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Abstract.  32 

 33 

Cadmium is a non-essential heavy metal and environmental pollutant that causes a range of 34 

pathologies across different species. In humans, cadmium exposure has recently been 35 

directly linked to heart disease. Understanding how long-term cadmium exposure affects 36 

cardiac physiology is therefore important. In this work we employed a tractable Drosophila 37 

melanogaster model to study the effects of cadmium exposure on behaviour, lifespan and 38 

cardiac physiology. Dietary experiments established that cadmium at 10 µM and 100 µM 39 

was tolerated for several weeks, whereas doses in the mM range caused lethality within 40 

days. It was estimated that 10 µM dietary exposure represented an approximately 60-fold 41 

excess of the maximum exposure recommended for humans. Although 10 µM cadmium had 42 

no impact on lifespan compared to the control diet, it did cause significant daytime 43 

hyperactivity. Direct exposure of the heart to cadmium caused reversible cardiac arrest and 44 

disrupted calcium signalling. Compared to controls, 10 µM dietary cadmium had no impact 45 

on the rate of cardiac ageing over a six-week period. The higher dose of 100 µM shortened 46 

the flies’ lifespan but it slowed the rate of cardiac ageing. The findings indicate that 47 

Drosophila can be used to model the direct effects of cadmium on cardiomyocyte function 48 

and also demonstrate the existence of cardioprotective pathways triggered by dietary 49 

cadmium exposure. The data also indicate that cadmium at doses that do not affect lifespan 50 

or heart function, do cause daytime hyperactivity. Identifying and the cardioprotective 51 

mechanisms and understanding the hyperactivity phenotype in Drosophila may yield 52 

important findings of applied relevance to insects in general, as well as humans exposed to 53 

cadmium.  54 

  55 



Introduction.  56 

 57 

Cadmium is a non-essential heavy metal found in the Earth’s crust and atmosphere, as well 58 

as commercial products, including cigarettes, batteries, plastics and paints (“Compendium of 59 

Chemical Hazards: Cadmium,” 2016). Cadmium is also a pollutant of foods, water supplies, 60 

the atmosphere and workplaces (WHO, 2019). In the mid twentieth century Itai-itai disease, 61 

a severe condition characterised by intense pain, kidney dysfunction and bone disease was 62 

linked with cadmium poisoning. There is now extensive evidence that humans chronically 63 

exposed to cadmium develop cardiovascular pathologies including kidney disease (Ferraro 64 

et al., 2010), an increased risk of cardiovascular disease (Lamas et al., 2023; Tellez-Plaza et 65 

al., 2013), reduced heart rate and electrocardiographic abnormalities (Feng et al., 2015; 66 

Thapa et al., 2018) and increased risk of heart failure in non-smokers (Sears et al., 2022). 67 

Whilst it is well-established that cadmium can affect cardiovascular physiology, it remains 68 

unclear which mechanisms are involved and whether these differ according to the route of 69 

exposure, the length of exposure time and the life history stage that exposure occurs. 70 

Understanding this is important because it guides measures that may mitigate or treat 71 

cadmium toxicity.  72 

 73 

Evidence from experimental studies using mammalian systems indicates that cadmium is an 74 

effective blocker of L-type voltage-gated calcium channels which are crucial for calcium entry 75 

into cardiomyocytes (reviewed by DeCoursey, (DeCoursey and Cherny, 2007)). Direct 76 

exposure of primary rat cardiomyocytes to cadmium negatively affects contraction rates 77 

(Limaye and Shaikh, 1999) and can reduce ATP levels, drive ER stress and promote cell 78 

death (Chen et al., 2015). In other rodent models, cadmium can cause oxidative damage to 79 

cardiomyocytes, as well as mitochondrial dysfunction, lipotoxicity and inflammation 80 

(Reviewed by Renu et al (Renu et al., 2022)). The effect of cadmium exposure in rodents via 81 

their diet or drinking water results in a plethora of pathologies involving multiple organ 82 

systems, with cadmium notably accumulating in, and damaging the kidneys. Studies where 83 



heart physiology was quantified have shown that dietary cadmium can interact with high 84 

cholesterol in ApoE-/- mice to significantly increase the risk of heart failure via a mechanism 85 

involving fibrosis (Türkcan et al., 2015). Additionally, mice given cadmium-laced water can 86 

develop left ventricular dysfunction, an effect linked to disrupted cardiomyocyte calcium 87 

signalling (Fitch et al., 2023). Collectively, these findings indicate that cadmium can affect 88 

cardiac physiology via evolutionarily conserved, non-cell autonomous (e.g. fibrosis) and cell-89 

autonomous mechanisms (e.g. calcium signalling). However, experimentally modelling the 90 

impact of chronic cadmium exposure is not trivial because it requires mammalian systems 91 

that are time consuming and resource intensive. As an alternative, it may be possible to 92 

model the impact of cadmium (and other heavy metals) on heart physiology using a simpler, 93 

more tractable system such as that offered by the fruit / vinegar fly Drosophila melanogaster. 94 

