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Graphical abstract

Abstract

Giant pandas are mono-estrus seasonal breeders, with the breeding season typically occurring in the spring. Successful 
fertilization is followed by an embryonic diapause, of variable length, with birth in the late summer/autumn. There is a 
need for additional understanding of giant panda reproductive physiology, and the development of enhanced biomarkers 
for impending proestrus and peak fertility. We aimed to determine the utility of non-invasive androgen measurements in 
the detection of both proestrus and estrus. Urine from 20 cycles (−40 days to +10 days from peak estrus) from 5 female 
giant pandas was analyzed for estrogen, progestogens and androgens (via testosterone and DHEA assays), and hormone 
concentrations were corrected against urinary specific gravity. Across proestrus, estrogens increased while progestogens 
and androgens decreased – at the point of entry into proestrus, androgens (as detected by the testosterone assay) 
decreased prior to progestogens and gave 4 days advanced warning of proestrus. At the time of peak estrus, androgens 
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(as detected by the DHEA assay) were significantly increased at the time of the decrease in estrogen metabolites from the 
peak, acting as an alternative confirmatory indicator of the fertile window. This novel finding allows for enlargement of 
the preparative window for captive breeding and facilitates panda management within breeding programmes. Androgens 
allow an enhanced monitoring of giant panda estrus, not only advancing the warning of impending proestrus, but also 
prospectively identifying peak fertility.

Lay summary

Giant pandas have one chance at pregnancy per year. The 2-day fertile window timing varies by year and panda. This is 
monitored by measuring the level of estrogens in the urine, which increase, indicating an upcoming fertile period. After 
1–2 weeks of increase, estrogens peak and fall, marking the optimal fertile time. We tested other hormones to see if we 
can predict the fertile window in advance, and the specific fertile time with more accuracy. In 20 breeding seasons from 
5 females, we found androgens, usually thought of as male hormones, had an important role. Testosterone gives 4 days 
advanced warning of estrogens increasing. DHEA identified peak estrogen and the fertile time before needing to see a 
confirmed decrease in estrogen itself. Therefore, androgens help improve monitoring of the giant panda breeding season, 
giving early warning of fertility, key in facilitating captive breeding and giant panda conservation.
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Introduction

Giant pandas (Ailuropoda melanoleuca) are seasonally 
monoestrus, coming into season during the spring 
(typically between February and May), and being fertile for 
only 24–48 h after a 1–2 week period of increasing estrogens 
(Bonney et al. 1982, Lindburg et al. 2001, McGeehan et al. 
2002, Czekala et al. 2003, Steinman et al. 2006, Kersey et al. 
2010a). Following a short estrus, giant pandas undergo 
a primary luteal phase, with a small rise in progestogens 
(assessed by measuring progesterone metabolites) for 
60–120 days (Hodges et  al. 1984, Steinman et  al. 2006, 
Zhang et  al. 2009, Kersey et  al. 2010b), during which 
an embryonic diapause occurs if fertilization has been 
successful. A secondary luteal phase follows, which has a 
more significant progestogen rise and a more consistent 
duration (45–50 days), which is when fetal development 
takes place (Steinman et  al. 2006, Kersey et  al. 2010b). 
Progestogen measurements cannot be used as a pregnancy 
marker due to the occurrence of pseudopregnancy in 
giant pandas; indeed, both the progestogen profile and 
the behavioural changes are similar in pregnant and non-
pregnant females (Monfort et  al. 1989, Steinman et  al. 
2006, Zhang et al. 2009, Kersey et al. 2010a, 2010b, Willis 
et al. 2011, Roberts et al. 2018, Wilson et al. 2019).

With more giant panda pairs being loaned outside of 
China as part of international breeding programmes, there 
is an increased interest in enhancing the understanding of 

the female reproductive physiology. Recent studies have 
focussed on determining pregnancy status (Willis et  al. 
2011, Cai et al. 2017, Roberts et al. 2018, Wilson et al. 2019). 
However, there is an additional need for research into other 
phases of the reproductive cycle, including the prediction 
of estrus timing.

Determining an upcoming estrus is monitored 
by both non-invasive endocrinology and behavioural 
observations, with the aim being to determine optimal 
timing for a natural mating (NM) or artificial insemination 
(AI) (Bonney et  al. 1982, Monfort et  al. 1989, Lindburg 
et al. 2001). Endocrinologically, the focus is on measuring 
estrogens (typically (conjugated) estrone metabolites) in 
the urine that increase across a 1–2 week period before peak 
fertility. The duration and magnitude of the increase can 
vary between females and cycles. In addition, progestogens 
are measured and concentrations decrease at the time 
estrogen begin to rise (McGeehan et al. 2002, Czekala et al. 
2003, Kersey et al. 2016).

