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Synopsis Chemical defense is a crucial component of fitness in many organisms, yet the physiological regulation of defensive 
toxin synthesis is poorly understood, especially in vertebrates. Bufadienolides, the main defensive compounds of toads, are toxic 
to many predators and other natural enemies, and their synthesis can be upregulated by stressors, including predation risk, high 
conspecific density, and pollutants. Thus, higher toxin content may be the consequence of a general endocrine stress response in 
toads. Therefore, we hypothesized that bufadienolide synthesis may be stimulated by elevated levels of corticosterone (CORT), 
the main glucocorticoid hormone of amphibians, or by upstream regulators that stimulate CORT production. To test these 
alternatives, we treated common toad tadpoles with exogenous CORT (exoCORT) or metyrapone (MTP, a CORT-synthesis 
inhibitor that stimulates upstream regulators of CORT by negative feedback) in the presence or absence of predation cues for 
2 or 6 days, and subsequently measured their CORT release rates and bufadienolide content. We found that CORT release 
rates were elevated by exoCORT, and to a lesser extent also by MTP, regardless of treatment length. Bufadienolide content was 
significantly decreased by treatment with exoCORT for 6 days but was unaffected by exposure to exoCORT for 2 days or to 
MTP for either 6 or 2 days. The presence or absence of predation cues affected neither CORT release rate nor bufadienolide 
content. Our results suggest that changes in bufadienolide synthesis in response to environmental challenges are not driven by 
CORT but may rather be regulated by upstream hormones of the stress response. 
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influence the survival not only of the defended animals 
themselves ( Hayes et al. 2009 ; Llewelyn et al. 2012 ), 
but also of other species. For instance, when consum- 
ing unusually toxic prey, predators can suffer high mor- 
tality and population declines, as shown by the infa- 
mous example of invasive cane toads ( Rhinella marina ) 
that endanger native fauna ( Shine 2010 ). On the other 
hand, toxins can also change trophic interactions and 

community structure if predators learn to avoid the 
consumption of toxic animals and switch to alternative 
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sing toxic or noxious chemical compounds for pro-
ection from natural enemies, such as predators,
athogens, parasites, and competitors, is widespread in
he animal kingdom ( Blum 1981 ; Pawlik 1993 ; Brodie
009 ; Casewell et al. 2013 ). Chemical defense is impor-
ant from the perspective of ecology and life-history
volution, as chemically protected animals can have
 longer life span ( Hossie et al. 2013 ) and occupy a

arger niche space ( Arbuckle et al. 2013 ). Toxins can also 
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Fig. 1 Schematic representation of the HPI axis and potential physiological regulatory pathways of bufadienolide synthesis in common toads. 
Green arrows indicate upregulation, whereas a red arrow indicates negative feedback. Abbreviations: CRF, corticotropin-releasing factor; 
ACTH, adrenocorticotropic hormone; CORT, corticosterone; H1, hypothesis 1; H2, hypothesis 2. Photo of a juvenile toad by Nikolett 
Ujhegyi, used with permission. 
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prey ( Webb et al. 2008 ; Nelson et al. 2010 , 2011 ). Fur-
thermore, the presence of effective toxins may also in- 
duce co-evolutionary arms races between prey that pro- 
duce them and predators that adapt to their consump- 
tion by evolving toxin resistance ( Brodie and Brodie 
1990 ; Ujvari et al. 2015 ). Despite the widespread occur- 
rence of chemical defense and its importance for mul- 
tiple aspects of biology, the physiological regulation of 
toxin synthesis remains poorly known in a plethora of 
species. 

Toads (Bufonidae, Amphibia) produce skin secre- 
tions containing, among others, bufadienolides as de- 
fensive compounds, which can be effective against 
predators and possibly also against pathogens ( Toledo 
and Jared 1995 ; Filho et al. 2005 ; Tempone et al. 2008 ;
Barnhart et al. 2017 ; Üveges et al. 2019 ). Bufadienolides 
are potent inhibitors of Na + /K 

+ -ATPase ( Pierre and 

Xie 2006 ; Schoner and Scheiner-Bobis 2007 ; Lingrel 
2010 ) and can cause serious symptoms upon ingestion, 
including nausea, convulsions, hypertension, cardiac 
arrhythmia, and even death ( Toledo and Jared 1995 ; 
Chen and Huang 2013 ; Kamboj et al. 2013 ). The rate 
of bufadienolide synthesis in toads can be increased by 
various environmental factors such as predation risk 
( Hettyey et al. 2019 ), high conspecific density ( Bókony 
et al. 2018 ; Üveges et al. 2021 ), reduced food availabil- 
ity ( Üveges et al. 2017 ), and anthropogenic pollutants 
( Bókony et al. 2017 ). This high diversity of inducing 
stressors raises the question whether upregulated bufa- 
dienolide synthesis is a consequence or part of the gen- 
eralized endocrine stress response. 

