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Highlights:

1. Dietary cadmium causes daytime hyperactivity in Drosophila.

2. Atlow doses, lifespan and cardiac ageing are unaffected by dietary cadmium
3. At doses that shorten lifespan, dietary cadmium can reduce cardiac ageing.
4. Direct exposure of cardiomyocytes to cadmium disrupts calcium signalling.

5. Direct exposure to cadmium causes reversible cardiac arrest.
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Abstract.

Cadmium is a non-essential heavy metal and environmental pollutant that causes a range of
pathologies across different species. In humans, cadmium exposure has recently been
directly linked to heart disease. Understanding how long-term cadmium exposure affects
cardiac physiology is therefore important. In this work we employed a tractable Drosophila
melanogaster model to study the effects of cadmium exposure on behaviour, lifespan and
cardiac physiology. Dietary experiments established that cadmium at 10 yM and 100 uM
was tolerated for several weeks, whereas doses in the mM range caused lethality within
days. It was estimated that 10 uM dietary exposure represented an approximately 60-fold
excess of the maximum exposure recommended for humans. Although 10 pM cadmium had
no impact on lifespan compared to the control diet, it did cause significant daytime
hyperactivity. Direct exposure of the heart to cadmium caused reversible cardiac arrest and
disrupted calcium signalling. Compared to controls, 10 uM dietary cadmium had no impact
on the rate of cardiac ageing over a six-week period. The higher dose of 100 uM shortened
the flies’ lifespan but it slowed the rate of cardiac ageing. The findings indicate that
Drosophila can be used to model the direct effects of cadmium on cardiomyocyte function
and also demonstrate the existence of cardioprotective pathways triggered by dietary
cadmium exposure. The data also indicate that cadmium at doses that do not affect lifespan
or heart function, do cause daytime hyperactivity. Identifying and the cardioprotective
mechanisms and understanding the hyperactivity phenotype in Drosophila may yield
important findings of applied relevance to insects in general, as well as humans exposed to

cadmium.
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Introduction.

Cadmium is a non-essential heavy metal found in the Earth’s crust and atmosphere, as well
as commercial products, including cigarettes, batteries, plastics and paints (“Compendium of
Chemical Hazards: Cadmium,” 2016). Cadmium is also a pollutant of foods, water supplies,
the atmosphere and workplaces (WHO, 2019). In the mid twentieth century ltai-itai disease,
a severe condition characterised by intense pain, kidney dysfunction and bone disease was
linked with cadmium poisoning. There is now extensive evidence that humans chronically
exposed to cadmium develop cardiovascular pathologies including kidney disease (Ferraro
et al., 2010), an increased risk of cardiovascular disease (Lamas et al., 2023; Tellez-Plaza et
al., 2013), reduced heart rate and electrocardiographic abnormalities (Feng et al., 2015;
Thapa et al., 2018) and increased risk of heart failure in non-smokers (Sears et al., 2022).
Whilst it is well-established that cadmium can affect cardiovascular physiology, it remains
unclear which mechanisms are involved and whether these differ according to the route of
exposure, the length of exposure time and the life history stage that exposure occurs.
Understanding this is important because it guides measures that may mitigate or treat

cadmium toxicity.

Evidence from experimental studies using mammalian systems indicates that cadmium is an
effective blocker of L-type voltage-gated calcium channels which are crucial for calcium entry
into cardiomyocytes (reviewed by DeCoursey, (DeCoursey and Cherny, 2007)). Direct
exposure of primary rat cardiomyocytes to cadmium negatively affects contraction rates
(Limaye and Shaikh, 1999) and can reduce ATP levels, drive ER stress and promote cell
death (Chen et al., 2015). In other rodent models, cadmium can cause oxidative damage to
cardiomyocytes, as well as mitochondrial dysfunction, lipotoxicity and inflammation
(Reviewed by Renu et al (Renu et al., 2022)). The effect of cadmium exposure in rodents via
their diet or drinking water results in a plethora of pathologies involving multiple organ

