

did not appear to be a consistent trend, likely reflecting complex
metal-metal interactions in the intestine via DMT1 and other shared
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metal transport pathways (e.g., ZIPs and ECaC) (Pinilla-Tenas et al.,
2011; Kondaiah et al., 2019; Chandrapalan and Kwong, 2020).

Furthermore, fish exposed to the Low Fe treatment maintained
iron levels comparable to the Medium Fe group. It is possible that
the Low Fe diet with deficient iron content, along with pre-existing
iron reserves, was sufficient to mitigate iron dysregulation in these
zebrafish.
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4.3 Swimming capacity and energy swimming and exhibited higher metabolic rates. Fish fed the High
metabolism Fe diet had significantly higher Ucrit (~1.5x of the Medium Fe
group), surpassing the reported average for wildtype zebrafish

We demonstrated the nutritional benefits of sub-acute iron  (~12.5 BL/s) (Plaut, 2000). These results provide evidence that
supplementation, as fish showed enhanced capacity for sustained  iron supplementation enhances both aerobic scope and endurance
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capacity and may better meet the higher energetic demands
during sustained swimming activities. Despite improvements
in swimming performance, there were no changes in glycogen
and triglyceride (primary energy sources for swimming) levels
among the three dietary Fe groups. Notably, elevated ATP and
hemoglobin levels were previously reported in iron-treated
masu salmon (Mizuno et al., 2007), and incorporating similar
measures into zebrafish studies would be valuable going forward.
Since iron levels undermine ATP and hemoglobin production,
iron supplementation and corresponding increases in body
iron reserves may help to sustain the increase in energy and
oxygen transport demands associated with enhanced swimming
performance. Indeed, fish experiencing anemia and hypoxia
display reduced swimming performance from limited oxygen
carrying capacity and aerobic metabolic scope (Wagner and
McKinley, 2004; Domenici et al., 2013).

The present study also showed signs of a potential plateau in
swimming performance following sub-chronic supplementation
with High Fe. Reductions in swimming performance are commonly
observed in fish inhabiting metal-contaminated environments or
experiencing persisting metal-induced stress (van der Oost et al.,
2020; Gashkina, 2024). Previous studies also found that sublethal
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exposure to metals or metalloids disrupted metabolic enzymes
and increased cortisol levels, impairing energy homeostasis
(Handy et al., 1999; Almeida et al., 2001; Thomas and Janz,
2011; Javed and Usmani, 2015; Pettem et al,, 2017). Similarly,
masu salmon supplemented with 1500 but not 3,000 mg Fe/kg
for 3 months improved sprint swimming ability (Mizuno et al.,
2007). Together, these results suggest a dual effect where sub-
acute iron supplementation can enhance swimming capacity
and metabolism, but prolonged exposure may lead to toxicity,
highlighting the narrow balance between benefit and toxicity.
During prolonged exposure to high levels of iron, a threshold
may exist where supplementation becomes metal stress. Fish in
these circumstances require metabolic trade-offs, often diverting
their energy toward detoxification (e.g., hepatic clearance) and
reestablishing homeostasis, thereby limiting the energy available
for other activities, including locomotion (Handy et al., 1999). Since
sub-chronic exposure to High Fe was also associated with iron
accumulation in organs like the brain and intestine, possible toxicity
may underlie observed declines in swimming performance over
time. It is also important to acknowledge the potential of repeated
handling stress on swimming performance during concurrent
breeding trials. As such, measuring biomarkers of oxidative stress (as
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mentioned above) and cortisol could help understand whether these
effects lead to functional impairments in swimming performance
(Clark et al., 2011; Formicki et al., 2025).

4.4 Reproductive output and early
development

Our study showed that dietary iron supplementation improved
reproductive output, embryo survival, and early larval growth.
Zebrafish fed the High Fe diet consistently produced more embryos
across all three breeding events. Zebrafish are known for their high
fecundity, and within the course of the 20-day breeding period, they
produced 900-1400 embryos. However, the reproductive output in
zebrafish can be inherently variable, both among individuals and
across breeding sessions. This variability is influenced by factors
such as age, spawning frequency, and environmental conditions.
Although our statistical analyses accounted for treatment effects,
such variability may mask subtle differences among dietary groups.
Future work should consider larger sample sizes or mixed-effect
models that better accommodate repeated breeding events and
individual-level variation (Hoo et al., 2016; Wafer et al., 2016). The
total number of eggs produced per session also generally declined
over time, possibly from the stress of repeated breeding sessions. As
oviparous fish, zebrafish embryos also rely on maternally supplied
yolk nutrients (Reading et al., 2018). Interestingly, trace metal
content in embryos appeared to vary inversely with the number
of eggs produced at the time of breeding. Embryos from the final
breeding event (Day 35) appeared to have higher metal content
except for iron, copper, and nickel, but this session also produced
the fewest eggs. Although these effects were non-specific to dietary
treatment, they were most likely reflecting maternal depletion or
selective allocation of nutrients. Previous studies have reported
that maternal metal/metalloid exposure can influence offspring
metal/metalloid content, including the transfer of zinc and selenium
(Beaver et al., 2017; Thomas and Janz, 2015). In contrast, our
findings suggested that parental iron exposure did not lead to
increased iron content in the embryos. Interestingly, in embryos
collected on Day 35, we observed a reduction in manganese content,
but increases in calcium, sodium, and magnesium contents with
increasing parental dietary Fe exposure. It seems that parental iron
status may influence the deposition of certain trace metals and major
ions in embryos.

