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Abstract

Sampling blood for endocrine analysis from some species may not be practical or ethical. Quantification of hormones
extracted from nontypical sample types, such as keratinized tissues, offers a less invasive alternative to the traditional col-
lection and analysis of blood. Here, we aimed to validate assays by using parallelism and accuracy tests for quantification
of testosterone, corticosterone, progesterone, and tritodothyronine (T5) in shed skins of tegu lizards. We assessed whether
hormone content of sheds varied across one year similar to what was previously detected in plasma samples. In addition,
we aimed to identify the phase relationship between hormone levels of shed skin and plasma levels obtained from the same
animals. High frequency of shedding occurred during the active season for tegus (spring/summer), while shedding ceased
during hibernation (winter). All hormones measured in shed skins exhibited seasonal changes in concentration. Levels of
testosterone in shed skins of male tegus correlated positively with plasma testosterone levels, while corticosterone in both
males and females exhibited an inverse relationship between sample types for the same month of collection. An inverse
relationship was found when accounting for a lag time of 3 and 4 months between sheds and plasma testosterone. These
results indicate that endocrine content of sheds may be confounded by factors (i.e., seasons, environmental temperature,
thermoregulatory behavior, among others) that affect frequency of molting, skin blood perfusion, and therefore hormone

transfer from the bloodstream and deposition in sheds of squamates.
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Introduction

Hormones coordinate and integrate animal physiology and
behavior. These regulatory molecules are produced by spe-
cialized groups of cells, secreted into the bloodstream and
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circulate throughout the body before binding to receptors
at target cells. While circulating, many hormones perme-
ate a variety of tissue types, which allow alternative sample
types to be used for inferring animals’ physiological status.
Hormone concentrations have been quantified in a diversity
of sample types besides blood, among them, saliva, urine,
feces, tissue biopsies (e.g., skin, adipose tissue), and whole-
body homogenate, as well as cornified epithelial tissues such
as skin, nail, hair, feather, horn and whale baleen (Lattin
et al. 2011; Berkvens et al. 2013; Baxter-Gilbert et al. 2014,
Gardell et al. 2015; Fernandez Aj6 et al. 2018).

Cornified epithelial tissues incorporate hormones into
the keratin matrix as the tissue grows and then retain the
incorporated hormone over weeks, months or even years
(Hunt et al. 2016). These tissues therefore may enable
retrospective analysis of hormone secretion, which can
reveal aspects of an animal’s physiological status over time
(Fernandez Aj6 et al. 2018; Hunt et al. 2018). For exam-
ple, quantification of hormones from keratinized tissues
may identify reproductive events or nutritional stress in
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prior months or years, or facilitate identification of periods
of chronic stress in species where collection of blood is not
recommended or practical (Hunt et al. 2014, 2016). For
instance, corticosterone content of a bird feather is thought
to represent hormone that circulated during the period of
tissue growth during feather molt (Bortolotti et al. 2008;
Jenni-Eiermann et al. 2015) while continuously-growing
keratinized tissues, such as whale baleen, can provide a
continuous time series of endocrine information spanning
months or years (Hunt et al. 2018). Hormone content of
such tissues may or may not correlate with plasma hor-
mone content due to the variable “lag time” and the dif-
ferent time frames and temporal integration of hormone
in the tissue as compared to plasma.