systems, with cadmium notably accumulating in, and damaging the kidneys. Studies where
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heart physiology was quantified have shown that dietary cadmium can interact with high
cholesterol in ApoE’ mice to significantly increase the risk of heart failure via a mechanism
involving fibrosis (Turkcan et al., 2015). Additionally, mice given cadmium-laced water can
develop left ventricular dysfunction, an effect linked to disrupted cardiomyocyte calcium
signalling (Fitch et al., 2023). Collectively, these findings indicate that cadmium can affect
cardiac physiology via evolutionarily conserved, non-cell autonomous (e.g. fibrosis) and cell-
autonomous mechanisms (e.g. calcium signalling). However, experimentally modelling the
impact of chronic cadmium exposure is not trivial because it requires mammalian systems
that are time consuming and resource intensive. As an alternative, it may be possible to
model the impact of cadmium (and other heavy metals) on heart physiology using a simpler,

more tractable system such as that offered by the fruit / vinegar fly Drosophila melanogaster.

Drosophila have a contractile heart (also known as the dorsal vessel) which runs almost the
entire length of the dorsal midline from the head to the final abdominal segment. The heart
consists of two regions, a non-contractile aorta (typically in the thorax and head) and a
contractile ‘ventricle-like’ region in the abdomen. As well as contractile cardiomyocytes, the
abdominal dorsal vessel comprises specialised valve cells that direct the flow of
haemolymph and ostia which allow haemolymph to flow into and out of the vessel’s interior
(reviewed in Blice-Baum et al (Blice-Baum et al., 2019)). This simple system, in combination
with complex genetic manipulations, has been used to study cardiac physiology in a range of
biological contexts, including development (Vogler et al., 2014; Meyer et al., 2022),
potassium channel abnormalities (Ocorr et al., 2007), tropomyosin physiology (Madan et al.,
2020), metabolism (Birse et al., 2010), mechanotransduction (Zechini et al., 2022) and
ageing (Vaughan et al., 2018). Despite the strengths of Drosophila as a model for heart
physiology, there appears to be only one study of cadmium’s cardiac effects which found
that injection of 10 mM CdCl, into larvae increased heart rate, as well as the frequency of

arrhythmias (Zabihihesari et al., 2022).
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In this work, the impact of cadmium on cardiac function and cardiac ageing were evaluated
using adult Drosophila melanogaster. The studies explored how cardiomyocytes respond to
direct cadmium exposure using semi-intact heart preparations but also how the heart would
react to long term exposure in ageing flies. The findings demonstrate that whilst cadmium
can directly affect cardiomyocyte function, the impact of indirect exposure via the diet is
more complex, with some cadmium doses slowing the heart’s age-related function decline,
despite increasing mortality. These findings help establish the Drosophila heart model as a
means of exploring the impact of heavy metal pollutants on cardiac function and highlight the

existence of cardioprotective mechanisms of potential relevance to human heart physiology.
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Methods:

Drosophila Stocks and husbandry.

The wild type Oregan-R-C strain from the Bloomington Drosophila Stock Centre was used
throughout these studies. For calcium imaging of cardiomyocytes TinCA4; GCaMP6 flies
were generated and described in (Zechini et al., 2022). Flies were maintained on a standard
cornmeal-sucrose-agar diet (1.4 L distilled water, 100 g sucrose, 102 g cornmeal, 12 g agar,
35 g dried yeast, 3.8 g Nipagin and 7 mL propionic acid). Food was decanted into
polypropylene vials which were capped with cotton stoppers. Flies were housed under 12

hr:12 hr light-dark cycles at 25°C.

Justification of Cadmium doses used in the study.

Circulating Cadmium levels in humans are typically below 5 ng/mL (<44.6 nM), whereas
acute toxicity manifests >50 ng/ mL (>446 nM) (“Cadmium, Blood - Laboratory Test
Catalog,” n.d.). Primary neonatal rat cardiomyocytes are recorded to lose contractile function
within 30 minutes of exposure to doses from 100 nM to 500 nM (Limaye and Shaikh, 1999).
Cadmium at doses from 100 uM to 1.5 mM in a standard cornmeal-agar diet affected
measures of Drosophila development and adult lifespan (Nanda and Firdaus, 2022). Finally,
the larval heart is known to respond to injections of 10 mM cadmium (Zabihihesari et al.,
2022). Accordingly, the dose range used in the current work was from 100 nM to 10 mM. We
know how much a female fly eats per day (~1mg of food) and how much they weigh (wet
weight ~12mg). We can extrapolate this to a ‘mg ingested per kg body weight per day’
exposure used to describe exposure in larger animals including humans. We calculated that
flies on the 10 uM diet have an exposure of 153 pg cadmium / kg body weight / day.
Extrapolating this dose to humans, it is ~60 fold greater than the recommended maximum
for humans which is 2.5 pg/kg/day (according to guidelines from the European Food Safety

Authority (Authority (EFSA), 2009).
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Ageing of flies.