The endocrine stress response, which is highly con- 
served across vertebrates ( Denver 2009 ; Godoy et al. 
2018 ), serves to maintain homeostasis by allostasis 
and ensure survival by responding to environmental 
erturbance ( McEwen 1998 ; McEwen and Wingfield
003 ; Koolhaas et al. 2011 ). One integral part of this
ystem is the hypothalamic–pituitary–adrenal (HPA, or
ypothalamic–pituitary–interrenal [HPI]) axis ( Fig. 1 ).
he perception of environmental stressors triggers the
ischarge of corticotropin-releasing factor (CRF) from
he hypothalamus, which in turn induces production of
drenocorticotropic hormone (ACTH) in the anterior
ituitary gland. ACTH stimulates the adrenal glands
or interrenal glands in amphibians and fish; Denver
009 ) to produce glucocorticoid hormones (GCs, no-
ably cortisol and corticosterone [CORT]). GCs mod-
late a multitude of physiological processes, including
etabolism and immune response, and facilitate re-
overy after stress by promoting energy uptake of cells
nd tissues via gluconeogenesis ( Sterling and Eyer 1988 ;
cEwen 1998 , 2004 ; McEwen and Wingfield 2003 ;
enver 2009 ; Godoy et al. 2018 ). On the other hand,
hronic stress might lead to long-term elevated levels
f circulating GCs, resulting in adverse effects such as
uppression of the immune system and cardiovascu-
ar, neurological, and metabolic disorders ( Sterling and
yer 1988 ; McEwen 1998 , 2004 ; McEwen and Wingfield
003 ; Denver 2009 ; Godoy et al. 2018 ). To keep GC lev-
ls in check, the HPA/HPI axis is under internal control
y negative feedback loops. For instance, high levels of
irculating GCs inhibit the release of CRF and ACTH,
hus returning GC secretion to baseline levels ( Gjerstad
t al. 2018 ; Godoy et al. 2018 ; Herman et al. 2020 ). 
Various environmental stressors that trigger the GC

esponse, such as predation risk ( Berger et al. 2007 ;
iddlemis Maher et al. 2013 ), intraspecific competi-

ion ( Glennemeier and Denver 2002a ; Eraud et al. 2008 ;
raasch et al. 2014 ), and anthropogenic pollutants ( Ye
t al. 2015 ; Gabor et al. 2018 ; Monclús et al. 2018 ),
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Fig. 2 Experimental design applied to containers of tadpoles during the last week of the experiment (treatment period), beginning with day 
15. ( a ) treatment length 6 days, ( b ) treatment length 2 days. Beakers represent changing the tadpoles’ rearing water with water containing 
exogenous chemicals (CORT, MTP) or the control solution. Perch represent the addition of reconstituted soft water (control tadpoles) or 
water from the fish’s tank + tadpole homogenate. Icons of beakers used in the figure are licensed by Biorender. 
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lso elevate the synthesis of bufadienolide toxins
 Bókony et al. 2017 , 2018 ; Üveges et al. 2017 , 2021 ;
ettyey et al. 2019 ). Further similarities also suggest
 physiological link between the two groups of com-
ounds. Both CORT and bufadienolides are synthe-
ized from the precursor cholesterol ( Payne and Hales
004 ; Fedorova et al. 2015 ), and the synthesis of car-
iotonic steroids, the compound family bufadieno-
ides belong to, has been suggested to be upregulated
y ACTH in mammals ( Vinge et al. 1993 ; Laredo
t al. 1994 , 1995 ; Li et al. 1994 ; Yamada et al. 1997 ;
ophocleous et al. 2003 ; Dostanic-Larson et al. 2005 ).
owever, the specific physiological regulatory mecha-
isms behind the synthesis of bufadienolides are still
argely unknown (although see Fedorova et al. 1998 ;
ostanic-Larson et al. 2005 ), and explicit information
bout how GCs affect bufadienolide synthesis is, to our
nowledge, entirely lacking. 
Given the information presented above, we hypoth-

sized that the HPI axis may provide a key to un-
erstanding the proximate mechanism of what makes
oads more (or less) toxic. Specifically, we formulated
wo alternative hypotheses ( Fig. 1 ). According to hy-
othesis 1 (H1), increased CORT levels upregulate bu-
adienolide synthesis directly. Conversely, hypothesis 2
H2) postulates that bufadienolide production is reg-
lated by upstream hormones of the HPI axis, which
imultaneously increase the levels of both CORT and
ufadienolides ( Fig. 1 ). To test these alternatives, we
reared tadpoles of the common toad ( Bufo bufo ) in the
laboratory and exposed them to treatments with exoge-
nous CORT (exoCORT), metyrapone (MTP, a CORT
synthesis inhibitor), or a solvent control. We predicted
that treatment with exoCORT would lead to increased
bufadienolide content if H1 was true, but to decreased
bufadienolide content if H2 was true (due to negative
feedback loops inhibiting expression of upstream regu-
lators; Fig. 1 ). MTP is used to test HPA functionality by
blocking CORT synthesis, which in turn can stimulate
the secretion of CRF and ACTH ( Gjerstad et al. 2018 ;
Godoy et al. 2018 ; Herman et al. 2020 ). Thus, in toad
tadpoles treated with MTP, we expected to observe a de-
crease in bufadienolide content if H1 was true, but an
increase if H2 was true ( Fig. 1 ). Because earlier results
indicated that MTP may not reduce CORT in the ab-
sence of stressors ( Gabor et al. 2018 ), we combined the
chemical treatments with a predator treatment (pres-
ence or absence of predation cues; Fig. 2 ) since predator
presence is a natural stressor highly relevant to chemical
defense. To discriminate between the acute and chronic
effects of CORT on bufadienolide synthesis, we applied
the treatments for either 2 or 6 days ( Fig. 2 ). 