Shed skin (sheds) of reptiles is a tissue that has not been
fully investigated for its utility as a sample type for retro-
spective analysis of hormone content. Episodic shedding
of the epidermis associated with growth is common among
the Squamata (snakes and lizards) (Chang et al. 2009). The
frequency and pattern of shedding differs among species
and environments and is influenced by nutritional status
and growth rate (Semlitsch 1979; Gibson et al. 1989; Maas
2013; Carlson et al. 2014). Shedding in lizards like tegus is
asynchronous across the body, with shedding occurring in
a patchwork fashion (e.g., small and large pieces of shed),
while snakes typically shed a single contiguous piece (Ling
1972; Vitt and Caldwell 2008). Generally, squamates have
an episodic molting cycle with two phases, resting and
renewal. Depending on species, the resting phase lasts for a
few days to many months and is characterized by a reduction
or absence of mitosis in the epidermis. The renewal phase
requires about 14 days and is characterized by epidermal
proliferation and differentiation as a new epidermal layer is
laid down underneath the existing layer (Vitt and Caldwell
2008; Chang et al. 2009). In keratinized epidermal tissues of
other vertebrates, hormones are incorporated over the time
that the living tissue is growing, through diffusion from
the bloodstream (Jenni-Eiermann et al. 2015; Hansen et al.
2016; Erickson et al. 2017). Assuming reptilian skin func-
tions similarly, circulating hormones are most likely depos-
ited into keratinized layers of reptilian epidermis during the
renewal phase. Thus, reptilian sheds could be useful as a
sample type for retrospective evaluation of physiological sta-
tus, since its collection is minimally or noninvasive, avoids
capture stress, and might be useful for species from which
blood sampling is not advisable or permitted. However,
because few studies have used sheds as a potential matrix
for assessments of a reptile’s endocrine history (Berkvens
et al. 2013; Carbajal et al. 2018), it remains unclear whether
sheds accumulate and retain hormones at physiologically
meaningful levels. Thus, the value of sheds as a sample type
for determining longitudinal profiles of reproduction, nutri-
tional status, exposure to stressors, etc., is not known.
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The tegu (Salvator merianae) is a large, widely distributed
lizard endemic to South America (Ribeiro-Jtnior 2015; Jar-
nevich et al. 2018) that exhibits a pronounced seasonal cycle
of metabolism, reproduction, activity and hibernation, which
occurs during the austral winter (i.e., from end-May to early-
August) (Abe 1983, 1995; Sanders et al. 2015; Zena et al.
2019, 2020). We have previously shown that plasma levels
of testosterone peak in males in September, during the repro-
ductive season for S. merianae in southeastern Brazil (Lopes
and Abe 1999), coinciding with male-typical reproductive
behaviors such as scent marking (femoral gland secretion),
courtship and mating (Zena et al. 2019). Regarding females,
progesterone surges in October and is associated with ovula-
tion when gravid females exhibit nest-building behavior before
oviposition. Interestingly, the thyroid hormone Tj (triiodothy-
ronine), known for regulating energy metabolism, varies sea-
sonally in tegus and exhibits sex-dependent differences, with
females showing a two-fold increase in plasma T; levels during
the spring reproductive season. This suggests that T; may be
involved in energy investment during the seasonal produc-
tion of large clutches of eggs by females. Finally, corticoster-
one, the primary reptilian adrenal glucocorticoid, gradually
increases from the lowest values during hibernation to peak
concentrations around December in both sexes, suggesting its
involvement in energy mobilization during the active season
of tegus. Tegus shed their skins in late winter and early spring
(August) when they emerge from hibernation, forage for food,
and initiate their first reproductive behaviors some weeks after
emergence (Lopes and Abe 1999). However, data regarding
how often tegus shed throughout the annual cycle is missing
(Lopes and Abe 1999; Zena et al. 2018, 2020).

The goals of this study were threefold. First, we sought
to validate hormone immunoassays for tegu sheds via tests
of assay parallelism and accuracy for quantification of: (i)
reproductive steroid hormones (testosterone in males and
progesterone in females); (ii) the primary reptilian adre-
nal glucocorticoid (corticosterone; both sexes), and iii) the
active form of thyroid hormone, triiodothyronine (T;; both
sexes). Second, we explored whether hormone content of
sheds opportunistically collected from individual tegus
varies across the year, thereby encompassing at least one
hibernation and one reproductive cycle. Finally, we sought
to identify the phase relationship between plasma hormone
levels and shed skin hormone levels.

Material and methods
Animals
Adult tegu lizards of both sexes [10 males (2.29 +0.23 kg)

and 10 females (1.88 +£0.09 kg); exact ages unknown) were
communally housed in a 42 m? outdoor facility at the College
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of Agricultural and Veterinary Sciences of Sao Paulo State
University in Jaboticabal, SP, Brazil (21° 14" 05” S and 48°
17" 09” W; IBAMA permit no. 02001-000,412/94-28 and
SISBIO-ICMBio/n. 26,677-1/ transport and maintenance
permit: ICMBio #52,085-1). Throughout the study, ani-
mals experienced natural oscillations in ambient tempera-
ture, photoperiod, humidity and rainfall. The enclosure is
composed of a shared open area, providing options for ther-
moregulatory, ambulatory, and social behavior in addition
to two communal shelters (dimensions: 103X 72X 71 cm;
lined with wood shavings) that animals retreated to during
the night, for protection from direct sunlight and precipita-
tion, and for hibernation during the austral winter. Animals
were fed 2-3 times/week with a diet of cooked chicken eggs,
dead mice, and fruits. Once per week, animals were provided
frozen captive-bred cockroaches (Nauphoeta cinerea) sup-
plemented with calcium and vitamin D5 (Zoo Med Reptivite;
San Luis Obispo, CA, USA). Water was provided ad libitum
year-round, but food was gradually reduced and completely
removed during hibernation when animals voluntarily stop
eating. All experimental protocols were approved by a local
Animal Care and Use Committee of Sao Paulo State Uni-
versity (CEUA; # 7.434/16).

Sample collection (blood and skin)

Animals were individually marked with a subcutaneous
implanted microchip (transponder ISO FDX-B 134.2 KhZ,
AnimallTAG, Sao Carlos, Brazil). Sheds were collected
from individuals from October 2016 to March 2018. Ani-
mals were habituated to human presence and handling, ena-
bling opportunistic collection of loosely attached pieces of
skin directly from known individuals. Like most lizards, our
captive tegus exhibited an erratic body molt, where loose
areas of skin occur in a patchwork fashion across the body
over days or weeks until the skin of the whole body is shed
(see supplementary Fig. S1). Because tegus were commu-
nally housed, any sheds found on the ground could not be
attributed to any single individual and thus were not ana-
lyzed; only sheds pulled directly from the body were quanti-
fied for hormone content. The duration of the skin renewal
phase in tegus is unknown; that is, a shed collected on a
given date contains epidermal tissue that was grown some
time prior to that date. Each shed is assumed to contain tis-
sue grown between the date of the previously collected shed
and the date of the current shed.