As heart analysis (see below) uses females flies, ageing studies also used female flies.
Females were collected within one week of eclosion and it was assumed that all were
mated. Twenty females were added to vials containing the standard diet described above, or
the standard diet supplemented with CdCl, (10 pM, 100 uM, 1 mM and 10 mM) and tipped to
fresh food every 3 days for the first two weeks (to avoid flies getting stuck in wet food
containing large numbers of feeding larvae) and then every 7 days thereafter. Mortality was
recorded until all flies were dead. The flies’ heart function was analysed at one, three and six
weeks of aged. The percentage of flies surviving as they aged was presented as a Kaplan

Meier plot.

Measurement of behaviour using Trikinetics Locomotor Activity Monitor (LAM).

For LAM analysis, groups of 20 female Drosophila were added to vials containing equal
volumes of the different diets. Six vials were used per treatment. Vials were capped with
cotton stoppers and placed in the LAM device housed in an incubator with a 12 hr:12 hr
light-dark cycle at 25°C. The LAM device uses infrared beams which are crosses as active
flies move about in the tube. Every time a fly crosses a beam, it counts as a single unit of
activity. These counts are tallied over the subjective day and night periods. Beam crosses
were counted continuously every 5 minutes and analysis of each population’s 24 hr
behavioural activity was conducted using the average of two consecutive days’ data, these
being the 3" and 4™ day after females were placed in the vials. Periods of five minutes
where no beam crosses are recorded are regarded as sleep (Cirelli et al., 2005), accordingly

the average total length of sleep periods was presented as means (+/-SEM).

Recording heart function.
Heart function was recorded as previously described (lvy et al., 2015), in semi-intact
abdominal preparations where flies are dissected in the presence of calcium-replete HBSS

(with CaCl, at 2 mM). Hearts were recorded using a Ziess Axiolab Al widefield microscope
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fitted with a water-dipping 10x objective. This was coupled to a Ximea xiD camera controlled
by CamTool software (Lambda Photometrics Ltd, Hertfordshire, UK). Approximately 11
seconds of footage was recorded at a frame rate of 50 frames per second (fps), allowing
analysis of at least 10s or 500 frames of footage. Footage was saved as a sequence of Tiff
images and analysed using FIJI, which was used to generate m-modes (contraction
kymograms). The m-modes were then used to measure the heart rate, the diastolic and
systolic intervals (DI and SlI, respectively) for each heart recording, the length of the cardiac
cycle (calculated as DI+SI), as well as the fractional shortening (FS, the distance moved by
the heart during a contraction, expressed as a percentage of the heart’s width at diastole).

All data were presented as the mean +/- the SEM.

Calcium imaging.

Flies were dissected for heart analysis and above and calcium signal images at the 1% pair
of valves where the signal is relatively strong compared to other regions of the heart.
Videomicroscopy sequences (500 frames corresponding to 10s of data collection) were
opened in ImageJ and a region of interest was drawn around a single valve so that
fluorescence data were collected throughout the cardiac cycle. The mean grey scale value
was collected for each frame and entered into an Microsoft Excel spreadsheet. Baseline
values (five frames at diastole with the lowest fluorescence) were averaged to form a single
value (Fo). This value was then compared to subsequent values (F1) to generate the Fi/Fo
ratio. Single representative traces from flies treated with different cadmium doses were then

depicted as line graphs.

Statistical Analysis.