4.5 Offspring physiological responses and
swimming performance

Previous studies of parental exposure to waterborne metals have
primarily demonstrated intergenerational effects through altered
embryonic metal loads or disrupted developmental processes. For
example, early life exposure to zinc was found to disrupt metal
homeostasis in adult zebrafish and their offspring, with persistent
alterations in genes involved in metal regulation (Zheng et al,
2022). Similarly, parental copper exposure has been linked to altered
developmental processes in the next-generation through epigenetic
mechanisms (Tai et al., 2022). One of the most compelling findings
of our study is the observation that not only waterborne exposures,
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but dietary exposure to iron can also elicit intergenerational effects
on offspring performance. In particular, offspring of the sub-acute
High Fe parents exhibited significant improvements in aerobic
scope and swimming performance, traits that are closely linked to
ecological fitness. Importantly, the differences in Ucrit and fatigue
resistance between the Low and High Fe groups were even more
pronounced in the offspring generation. The exact mechanism
underlying these intergenerational effects would be an important
area to address in future studies, particularly to identify whether the
enhanced offspring performance results from direct maternal iron
transfer to gametes and/or epigenetic reprogramming. While we did
not observe differences in iron content among the embryos from
the three dietary iron groups, recent advances in epigenetic research
suggested that exposure to environmental stressors can induce
changes in DNA methylation, histone modification, and small RNA
expression, leading to persisting transgenerational effects (Cecere,
2021; Pierron et al., 2022; Pham et al.,, 2023; Abdelnour et al.,
2024). Incorporating such epigenetic analyses in future studies on
iron exposure could provide mechanistic insight into any observed
intergenerational effects.

Nonetheless, the intergenerational physiological adjustment to
repeated dietary iron exposure highlights the importance of parental
iron status and its lasting effects on offspring fitness. These findings
reveal that dietary iron not only shapes immediate metabolic and
performance outcomes in adults but can also program offspring
traits with potential ecological consequences. In natural ecosystems,
fluctuations in dietary iron availability, driven by environmental
stressors such as hypoxia, acidification, or mining runoff, may have
the potential to alter predatory-prey dynamics, foraging efficiency,
and reproductive success by influencing both parental condition
and offspring swimming capacity. By demonstrating that dietary
iron has potential intergenerational effects on traits directly tied to
survival and fitness, our study highlights the complex ecological
consequences of dietary iron availability.

4.6 Conclusions

The present study reveals a complex relationship between dietary
iron exposure, metal homeostasis, and swimming performance in
zebrafish. We found that zebrafish tolerated both sub-acute and
sub-chronic exposure to deficient and high levels of dietary iron
without apparent detriments to general health; however, tissue-
specific iron accumulation was observed in the High Fe treatment
group following prolonged exposure. Notably, a 20-day exposure
to high dietary iron led to enhanced critical swimming speed,
aerobic scope, and maximum metabolic rate, as well as improved
endurance capacity. These performance improvements were even
more pronounced in the offspring, underscoring the potential
intergenerational effects of dietary iron exposure. Together, our
findings demonstrate that dietary iron availability can shape both
parental and offspring performance.

From an ecological perspective, our results highlight the
importance of iron levels in freshwater habitats, where natural
fluctuations and anthropogenic activities can influence iron
concentrations and potentially affect the fitness of wild fish
populations. Additionally, understanding how parental iron
nutrition impacts offspring performance could inform aquaculture
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practices, where optimizing feed formulations may enhance
survival, growth, and resilience in subsequent generations. Future
studies should focus on elucidating the molecular and physiological
mechanisms underlying these intergenerational effects, with
particular emphasis on iron and energy metabolism, as well as the
potential roles of epigenetic modifications, transporter regulation,
and interactions with other trace metals.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by York University Animal Care
Committee. The study was conducted in accordance with the local
legislation and institutional requirements.

Author contributions

TC: Conceptualization, Data curation, Formal Analysis,
Investigation, Methodology, Validation, Visualization, Writing -
original draft, Writing - review and editing. SW: Investigation,
Writing - review and editing. RK: Conceptualization, Data
curation, Funding acquisition, Project administration, Resources,
Supervision, Writing - review and editing.