Blood samples were taken monthly from all animals
across the year (except November 2016, January, March
and July 2017). Briefly, animals were individually handled
for <3 min for blood collection (~4 mL) from the ventral
coccygeal vein using a heparinized 5 mL syringe and a 21
G needle. Blood samples were placed on ice before centrifu-
gation at 10,000 rpm for 10 min at 4 °C, and plasma was

aliquoted into four 0.5 mL microcentrifuge tubes and frozen
at— 80 °C for future analyses. Plasma methodology and data
have been previously published (Zena et al. 2018) and are
described again in the present study for comparison with
temporal relationships with hormones measured in sheds.
Plasma and sheds were shipped to Northern Arizona Uni-
versity (Flagstaff, AZ, USA; CITES permits #17BR023338/
DF, #18BR028075/DF and #18BR028073/DF), where all
endocrine analyses occurred.

Plasma hormone extraction

Methodology for plasma analyses is fully described else-
where (Zena et al. 2018). In brief, testosterone and proges-
terone were extracted from plasma using solid phase extrac-
tion, eluted in 90% methanol, dried and stored at —80 °C,
and resuspended one day prior to assay in 1 mL assay buffer
(1:2 dilution). Plasma corticosterone and T, assays were per-
formed using unextracted plasma, as recommended by the
assay manufacturer.

Hormone extraction from sheds

Prior to extraction, sheds were washed with distilled water,
blotted dry with a paper towel, and freeze-dried for 4 h (Lab-
conco 6L Freeze Dry System with Stoppering Tray Dryer;
LabConco, Kansas City, MO, USA). In a small pilot trial
comparing hormone content of sheds rinsed with methanol
vs. unrinsed revealed no apparent effect of a methanol rinse;
therefore, samples thereafter were not rinsed with methanol.
Owing to the heterogeneity in sheds collected from different
body parts, we mixed all sheds obtained during one shed-
ding episode for each individual tegu. Thus, when available,
sheds were collected from various places on the body and
homogenized before extraction and assay. Dried sheds were
cut into 5 mm squares and placed into labeled 13 X 100 mm
glass tubes with 2 mL 100% HPLC-grade methanol. We
used 25 mg of sheds for assaying corticosterone; however,
this amount was not sufficient for consistent detectability of
T;, which required extraction to be done from 50 mg sample
of shed material. When assaying for progesterone and tes-
tosterone, previous extractions performed on 50 mg sample
of shed had to be diluted at 1:16 for consistent detectability.
Samples were shaken on a multi-tube vortexer (Glas-Col
Large Capacity Mixer; Glas-Col, Terre Haute, IN, USA) at
500 rpm for 2 h, sonicated for 5 min, and then centrifuged
at 3000 rpm for 15 min (Fernandez Aj6 et al. 2020, 2018;
Hunt et al. 2018). The supernatant was collected and sub-
sequently dried down in a SpeedVac Evaporator at 35 °C
and stored at —20 °C for no longer than two weeks until
resuspension. One day prior to assay, samples were resus-
pended with 1 mL assay buffer (1:2 dilution), shaken for 1 h
and then stored at 4 °C overnight. On the day of the assay,
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samples were allowed to come to room temperature before
assay. Percent recovery was not evaluated in this study, as it
is not possible to mimic behavior of native hormone embed-
ded within epidermal sample types via addition of liquid
radiolabeled parent hormone (Palme et al. 2013); rather,
data analysis focuses on relative patterns and not on abso-
lute concentrations.

Hormone validation from sheds

Immunoassays were validated by using tests of parallelism
and accuracy of S. merianae shed samples to verify that
commercial immunoassay kits can accurately quantify all
hormones tested (Grotjan and Keel 1996; Ellsworth et al.
2014; Hunt et al. 2017). To test for parallelism, a pooled
skin extract containing our analytes of interest was serially
diluted by repeating halving the dilution (1:2-1:128), with
all dilutions assayed as unknowns. The slope of percent-
age of antibody bound vs. relative dose was compared to
the slope of the known concentration standards. Parallel-
ism of the two lines indicates that the antibody binds well
to the hormone of interest with similar affinity as to pure
parent hormone. From the parallelism results, a dilution
was selected for each hormone assay to keep results as near
as possible to 50% bound, the area of greatest assay preci-
sion. Assay accuracy (aka “matrix effect test”) was deter-
mined by spiking each standard with pooled tegu plasma
or skin extract, with assay of the spiked curve as unknowns
alongside a second standard curve that was spiked only
with buffer. Slopes of apparent hormone concentration vs.
known concentration were assessed; a linear relationship
with slope close to 1.0 indicates the ability of the assay to
correctly quantify the hormone concentration across the
desired range without interference from the sample matrix
(i.e., skin extract or tegu plasma).