  95 

Drosophila have a contractile heart (also known as the dorsal vessel) which runs almost the 96 

entire length of the dorsal midline from the head to the final abdominal segment. The heart 97 

consists of two regions, a non-contractile aorta (typically in the thorax and head) and a 98 

contractile ‘ventricle-like’ region in the abdomen. As well as contractile cardiomyocytes, the 99 

abdominal dorsal vessel comprises specialised valve cells that direct the flow of 100 

haemolymph and ostia which allow haemolymph to flow into and out of the vessel’s interior 101 

(reviewed in Blice-Baum et al (Blice-Baum et al., 2019)). This simple system, in combination 102 

with complex genetic manipulations, has been used to study cardiac physiology in a range of 103 

biological contexts, including development (Vogler et al., 2014; Meyer et al., 2022), 104 

potassium channel abnormalities (Ocorr et al., 2007), tropomyosin physiology (Madan et al., 105 

2020), metabolism (Birse et al., 2010), mechanotransduction (Zechini et al., 2022) and 106 

ageing (Vaughan et al., 2018). Despite the strengths of Drosophila as a model for heart 107 

physiology, there appears to be only one study of cadmium’s cardiac effects which found 108 

that injection of 10 mM CdCl2 into larvae increased heart rate, as well as the frequency of 109 

arrhythmias (Zabihihesari et al., 2022).  110 

 111 



In this work, the impact of cadmium on cardiac function and cardiac ageing were evaluated 112 

using adult Drosophila melanogaster. The studies explored how cardiomyocytes respond to 113 

direct cadmium exposure using semi-intact heart preparations but also how the heart would 114 

react to long term exposure in ageing flies. The findings demonstrate that whilst cadmium 115 

can directly affect cardiomyocyte function, the impact of indirect exposure via the diet is 116 

more complex, with some cadmium doses slowing the heart’s age-related function decline, 117 

despite increasing mortality. These findings help establish the Drosophila heart model as a 118 

means of exploring the impact of heavy metal pollutants on cardiac function and highlight the 119 

existence of cardioprotective mechanisms of potential relevance to human heart physiology.  120 

  121 



Methods:  122 

 123 

Drosophila Stocks and husbandry.  124 

The wild type Oregan-R-C strain from the Bloomington Drosophila Stock Centre was used 125 

throughout these studies. For calcium imaging of cardiomyocytes TinCΔ4; GCaMP6 flies 126 

were generated and described in (Zechini et al., 2022). Flies were maintained on a standard 127 

cornmeal-sucrose-agar diet (1.4 L distilled water, 100 g sucrose, 102 g cornmeal, 12 g agar, 128 

35 g dried yeast, 3.8 g Nipagin and 7 mL propionic acid). Food was decanted into 129 

polypropylene vials which were capped with cotton stoppers. Flies were housed under 12 130 

hr:12 hr light-dark cycles at 25°C.  131 

 132 

Justification of Cadmium doses used in the study.  133 

Circulating Cadmium levels in humans are typically below 5 ng/mL (<44.6 nM), whereas 134 

acute toxicity manifests >50 ng/ mL (>446 nM) (“Cadmium, Blood - Laboratory Test 135 

Catalog,” n.d.). Primary neonatal rat cardiomyocytes are recorded to lose contractile function 136 

within 30 minutes of exposure to doses from 100 nM to 500 nM (Limaye and Shaikh, 1999). 137 

Cadmium at doses from 100 µM to 1.5 mM in a standard cornmeal-agar diet affected 138 

measures of Drosophila development and adult lifespan (Nanda and Firdaus, 2022). Finally, 139 

the larval heart is known to respond to injections of 10 mM cadmium (Zabihihesari et al., 140 

2022). Accordingly, the dose range used in the current work was from 100 nM to 10 mM. We 141 

know how much a female fly eats per day (~1mg of food) and how much they weigh (wet 142 

weight ~12mg). We can extrapolate this to a ‘mg ingested per kg body weight per day’ 143 

exposure used to describe exposure in larger animals including humans.  We calculated that 144 

flies on the 10 μM diet have an exposure of 153 µg cadmium / kg body weight / day. 145 