A Shapiro Wilk test was used to establish if data were parametric or non-parametric. For
comparing two means, either a t-test (parametric data) or Mann Whitney U-test (non-
parametric data) was performed. Where there were more than two means, either a 1-Way

ANOVA (parametric) or a Kruskal-Wallis test (non-parametric) was conducted with post-hoc
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analysis (Tukey’s HSD test (after ANOVA) or Dunn’s test (after Kruskal Wallis)). Graphs

present mean data for experimental groups +/- Standard Error of the Mean (SEM).
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Results.

Establishment of a tolerated dose of dietary cadmium.

For dietary experiments looking at the effect of cadmium on heart, the initial aim was to
identify a dose that caused minimal mortality before three weeks of age. Flies on 1 mM and
10 mM CdCl; all died within 9 days (Figure 1A), whereas flies on diets containing 100 uM
and 10 pM showed significantly greater tolerance with >90% survival at three weeks (Figure
1B). Flies on the 10 uM CdCl; diet reached 50% morality at 57.3 £1.2 days, which was
similar to flies on the control diet (59.3 £0.7 days; P=0.83, Figure 1B). In contrast, flies on

the 100 pM CdCl. diet reached 50% survival at 35.3 £5.6 days (P<0.01, Figure 1B).

By three weeks of age there was no significant mortality in any experimental group, including
controls (Figure 1C). However, all groups showed reduced survivability by 6 weeks (Figure
1D), with the flies on the 100 uM CdCl; diet showing the greatest level (survival was 90.0
+2.0% (control); 95.0 £0.0% (10 uM CdCly) and 31.7 £6.6% for the 100 uM CdCl, diet).
These data ruled out the use of the two highest doses (1 mM and 10 mM) for use as chronic
dietary cadmium exposure regimens; whereas 10 pM and 100 uM CdCl, were well tolerated,
with 10 uM having no impact on lifespan and 100 uM CdCl, shortening lifespan but only after
the ‘early’ period of their lifespan. Hence, dietary experiments focused on diets containing 10

MM or 100 pM CdCls.

Effect on locomotor behaviour.

The lower doses of dietary cadmium appeared to have little impact on mortality during the
flies’ first three weeks of life, however this does not mean the flies were ‘healthy’. It was
therefore reasoned that dietary cadmium may affect overall locomotor function. To assess
this, the locomotor activity (measured by infrared beam crossing) of female flies was
monitored every five minutes using an Locomotor Activity Monitor (LAM). Groups of one-

week old flies had ad libitum access to the respective control and cadmium-containing diets
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and data were collected for two consecutive 24hr periods, starting one day after flies had

been placed into the monitoring tubes.

The beam crossing activity of flies on all diets exhibited a similar diurnal pattern of activity,
with onset of activity coinciding with lights on, followed by a period of daytime quiescence
and an increase in activity in anticipation of lights out. After lights off, the flies’ activity
significantly reduces until just before lights on (Figure 2A). However, flies on both cadmium
diets displayed increased activity just after lights on relative to controls, as well as increased
activity just before lights off (arrows, Figure 2A). Quantitatively, this amounted to an increase
to total beam crossing activity of 24% (10 UM cadmium diet) and 31% (100 pM cadmium
diet) compared to controls (Figure 2B; P<0.05 for both cadmium diets compared to the
control). This increase was limited to daytime activity, as there was no difference to beam
crossing activity during the night (Figure 2C; no significant difference between experimental
groups), nor was there any impact on total nocturnal sleep (Figure 2D; no significant
difference between experimental groups). These data indicate that dietary cadmium caused
modest, yet statistically significant, daytime hyperactivity but no impact on overall nocturnal

activity and sleep.

Cadmium’s direct effect on the insect heart.

Based on preceding research findings from numerous groups using rodent models, it was
predicted that cadmium would directly and negatively affect Drosophila heart function. As
well as exposing flies to cadmium via their diet, the heart’s response to direct exposure of
CdCl (in dissected heart preparation) was also examined. At the highest dose used (10
MM), hearts stopped beating within milliseconds (see an example m-mode in Figure 3A).
Similarly, when 1 uM CdCl, was applied, the heart stopped but sometimes restarted,
suggesting the heart could recover from arrest (Figure 3B). Hearts exposed to the lowest
dose (100 nM CdCl,) continued to beat, albeit with periods of arrhythmia and a longer

cardiac cycle (example in Figure 3C).
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In order to test whether heart function could resume after arrest, a series of ‘wash-out and
recovery’ experiments using 1 uM CdCI; were performed. As expected, a 10-minute direct
exposure to 1 uM CdCI, caused cardiac arrest (P<0.001, Figure 3D). After two hours the
heart had started and exhibited a rate that was not statistically different to that of controls

(Figure 3D).