Materials and Methods 
Experimental procedures 

We collected 50 common toad eggs from each of
8 clutches (egg strings) in April 2019 from a pond
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located in the Pilis Mountains, Hungary (Zánkói rét, 
47.740515°N, 19.016276°E). We transported eggs to the 
laboratory at the Plant Protection Institute in Budapest. 
Eggs and embryos from each clutch were kept together 
in 1 L reconstituted soft water (RSW, 48 mg/L NaHCO 3 , 
30 mg/L CaSO 4 × 2H 2 O, 61 mg/L MgSO 4 × 7H 2 O 

and 2 mg/L KCl dissolved in UV treated, reverse os- 
mosis filtered, aerated tap water) in the laboratory 
until hatching, after which the water level was in- 
creased to 9 L (container size: 26.8 × 36.9 × 16.6 cm, 
width × length × height) until tadpoles reached the 
free-swimming stage (developmental stage 25, Gosner 
1960 ). The air temperature in the laboratory was 
20.1 ± 1.1°C, resulting in 19.0 ± 0.2°C water tempera- 
ture in tadpole containers. The light:dark cycle was ad- 
justed weekly to simulate natural changes in photope- 
riod. 

We began the experiment when the tadpoles 
reached the free-swimming stage (day 1). We hap- 
hazardly selected 36 toad tadpoles from each clutch 

and placed them individually into 2-L plastic boxes 
(11.8 × 16.5 × 12.8 cm) containing 1 L RSW. We fed 

experimental tadpoles throughout the study twice a 
week ad libitum. To ensure that cholesterol, the precur- 
sor for both endogenous CORT and bufadienolides, 
was not a limiting factor for the tadpoles, we fed them 

with a 20:1 mixture of slightly boiled, chopped spinach 

and minced axolotl food (JBL NovoLotl M, fat content 
12%). We changed the water of tadpoles twice a week 
for 2 weeks until the start of the treatment period (see 
below). 

On day 15 of the experiment, we assigned the tad- 
poles randomly to treatments with exogenous chemi- 
cals combined with the simultaneous presence or ab- 
sence of predation cues for either 6 or 2 days in a fully 
crossed design (see below for details, Fig. 2 ). We ap- 
plied treatments during the third week of the exper- 
iment, when toxin production of common toad tad- 
poles reacts strongest to environmental change ( Ujszegi 
et al. 2017 ; Üveges et al. 2017 ). We applied treatments 
only for relatively short periods because CORT inhibits 
the growth and development of tadpoles ( Glennemeier 
and Denver 2002b ), and we wanted to avoid induc- 
ing a strong effect on the formation of cells produc- 
ing bufadienolides ( Delfino et al. 1995 ). Experimental 
containers were arranged in a randomized block de- 
sign with each block containing one individual from 

each treatment × clutch combination. We repeated each 

treatment × clutch combination three times (3 blocks). 
Therefore, the total number of experimental units was 
288 toad tadpoles (8 clutches × 2 treatment lengths (6 
or 2 days) × 3 chemical treatments (exoCORT, MTP, 
and control) × 2 predation cue treatments (cues present 
or absent) × 3 blocks). During the experiment, three 
adpoles died for unknown reasons, reducing the final
ample size to 285. 
To manipulate the internal CORT levels of experi-
ental tadpoles, we exposed them either to exoCORT
r MTP (Sigma–Aldrich). As a solvent control treat-
ent, the third group of the tadpoles received the same
oncentration of ethanol (EtOH) as their conspecifics
n the exoCORT and MTP treatments. We did not use a
ontrol treatment with RSW only (without EtOH), be-
ause previous studies showed that the low concentra-
ion of ethanol used in our experiment does not affect
he development and growth of tadpoles ( Rohr et al.
013 ; Young et al. 2020 ), including common toad larvae
 Verebélyi 2017 ). Right before the start of treatments,
e created stock solutions of CORT (cc. 25 mg/ml) and
TP (cc. 30 mg/ml) by dissolving them in 96% EtOH
nd stored these in the dark at 4°C until use. Similar
o previous studies ( Glennemeier and Denver 2002a ,
002b ; Forsburg et al. 2019 ; Gabor et al. 2019 ), we di-
uted stock solutions to final concentrations of 125 nM
xoCORT, 110 μM MTP, and 1 μL/L EtOH by adding
hem to RSW before each change of the rearing water of
adpoles. These concentrations of exoCORT and MTP
ncrease and decrease, respectively, CORT in amphib-
an larvae, by approximately 50% ( Glennemeier and
enver 2002a , 2002b ; Forsburg et al. 2019 ; Gabor et al.
019 ). We exposed tadpoles to exogenous chemicals by
hanging the water of experimental animals using these
reshly prepared solutions on days 15, 17, and 19 (6-day
reatment) or only on day 19 (2-day treatment, Fig. 2 ).
his way, tadpoles were able to absorb exoCORT and
TP from their rearing water ( Hayes and Wu 1995 ;
lennemeier and Denver 2002a , 2002b ; Middlemis
aher et al. 2013 ; Gabor et al. 2018 ). 
During the treatment period, half of the experi-
ental tadpoles received cues indicating the presence
f common perch ( Perca fluviatilis ), a predatory fish
o which common toad larvae can respond with in-
reased bufadienolide production ( Hettyey et al. 2019 ).
redator cues were provided by six fish (body mass,
ean ± SD: 39.28 ± 7.07 g) kept under laboratory
onditions in 130 L aerated RSW, which was changed
nce a week. Fish were fed 3 times a week with 40
ive agile frog ( Rana dalmatina ) tadpoles and Tubifex
orms ad libitum during the first 2 weeks of the exper-
ment. From day 14 until the termination of the experi-
ent, we fed fish daily with 6.06 ± 0.38 g (mean ± SD)