Hormone assays

Commercially available enzyme immunoassay (EIA) kits
(Arbor Assays, Ann Arbor, MI, USA) were used to quantify
shed and plasma testosterone (kit #K032), progesterone (kit
#K025), and corticosterone (kit #K014). T, extracted from
sheds was quantified by using an enzyme immunoassay kit
(kit #K056; Arbor Assays, Ann Arbor, MI, USA), while
plasma T was quantified by using a coated-tube 125 radio-
immunoassay (RIA) kit (MP Biomedicals, Solon, OH, USA;
kit #06B-254215). Additional low-dose standards (created
by mixing equal volumes of previous standard + assay
buffer) were added to the T, standard curve (standard curve
range: 78.12—5,000 pg.ml~") to improve assay precision for
low concentrations of hormone in skin and plasma samples.
Similarly, one additional low-dose standard was added to
the testosterone standard curve for plasma assays (standard
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curve range: 40.96-10,000 pg.ml~"). Methods for assay vali-
dations of plasma were previously published in Zena et al.
(2019).

Skin samples from both male and female tegus were
assayed for corticosterone and T;. Skin testosterone was
quantified in males only, while skin progesterone was quan-
tified in females only. All assays included a full standard
curve. Standards and unknowns were run in duplicate. Any
sample that exceeded 10% coefficient of variation between
duplicates was re-analyzed. Intra-assay variations for all
skin assays were < 10% (corticosterone: 2.71 +0.92%; pro-
gesterone: 4.30 + 1.67%; testosterone: 2.06 +0.09%; Tj:
2.32+0.64%) and inter-assay variations were all < 15%
(corticosterone: 4.5 +0.02%; progesterone: 14.6+0.03%;
testosterone: 2.97 +0.02%; T5: 3.00 +£0.02%). For antibody
cross-reactivities, assay sensitivities and other methodologi-
cal details, see Hunt et al. (2017).

Body temperature

Body temperature was obtained from temperature loggers
(iButtons, DS1922L., TX, USA) implanted inside the ani-
mals’ coelomic cavity as previous described (Zena et al.
2020). Briefly, lizards were initially anesthetized with iso-
flurane, and a longitudinal incision of less than 3 cm was
made on the ventral left side of the body where the logger
was inserted and sutured in place. All surgeries were per-
formed under sterile conditions. After recovery from anes-
thesia, each animal was individually maintained indoors for
approximately one week before being released into the com-
munal outdoor facility. Body temperature was collected from
April 2017 to March 2018.

Statistical analysis

Statistical analyses were performed using Prism v. 6.0
(graphpad.com) or R software v. 1.1.383 (R Core Team
2018). Parallelism results for skin corticosterone, T, pro-
gesterone and testosterone were plotted as percentage of
antibody bound versus log[concentration], with F tests
employed to assess differences between slopes of the lin-
ear portions of the binding curves for serially diluted skin
extract vs. the standard curve. Accuracy results were plotted
as the concentration of the hormone measured versus the
concentration of known standard added. Accuracy results
were assessed via linear regression and inspection of slope,
with acceptable accuracy defined as *>0.90 and slope
within the range of 0.7-1.3 (ideal slope = 1.0) (Grotjan and
Keel 1996).

We used generalized additive models (package ‘mgcv’;
Wood, 2017) to account for the nonlinear nature of skin and
plasma changes in hormone concentration over time (i.e.,
day of the year, doy), where sex was included as a parametric
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term when applicable (e.g., corticosterone and T;). Individ-
ual was included in all models as a random effect (intercept).
We used a Gamma distribution (and a log-link function) and
added a smoothing function to doy (with an automatically
chosen number of knots for the model). Finally, we visu-
ally examined normality and assessed goodness of fit using
histograms and the quantile—quantile plots for all models.

We fitted linear mixed models using the package nlme
(Pinheiro et al. 2021) to assess a potential relationship
between shed and plasma hormones by accounting for lag
time of 0, 1, 2, 3 and 4 months between the time of hor-
mone deposition (when the tissue grew) and collection date
(months later). Fitted linear mixed models included each
shed’s hormone concentration as a response variable, and
each correspondent plasma hormone concentration and sex
(male/female; when applicable) as independent variables
(i.e., global model). Individual identification was included
in all models as random effects (intercept) to account for
the repeatability of the data throughout the study. Then, we
used the MuMIn package (Barton 2018) to create and rank
models with all possible combinations of the independent
variables (e.g., starting from the null model to the global
model) by using Akaike’s corrected information criterion
(AICc). Since sex did not show a significant effect for any
skin hormones analyzed, shed and plasma hormone level
relationships were performed with both sexes combined.
When the assumption of model residuals normality was
not met, the data were log-transformed (e. g., corticosterone
skin hormone concentration; see Fig. 6B). Normality of the
model residuals was tested by using a Shapiro—Wilk test.
Homogeneity of variance for each model was tested by using
a Levene’s test. Predicted mean and confidence interval val-
ues were exported from R software and plots were made in
Prism, version 6.0 (www.graphpad.com).