Calcium:

To firmly establish a cell-autonomous role for cadmium’s effect on the heart, the impact on
cardiomyocyte calcium signalling was recorded. To achieve this, flies expressing a calcium
reporter (UAS-GCaMP6) under the control of a heart-restricted driver (TinCA4-Gal4) were
exposed directly to 1 pM cadmium chloride (Figure 4). The heart reacted as described above
by initially stopping rhythmic beating and then restarting. In the absence of cadmium the
heart had rhythmic calcium spikes corresponding to diastolic-systolic cycle. Upon the
addition of cadmium, the calcium signal remained high and failed to return to baseline.
Within a few milliseconds the signal showed weak spikes and then returned to baseline,
whereupon rhythmic calcium signals re-developed but at a reduced frequency (Figure 4A
and B). These data confirmed that cadmium could cell-autonomously influence

cardiomyocyte function by causing a reversible form of cardiac arrest.

Dietary cadmium’s effect on cardiac ageing.

Given that the data had indicated cadmium could directly and negatively affect cardiac
function, it was reasoned that flies on the two cadmium diets (10 uM and 100 pM) would
develop severe cardiomyopathy that worsened with age and that this might help explain the
shortening of lifespan seen in the higher dose (100 pM).

Therefore, one week old, female flies were aged for six weeks on the respective diets and
heart function was assessed at one, three and six weeks (Figure 5). Representative m-

modes of flies show that by three weeks there was a lengthening (i.e. slowing) of the cardiac
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cycle in flies on the control diet and lower cadmium dose. In contrast to those results and
contrary to our hypothesis, flies on the higher cadmium dose retained a ‘younger’ heart
function phenotype (Fig 5A). By week six, the ageing phenotype had continued to develop in
flies on the control diet and lower cadmium dose, whereas there was no evidence of a
similar age-dependent decline of cardiac function in flies on the higher cadmium dose (even

though this dose was causing increased mortality by this time).

Heart function was quantified and this confirmed that heart rate decreased from 2.1 £0.1 bps
(week 1) to 1.4 £0.1 beats per seconds (bps, week 3) and 1.0 £0.1 bps (week 6) for controls
(Figure 5B; P<0.01; for the effect of ageing). Flies on the lower dose cadmium (10 pM) diet
showed a near identical age-dependent change to heart rate as controls. In contrast, flies on
100 pM cadmium had a heart rate at both three and six weeks which was significantly
greater than that seen in controls and the lower dose cadmium diet (P<0.01 compared to the

other experimental groups).

Accordingly, the cardiac cycle of flies lengthened in flies on the control and 10 pM cadmium
diets but this age-dependent change was not evident in flies on the higher (100 pM)
cadmium dose at either three or six weeks (Figure 5C; P<0.01 for the effect of ageing;
P<0.01 for flies on the 100 uM dose being different to the other groups at both three and six
weeks). Notably, the length of the cardiac cycle for six-week-old flies on the higher cadmium

dose was not different to one-week-old flies.

As flies age their heart rate declines due to lengthening of the cardiac cycle and this is
widely reported to be a consequence of changes to both the diastolic and systolic intervals.
In agreement with this, the systolic and diastolic intervals lengthened in both controls and
flies on the lower cadmium dose (Figures 5D and 4E; P<0.01 for the effect of time in both
experimental groups). In contrast, flies on the higher cadmium dose had systolic and

diastolic intervals that were significantly different to the other experimental groups (P<0.01 at
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both three and six weeks). Again, by six weeks there was no significant difference between
the systolic and diastolic intervals recorded at one and six weeks for the flies on the higher

cadmium dose.