Funding

The author(s) declare that financial support was received for
the research and/or publication of this article. The research was
supported by the Canada Research Chairs Program and a Discovery
Grant (05984) from the Natural Sciences and Engineering Research
Council of Canada (NSERC), a Canada Foundation for Innovation
John R. Evans Leaders Fund, and an Ontario Research Fund to RK.
This work was also supported by the Ontario Graduate Scholarship
(OGS) and Academic Excellence Fund by the Faculty of Graduate
Studies at York University to TC.

References

Abdelnour, S. A., Naiel, M. A. E., Said, M. B., Alnajeebi, A. M., Nasr, E A,
Al-Doaiss, A. A., et al. (2024). Environmental epigenetics: exploring phenotypic
plasticity and transgenerational adaptation in fish. Environ. Res. 252, 118799.
doi:10.1016/J. ENVRES.2024.118799

Almeida, J. A., Novelli, E. L. B., Alves, R., and Dal Pai Silva, M. (2001). Environmental
cadium exposure and metabolic responses of the nile tilapia, Oreochromis niloticus.
Environ. Pollut. 114, 169-175. d0i:10.1016/S0269-7491(00)00221-9

Andersen, @. (1997). Accumulation of waterborne iron and expression of ferritin and
transferrin in early developmental stages of brown trout (Salmo trutta). Fish. Physiol.
Biochem. 16, 223-231. doi:10.1023/a:1007729900376

Andersen, F, Maage, A., and Julshamn, K. (1996). An estimation of dietary
iron requirement of Atlantic salmon, Salmo salar L., parr. Aquac. Nutr. 2, 41-47.
doi:10.1111/j.1365-2095.1996.tb00006.x

Frontiers in Physiology

16

10.3389/fphys.2025.1693900

Acknowledgments

The authors thank Janet Fleites and Veronica Scavo for their
technical support in zebrafish husbandry. The authors also thank
Karla Newman and Mathew Teeter (Water Quality Centre, Trent
University) for ICP-MS analysis. The authors acknowledge the use
of BioRender.com for the creation of Figure 1.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in
this article has been generated by Frontiers with the support of
artificial intelligence and reasonable efforts have been made to
ensure accuracy, including review by the authors wherever possible.
If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Supplementary material

The this
found online at: https://www.frontiersin.org/articles/10.3389/
fphys.2025.1693900/full#supplementary-material

Supplementary Material for article can be

Anderson, E. R., and Shah, Y. M. (2013). Iron homeostasis in the liver. Compr. Physiol.
3, 315-330. doi:10.1002/cphy.c120016

Beaver, L. M., Nkrumah-Elie, Y. M., Truong, L., Barton, C. L., Knecht,

A. L, Gonnerman, G. D, et al. (2017). Adverse effects of parental
zinc deficiency on metal homeostasis and embryonic development in
a zebrafish model. J Nutr. Biochem. 43, 78-87. do0i:10.1016/j.jnutbio.

2017.02.006
Bury, N., and Grosell, M. (2003). Iron acquisition by teleost fish. Comp. Biochem.
Physiology Part C 135, 97-105. doi:10.1016/s1532-0456(03)00021-8

Cano-Barbacil, C., Radinger, J., Argudo, M., Rubio-Gracia, E, Vila-Gispert, A., and
Garcia-Berthou, E. (2020). Key factors explaining critical swimming speed in freshwater
fish: a review and statistical analysis for Iberian species. Sci. Rep. 10, 18947-12.
doi:10.1038/s41598-020-75974-x

frontiersin.org


https://doi.org/10.3389/fphys.2025.1693900
https://BioRender.com
https://www.frontiersin.org/articles/10.3389/fphys.2025.1693900/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2025.1693900/full#supplementary-material
https://doi.org/10.1016/J.ENVRES.2024.118799
https://doi.org/10.1016/S0269-7491(00)00221-9
https://doi.org/10.1023/a:1007729900376
https://doi.org/10.1111/j.1365-2095.1996.tb00006.x
https://doi.org/10.1002/cphy.c120016
https://doi.org/10.1016/j.jnutbio.2017.02.006
https://doi.org/10.1016/j.jnutbio.2017.02.006
https://doi.org/10.1016/s1532-0456(03)00021-8
https://doi.org/10.1038/s41598-020-75974-x
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

Chandrapalan et al.