Results
Enzyme immunoassay (EIA) validations

All hormone assays of serially diluted tegu lizard sheds
yielded displacement curves parallel to the respective stand-
ard curves (Fig. 1). There were no significant differences in
slopes between standards and serially diluted tegu shed pools
for corticosterone (F(; 1,=0.10; P=0.75), T; (F; 7)=0.59;
P=0.46), progesterone (F; ;5,=0.097; P=0.76) or testos-
terone (F; ;1,=2.15; P=0.17). Accuracy was acceptable
for all hormones tested, as indicated by a linear relation-
ship between observed and expected hormone concentration
(r2 >0.90 for all hormones), and a slope within the desired
range of 0.7-1.3, as follows: corticosterone (slope=0.91),
T; (slope=0.86), progesterone (slope =1.06), testosterone
(slope =1.07) (Fig. 2).

Seasonal variation in shed and plasma hormone
concentration

The frequency of shedding varied among animals across the
year (Fig. 3; individual distribution of sheds contained in
Supplementary Table S1 and S2), with some animals shed-
ding as many as six times, and others as few as two times,
resulting in an average of 3.6 and 3.2 sheds per year for
males and females, respectively. All tegus shed after hiber-
nation, with five of 10 males initiating shedding between
August 7th and 26th of 2017, while the remaining males
initiated shedding between September 1st and 26th. Most
females first shed between September 1st and 20th (8 out of
10), while only one female shed before that in August, and
one initiated shedding in October.

We identified a non-linear pattern throughout the year
for all hormones in sheds: corticosterone [effective degrees
of freedom (e.d.f.)=3.063, P=0.014]; T; (e.d.f.=3.915,
P =0.004); progesterone (e.d.f.=3.131, P=0.007) and
testosterone (e.d.f.=4.658, P=0.00006), as well as
for all plasma hormones: corticosterone (e.d.f.=7.029,
P <0.0001); T; (female: e.d.f.=5.866, P <0.0001; male:
e.d.f. =3.349, P=0.01); progesterone (e.d.f.=7.752,
P <0.0001) and testosterone (e.d.f.=7.558, P <0.0001)
(Figs. 4, 5; Table 1). Models including sex revealed no
differences between males and females for either corticos-
terone (female estimate =2.6580, male estimate =2.7555,
P=0.56; Fig. 5B) or T (female estimate =0.9241, male esti-
mate=1.0136, P=0.55; Fig. 5D) in sheds. However, plasma
T; concentration differed by sex: female estimate =-0.6358,
male estimate =-0.9690, P =0.0007 (Fig. 5C). Female
tegus exhibited higher plasma T; levels than males from
mid-October 2016 to late-March 2017 and from late-August
2017 to mid-February 2018; Fig. 5C). In addition, our analy-
sis predicted relatively high levels of hormones (i.e., peak
levels) to fall in the middle of hibernation. This prediction,
however, cannot be confirmed with shed data as tegus do not
shed during hibernation. It is worth noting that, due to an
absence of data points for shed hormones during hiberna-
tion, confidence intervals were relatively wide.

Both plasma testosterone and corticosterone were
selected as good predictors of skin testosterone and corti-
costerone for the same month as the shed was collected.
Plasma testosterone significantly predicted skin testosterone
levels in male tegus (y>=19.028, d.f. =1, P<0.001; Table 2
and Fig. 6A) when we paired values for skin and plasma
obtained within the same month of sample collection. Con-
versely, plasma corticosterone negatively correlated with
skin corticosterone (;(2 =7.967, d.f.=1, P=0.005; Table 2
and Fig. 6B) also within the same month of collection, while
neither skin progesterone nor skin T; showed any significant
relationship with plasma concentrations. Different time lags
(e.g., skin hormones compared to plasma hormones of 1, 2,
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3 or 4 months prior) did not improve the fit of the model.
For instance, plasma testosterone was also selected as best
predictor when the relationship between shed and plasma
hormones accounted for lag time of 1, 3 and 4 months;
however, a significant inverse relationship was identified
for 3 months lag time (;(2=33.208, df.=1, P<0.001) and
4 months lag time (y?=4.951, d.f.=1, P=0.03) contrasting
with the positive relationship found for the same month of
collection. Corticosterone was also selected as best predictor
when the relationship between shed and plasma hormones
accounted for a lag time of 3 months, but no significant rela-
tionship was found between shed and plasma corticoster-
one (y*=3.185, d.f.=1, P=0.07). Progesterone was only
selected as a predictor for the relationship between shed
and plasma hormones when accounting for a lag time of
4 months, but no significant relationship was found between
shed and plasma progesterone (y>=2.856, d.f.=1, P=0.09).
T; was only selected as a predictor for the relationship
between shed and plasma hormones when accounting for
a lag time of 3 months, with a negative significant relation-
ship found between shed and plasma T, (*=6.075,df.=1,
P=0.01) (see supplementary tables S3-6 for best model sub-
sets when accounting for lag time between 1 and 4 months).
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log (concentration)