Finally, the ageing heart shows a reduction in the distance that the heart walls move during
contraction, known as fractional shortening (FS, which is expressed as a percentage; the
lower the percentage, the shallower the contraction). In agreement with other findings, we
found that FS declined by three weeks of age in controls (from 44.5% to 38.4%) and also
flies on the lower cadmium dose (from 44.5% to 36.9%; figure 6, P<0.01). In contrast, FS in
flies on the higher cadmium dose showed barely any decline by three weeks (from 44.5% to
43.1%; not significantly different from week 1 and significantly different (P<0.05) compared
to the other experimental groups at three weeks). By six weeks of age there was further
decline in FS within flies on the control and lower dose cadmium diets (to 28.5% and 29.9%,
respectively), whereas in flies surviving on the higher cadmium dose, FS had declined to
only 34.6%, a figure comparable to FS in the other groups at 3-weeks (Figure 6, P<0.001,

for 100 uM cadmium group compared to the other experimental groups).

These data indicate that the expected age-dependent changes to heart function occurred for
the controls, as well as flies on the lower (10 uM) dose cadmium. In contrast, flies on the
higher (100 uM) cadmium dose showed significantly reduced signs of cardiac ageing, which
was evident even at three weeks of age (please refer to supplementary videos for
representative examples of heart function in flies at 1 week of age and after 6 weeks on the

respective diets).
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Discussion.

This work aimed to examine the long-term effects of low dose cadmium on cardiac ageing
using a Drosophila model of heart physiology. It was demonstrated that Drosophila could
tolerate low-dose cadmium in their diet with no impact on lifespan at the lowest dose (10 uM)
and a significant effect on lifespan after three weeks of life (100 pM). It was also shown that
direct exposure of the adult heart to cadmium caused arrest and that this was reversed after
wash-out of the cadmium. Chronic dietary cadmium exposure caused mild hyperactivity and
either had no effect on cardiac ageing (10 uM CdCly), or slowed cardiac ageing (100 uM),

despite the latter dose shortening lifespan.

Diurnal hyperactivity.

Although millimolar levels of cadmium in the diet caused rapid mortality, doses in the
micromolar range (10 uM and 100 uM) were well tolerated for several weeks. Both of the
lower doses caused significant hyperactivity that was restricted to the daytime period of the
light-dark cycle. This result contrasts that from another study where flies fed a diet containing
500 uM CdCl;, showed reduced locomotor activity (Hu et al., 2023). The dose used in that
study was 5 to 10-fold greater than the ones we used in our study, prompting the possibility
that cadmium exerts qualitatively distinct behavioural responses according to its dose.
Whether the effect on behaviour of low dose cadmium exposure translates to other species
is unclear because behavioural studies are relatively uncommon and involve a wide range of
animals (and therefore different measures of behaviour), at different life-cycle stages. For
example, sub-lethal cadmium reduced swimming activity of the freshwater shrimp
Gammarus aequicauda (Morillo-Velarde et al., 2011); whereas green shore crabs Carcinus
maenas given 63 uM in their water showed no overall change to locomotion activity, or
shelter-seeking behaviour in open-field tests (Blewett et al., 2017). A recent study
highlighted that sub-lethal doses of cadmium disrupt cardiac development and the behaviour
of adult zebrafish (Ma et al., 2024). It is also worth noting that prenatal cadmium exposure is

associated with Attention Deficit Hyperactivity Disorder (ADHD) in six year old girls (Kim et
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al., 2020). These data, and our own data, suggest more research is required to understand
the different outcomes that developmental and adult exposure to chronic, low-dose cadmium
has on different species. Given the persistence of cadmium in the environment, studies on
its behavioural effects using Drosophila as a model, may yield important insights of

relevance to other species.

Effect on the Heart.

The data confirmed that cadmium, when directly added to cardiomyocytes, could arrest the
heart. This result was partly expected given that cadmium is used experimentally to block L-
type calcium channels critical for calcium entry into cardiomyocytes (refer to review by
DeCoursey, (DeCoursey and Cherny, 2007)). In these acute, direct exposure experiments it
is probable that cadmium disrupted calcium influx but also efflux across the plasma
membrane, as well as its return to intracellular calcium stores; the culmination being a
stochastic, yet negative impact on heart function. In addition, the wash-out experiment
indicated that cardiac arrest after direct exposure to cadmium is a reversible state in
Drosophila. However, free cadmium is not likely to directly affect cells when ingested
because it forms a complex with circulating proteins (see below), so studying its toxicology in
a whole animal model is important and the genetic tractability of Drosophila heart model

offers advantages over rodent models.