Cecere, G. (2021). Small RNAs in epigenetic inheritance: from mechanisms to trait
transmission. FEBS Lett. 595, 2953-2977. d0i:10.1002/1873-3468.14210

Chabot, D., Steffensen, J. F,, and Farrell, A. P. (2016). The determination of standard
metabolic rate in fishes. J. Fish. Biol. 88, 81-121. doi:10.1111/jtb.12845

Chandrapalan, T, and Kwong, R. W. M. (2020). Influence of dietary iron
exposure on trace metal homeostasis and expression of metal transporters during
development in zebrafish. Environ. Pollut. 261, 114159. doi:10.1016/j.envpol.2020.
114159

Chandrapalan, T., and Kwong, R. W. M. (2021). Functional significance and
physiological regulation of essential trace metals in fish. J. Exp. Biol. 224, jeb238790.
doi:10.1242/JEB.238790

Chowdhury, S., and Saikia, S. K. (2022). Use of zebrafish as a model organism
to Study oxidative stress: a review. Zebrafish 19, 165-176. doi:10.1089/ZEB.
2021.0083

Clark, K. J., Boczek, N. J., and Ekker, S. C. (2011). Stressing zebrafish for behavioral
genetics. Rev. Neurosci. 22, 49-62. d0i:10.1515/RNS.2011.007

Cooper, C. A,, Handy, R. D,, and Bury, N. R. (2006). The effects of dietary
iron concentration on gastrointestinal and branchial assimilation of both
iron and cadmium in zebrafish (Danio rerio). Aquat. Toxicol. 79, 167-175.
doi:10.1016/j.aquatox.2006.06.008

Cunningham, J. L., and McGeer, J. C. (2016). The effects of chronic cadmium
exposure on repeat swimming performance and anaerobic metabolism in brown trout
(Salmo trutta) and lake whitefish (Coregonus clupeaformis). Aquat. Toxicol. 173, 9-18.
doi:10.1016/j.aquatox.2015.12.003

Domenici, P., Herbert, N. A., Lefrangois, C., Steffensen, J. E, and McKenzie, D. J.
(2013). The effect of hypoxia on fish swimming performance and behaviour. Swim.
Physiology Fish Towards Using Exerc. Farm a Fit Fish Sustain. Aquac., 129-159.
doi:10.1007/978-3-642-31049-2_6

Dominguez-Petit, R., Garcia-Fernandez, C., Leonarduzzi, E., Rodrigues, K., and
Macchi, G. J. (2022). Parental effects and reproductive potential of fish and marine
invertebrates: cross-Generational impact of environmental experiences. Fishes 7, 188.
doi:10.3390/FISHES7040188

Formicki, G., Goc, Z., Bojarski, B., and Witeska, M. (2025). Oxidative
stress and neurotoxicity biomarkers in fish toxicology. Antioxidants 14, 939.
doi:10.3390/ANTIOX 14080939

Frederickson, S. C., Steinmiller, M. D., Blaylock, T. R., Wisnieski, M. E., Malley, J.
D., Pandolfo, L. M., et al. (2021). Comparison of juvenile feed protocols on growth and
spawning in zebrafish. J. Am. Assoc. Lab. Anim. Sci. 60, 298-305. doi:10.30802/AALAS-
JAALAS-20-000105

Galbraith, E. D., Mézo, P.Le, Hernandez, G. S., Bianchi, D., and Kroodsma, D. (2019).
Growth limitation of marine fish by low iron availability in the open ocean. Front. Mar.
Sci. 6, 28. doi:10.3389/fmars.2019.00509

Gallaugher, P, Thorarensen, H., and Farrell, A. P. (1995). Hematocrit in oxygen
transport and swimming in rainbow trout (Oncorhynchus mykiss). Respir. Physiol. 102,
279-292. doi:10.1016/0034-5687(95)00065-8

Garrick, M. D., Dolan, K. G., Horbinski, C., Ghio, A. J., Higgins, D., Porubcin, M.,
etal. (2003). DMT1:a Mammalian transporter for multiple metals. BioMetals 16, 41-54.
doi:10.1023/A:1020702213099

Gashkina, N. A. (2024). Metal toxicity: effects on energy metabolism in fish. Int. J.
Mol. Sci. 25, 5015. doi:10.3390/1JMS25095015

Gunshin, H., Mackenzie, B., Berger, U. V., Gunshin, Y., Romero, M. E, Boron, W. E,
etal. (1997). Cloning and characterization of a Mammalian proton-coupled metal-ion
transporter. Nature 388, 482-488. doi:10.1038/41343

Handy, R. D., Sims, D. W,, Giles, A., Campbell, H. A., and Musonda, M. M. (1999).
Metabolic trade-off between locomotion and detoxification for maintenance of blood
chemistry and growth parameters by rainbow trout (Oncorhynchus mykiss) during
chronic dietary exposure to copper. Aquat. Toxicol. 47, 23-41. doi:10.1016/S0166-
445X(99)00004-1

Hassan, A. T, and Kwong, R. W. M. (2020). The neurophysiological
effects of iron in early life stages of zebrafish. Environ. Pollut. 267, 115625.
doi:10.1016/j.envpol.2020.115625