Extrapolating this dose to humans, it is ~60 fold greater than the recommended maximum 146 

for humans which is 2.5 µg/kg/day (according to guidelines from the European Food Safety 147 

Authority (Authority (EFSA), 2009). 148 

 149 



Ageing of flies.  150 

As heart analysis (see below) uses females flies, ageing studies also used female flies. 151 

Females were collected within one week of eclosion and it was assumed that all were 152 

mated. Twenty females were added to vials containing the standard diet described above, or 153 

the standard diet supplemented with CdCl2 (10 µM, 100 µM, 1 mM and 10 mM) and tipped to 154 

fresh food every 3 days for the first two weeks (to avoid flies getting stuck in wet food 155 

containing large numbers of feeding larvae) and then every 7 days thereafter. Mortality was 156 

recorded until all flies were dead. The flies’ heart function was analysed at one, three and six 157 

weeks of aged. The percentage of flies surviving as they aged was presented as a Kaplan 158 

Meier plot.  159 

 160 

Measurement of behaviour using Trikinetics Locomotor Activity Monitor (LAM).  161 

For LAM analysis, groups of 20 female Drosophila were added to vials containing equal 162 

volumes of the different diets. Six vials were used per treatment. Vials were capped with 163 

cotton stoppers and placed in the LAM device housed in an incubator with a 12 hr:12 hr 164 

light-dark cycle at 25°C. The LAM device uses infrared beams which are crosses as active 165 

flies move about in the tube. Every time a fly crosses a beam, it counts as a single unit of 166 

activity. These counts are tallied over the subjective day and night periods. Beam crosses 167 

were counted continuously every 5 minutes and analysis of each population’s 24 hr 168 

behavioural activity was conducted using the average of two consecutive days’ data, these 169 

being the 3rd and 4th day after females were placed in the vials. Periods of five minutes 170 

where no beam crosses are recorded are regarded as sleep (Cirelli et al., 2005), accordingly 171 

the average total length of sleep periods was presented as means (+/-SEM).   172 

 173 

Recording heart function. 174 

Heart function was recorded as previously described (Ivy et al., 2015), in semi-intact 175 

abdominal preparations where flies are dissected in the presence of calcium-replete HBSS 176 

(with CaCl2 at 2 mM). Hearts were recorded using a Ziess Axiolab A1 widefield microscope 177 



fitted with a water-dipping 10x objective. This was coupled to a Ximea xiD camera controlled 178 

by CamTool software (Lambda Photometrics Ltd, Hertfordshire, UK). Approximately 11 179 

seconds of footage was recorded at a frame rate of 50 frames per second (fps), allowing 180 

analysis of at least 10s or 500 frames of footage. Footage was saved as a sequence of Tiff 181 

images and analysed using FIJI, which was used to generate m-modes (contraction 182 

kymograms). The m-modes were then used to measure the heart rate, the diastolic and 183 

systolic intervals (DI and SI, respectively) for each heart recording, the length of the cardiac 184 

cycle (calculated as DI+SI), as well as the fractional shortening (FS, the distance moved by 185 

the heart during a contraction, expressed as a percentage of the heart’s width at diastole). 186 

All data were presented as the mean +/- the SEM.  187 

 188 

Calcium imaging.  189 

Flies were dissected for heart analysis and above and calcium signal images at the 1st pair 190 

of valves where the signal is relatively strong compared to other regions of the heart. 191 

Videomicroscopy sequences (500 frames corresponding to 10s of data collection) were 192 

opened in ImageJ and a region of interest was drawn around a single valve so that 193 

fluorescence data were collected throughout the cardiac cycle. The mean grey scale value 194 

was collected for each frame and entered into an Microsoft Excel spreadsheet. Baseline 195 

values (five frames at diastole with the lowest fluorescence) were averaged to form a single 196 

value (F0). This value was then compared to subsequent values (F1) to generate the F1/F0 197 

ratio. Single representative traces from flies treated with different cadmium doses were then 198 

depicted as line graphs.  199 

 200 

Statistical Analysis. 201 

A Shapiro Wilk test was used to establish if data were parametric or non-parametric. For 202 

comparing two means, either a t-test (parametric data) or Mann Whitney U-test (non-203 

parametric data) was performed. Where there were more than two means, either a 1-Way 204 

ANOVA (parametric) or a Kruskal-Wallis test (non-parametric) was conducted with post-hoc 205 



analysis (Tukey’s HSD test (after ANOVA) or Dunn’s test (after Kruskal Wallis)). Graphs 206 

present mean data for experimental groups +/- Standard Error of the Mean (SEM).   207 