ive agile frog tadpoles only. We fed fish with tadpoles
o simulate a high risk of tadpole predation in gen-
ral and to thereby elicit strong antipredator responses
n toad larvae ( Laurila et al. 1997 ; Schoeppner and
elyea 2005 ; Hettyey et al. 2015 ). We did not offer com-
on toad tadpoles as food, because fishes often, but
ot always, avoid consuming them ( Üveges et al. 2019 ),
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hich would have made it difficult to obtain replica-
le quantities of chemical cues of predation risk. Ag-
le frog tadpoles used for feeding fish were collected as
ggs in a pond in the Pilis Mountains, Hungary (Jávor
ó, 47.713646°N, 19.019953°E). Agile frog tadpoles and
oad tadpoles used for the preparation of stimulus wa-
er (see below) were raised in the same way as focal
adpoles until developmental stage 25, after which they
ere reared in outdoor mesocosms. After the termina-
ion of the experiment, all remaining tadpoles were re-
eased to their pond of origin. 
During the treatment period, we created stimu-

us water daily by homogenizing 276.33 ± 27.82 g
mean ± SD, days 15–18) and 487.55 ± 14.35 mg
oad tadpoles (days 19–20) with a blender in ca. 50
L RSW ( Benard and Fordyce 2003 ; Hettyey et al.
019 ). This resulted in the immediate death of tad-
oles. We opted for this method, because we did not
ant chemicals (e.g., MS222) used for euthanizing tad-
oles to affect our experimental animals ( Achtymichuk
t al. 2022 ). We then added this homogenate to 2 and
.5 L water, respectively, taken from the fish tank 2–
 h after feeding the fish. This way, the concentration
f chemical cues in the stimulus water was kept con-
tant during the whole treatment period. We refilled the
sh tank to the original volume with RSW after each
timulus-water preparation. We added the tadpole ho-
ogenate to ensure that experimental tadpoles were ex-
osed to sufficiently high concentrations of conspecific
rey-borne cues of predation to elicit strong antipreda-
or responses ( Laurila et al. 1997 ; Schoeppner and Re-
yea 2005 ; Hettyey et al. 2015 ). During the treatment
eriod, we added 20 mL of stimulus water (predation
ue treatment) or clean RSW (control treatment) to the
ater of focal tadpoles daily using a pipette. As a re-
ult, experimental tadpoles were exposed to chemical
ues corresponding to 34.05 ± 1.15 mg/L fish (sources
f kairomones, mean ± SD), 0.89 ± 0.01 mg/L agile
rog tadpoles (chemical cues released by the fish di-
esting frog tadpoles and sources of alarm pheromones
r “Schreckstoff,” von Frisch 1942 ), as well as to
.66 ± 0.21 mg/L homogenized conspecifics (sources
f chemical cues of conspecifics released by mechanical
amage). 
We terminated the experiment on day 21 after ap-

lying a noninvasive water-borne hormone sampling
ethod that measures the amount of CORT released by

adpoles into the surrounding water ( Gabor et al. 2013a ;
augh et al. 2018 ; Forsburg et al. 2019 ). This method
rovides a CORT measurement that is repeatable within
ndividuals, correlates with plasma levels, and responds
o ACTH challenge ( Gabor et al. 2013a , 2016 ; Forsburg
t al. 2019 ). All experimental tadpoles were transferred
rom their rearing containers to individual 0.5 L plas-
tic cups containing 100 mL RSW in a random order
between 09:00 and 10:00 am. To avoid transferring ex-
ogenous chemicals, we first poured the rearing water of
experimental animals through a stretched-out aquar-
ium net. Then, we used a dry piece of mosquito net
(single-use for each animal) to transfer each tadpole one
by one from the surface of the aquarium net into the
plastic cups. After each tadpole spent 1 h in the cup,
we poured the water into individual polypropylene (PP)
containers and stored the water samples at –20°C until
analysis. We then preserved each tadpole in a micro-
centrifuge tube containing HPLC (high-performance
liquid chromatography) grade absolute methanol for
chemical analysis of their toxin content, which resulted
in the immediate death of tadpoles. The developmen-
tal stage of tadpoles (median: 35, range: 32–37, Gosner
1960 ) was determined by inspecting the preserved tad-
poles under a stereomicroscope. 

The study was approved by the Environment Pro-
tection and Nature Conservation Department of the
Pest County Bureau of the Hungarian Government (PE-
06/KTF/8060–1/2018, PE-06/KTF/8060–2/2018, PE-
06/KTF/8060–3/2018, and PE/EA/295–7/2018,) as well
as by the Ethics Committee of the Plant Protection In-
stitute, Centre for Agricultural Research, Eötvös Loránd
Research Network. 