Hoo, J. Y., Kumari, Y., Shaikh, M. E, Hue, S. M., and Goh, B. H. (2016). Zebrafish:
a versatile animal model for fertility research. Biomed. Res. Int. 2016, 9732780.
doi:10.1155/2016/9732780

Javed, M., and Usmani, N. (2015). Impact of heavy metal toxicity on hematology and
glycogen status of fish: a review. Proc. Natl. Acad. Sci. India Sect. B Biol. Sci. 85, 889-900.
doi:10.1007/s40011-014-0404-x

Jee, J., Kim, S., and Kang, J. (2004). Effects of waterborne iron on serum iron
concentration and iron binding capacity of olive flounder (Paralichthys olivaceus). J.
Fish. Sci. Technol. 7, 23-28. doi:10.5657/fas.2004.7.1.023

Judge, A., and Dodd, M. S. (2020). Metabolism. Essays Biochem. 64, 607-647.
doi:10.1042/EBC20190041

Kondaiah, P, Singh Yaduvanshi, P,, Sharp, P. A., and Pullakhandam, R. (2019). Iron
and zinc homeostasis and interactions: does enteric zinc excretion cross-talk with
intestinal iron absorption? Nutrients 11, nu11081885. d0i:10.3390/nu11081885

Frontiers in Physiology

17

10.3389/fphys.2025.1693900

Kwong, R. W. M. (2024). Trace metals in the teleost fish gill: biological roles,
uptake regulation, and detoxification mechanisms. J. Comp. Physiol. B 194, 749-763.
doi:10.1007/S00360-024-01565-1

Kwong, R. W. M., and Niyogi, S. (2008). An in vitro examination of intestinal iron
absorption in a freshwater teleost, rainbow trout (Oncorhynchus mykiss). J. Comp.
Physiol. B 178, 963-975. doi:10.1007/s00360-008-0279-3

Kwong, R. W. M., and Niyogi, S. (2009). The interactions of iron with other
divalent metals in the intestinal tract of a freshwater teleost, rainbow trout
(Oncorhynchus mykiss). Comp. Biochem. Physiol. C Toxicol. Pharmacol. 150, 442-449.
doi:10.1016/j.cbpc.2009.06.011

Kwong, R. W. M., Hamilton, C. D., and Niyogi, S. (2013). Effects of elevated dietary
iron on the gastrointestinal expression of Nramp genes and iron homeostasis in rainbow
trout (Oncorhynchus mykiss). Fish. Physiol. Biochem. 39, 363-372. d0i:10.1007/s10695-
012-9705-2

Lall, S. P, and Kaushik, S. J. (2021). Nutrition and metabolism of minerals in fish.
Animals. 11, 2711. d0i:10.3390/ANI11092711

Lappivaara, J., and Marttinen, S. (2005). Effects of waterborne iron overload
and simulated winter conditions on acute physiological stress response
of whitefish, Coregonus lavaretus. Ecotoxicol. Environ. Saf. 60, 157-168.
doi:10.1016/j.ecoenv.2004.01.003

Little, E. E., and Finger, S. E. (1990). Swimming behavior as an indicator of sublethal
toxicity in fish. Environ. Toxicol. Chem. 9, 13-19. doi:10.1002/ETC.5620090103

Martinez, M., Guderley, H., Dutil, J. D., Winger, P. D., He, P, and Walsh, S. J. (2003).
Condition, prolonged swimming performance and muscle metabolic capacities of cod
Gadus morhua. J. Exp. Biol. 206, 503-511. doi:10.1242/JEB.00098

Massé, A. J., Thomas, J. K., and Janz, D. M. (2013). Reduced swim performance and
aerobic capacity in adult zebrafish exposed to waterborne selenite. Comp. Biochem.
Physiol. C Toxicol. Pharmacol. 157, 266-271. d0i:10.1016/j.cbpc.2012.12.004

Mcbride, R. S., Somarakis, S., Fitzhugh, G. R., Albert, A., Yaragina, N. A., Wuenschel,
M. ], et al. (2015). Energy acquisition and allocation to egg production in relation to
fish reproductive strategies. Fish Fish. 16, 23-57. doi:10.1111/FAF.12043

McPhee, D. L., and Janz, D. M. (2014). Dietary selenomethionine exposure alters
swimming performance, metabolic capacity and energy homeostasis in juvenile fathead
minnow. Aquat. Toxicol. 155, 91-100. doi:10.1016/j.aquatox.2014.06.012

Mizuno, S., Misaka, N., Ando, D., Torao, M., Urabe, H., and Kitamura, T. (2007).
Effects of diets supplemented with iron citrate on some physiological parameters and on
burst swimming velocity in smoltifying hatchery-reared masu salmon (Oncorhynchus
masou). Aquaculture 273, 284-297. doi:10.1016/]. AQUACULTURE.2007.10.011