 208 

 209 

 210 

 211 

  212 



Results.  213 

 214 

Establishment of a tolerated dose of dietary cadmium.  215 

For dietary experiments looking at the effect of cadmium on heart, the initial aim was to 216 

identify a dose that caused minimal mortality before three weeks of age. Flies on 1 mM and 217 

10 mM CdCl2 all died within 9 days (Figure 1A), whereas flies on diets containing 100 µM 218 

and 10 µM showed significantly greater tolerance with >90% survival at three weeks (Figure 219 

1B). Flies on the 10 µM CdCl2 diet reached 50% morality at 57.3 ±1.2 days, which was 220 

similar to flies on the control diet (59.3 ±0.7 days; P=0.83, Figure 1B). In contrast, flies on 221 

the 100 µM CdCl2 diet reached 50% survival at 35.3 ±5.6 days (P<0.01, Figure 1B).  222 

 223 

By three weeks of age there was no significant mortality in any experimental group, including 224 

controls (Figure 1C). However, all groups showed reduced survivability by 6 weeks (Figure 225 

1D), with the flies on the 100 µM CdCl2 diet showing the greatest level (survival was 90.0 226 

±2.0% (control); 95.0 ±0.0% (10 µM CdCl2) and 31.7 ±6.6% for the 100 µM CdCl2 diet).  227 

These data ruled out the use of the two highest doses (1 mM and 10 mM) for use as chronic 228 

dietary cadmium exposure regimens; whereas 10 µM and 100 µM CdCl2 were well tolerated, 229 

with 10 µM having no impact on lifespan and 100 µM CdCl2 shortening lifespan but only after 230 

the ‘early’ period of their lifespan. Hence, dietary experiments focused on diets containing 10 231 

µM or 100 µM CdCl2. 232 

 233 

Effect on locomotor behaviour.  234 

The lower doses of dietary cadmium appeared to have little impact on mortality during the 235 

flies’ first three weeks of life, however this does not mean the flies were ‘healthy’. It was 236 

therefore reasoned that dietary cadmium may affect overall locomotor function. To assess 237 

this, the locomotor activity (measured by infrared beam crossing) of female flies was 238 

monitored every five minutes using an Locomotor Activity Monitor (LAM). Groups of one-239 

week old flies had ad libitum access to the respective control and cadmium-containing diets 240 



and data were collected for two consecutive 24hr periods, starting one day after flies had 241 

been placed into the monitoring tubes.  242 

 243 

The beam crossing activity of flies on all diets exhibited a similar diurnal pattern of activity, 244 

with onset of activity coinciding with lights on, followed by a period of daytime quiescence 245 

and an increase in activity in anticipation of lights out. After lights off, the flies’ activity 246 

significantly reduces until just before lights on (Figure 2A). However, flies on both cadmium 247 

diets displayed increased activity just after lights on relative to controls, as well as increased 248 

activity just before lights off (arrows, Figure 2A). Quantitatively, this amounted to an increase 249 

to total beam crossing activity of 24% (10 µM cadmium diet) and 31% (100 µM cadmium 250 

diet) compared to controls (Figure 2B; P<0.05 for both cadmium diets compared to the 251 

control). This increase was limited to daytime activity, as there was no difference to beam 252 

crossing activity during the night (Figure 2C; no significant difference between experimental 253 

groups), nor was there any impact on total nocturnal sleep (Figure 2D; no significant 254 

difference between experimental groups). These data indicate that dietary cadmium caused 255 

modest, yet statistically significant, daytime hyperactivity but no impact on overall nocturnal 256 

activity and sleep.  257 

  258 

Cadmium’s direct effect on the insect heart.  259 

Based on preceding research findings from numerous groups using rodent models, it was 260 

predicted that cadmium would directly and negatively affect Drosophila heart function. As 261 

well as exposing flies to cadmium via their diet, the heart’s response to direct exposure of 262 

CdCl2 (in dissected heart preparation) was also examined. At the highest dose used (10 263 

µM), hearts stopped beating within milliseconds (see an example m-mode in Figure 3A). 264 

Similarly, when 1 µM CdCl2 was applied, the heart stopped but sometimes restarted, 265 

suggesting the heart could recover from arrest (Figure 3B). Hearts exposed to the lowest 266 

dose (100 nM CdCl2) continued to beat, albeit with periods of arrhythmia and a longer 267 

cardiac cycle (example in Figure 3C). 268 



 269 

In order to test whether heart function could resume after arrest, a series of ‘wash-out and 270 

recovery’ experiments using 1 µM CdCl2 were performed. As expected, a 10-minute direct 271 

exposure to 1 µM CdCl2 caused cardiac arrest (P<0.001, Figure 3D). After two hours the 272 

heart had started and exhibited a rate that was not statistically different to that of controls 273 