Discussion

We validated assays and quantified concentrations of
four different hormones from shed skin opportunistically
obtained from tegu lizards held under semi-natural condi-
tions. As demonstrated by the non-linear relationship for
skin hormone concentration and day of the year, all four
hormones investigated (testosterone, corticosterone, proges-
terone and T;) exhibited seasonal variation in shed skins.
Shedding frequency was elevated during spring/summer,
corresponding to the activity seasons for tegus in southeast-
ern Brazil. Before entering hibernation, shedding frequency
decreased until completely ceasing during winter time.
The overall mean shedding frequency of our tegus
was 3.6 and 3.2 sheds per year for males and females,
respectively. Specifically, frequency of shedding decreased
from December 2016 to February 2017 and remained low
between April and May 2017 (i.e., occurred in only 3 ani-
mals: 2 females and 1 male) until shedding ceased com-
pletely during hibernation of 2017 (June and July). Shed-
ding resumed in August 2017 with most males shedding
at this time (5 males vs. 1 female), marking the protandric
emergence pattern observed in our captive tegus (Zena
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Fig.3 Frequency distribution histogram for shed skin retrieved from the
tegu lizard Salvator merianae. Monthly variation in shed skin frequency
recorded from December 2016 to March 2018 in male (blue bars) and
female (red bars) lizards. Frequency distribution represents the percent
of lizards out of total separated by sex that shed in that particular month.
Shaded gray area represents hibernation time. Tegu body temperature is
included to illustrate the relationship with skin shedding frequency

et al. 2020), also previously shown in wild tegus (Winck
and Cechin 2008). Shed frequency then increased between
August and December and then slowed until February
2018 when sample collection stopped. These data suggest
that shedding may have ceased for the following entrance
into hibernation (i.e., May 2018). Annual variation in
shedding frequency of another lizard, the Tokay gecko
(Gekko gecko), depends on the thermal environment (Chiu
and Maderson 1980). At ambient temperatures > 32 °C,
shedding in the Tokay gecko is more frequent and regular,
while below this temperature, shedding is less frequent
or even inhibited at temperatures < 15 °C. Thus, monthly
variation in shed frequency may be a function of metabolic
rate, which is a strongly temperature sensitive process.
Elevated frequency of shedding corresponds to the most
active time of the year for tegus, that is, spring/summer,
while absence of shedding corresponds to the hiberna-
tion phase during winter in southeastern Brazil (Abe 1983,
1995; Sanders et al. 2015; Zena et al. 2019, 2020). How-
ever, it is important to highlight that although shedding
frequency varies throughout the year, it also varied among
individuals, with some animals shedding as many as six
times, and others as few as two times across the year. Thus,
other factors besides ambient/body temperature could have
affected the annual shedding frequency in our animals.
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Eple 1 Generalizeq Addit.ive Smooth terms Effective degrees  F-statistic P Variation
ixed Model results showing of Freedom (e.d.f) explained
effect§ of day of the year (doy) (%)
on skin and plasma hormones of
tegu lizards Testosterone
Plasma; s(doy) 7.558 20.99 <0.0001 57.7
Skin; s(doy) 4.658 7.112 <0.0001 523
Corticosterone
Plasma; s(doy) 7.029 65.06 <0.0001 72.1
Skin; s(doy) 3.063 3.236 0.014 27.7
Progesterone
Plasma; s(doy) 7.752 13.657 <0.0001 55.2
Skin; s(doy) 3.13 4.243 0.007 34.8
Triiodothyronine
Plasma; s(doy X female) 5.866 11.900 <0.0001 53.2
s(doy xmale)  3.349 3.327 0.01
Skin; s(doy) 3.915 3.875 0.004 41.8
Table 2 Best model subsets for skin hormones in both male and female tegu lizards (Salvator merianae)
Response variable Random effect Subset Fixed effects AIC. AAIC. AIC- wt Log likelihood
model no
Skin testosterone Tegu ID 1 Testo plasma 312 0.00 1 —148.503
Skin corticosterone Tegu ID 1 Cort plasma 21.0 0.00 0.628 —14.915
2 Cort plasma + sex 22.1 1.05 0.372 —15.847
Skin progesterone Tegu ID 1 Null model —16.6 0.00 0.721 9.011
2 P4 plasma —14.7 1.89 0.279 7.724
Skin T, Tegu ID 1 Null model 4.0 0.00 0.673 —1.363
2 Sex 5.4 1.44 0.327 —2.780

AlICc refers to Akaike’s information criterion corrected for small sample sizes; AAICc refers to the difference in AICc between each model and
the model with the lowest AICc in the subset (models for which AAIC-<2.00); AIC. wt refers to the AICc weight; tegu ID refers to individual

identity

Tegu identification is included as a random effect (intercept) in the models

T;: Triiodothyronine; Cort: corticosterone; Testo: testosterone; P4: progesterone