Preparation of hormone samples and analysis of 
CORT release rates 

We extracted the CORT content of water samples using
C18 solid phase extraction (SPE) columns (Sep-Pak
Vac, 3cc/500mg, Waters Inc.) following an established
protocol ( Gabor et al. 2013a , 2016 ; Forsburg et al.
2019 ). We primed each SPE column with 4 mL HPLC
grade abs. methanol and 4 mL reverse-osmosis filtered
water. Samples were forced through SPE columns using
Tygone tubing under a vacuum. We eluted samples
with 4 mL HPLC grade absolute methanol into 5 mL
PP microcentrifuge tubes. The eluted solution was
kept at –20°C until samples were transferred into
15 mL PP centrifuge tubes and dried out by vacuum
centrifugation (40°C, 1000 rpm, 100 Pa) and frozen
again. Samples were analyzed using a competitive
enzyme-linked immunosorbent assay (ELISA, Cayman
Chemical Inc.) following the manufacturers’ protocol
and based on the previously published methodology
( Gabor et al. 2013a , 2016 ). We dissolved each sample
in 12.5 μL of 96% EtOH, vortexed them for 5 min, and
subsequently added 237.5 μL ELISA buffer to obtain
a final volume of 250 μL. Samples obtained this way
were homogenized on an orbital shaker for 45 min to
promote dissolution of CORT in the ethanol–buffer so-
lution before transferring them to plates. Two samples
were lost during the preparation process, leaving us
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with 283 samples to be analyzed for CORT content. The 
ELISA color reaction was quantified at 412 nm wave- 
length using a microplate reader (Synergy HT, Bio-Tek 
Instruments). 

Because we had no prior information on the range 
of waterborne CORT concentration in common toad 

samples, we prepared a dilution series from six samples 
to estimate the approximate range of sample concentra- 
tions in our study. To account for variation in the CORT 

concentrations of our samples, we then analyzed two di- 
lutions of each sample that would potentially fit in the 
linear region of the standard curve of the CORT stan- 
dard. For subsequent statistical analyses, we used CORT 

concentrations of the dilution with the best fit. CORT 

concentrations were corrected for dilution. Due to lim- 
ited ELISA kit availability, we could not analyze samples 
of the same dilution in duplicate. Therefore, the intra- 
assay coefficient of variation (CV) could not be calcu- 
lated. The inter-assay CV, calculated from concentra- 
tions of the CORT standard, was 9.4%. 

Preparation of toxin samples and analysis of 
bufadienolide content 

We prepared and analyzed bufadienolide samples fol- 
lowing an established protocol (for a detailed descrip- 
tion of methods, see the Supplementary material and 

Hettyey et al. 2019 ; Üveges et al. 2021 ). Briefly, we ho- 
mogenized preserved tadpoles and dried the resulting 
homogenates, then we measured the dry mass of sam- 
ples and re-dissolved them in 1 mL HPLC-grade abso- 
lute methanol. Finally, we filtered samples and analyzed 

the resulting solution using HPLC with diode-array de- 
tection and mass spectrometry (HPLC-DAD-MS). Bu- 
fadienolides were identified based on their character- 
istic peaks in the UV spectrum ( Benard and Fordyce 
2003 ; Hagman et al. 2009 ; Üveges et al. 2017 , 2019 ; 
Bókony et al. 2018 ; Hettyey et al. 2019 ), by co-injection 

with selected bufadienolide standards and by addition- 
ally analyzing a bulk toxin sample from 49 juvenile 
common toads. 

Statistical analysis 

We considered a specific bufadienolide to be present 
if its signal-to-noise ratio was at least three in the 
chromatogram ( Hettyey et al. 2019 ; Üveges et al. 2019 , 
2021 ). We estimated the quantity of each compound 

from the area values of MS chromatogram peaks 
based on the calibration curve of the marinobufotoxin 

standard. We subsequently summed these values to 
obtain estimates of the total bufadienolide quantity 
(TBQ) for each individual. This approach results in 

rough estimates of bufadienolide content, but because 
commercially available standards are lacking for most 
bufadienolide compounds, this is currently the best 
uantification method available ( Benard and Fordyce
003 ; Hagman et al. 2009 ; Üveges et al. 2021 ). 
For data analysis, the CORT release rate for each tad-

ole was expressed as the total amount of CORT re-
eased per hour, divided by tadpole dry mass (pg/mg/h).
oxin content was expressed as mass-corrected TBQ
mcTBQ, ng/mg) by dividing the TBQ by tadpole dry
ass. The response variables were adjusted to body
ass to account for the potential allometric relationship
etween body mass and TBQ or CORT release rate (Fig.
1), and because body mass and developmental stage
ere highly correlated (Fig. S2). 
All statistical analyses were run in R 4.0 ( R Develop-
ent Core Team 2017 ) using linear mixed-effects mod-
ls. We log 10 -transformed both CORT release rate and
cTBQ to meet the model assumptions based on diag-
ostic residual plots. We used the “lmer” function of the
lme4” package ( Bates et al. 2015 ) to analyze CORT re-
ease rate. We included treatment length (2 or 6 days),
resence or absence of predation cues, and the type
f exogenous chemicals (exoCORT, MTP, or EtOH) as
xed factors, and developmental stage centered to the
ean as a covariate, as well as all two-way interactions
etween the fixed factors and their three-way inter-
ction. We included clutch and block as crossed ran-
om factors. To analyze log 10 -transformed bufadieno-
ide content, we used the same model structure as for
ORT release rate, except that clutch was used as the
ole random factor. Preliminary analysis of data indi-
ated that the block had no effect on mcTBQ, there-
ore, it was omitted from this model. To account for
ifferences in variances between the twelve treatment
ombinations and to improve model fit, we included
he “w eights” ar gument with the “varIdent” function
n the mcTBQ model, which was run with the “lme”
unction of the “nlme” package ( Pinheiro et al. 2017 ).
e obtained P values from type-2 analysis-of-deviance