(Figure 3D).  274 

 275 

Calcium:  276 

To firmly establish a cell-autonomous role for cadmium’s effect on the heart, the impact on 277 

cardiomyocyte calcium signalling was recorded. To achieve this, flies expressing a calcium 278 

reporter (UAS-GCaMP6) under the control of a heart-restricted driver (TinCΔ4-Gal4) were 279 

exposed directly to 1 µM cadmium chloride (Figure 4). The heart reacted as described above 280 

by initially stopping rhythmic beating and then restarting. In the absence of cadmium the 281 

heart had rhythmic calcium spikes corresponding to diastolic-systolic cycle. Upon the 282 

addition of cadmium, the calcium signal remained high and failed to return to baseline. 283 

Within a few milliseconds the signal showed weak spikes and then returned to baseline, 284 

whereupon rhythmic calcium signals re-developed but at a reduced frequency (Figure 4A 285 

and B). These data confirmed that cadmium could cell-autonomously influence 286 

cardiomyocyte function by causing a reversible form of cardiac arrest. 287 

   288 

Dietary cadmium’s effect on cardiac ageing.  289 

Given that the data had indicated cadmium could directly and negatively affect cardiac 290 

function, it was reasoned that flies on the two cadmium diets (10 µM and 100 µM) would 291 

develop severe cardiomyopathy that worsened with age and that this might help explain the 292 

shortening of lifespan seen in the higher dose (100 µM).  293 

Therefore, one week old, female flies were aged for six weeks on the respective diets and 294 

heart function was assessed at one, three and six weeks (Figure 5). Representative m-295 

modes of flies show that by three weeks there was a lengthening (i.e. slowing) of the cardiac 296 



cycle in flies on the control diet and lower cadmium dose. In contrast to those results and 297 

contrary to our hypothesis, flies on the higher cadmium dose retained a ‘younger’ heart 298 

function phenotype (Fig 5A). By week six, the ageing phenotype had continued to develop in 299 

flies on the control diet and lower cadmium dose, whereas there was no evidence of a 300 

similar age-dependent decline of cardiac function in flies on the higher cadmium dose (even 301 

though this dose was causing increased mortality by this time).  302 

 303 

Heart function was quantified and this confirmed that heart rate decreased from 2.1 ±0.1 bps 304 

(week 1) to 1.4 ±0.1 beats per seconds (bps, week 3) and 1.0 ±0.1 bps (week 6) for controls 305 

(Figure 5B; P<0.01; for the effect of ageing). Flies on the lower dose cadmium (10 µM) diet 306 

showed a near identical age-dependent change to heart rate as controls. In contrast, flies on 307 

100 µM cadmium had a heart rate at both three and six weeks which was significantly 308 

greater than that seen in controls and the lower dose cadmium diet (P<0.01 compared to the 309 

other experimental groups).   310 

 311 

Accordingly, the cardiac cycle of flies lengthened in flies on the control and 10 µM cadmium 312 

diets but this age-dependent change was not evident in flies on the higher (100 µM) 313 

cadmium dose at either three or six weeks (Figure 5C; P<0.01 for the effect of ageing; 314 

P<0.01 for flies on the 100 µM dose being different to the other groups at both three and six 315 

weeks). Notably, the length of the cardiac cycle for six-week-old flies on the higher cadmium 316 

dose was not different to one-week-old flies.   317 

 318 

As flies age their heart rate declines due to lengthening of the cardiac cycle and this is 319 

widely reported to be a consequence of changes to both the diastolic and systolic intervals. 320 

In agreement with this, the systolic and diastolic intervals lengthened in both controls and 321 

flies on the lower cadmium dose (Figures 5D and 4E; P<0.01 for the effect of time in both 322 

experimental groups). In contrast, flies on the higher cadmium dose had systolic and 323 

diastolic intervals that were significantly different to the other experimental groups (P<0.01 at 324 



both three and six weeks). Again, by six weeks there was no significant difference between 325 

the systolic and diastolic intervals recorded at one and six weeks for the flies on the higher 326 

cadmium dose.  327 

 328 

Finally, the ageing heart shows a reduction in the distance that the heart walls move during 329 

contraction, known as fractional shortening (FS, which is expressed as a percentage; the 330 

lower the percentage, the shallower the contraction). In agreement with other findings, we 331 

found that FS declined by three weeks of age in controls (from 44.5% to 38.4%) and also 332 

flies on the lower cadmium dose (from 44.5% to 36.9%; figure 6, P<0.01). In contrast, FS in 333 

flies on the higher cadmium dose showed barely any decline by three weeks (from 44.5% to 334 