Ohlberger, J., Staaks, G., and Holker, E (2006). Swimming efficiency and the
influence of morphology on swimming costs in fishes. . Comp. Physiol. B 176, 17-25.
doi:10.1007/s00360-005-0024-0

Pereira, T. C. B., Campos, M. M., and Bogo, M. R. (2016). Copper toxicology,
oxidative stress and inflammation using zebrafish as experimental model. J. Appl.
Toxicol. 36, 876-885. doi:10.1002/JAT.3303

Pettem, C. M., Weber, L. P, and Janz, D. M. (2017). Cardiac and metabolic effects
of dietary selenomethionine exposure in adult zebrafish. Toxicol. Sci. 159, 449-460.
doi:10.1093/toxsci/kfx149

Peuranen, S., Vourinen, P. J., Vourinen, M., and Hollender, A. (1994). The effects of
iron, humic acids and low pH on the gills and physiology of Brown trout. Ann. Zool.
Fenn. 31, 389-396. do0i:10.2307/23735677

Pham, K., Ho, L., D’Incal, C. P, De Cock, A., Berghe, W.,, and Goethals, P. (2023).
Epigenetic analytical approaches in ecotoxicological aquatic research. Environ. Pollut.
330, 121737. doi:10.1016/].ENVPOL.2023.121737

Pierron, E, Heroin, D., Daffe, G., Daramy, E, Barré, A., Bouchez, O, et al. (2022).
Genetic and epigenetic interplay allows rapid transgenerational adaptation to metal
pollution in zebrafish. Environ. Epigenet 8, dvac022. doi:10.1093/EEP/DVAC022

Pinilla-Tenas, J. J., Sparkman, B. K., Shawki, A., Illing, A. C., Mitchell, C. J., Zhao, N.,
etal. (2011). Zip14 is a complex broad-scope metal-ion transporter whose functional
properties support roles in the cellular uptake of zinc and nontransferrin-bound iron.
Am. J. Physiol. Cell Physiol. 301, 862-871. doi:10.1152/ajpcell.00479.2010

Plaut, I. (2000). Effects of fin size on swimming performance, swimming
behaviour and routine activity of zebrafish Danio rerio. J. Exp. Biol. 203, 813-820.
doi:10.1242/jeb.203.4.813

Puglis, H. J., Calfee, R. D., and Little, E. E. (2019). Behavioral effects of copper on
larval white sturgeon. Environ. Toxicol. Chem. 38, 132-144. doi:10.1002/etc.4293

Qiu, A., and Hogstrand, C. (2004). Functional characterisation and genomic analysis
of an epithelial calcium channel (ECaC) from pufferfish, fugu rubripes. Gene 342,
113-123. doi:10.1016/j.gene.2004.07.041

Reading, B. J., Andersen, L. K., Ryu, Y.-W,, Mushirobira, Y., Todo, T., and Hiramatsu,
N. (2018). Oogenesis and egg quality in finfish: yolk formation and other factors
influencing female fertility. Fishes 3, fishes3040045. doi:10.3390/fishes3040045

Rubio-Gracia, F, Garci‘a, E., Garci’a-Berthou, G., Guasch, H., Zamora, L., and
Vila-Gispert, A. (2020). Size-related effects and the influence of metabolic traits
and morphology on swimming performance in fish. Curr. Zool. 66, 493-503.
do0i:10.1093/cz/z0aa013