ANOVA) tables implemented in the “car” package ( Fox
nd Weisberg 2019 ). We conducted post-hoc pairwise
omparisons among treatment groups using linear con-
rasts implemented in the “emmeans” package ( Lenth
023 ). P values were corrected for multiple compar-
sons by using the false discovery rate (FDR) method
 Benjamini and Hochberg 1995 ; Pike 2011 ). We present
he results of pairwise comparisons using means ± 84%
onfidence intervals (CI), as suggested by Payton et al.
2003) for assessment of equality among groups ( Fig. 3 ).
onoverlapping CIs indicate significant differences be-
ween groups after correction for FDR. Additionally,
e tested Pearson’s product–moment correlation im-
lemented in base R and partial correlation controlling
or the developmental stage using the “ppcor” package
 Kim 2015 ) between log 10 transformed CORT release
ate and log 10 transformed mcTBQ. 



An experimental study on the regulation of bufadienolide toxin synthesis 7 

a

b

c

a

b

c

1.0

1.5

2.0

2.5

3.0
lo

g
10

C
O

R
T

re
le

as
e

ra
te

(p
g

/m
g

/h
) Treatment

Control
exoCORT
MTP

(a)

a

a

a
a

b

a,b*

3.35

3.40

3.45

3.50

3.55

3.60

2 6

Treatment length (days)

lo
g

10
m

cT
B

Q
(µ

g
/m

g
)

(b)

Fig. 3 Effects of treatments (exoCORT: exogenous corticosterone, 
MTP: metyrapone) on corticosterone (CORT) release rate ( a ) and 
mass-corrected total bufadienolide content (mcTBQ, b ) of toad tad- 
poles. Error bars represent estimated means and 84% confidence in- 
tervals (CI) calculated from linear mixed-effects models ( N = 283). 
Nonoverlapping CIs indicate significant differences between groups 
after correction for false discovery rate. Letters above the error bars 
represent pairwise comparisons; groups not sharing any letter differ 
significantly ( P < 0.05). An asterisk depicts a marginally non-significant 
difference ( P = 0.071) between groups treated with exoCORT and 
MTP. 
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esults 
he CORT release rate of tadpoles was significantly af-
ected by exogenous chemicals ( Table 1 ). Tadpoles ex-
osed to exoCORT released significantly more CORT
ompared to the control and MTP-treated groups, while
adpoles in the MTP group exhibited intermediate
ORT release rates, differing significantly from those in
he control and exoCORT groups ( Table 2 , Fig. 3 a). The
ffect of developmental stage on the CORT release rate
as also significant: more developed tadpoles excreted
ower amounts of CORT ( Table 1 , Fig. S3A). Treatment
ength, predation cues, and their interactions had no
ignificant effect on CORT release rates ( Table 1 ). 
mcTBQ of tadpoles was significantly affected by the

nteraction between treatment length and exposure to
xogenous chemicals ( Table 1 ). In the 6-day treatments,
adpoles exposed to exoCORT contained significantly
lower mcTBQ than control tadpoles and marginally
nonsignificantly lower mcTBQ than tadpoles exposed
to MTP, while the toxin content of tadpoles in the con-
trol group and those exposed to MTP did not differ
significantly from each other ( Table 2 , Fig. 3 b). Con-
versely, in tadpoles treated for 2 days, mcTBQ did not
differ a mong treatments. The developmental stage of
tadpoles significantly influenced mcTBQ, where more
developed tadpoles contained lower amounts of bufa-
dienolides per unit mass ( Table 1 , Fig. S3B). Predator
treatment and its interactions had no significant effect
on mcTBQ ( Table 1 ). 

Mass-corrected bufadienolide quantity significantly
and positively correlated with CORT release rate
( r = 0.226, P < 0.001, Fig. S4). However, this relation-
ship was driven by developmental stage (Fig. S3): when
we controlled for this covariate the correlation was no
longer significant ( r = 0.049, P = 0.414). 