43.1%; not significantly different from week 1 and significantly different (P<0.05) compared 335 

to the other experimental groups at three weeks). By six weeks of age there was further 336 

decline in FS within flies on the control and lower dose cadmium diets (to 28.5% and 29.9%, 337 

respectively), whereas in flies surviving on the higher cadmium dose, FS had declined to 338 

only 34.6%, a figure comparable to FS in the other groups at 3-weeks (Figure 6, P<0.001, 339 

for 100 µM cadmium group compared to the other experimental groups).  340 

 341 

These data indicate that the expected age-dependent changes to heart function occurred for 342 

the controls, as well as flies on the lower (10 µM) dose cadmium. In contrast, flies on the 343 

higher (100 µM) cadmium dose showed significantly reduced signs of cardiac ageing, which 344 

was evident even at three weeks of age (please refer to supplementary videos for 345 

representative examples of heart function in flies at 1 week of age and after 6 weeks on the 346 

respective diets).   347 

  348 



Discussion.  349 

This work aimed to examine the long-term effects of low dose cadmium on cardiac ageing 350 

using a Drosophila model of heart physiology. It was demonstrated that Drosophila could 351 

tolerate low-dose cadmium in their diet with no impact on lifespan at the lowest dose (10 µM) 352 

and a significant effect on lifespan after three weeks of life (100 µM). It was also shown that 353 

direct exposure of the adult heart to cadmium caused arrest and that this was reversed after 354 

wash-out of the cadmium. Chronic dietary cadmium exposure caused mild hyperactivity and 355 

either had no effect on cardiac ageing (10 µM CdCl2), or slowed cardiac ageing (100 µM), 356 

despite the latter dose shortening lifespan.  357 

 358 

Diurnal hyperactivity. 359 

Although millimolar levels of cadmium in the diet caused rapid mortality, doses in the 360 

micromolar range (10 µM and 100 µM) were well tolerated for several weeks. Both of the 361 

lower doses caused significant hyperactivity that was restricted to the daytime period of the 362 

light-dark cycle. This result contrasts that from another study where flies fed a diet containing  363 

500 µM CdCl2, showed reduced locomotor activity (Hu et al., 2023). The dose used in that 364 

study was 5 to 10-fold greater than the ones we used in our study, prompting the possibility 365 

that cadmium exerts qualitatively distinct behavioural responses according to its dose. 366 

Whether the effect on behaviour of low dose cadmium exposure translates to other species 367 

is unclear because behavioural studies are relatively uncommon and involve a wide range of 368 

animals (and therefore different measures of behaviour), at different life-cycle stages. For 369 

example, sub-lethal cadmium reduced swimming activity of the freshwater shrimp 370 

Gammarus aequicauda (Morillo-Velarde et al., 2011); whereas green shore crabs Carcinus 371 

maenas given 63 µM in their water showed no overall change to locomotion activity, or 372 

shelter-seeking behaviour in open-field tests (Blewett et al., 2017). A recent study 373 

highlighted that sub-lethal doses of cadmium disrupt cardiac development and the behaviour 374 

of adult zebrafish (Ma et al., 2024). It is also worth noting that prenatal cadmium exposure is 375 

associated with Attention Deficit Hyperactivity Disorder (ADHD) in six year old girls (Kim et 376 



al., 2020). These data, and our own data, suggest more research is required to understand 377 

the different outcomes that developmental and adult exposure to chronic, low-dose cadmium 378 

has on different species. Given the persistence of cadmium in the environment, studies on 379 

its behavioural effects using Drosophila as a model, may yield important insights of 380 

relevance to other species.  381 

 382 

Effect on the Heart.  383 

The data confirmed that cadmium, when directly added to cardiomyocytes, could arrest the 384 

heart. This result was partly expected given that cadmium is used experimentally to block L-385 

type calcium channels critical for calcium entry into cardiomyocytes (refer to review by 386 

DeCoursey, (DeCoursey and Cherny, 2007)). In these acute, direct exposure experiments it 387 

is probable that cadmium disrupted calcium influx but also efflux across the plasma 388 

membrane, as well as its return to intracellular calcium stores; the culmination being a 389 

stochastic, yet negative impact on heart function. In addition, the wash-out experiment 390 

indicated that cardiac arrest after direct exposure to cadmium is a reversible state in 391 