frontiersin.org


https://doi.org/10.3389/fphys.2025.1693900
https://doi.org/10.1002/1873-3468.14210
https://doi.org/10.1111/jfb.12845
https://doi.org/10.1016/j.envpol.2020.114159
https://doi.org/10.1016/j.envpol.2020.114159
https://doi.org/10.1242/JEB.238790
https://doi.org/10.1089/ZEB.2021.0083
https://doi.org/10.1089/ZEB.2021.0083
https://doi.org/10.1515/RNS.2011.007
https://doi.org/10.1016/j.aquatox.2006.06.008
https://doi.org/10.1016/j.aquatox.2015.12.003
https://doi.org/10.1007/978-3-642-31049-2\string_6
https://doi.org/10.3390/FISHES7040188
https://doi.org/10.3390/ANTIOX14080939
https://doi.org/10.30802/AALAS-JAALAS-20-000105
https://doi.org/10.30802/AALAS-JAALAS-20-000105
https://doi.org/10.3389/fmars.2019.00509
https://doi.org/10.1016/0034-5687(95)00065-8
https://doi.org/10.1023/A:1020702213099
https://doi.org/10.3390/IJMS25095015
https://doi.org/10.1038/41343
https://doi.org/10.1016/S0166-445X(99)00004-1
https://doi.org/10.1016/S0166-445X(99)00004-1
https://doi.org/10.1016/j.envpol.2020.115625
https://doi.org/10.1155/2016/9732780
https://doi.org/10.1007/s40011-014-0404-x
https://doi.org/10.5657/fas.2004.7.1.023
https://doi.org/10.1042/EBC20190041
https://doi.org/10.3390/nu11081885
https://doi.org/10.1007/S00360-024-01565-1
https://doi.org/10.1007/s00360-008-0279-3
https://doi.org/10.1016/j.cbpc.2009.06.011
https://doi.org/10.1007/s10695-012-9705-2
https://doi.org/10.1007/s10695-012-9705-2
https://doi.org/10.3390/ANI11092711
https://doi.org/10.1016/j.ecoenv.2004.01.003
https://doi.org/10.1002/ETC.5620090103
https://doi.org/10.1242/JEB.00098
https://doi.org/10.1016/j.cbpc.2012.12.004
https://doi.org/10.1111/FAF.12043
https://doi.org/10.1016/j.aquatox.2014.06.012
https://doi.org/10.1016/J.AQUACULTURE.2007.10.011
https://doi.org/10.1007/s00360-005-0024-0
https://doi.org/10.1002/JAT.3303
https://doi.org/10.1093/toxsci/kfx149
https://doi.org/10.2307/23735677
https://doi.org/10.1016/J.ENVPOL.2023.121737
https://doi.org/10.1093/EEP/DVAC022
https://doi.org/10.1152/ajpcell.00479.2010
https://doi.org/10.1242/jeb.203.4.813
https://doi.org/10.1002/etc.4293
https://doi.org/10.1016/j.gene.2004.07.041
https://doi.org/10.3390/fishes3040045
https://doi.org/10.1093/cz/zoaa013
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

Chandrapalan et al.

Saha, R. K., Saha, H., Debnath, M., and Kamilya, D. (2015). Effects of waterborne iron
on fry of catla catla (ham.), labeo rohita (ham.) and Cirrhinus mrigala (ham.). Article
Indian J. Animal Res. 49, 210-217. doi:10.5958/0976-0555.2015.00106.5

Singleman, C., and Holtzman, N. G. (2014). Growth and maturation in the
zebrafish, Danio rerio: a staging tool for teaching and research. Zebrafish 11, 396-406.
doi:10.1089/zeb.2014.0976

Tai, Z., Guan, P, Zhang, T, Liu, W, Li, L, Wu, Y, et al. (2022). Effects of
parental environmental copper stress on offspring development: DNA methylation
modification and responses of differentially methylated region-related genes in
transcriptional expression. J. Hazard Mater 424, 127600. doi:10.1016/].JHAZMAT.2021.
127600

Taslima, K., Al-Emran, M., Rahman, M. S., Hasan, J., Ferdous, Z., Rohani,
M. E, et al. (2022). Impacts of heavy metals on early development, growth and
reproduction of fish - a review. Toxicol. Rep. 9, 858-868. doi:10.1016/j.toxrep.
2022.04.013

Thomas, J. K., and Janz, D. M. (2011). Dietary selenomethionine exposure in
adult zebrafish alters swimming performance, energetics and the physiological stress
response. Aquat. Toxicol. 102, 79-86. doi:10.1016/j.aquatox.2010.12.020

Thomas, J. K., and Janz, D. M. (2014). In ovo exposure to selenomethionine
via maternal transfer increases developmental toxicities and impairs swim
performance in F, generation zebrafish (Danio rerio). Aquat. Toxicol. 152, 20-29.
doi:10.1016/j.aquatox.2014.03.022

Thomas, J. K., and Janz, D. M. (2015). Developmental and persistent toxicities of
maternally deposited selenomethionine in zebrafish (Danio rerio). Environ. Sci. Technol.
49,10182-10189. doi:10.1021/acs.est.5b02451

Thomason, R. T., Pettiglio, M. A., Herrera, C., Kao, C,, Gitlin, J. D., and Bartnikas, T.
B. (2017). Characterization of trace metal content in the developing zebrafish embryo.
PLoS One 12, 0179318. doi:10.1371/journal.pone.0179318

Tudorache, C., Viaene, P, Blust, R., Vereecken, H., and De Boeck, G. (2008). A
comparison of swimming capacity and energy use in seven European freshwater fish
species. Ecol. Freshw. Fish. 17, 284-291. doi:10.1111/].1600-0633.2007.00280.X

Frontiers in Physiology

18

10.3389/fphys.2025.1693900

van der Oost, R., McKenzie, D. J., Verweij, E, Satumalay, C., van der Molen, N,,
Winter, M. J., et al. (2020). Identifying adverse outcome pathways (AOP) for amsterdam
city fish by integrated field monitoring. Environ. Toxicol. Pharmacol. 74, 103301.
doi:10.1016/j.etap.2019.103301

Videler, J. J. (1993). “The costs of swimming,’ in Fish swimming (Dordrecht:
Springer), 185-205. doi:10.1007/978-94-011-1580-3_9

Wafer, L. N,, Jensen, V. B., Whitney, J. C., Gomez, T. H., Flores, R., and Goodwin, B. S.
(2016). Effects of environmental enrichment on the fertility and fecundity of zebrafish
(Danio rerio). J. Am. Assoc. Lab. Anim. Sci. 55, 291-294.