In contrast to snakes, which usually shed a single contigu-
ous piece, most lizards shed in large patches (Ling 1972;
Vitt and Caldwell 2008). The shedding pattern of our cap-
tive tegus was characterized by release of both small and
large pieces of skin, which were retrieved directly from the
body of the animals to ensure individual identification. A
downside of such an erratic shedding pattern is that compar-
ing sheds from different body parts (i.e., head, back, belly,
legs, and tail) was not possible in our animals. Since all
tegus were communally housed, when a shed was found on
the floor of the facility, we did not use or count that as a
sample because individual identification was not possible.
Consequently, we mixed sheds from different parts of the
individual tegu body before performing the extraction. Pre-
vious studies have investigated the potential effect of body
location on hormone deposition in sheds of reptiles, more

specifically corticosterone. One study performed in Komodo
dragons (Varanus komodoensis) showed no effect of body
region on corticosterone concentration (Carbajal et al. 2018).
In another study performed in African House Snake (Lam-
prophis fuliginosus), no difference in shed skin corticos-
terone along the length of the snake’s body was observed,
except for the tail section, which showed higher levels than
the other parts of the snake’s body (Berkvens et al. 2013).
The region of the body we sampled could be a source of
variation in measured hormone levels and thus may impact
results obtained in the present study.

Although our models predict peak levels of hormones in
the shed skin at the beginning (e.g., corticosterone) or mid-
dle of hibernation (e.g., testosterone, progesterone and T),
this prediction may not be accurate since we have few or no
data points for the time interval of hibernation itself (i.e., no
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Fig.6 Relationship between the concentrations of hormone in plasma
(ng.mL™") and in shed skin (ng.g™") for tegu lizards Salvator meri-
anae. (A) Plasma testosterone in males and (B) corticosterone in
males and females combined are estimated from a linear mixed model
with lizard individual identification as a random effect. Line depicts

shedding), and this uncertainty manifests as wide confidence
intervals. Therefore, as shown by the large number of data
points and relatively high hormonal concentration of sheds
around August and September of 2017, we suggest that
all hormones peak coincident with the time period during
which tegus emerge from hibernation, that is, late-winter and
early spring (August—September). These skins are the first
sheds to appear after a long resting phase associated with
hibernation. Before shedding, tegus resume behavioral ther-
moregulation (basking) and their daytime body temperatures
reach the highest values of the year (Sanders et al. 2015;
Zena et al. 2020). When basking, many reptiles, including
tegus, rapidly increase heart rate and cutaneous blood per-
fusion (Sanders et al. 2015). Such a physiological response
maximizes heat transfer from the environment to the core
of the body (Seebacher and Franklin 2007). A higher heart
rate and therefore a faster warming response during bask-
ing is observed at the beginning of the reproductive season
(August—September; Sanders et al. 2015) as compared to
other seasons. Thus, this physiological mechanism of cuta-
neous and core warming may improve overall circulation
of hormones and result in increased rates of incorporation
of hormone into the growing skin after hibernation as com-
pared to other times of the year.

It is still unknown when tegu skin accumulates hormone;
it might be deposited in skin only during the renewal phase,
when a new epidermal layer is laid down underneath the
existing layer, a process that may take about 14 days (Vitt
and Caldwell 2008). At the end of the renewal phase the
new epidermal layer enters the resting phase, which may
last for months, as during hibernation, before the epidermal
cells come out of “rest” and form the new inner epidermal
generation, while the outer epidermal generation is shed
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estimates and the shaded area represents the 95% confidence inter-
val around the estimated effect of the predictors (plasma hormone)
on skin hormone concentration. Skin corticosterone concentration is
depicted as log-transformed values to meet assumptions for model
residual normality

(i.e., hormone deposition occurring months prior to shed
collection). Alternatively, skin might accumulate hormone
during the resting phase when little cell proliferation and
differentiation take place (Flaxman and Maderson 1973) or
even the very beginning of shedding, i.e., pre-renewal phase
(same month as collection), which we think is the case for
our tegus since all hormones were elevated in sheds right
after emerging from hibernation (August—September). At
this time, animals resume behavioral thermoregulation and
exhibit high rates of heat transfer with the environment com-
pared to other times of the year (Sanders et al. 2015), which
may contribute to hormone transfer from the peripheral cir-
culation to the growing skin. Furthermore, data from bird
feather and mammal hair also suggest that in at least some
cases, vertebrate epidermal tissues may be able to accumu-
late hormone even after the tissue is fully grown (Jenni-
Eiermann et al. 2015; Colding-Jgrgensen et al. 2020). It is
unclear at present whether this phenomenon can occur in all
vertebrate epidermal tissues or whether it may be specific
to thin epidermal tissues (i.e., fine small hairs of rodents,
fine barbules of feathers, thin reptile shed skin). Thin tis-
sues may be more easily penetrated by steroid hormones
even after growth, and thus might reflect a more recent time
period than larger, thicker epidermal structures, for which
compelling data exist demonstrating utility of these tissues
for retroconstruction of past endocrine events (whale baleen,
hair, seal claw) (D’Anna-Hernandez et al. 2011; Mastromo-
naco et al. 2014; Hunt et al. 2018a; Karpovich et al. 2020).
This complexity deserves further investigation, particularly
given the increasing use of a variety of epidermal tissues for
retrospective analysis of endocrine status.