Drosophila. However, free cadmium is not likely to directly affect cells when ingested 392 

because it forms a complex with circulating proteins (see below), so studying its toxicology in 393 

a whole animal model is important and the genetic tractability of Drosophila heart model 394 

offers advantages over rodent models.   395 

 396 

The findings that showed cardiac ageing on the lower (10 µM) cadmium diet were 397 

unexpected given that it neither affected lifespan nor the rate that the heart’s function 398 

declined over a six-week period, while the same dose increased daytime activity. It was also 399 

unexpected to find that the higher dose (100 µM) of cadmium slowed cardiac ageing in vivo. 400 

This result contrasts the association of cadmium with cardiovascular disease in humans and 401 

cadmium-induced cardiac dysfunctions in mice (Fitch et al., 2023), as well as findings 402 

indicating that direct exposure to cadmium disrupts cardiomyocyte contractions (this study 403 

and also (Zabihihesari et al., 2022)). One possible explanation for our result in the ageing 404 



studies is the induction of metallothioneins (MTs), an evolutionarily conserved family of 405 

cysteine-rich metal-interacting proteins with anti-oxidative effects that mitigate cadmium 406 

toxicity in a range of model systems (reviewed in (Nordberg and Nordberg, 2022)). In 407 

mammalian models, whilst only a fraction of ingested cadmium is transported into circulation 408 

(by mechanisms that are not well understood), the bulk of it initially binds high molecular 409 

weight proteins (such as albumin) and then MTs. The Cd-MT complexes predominantly 410 

accumulate in the kidney proximal tubule cells (and causes renal toxicity after liberation in 411 

the lysosomes) but are also distributed to other tissues. The expression of MTs is up-412 

regulated in response to the activity of Metal-responsive Transcription Factor 1 (MTF-1), a 413 

transcription factor whose expression is sensitive to the presence of zinc and cadmium 414 

(Giedroc et al., 2001). In terms of cardiac ageing in rodent models the experimental over-415 

expression of MTs in murine cardiomyocytes can protect the heart from ageing by mitigating 416 

oxidative stress (Cong et al., 2016). Data on the cardiac effects of cadmium in Drosophila 417 

are limited but one group recently infused high doses of cadmium into Drosophila larvae and 418 

reported that the over-expression of MTF-1 prevented cadmium-induced arrythmias and 419 

changes to heart rate (Zabihihesari et al., 2022). Interestingly, in that study, the heart rate 420 

increased, a result that contrasts with our findings where direct exposure to cadmium 421 

stopped the adult heart. Quite why there should be such a difference is not clear but it may 422 

reflect the difference between the presence of cadmium-interacting molecules in the 423 

haemolymph of larvae that are washed away using the semi-intact methodology to study 424 

adults in our own study. How systemic cadmium affects the endogenous biology of 425 

cardiomyocytes in mice and Drosophila models is unclear but clearly the results can be 426 

different and dependent on differing mechanisms and developmental timepoints. 427 

Consequently, more work is required to establish the relationship between cadmium 428 

exposure and cardiomyocyte function at a range of life-history stages and this would benefit 429 

from directly comparing responses in a range of species.     430 

 431 

Conclusion 432 



In summary, the Drosophila heart can tolerate long term cadmium exposure at doses that 433 

increase daytime behaviour and shorten lifespan. These results appear at odds with those 434 

from rodent models, as well as the wider epidemiological data linking cadmium exposure to 435 

cardiovascular disease in humans. These differences need to be understood as they 436 

highlight mechanisms that robustly protect the insect heart from cadmium toxicity.  437 

 438 
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  573 



FIGURES.  574 

 575 

Figure 1. Effect of low Cadmium on lifespan.  576 

Vials of twenty female flies were maintained on standard Bloomington diet either with or 577 

without Cadmium at four different doses (10 µM, 100 µM, 1 mM and 10 mM). Flies were 578 

transferred to fresh food every 5-7 days and mortality monitored for the duration of their 579 

lifespan. (A) The Kaplan-Meir plot shows percentage survival of three to six vials +/-SEM. 580 

Flies provided with 100 µM, 1 mM and 10 mM cadmium had a shorter lifespan than flies in 581 

the other experimental groups, **P<0.01 using Kruskal-Wallis. (B) The time at which 50% 582 

survival was reached is expressed as the mean (+/- SEM) of three to six vials for each 583 

experimental group. **P<0.01 by one-way ANOVA and Tukey’s HSD. (C and D) percentage 584 

survival at three and six weeks respectively for flies on the lower cadmium doses 10 µM and  585 