Wagner, G. N., and McKinley, R. S. (2004). Anaemia and salmonid swimming
performance: the potential effects of sub-lethal sea lice infection. J. Fish. Biol. 64,
1027-1038. doi:10.1111/j.1095-8649.2004.0368 xs

Wakamatsu, Y., Ogino, K., and Hirata, H. (2019). Swimming capability of zebrafish
is governed by water temperature, caudal fin length and genetic background. Sci. Rep.
9, 16307. doi:10.1038/s41598-019-52592-w

Wang, W. X. (2013). Dietary toxicity of metals in aquatic animals: recent studies and
perspectives. Chin. Sci. Bull. 58, 203-213. d0i:10.1007/s11434-012-5413-7

Wang, Z., Li, X., Lu, K., Wang, L., Ma, X., Song, K., et al. (2023). Effects of dietary
iron levels on growth performance, iron metabolism and antioxidant status in spotted
seabass (Lateolabrax maculatus) reared at two temperatures. Aquaculture 562, 738717.
doi:10.1016/].AQUACULTURE.2022.738717

Watanabe, T., Kiron, V., and Satoh, S. (1997). Trace minerals in fish nutrition.
Aquaculture 151, 185-207. doi:10.1016/S0044-8486(96)01503-7

Wood, C. M., Farrell, A. P, and Brauner, C. J. (2011). Homeostasis and toxicology of
essential metals. Academic Press. doi:10.1016/S1546-5098(11)31010-2

Xing, W., and Liu, G. (2011). Iron biogeochemistry and its environmental impacts in
freshwater Lakes. Fresenius Environ. Bull. 20, 1339-1345.

Zheng, ]. L., Zhu, Q. L., Hy, X. C,, Parsons, D., Lawson, R., and Hogstrand, C. (2022).

Transgenerational effects of zinc in zebrafish following early life stage exposure. Sci.
Total Environ. 828, 154443. doi:10.1016/].SCITOTENV.2022.154443

frontiersin.org


https://doi.org/10.3389/fphys.2025.1693900
https://doi.org/10.5958/0976-0555.2015.00106.5
https://doi.org/10.1089/zeb.2014.0976
https://doi.org/10.1016/J.JHAZMAT.2021.127600
https://doi.org/10.1016/J.JHAZMAT.2021.127600
https://doi.org/10.1016/j.toxrep.2022.04.013
https://doi.org/10.1016/j.toxrep.2022.04.013
https://doi.org/10.1016/j.aquatox.2010.12.020
https://doi.org/10.1016/j.aquatox.2014.03.022
https://doi.org/10.1021/acs.est.5b02451
https://doi.org/10.1371/journal.pone.0179318
https://doi.org/10.1111/J.1600-0633.2007.00280.X
https://doi.org/10.1016/j.etap.2019.103301
https://doi.org/10.1007/978-94-011-1580-3_9
https://doi.org/10.1111/j.1095-8649.2004.0368.xs
https://doi.org/10.1038/s41598-019-52592-w
https://doi.org/10.1007/s11434-012-5413-7
https://doi.org/10.1016/J.AQUACULTURE.2022.738717
https://doi.org/10.1016/S0044-8486(96)01503-7
https://doi.org/10.1016/S1546-5098(11)31010-2
https://doi.org/10.1016/J.SCITOTENV.2022.154443
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

	1 Introduction
	2 Materials and methods
	2.1 Animals and experimental design
	2.2 Preparation of experimental diets and dietary treatment
	2.3 Physiological parameters, tissue metal loading, and energy reserves
	2.4 Swimming and metabolic performance
	2.5 Reproductive capacity and subsequent responses of the offspring to iron challenges
	2.6 Statistical analysis

	3 Results
	3.1 Physiological indices
	3.2 Tissue burden of trace metals and major ions
	3.3 Swimming capacity and energy metabolism
	3.4 Reproductive performance
	3.5 Physiological condition, swimming performance, and metabolic rate of the offspring
	3.5.1 Physiological condition
	3.5.2 Swim and metabolic parameters


	4 Discussion
	4.1 Overview and physiological responses of adult zebrafish to dietary iron levels
	4.2 Tissue burden of trace metals and major ions
	4.3 Swimming capacity and energy metabolism
	4.4 Reproductive output and early development
	4.5 Offspring physiological responses and swimming performance
	4.6 Conclusions

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References