Discussion 

Treating tadpoles with exogenous CORT resulted in sig-
nificantly increased CORT release rates, regardless of
treatment length, and this effect was accompanied by
a decrease in bufadienolide toxin content after 6 days.
Based on these results, we can reject the hypothesis that
the chemical defense of toad tadpoles is upregulated by
increased CORT levels (H1, Fig. 1 ). The observed re-
lationship between CORT release rate and bufadieno-
lide content in our study is in concordance with previ-
ous findings indicating that exposure to the amphibian
chytrid fungus ( Batrachochytrium dendrobatidis [Bd]),
an important amphibian pathogen, induces increased
CORT levels in multiple amphibian species (e.g., Gabor
et al. 2013b , 2015 , 2018 , but see Hammond et al. 2020 ),
but decreases bufadienolide content of common toad
tadpoles ( Ujszegi et al. 2021 ; Kásler et al. 2022 ). We cau-
tion, however, against interpreting our result as CORT
inhibiting bufadienolide synthesis, for the following
reasons. First, multiple studies report that various en-
vironmental stressors (e.g., intraspecific competitors,
predators, anthropogenic pollutants) known to increase
CORT levels in animals (e.g., Glennemeier and Denver
2002a ; Berger et al. 2007 ; Eraud et al. 2008 ; Middlemis
Maher et al. 2013 ; Braasch et al. 2014 ; Ye et al. 2015 ;
Gabor et al. 2018 ; Monclús et al. 2018 ) also lead to
increased bufadienolide production in toads ( Bókony
et al. 2017 , 2018 ; Hettyey et al. 2019 ; Üveges et al.
2021 ). Second, we found that individual variation in
bufadienolide content was not correlated with varia-
tion in CORT release rate after controlling for the de-
velopmental stage. We propose instead that our results
on the effects of exoCORT treatment indirectly support
the second hypothesis of our study (H2, Fig. 1 ), that
is, that bufadienolide synthesis is induced by upstream
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Table 1 Treatment effects (type-2 analysis of deviance) on corticosterone (CORT) release rate and mass-corrected bufadienolide quantity 
(mcTBQ) of toad tadpoles. 

Response Effect χ2 df P 

CORT release rate Developmental stage 57 .776 1 < 0 .001 

Exogenous chemicals 2674 .305 2 < 0 .001 

Predation cues 0 .456 1 0 .499 

Treatment length 2 .365 1 0 .124 

Exogenous chemicals × predation cues 3 .024 2 0 .221 

Exogenous chemicals × treatment length 3 .079 2 0 .215 

Predation cues × treatment length 0 .193 1 0 .661 

Exogenous chemicals × predation cues × treatment length 0 .91 2 0 .634 

mcTBQ Developmental stage 272 .422 1 < 0 .001 

Exogenous chemicals 0 .559 2 0 .756 

Predation cues 0 .014 1 0 .906 

Treatment length 1 .257 1 0 .262 

Exogenous chemicals × predation cues 0 .071 2 0 .965 

Exogenous chemicals × treatment length 10 .327 2 0 .006 

Predation cues × treatment length 2 .28 1 0 .131 

Exogenous chemicals × predation cues × treatment length 3 .44 2 0 .179 

Significant effects are highlighted in bold. 

Table 2 Effects of exogenous chemicals on corticosterone (CORT) release rate and mass-corrected total bufadienolide quantity (mcTBQ) of 
toad tadpoles. 

Response 
Treatment 
length (days) Contrast Estimate SE df t P 

CORT release rate 2 exoCORT—MTP –1 .312 0 .044 261 –30 .067 < 0 .001 

2 EtOH—exoCORT 1 .546 0 .044 261 35 .423 < 0 .001 

2 EtOH—MTP 0 .234 0 .044 261 5 .376 < 0 .001 

6 exoCORT—MTP –1 .215 0 .044 262 –27 .711 < 0 .001 

6 EtOH—exoCORT 1 .453 0 .045 263 32 .653 < 0 .001 

6 EtOH—MTP 0 .238 0 .043 262 5 .491 < 0 .001 

mcTBQ 2 exoCORT–—MTP –0 .024 0 .028 264 –0 .855 0 .590 

2 EtOH—exoCORT 0 .038 0 .027 264 1 .401 0 .487 

2 EtOH—MTP 0 .014 0 .026 264 0 .518 0 .605 

6 exoCORT—MTP 0 .062 0 .031 264 1 .991 0 .071 

6 EtOH—exoCORT –0 .097 0 .034 264 –2 .898 0 .012 

6 EtOH—MTP –0 .035 0 .030 264 –1 .194 0 .233 

Estimates of linear contrasts are differences between the mean values of tadpoles exposed to the solvent control (EtOH), exogenous CORT (exo- 
CORT), or metyrapone (MTP). P values were corrected using the FDR method for each dependent variable. Significant differences are highlighted in 
bold. 

H  

s  

s  

u  

l  

a  
hormones of the HPI axis, such as ACTH ( Fedorova 
et al. 1998 ; Dostanic-Larson et al. 2005 ). Although 

we did not measure ACTH in our experimental tad- 
poles, treating them with exoCORT most probably led 

to the suppression of ACTH discharge due to nega- 
tive feedback ( Gjerstad et al. 2018 ; Godoy et al. 2018 ; 
erman et al. 2020 ), which may have ultimately re-
ulted in decreased bufadienolide content. While our
tudy cannot provide direct evidence for the role of
pstream brain hormones in regulating bufadieno-
ide production in toads (H2, Fig. 1 ), this remains
 probable pathway, since previous studies suggested
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CTH-induced synthesis of endogenous cardiotonic
teroids ( Vinge et al. 1993 ; Laredo et al. 1994 , 1995 ;
i et al. 1994 ; Yamada et al. 1997 ; Sophocleous et al.
003 ; Dostanic-Larson et al. 2005 ), including uniden-
ified bufadienolide-like compounds ( Fedorova et al.
998 ), in mammals. 
We expected that treatment with MTP would lead

o decreased CORT release rates compared to con-
rol animals, as in previous studies on amphibians
 Glennemeier and Denver 2002a , 2002b ). However, we
ound instead that MTP slightly, albeit significantly, in-
reased CORT release rates compared to control tad-
oles, regardless of treatment length. Such inconsistent
ffects of MTP treatment have been reported previ-
usly ( Glennemeier and Denver 2002a ; Kulkarni et al.
017 ; Gabor et al. 2018 ; Kennedy et al. 2020 ). There
ay be multiple, mutually nonexclusive explanations