Although we found a positive relationship between shed
skin testosterone and plasma testosterone of the same month,
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when accounting for a supposed lag-time of 3 and 4 months
between the hormone deposition into the skin and collec-
tion date of the shed, a significant inverse relationship was
identified contrasting with the positive relationship found
for the same month of collection. Therefore, we cannot rule
out the fact that such significant relationships were random,
since testosterone was the only plasma hormone to exhibit a
single and pronounced peak coincident with peak levels of
shed testosterone.

An important fact to be considered is that skin itself is an
endocrine organ that, at least in mammals, has been shown
to produce some glucocorticoids via mechanisms that appear
separate from hypothalamus—pituitary—adrenal (HPA) axis.
The skin neuroendocrine function thus complicates simple
comparisons of plasma levels of corticosterone with levels of
hormones taken up by the skin, because melanocytes, fibro-
blasts, and keratinocytes in the skin express corticotropin-
releasing hormone, proopiomelanocortin, corticosterone and
cortisol (Slominski 2005; Slominski et al. 2007; Cirillo and
Prime 2011; Nikolakis et al. 2016). Therefore, the intriguing
inverse relationship found between plasma and skin concen-
trations of corticosterone in our tegu lizards may reflect two
different sources of corticosterone synthesis, one originating
from the activation of the HPA axis resulting in elevated
levels of corticosterone in the bloodstream, and the other
related to the skin as an endocrine organ itself. Although
a positive relationship between corticosterone from fecal
samples and shed skin samples was found for the African
house snake (Lamprophis fuliginosus), a physiological val-
idation through adrenocorticotropic hormone stimulation
failed to show any increase in skin corticosterone (Berkvens
et al. 2013). So far, only the present study and the study by
Berkvens and coworkers (2013) have quantified hormone
levels of keratinized tissues and tested for correspondence
with sample types that reflect relatively short time periods
of incorporation, like blood (immediate) and fecal samples
(hours to days). Other studies on epidermal tissues (sheds,
claws) have not assessed potential correlations with plasma
hormones (Baxter-Gilbert et al. 2014; Carbajal et al. 2018).

Previous studies have shown that thyroid hormones affect
ecdysis in squamate reptiles (Chiu et al. 1967, 1983; Chiu
and Lynn 1970; Kanaho et al. 2006). While thyroid hor-
mones decrease shedding frequency in the shovel-nosed
(Chionactis occipitalis) and rat snakes (Ptyas korros) (Chiu
and Lynn 1970; Chiu et al. 1983), they stimulate shedding
in the Tokay gecko (Gekko gecko) (Chiu et al. 1967). Dif-
ferential expression of the thyroid hormone receptor (THR)
occurs during the shedding process: THRa expresses
strongly after shedding (resting phase), while THRf recep-
tors expresses strongly before (proliferation phase) skin
shedding (Kanaho et al. 2006). Collectively, these results
are indicative of thyroid hormone involvement in epidermal
dynamics, complicating partitioning of influence of thyroid

hormone on the shedding process from skin deposition
solely as a result of changes in plasma circulating levels.

Conclusion

In the present study, we validated hormone assays to quan-
tify different hormones in shed skin samples of the tegu
lizard S. merianae. In addition, we found seasonal vari-
ation in all hormones investigated in sheds, with highest
levels in late winter/early spring (August—September) when
tegus shed skins after emerging from almost three months
of hibernation. Incorporation of hormones into keratinized
tissues is thought to occur via passive diffusion from the
surrounding blood vessels when the tissue is growing until
shortly before keratinization (Russell et al. 2012); however,
we found complex relationships between hormone content
of sheds and plasma in tegu lizards. Testosterone, the only
hormone showing a single peak in the plasma throughout the
seasonal cycle of male tegus may suggest that skin may con-
tinue to incorporate testosterone in the same month as it is
shed, rather than months prior when the tissue is first grown.
Therefore, it seems that hormone incorporation may occur at
the end of resting phase (i.e., pre-renewal phase) when the
epidermis to be shed is still incomplete, lacking some cell
layers that are only incorporated into the epidermis after
shedding is completed (Jackson and Sharawy 1978; Alibardi
1995; Abdel-Aal 2018). Furthermore, the pronounced ther-
moregulatory behavior exhibited by tegus right after emerg-
ing from hibernation (Sanders et al. 2015) may contribute
to hormone transfer from the peripheral circulation to the
newly growing skin.

Inconsistent results regarding correlation between hor-
mone levels in sheds and plasma in our tegus indicate that
endocrine content of sheds may be influenced by confound-
ing factors that must be identified before data can be inter-
preted. We anticipate this will not be an easy task, since
molting frequency in squamates is influenced by myriad fac-
tors, including nutritional status, growth rate, and season
(Semlitsch 1979; Gibson et al. 1989; Maas 2013; Carlson
et al. 2014). In addition, adjustments in cutaneous blood
flow related to thermoregulatory behavior may directly influ-
ence rate of hormone transfer between the blood and the
growing skin. These are relevant questions to be addressed
in future studies in order to understand the complexity of
the phenology of secretion, circulation and deposition of
hormones in keratinized tissues in reptiles.
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