100 µM; **P<0.01, ns = not statistically different from control.  586 

 587 

Figure 2. Low dose cadmium causes mild daytime hyperactivity in female Drosophila 588 

but has no impact on sleep. Flies were housed in 12 hr:12 hr light:dark cycles at 25°C with 589 

ad libitum access to the respective diets throughout the recording period. Data from two 590 

days recoding is averaged and presented. (A) Beam crossing activity across the 24hr light-591 

dark cycle (ZT0 = lights on, ZT12 = lights off; black is control, magenta is 10 µM and orange 592 

is 100 µM). Arrows indicate periods where flies on either of the cadmium diets were more 593 

active than flies on the control diet. (B) Average total beam crossings per day. Cadmium 594 

caused a statistically significant, yet small increase to daytime locomotor activity. (C) 595 

Average total beam crossings per night and (D) the total nocturnal sleep were both 596 

unaffected by cadmium (*P<0.05 by 1-way ANOVA; ns = not significant; n = 20 flies per LAM 597 

vial, six vials per treatment).  598 

 599 

Figure 3. The heart’s response to direct Cadmium exposure.   600 

 601 



Hearts in semi-intact preparations were incubated in Hanks Basic Saline Buffer (HBSS) and 602 

then provided with a HBSS containing different concentrations of CdCl2 (white triangle). 603 

Movement modes (M-mode) kymogram of Drosophila heart contractions were then obtained 604 

from video-microscopy footage. (A) The heart is beating regularly prior to the addition of 10 605 

µM CdCl2 (triangle) and then abruptly stops. (B) The heart stops and then starts again when 606 

1 µM CdCl2 was added (triangle). (C) The heart contractions become highly erratic after 5 607 

minutes in 100 nM CdCl2, with periods of arrythmia as well as periods of contractions 608 

displaying signs of a long cardiac cycle. (D) Quantified heart rate data showing that 609 

Cadmium stops the heart (treatment) but it can recover after replacing the buffer with 610 

cadmium-free HBSS (recovery). **P<0.001 for the effect of the cadmium treatment; ns = not 611 

significantly different at the recovery time; n = 9-10 flies per treatment group. A Kruskal-612 

Wallis test followed by a Dunn’s post hoc test were used to compare groups.  613 

. 614 

 615 

Figure 4. Cadmium’s effect on cardiomyocyte calcium signal.  616 

Response of cardiomyocytes expressing the calcium reporter GCaMP6 to direct 617 

administration of CdCl2 (1 µM). (A) The trace shows the fluorescence signal of the GCaMP6 618 

reporter before and immediately after administration of cadmium. The immediate effect is a 619 

brief period of shallow yet bright calcium waves followed by lengthening of the cardiac cycle 620 

due to long periods of diastole where the calcium signal is lowest. (B) Shows a kymogram of 621 

the corresponding fluorescence signal from the heart that the quantified data were derived 622 

from.  623 

 624 

Figure 5. The impact that dietary Cadmium had on heart function in ageing 625 

Drosophila.  626 

Female flies were maintained for up to 7 weeks on a standard Bloomington diet 627 

supplemented with Cadmium Chloride (10 µM or 100 µM). (A) M-modes show 628 

representations of an individual fly’s heart contractions at weeks 1, 3 and 6 on the respective 629 



diets. (B-E) Heart function was analysed in flies on the control (blue line), 10 µM CdCl2 diet 630 

(orange line) or 100 µM CdCl2 diet (grey line). (B) Mean beats per second (bps) declined 631 

over time in all groups (P<0.01), however the 100 µM diet slowed the decline in heart 632 

dysfunction. (C) The cardiac cycle declined in controls and flies on the 10 µM diet but not in 633 

flies on the 100 µM diet. (D) Similarly, flies on the 100 µM diet were protected from age-634 

dependent lengthening of the systolic interval and (E) diastolic interval. (**P<0.01; 2-Way 635 

ANOVA); n = 17-32 flies per data point. 636 

 637 

Figure 6. Effect of dietary cadmium on heart contraction (fractional shortening).  638 

Female flies were maintained for up to 7 weeks on a standard Bloomington diet 639 

supplemented with Cadmium Chloride (10 µM or 100 µM). Fractional shortening was 640 

calculated from videomicroscopy footage of the beating heart (calculated as the distance the 641 

heart wall moves during a contraction and presented as a percentage of the heart’s diameter 642 

at diastole); flies on the 100 µM Cadmium diet aged differently compared to the controls; 643 

*P<0.05; **P<0.01. Aging had a highly statistically significant effect on fractional shortening, 644 

***P<0.001 by 2-Way ANOVA); n = 15-28 flies per data point. 645 
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