or the inability of MTP to reduce CORT. First, it is
ikely that the MTP concentration used in our study did
ot entirely impede CORT synthesis ( Glennemeier and
enver 2002a , 2002b ). Therefore, the elevated level of
ORT observed in tadpoles treated with MTP may have
imply been a consequence of compensatory ACTH
elease due to decreased CORT synthesis ( Coppage
t al. 1959 ; McEwen 2007 ). Second, MTP inhibits aldos-
erone (ALDO) synthesis by inhibiting the transforma-
ion of 11-deoxycorticosterone to CORT and then that
f CORT to ALDO ( Gower 1974 ). ALDO is a potent
ineralocorticoid, regulating natriuresis and water re-

ention ( Liddle 1958 ), and decreased levels of this hor-
one lead, among others, to increased urine volume

 Liddle 1958 ; Brismar et al. 1985 ; Costello-Boerrigter
t al. 2003 ). Since in our study we measured CORT re-
ease rate of tadpoles, it is possible that the apparently
ncreased CORT in response to MTP is a consequence
f increased urine (and this way CORT) excretion due
o the inhibition of ALDO synthesis. 
We observed a decrease in bufadienolide content

nly after a 6-day exposure period to exoCORT. It is
ell known that systemic effects of GCs fundamen-
ally differ when high levels are sustained only acutely
ersus chronically ( Sterling and Eyer 1988 ; McEwen
998 , 2004 ; McEwen and Wingfield 2003 ; Denver 2009 ;
iddlemis Maher et al. 2013 ; Godoy et al. 2018 ). Ef-

ects of acute exoCORT exposure, or spikes in in-
ate CORT levels, are relatively quickly counteracted
y other physiological processes, and the concentra-
ions of CORT and upstream hormones return to
aseline levels ( McEwen 1998 ; McEwen and Wing-
eld 2003 ; Romero et al. 2009 ; McEwen et al. 2015 ).
n the other hand, chronically high levels of CORT
an induce emergency countermeasures or even patho-
ogical changes in a multitude of physiological pro-
esses ( Sterling and Eyer 1988 ; McEwen 1998 , 2004 ;
McEwen and Wingfield 2003 ; Denver 2009 ; Godoy et al.
2018 ). Such effects of the 6-day exoCORT treatment
might have led to a decrease in bufadienolide content
by, for example, the breakdown of the acidic bile-acid
pathway of steroidogenesis ( Fedorova et al. 2015 ), or
depletion of toxin reserves due to catabolism of toxin
compounds for energy release. 

Lastly, exposure to predation cues did not result
in increased CORT release rates in experimental tad-
poles. It is possible that cues on the presence of preda-
tors are relatively weak triggers of the endocrine stress
response in common toad tadpoles. For instance, in-
duced responses against predators in, for example, be-
havior and morphology are accompanied by increased
CORT levels in amphibians ( Middlemis Maher et al.
2013 ; Kulkarni and Gramapurohit 2017 ), but common
toad tadpoles display less intense behavioral and mor-
phological plasticity to the presence of predators com-
pared to larvae of other amphibians ( Laurila et al. 1998 ;
Lardner 2000 ; Van Buskirk 2002 ). This is possibly due
to the effectiveness of bufadienolides providing defense
against various predator species even at non-induced
levels ( Üveges et al. 2019 ). Future studies similar to the
current experiment should use a higher concentration
of predator cues or other types of (possibly more ef-
fective) stressors to trigger the upregulation of CORT
release rates in toad tadpoles. 

Bufadienolides are emerging as important com-
pounds for multiple fields of research. They are con-
sidered to be important ion-transport regulators and
agents of cell signaling ( Pierre and Xie 2006 ; Schoner
and Scheiner-Bobis 2007 ; Lingrel 2010 ; Lichtstein et al.
2012 ); however, to the best of our knowledge, stud-
ies investigating the housekeeping aspect of bufa-
dienolides are entirely lacking outside of mammals.
Therefore, it would be worthwhile for future studies
to also focus on nonmodel vertebrates. Investigating
how bufadienolide production influences other phys-
iological processes would also be welcome. For in-
stance, bufadienolides can also inhibit steroidogene-
sis ( Kau et al. 2012 ); therefore, changes in bufadieno-
lide levels may also influence sex-hormone synthe-
sis. The consequences of this interaction are currently
not known, but could potentially impact individual fit-
ness and thus population dynamics and survival in
the long run ( Bókony et al. 2019 ). A deeper under-
standing of the regulation of these compounds might
also benefit native populations suffering from inva-
sive toad species ( Shine 2010 ; Licata et al. 2019 ), by,
for example, potentially leading to methods for se-
lective inhibition of bufadienolide synthesis, thereby
facilitating the survival of toad predators ( Phillips
and Shine 2006 ; Greenlees et al. 2010 ; Caller and
Brown 2013 ). Last but not least, research on how these
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housekeeping molecules became effective chemical 
weapons may also provide important insights into 
molecular evolution. Clearly, more research is needed 

to shed light on the background of phenotypically plas- 
tic bufadienolide synthesis, and its potential effects on 

the physiology of animals, as well as its ecological and 

evolutionary consequences. 
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