The findings that showed cardiac ageing on the lower (10 pM) cadmium diet were
unexpected given that it neither affected lifespan nor the rate that the heart’s function
declined over a six-week period, while the same dose increased daytime activity. It was also
unexpected to find that the higher dose (100 uM) of cadmium slowed cardiac ageing in vivo.
This result contrasts the association of cadmium with cardiovascular disease in humans and
cadmium-induced cardiac dysfunctions in mice (Fitch et al., 2023), as well as findings
indicating that direct exposure to cadmium disrupts cardiomyocyte contractions (this study

and also (Zabihihesari et al., 2022)). One possible explanation for our result in the ageing
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studies is the induction of metallothioneins (MTs), an evolutionarily conserved family of
cysteine-rich metal-interacting proteins with anti-oxidative effects that mitigate cadmium
toxicity in a range of model systems (reviewed in (Nordberg and Nordberg, 2022)). In
mammalian models, whilst only a fraction of ingested cadmium is transported into circulation
(by mechanisms that are not well understood), the bulk of it initially binds high molecular
weight proteins (such as albumin) and then MTs. The Cd-MT complexes predominantly
accumulate in the kidney proximal tubule cells (and causes renal toxicity after liberation in
the lysosomes) but are also distributed to other tissues. The expression of MTs is up-
regulated in response to the activity of Metal-responsive Transcription Factor 1 (MTF-1), a
transcription factor whose expression is sensitive to the presence of zinc and cadmium
(Giedroc et al., 2001). In terms of cardiac ageing in rodent models the experimental over-
expression of MTs in murine cardiomyocytes can protect the heart from ageing by mitigating
oxidative stress (Cong et al., 2016). Data on the cardiac effects of cadmium in Drosophila
are limited but one group recently infused high doses of cadmium into Drosophila larvae and
reported that the over-expression of MTF-1 prevented cadmium-induced arrythmias and
changes to heart rate (Zabihihesari et al., 2022). Interestingly, in that study, the heart rate
increased, a result that contrasts with our findings where direct exposure to cadmium
stopped the adult heart. Quite why there should be such a difference is not clear but it may
reflect the difference between the presence of cadmium-interacting molecules in the
haemolymph of larvae that are washed away using the semi-intact methodology to study
adults in our own study. How systemic cadmium affects the endogenous biology of
cardiomyocytes in mice and Drosophila models is unclear but clearly the results can be
different and dependent on differing mechanisms and developmental timepoints.
Consequently, more work is required to establish the relationship between cadmium
exposure and cardiomyocyte function at a range of life-history stages and this would benefit

from directly comparing responses in a range of species.

Conclusion
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In summary, the Drosophila heart can tolerate long term cadmium exposure at doses that
increase daytime behaviour and shorten lifespan. These results appear at odds with those
from rodent models, as well as the wider epidemiological data linking cadmium exposure to
cardiovascular disease in humans. These differences need to be understood as they

highlight mechanisms that robustly protect the insect heart from cadmium toxicity.
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FIGURES.

Figure 1. Effect of low Cadmium on lifespan.

Vials of twenty female flies were maintained on standard Bloomington diet either with or
without Cadmium at four different doses (10 uM, 100 uM, 1 mM and 10 mM). Flies were
transferred to fresh food every 5-7 days and mortality monitored for the duration of their
lifespan. (A) The Kaplan-Meir plot shows percentage survival of three to six vials +/-SEM.
Flies provided with 100 uM, 1 mM and 10 mM cadmium had a shorter lifespan than flies in
the other experimental groups, **P<0.01 using Kruskal-Wallis. (B) The time at which 50%
survival was reached is expressed as the mean (+/- SEM) of three to six vials for each
experimental group. **P<0.01 by one-way ANOVA and Tukey’s HSD. (C and D) percentage
survival at three and six weeks respectively for flies on the lower cadmium doses 10 uM and

100 uM; **P<0.01, ns = not statistically different from control.

Figure 2. Low dose cadmium causes mild daytime hyperactivity in female Drosophila
but has no impact on sleep. Flies were housed in 12 hr:12 hr light:dark cycles at 25°C with
ad libitum access to the respective diets throughout the recording period. Data from two
days recoding is averaged and presented. (A) Beam crossing activity across the 24hr light-
dark cycle (ZTO = lights on, ZT12 = lights off; black is control, magenta is 10 uM and orange
is 100 uM). Arrows indicate periods where flies on either of the cadmium diets were more
active than flies on the control diet. (B) Average total beam crossings per day. Cadmium
caused a statistically significant, yet small increase to daytime locomotor activity. (C)
Average total beam crossings per night and (D) the total nocturnal sleep were both
unaffected by cadmium (*P<0.05 by 1-way ANOVA; ns = not significant; n = 20 flies per LAM

vial, six vials per treatment).

Figure 3. The heart’s response to direct Cadmium exposure.
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Hearts in semi-intact preparations were incubated in Hanks Basic Saline Buffer (HBSS) and
then provided with a HBSS containing different concentrations of CdCl. (white triangle).
Movement modes (M-mode) kymogram of Drosophila heart contractions were then obtained
from video-microscopy footage. (A) The heart is beating regularly prior to the addition of 10
KM CdCl; (triangle) and then abruptly stops. (B) The heart stops and then starts again when
1 uM CdCl, was added (triangle). (C) The heart contractions become highly erratic after 5
minutes in 100 nM CdCl,, with periods of arrythmia as well as periods of contractions
displaying signs of a long cardiac cycle. (D) Quantified heart rate data showing that
Cadmium stops the heart (treatment) but it can recover after replacing the buffer with
cadmium-free HBSS (recovery). **P<0.001 for the effect of the cadmium treatment; ns = not
significantly different at the recovery time; n = 9-10 flies per treatment group. A Kruskal-

Wallis test followed by a Dunn’s post hoc test were used to compare groups.

Figure 4. Cadmium’s effect on cardiomyocyte calcium signal.

Response of cardiomyocytes expressing the calcium reporter GCaMP6 to direct
administration of CdCl, (1 uM). (A) The trace shows the fluorescence signal of the GCaMP6
reporter before and immediately after administration of cadmium. The immediate effect is a
brief period of shallow yet bright calcium waves followed by lengthening of the cardiac cycle
due to long periods of diastole where the calcium signal is lowest. (B) Shows a kymogram of
the corresponding fluorescence signal from the heart that the quantified data were derived

from.

Figure 5. The impact that dietary Cadmium had on heart function in ageing
Drosophila.

Female flies were maintained for up to 7 weeks on a standard Bloomington diet
supplemented with Cadmium Chloride (10 uM or 100 uM). (A) M-modes show

representations of an individual fly’s heart contractions at weeks 1, 3 and 6 on the respective
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diets. (B-E) Heart function was analysed in flies on the control (blue line), 10 uM CdCl; diet
(orange line) or 100 uM CdCl, diet (grey line). (B) Mean beats per second (bps) declined
over time in all groups (P<0.01), however the 100 uM diet slowed the decline in heart
dysfunction. (C) The cardiac cycle declined in controls and flies on the 10 uM diet but not in
flies on the 100 uM diet. (D) Similarly, flies on the 100 uM diet were protected from age-
dependent lengthening of the systolic interval and (E) diastolic interval. (**P<0.01; 2-Way

ANOVA); n = 17-32 flies per data point.

Figure 6. Effect of dietary cadmium on heart contraction (fractional shortening).
Female flies were maintained for up to 7 weeks on a standard Bloomington diet
supplemented with Cadmium Chloride (10 uM or 100 uM). Fractional shortening was
calculated from videomicroscopy footage of the beating heart (calculated as the distance the
heart wall moves during a contraction and presented as a percentage of the heart’s diameter
at diastole); flies on the 100 uM Cadmium diet aged differently compared to the controls;
*P<0.05; **P<0.01. Aging had a highly statistically significant effect on fractional shortening,

***P<(.001 by 2-Way ANOVA); n = 15-28 flies per data point.
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