Advance warning of peak fertility is important to 
allow the appropriate practitioners and equipment for 
AI to be gathered in a timely manner. At present, the 
crossover point, where the early rising estrogens surpass 
the falling progestogen concentrations, is used as a marker 
of proestrus. Earlier warning of impending proestrus would 
further help to facilitate logistical planning. Insemination 
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is carried out just after the peak in urinary estrogen 
concentrations. However, there can be varying estrogen 
concentrations in sequential samples in individual pandas, 
and so during real-time monitoring, it can be unclear if 
a small decrease in estrogens from the previous sample is 
indicative of the peak having occurred. There is an unmet 
need for additional non-invasive markers to optimise the 
timing of insemination.

In other ursid species, namely the polar bear (Ursus 
maritimus) and sun bear (Helarctos malayanus), androgens 
have been suggested as better estrus indicators than 
estrogens (Schwarzenberger et  al. 2004, Stoops et  al. 
2012). However, polar bears and sun bears show differing 
reproductive features to giant pandas. Polar bears are 
induced ovulators, and sun bears are non-seasonal 
polyestrus breeders. As estrogens are synthesised from 
androgens, which are stimulated by luteinising hormone 
(LH), we hypothesised that a decrease in androgens would 
be a marker of increasing estrogens, and thus impending 
proestrus, and that increasing androgens would be a steroid 
marker of the LH surge to help timing of insemination. 
We aimed to (i) validate assays for urinary testosterone (T) 
and DHEA in giant panda urine; (ii) determine the utility 
of androgens in the detection of imminent proestrus; (iii) 
assess whether androgens can be used to aid the timing 
of AI during estrus. Herein, we report the assessment of 
androgen profiles around the fertile window in giant 
pandas for the first time.

Methods

Sample collection

Urine samples are routinely collected from female giant 
pandas for reproductive monitoring. Samples were 
aspirated from the floor of the enclosure in the absence of 
the animal during routine maintenance and were frozen 
at either −20 or −40 °C. Urine was collected daily until 

keepers noted proestrus behavioural changes, and then 
urine was collected multiple times per day when possible. 
All animal-related work was conducted in line with the 
relevant national and international guidelines, and no 
specific ethical approval was required for this study.

Urine samples were collected from five female giant 
pandas housed at Royal Zoological Society of Scotland 
(RZSS) Edinburgh Zoo, Scotland (Studbook number 
(SB) 569), Pairi Daiza, Belgium (SB741), Ouwehands 
Dierenpark, The Netherlands (SB884), ZooParc de Beauval, 
France (SB723) and Ähtäri Zoo, Finland (SB941) (Table 1). 
For this study, the period of interest was defined as 40 days 
before peak oestrogens (E) until 10 days post peak E. A total 
of 1350 urine samples were analysed (Table 2) covering 
20 cycles (average of 68 samples per cycle), with NM or AI 
undertaken in 12 of the cycles.

Urine samples from the male giant panda (SB564) 
housed at RZSS Edinburgh Zoo, Scotland, were also 
collected and analysed as part of the biological validation 
of the androgen assays. This panda was discovered to have 
suspected bilateral testicular tumours in late October 
2018, with confirmation and castration performed in early 
November 2018. A total of 679 urine samples between 
January 2017 to December 2019 were collected. These 
represent 445 samples prior to castration and 234 samples 
following castration.

Samples were transported frozen from their respective 
zoological parks to the laboratories, and upon the first thaw 
at the laboratory, the samples were centrifuged (15 min 
at 2000 g at room temperature) and assessed for urinary 
specific gravity (USpG).

Urinary specific gravity

USpG was used for urinary hormone correction. The USpG 
of all samples was measured, and the hormones corrected 
against this as previously described and validated (Wauters 
et al. 2018).

Table 1 Summary of the female giant pandas included in this study with location, date of birth, years of cycles, age (in years) at 
first cycle included in this study, and average body weight at the start of anestrus (the start of the period of interest for this study).

Zoological institution Panda SB
Date of birth  

(dd.mm.yy) Years of cycles
Age (years) at first  

cycle included
Average weight at start 

of anestrus (Kg)

RZSS Edinburgh Zoo, UK SB569 24.08.03 2012, 2013, 2015–2021 8 101.5
Pairi Daiza, Belgium SB741 07.07.09 2015, 2016, 2018, 2019 5 120.0
Ouwehands Dierenpark, 

The Netherlands
SB884 05.08.13 2018–2020 4 108.7

ZooParc de Beauval,  
France

SB723 10.08.08 2017, 2020 8 102.0

Ähtäri Zoo, Finland SB941 21.09.14 2019, 2020 4 110.3
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Measurement of estrogens

Urinary estrogens were assessed using the Arbor Assays 
DetectX® Enzyme Immunoassay (EIA) Kits for E1G (Estrone-
3-Glucuronide; K036-H5; Arbor Assays™, Ann Arbor, 
Michigan, USA) or E1S (Estrone-3-Sulphate; K031-H5 with 
the E1S Standard (no. C135), Arbor Assays™, Ann Arbor, 
Michigan, USA) as previously described (Wauters et  al. 
2018, Wilson et al. 2019). Samples were measured at ×10 or 
×20 dilution in Arbor Assays assay buffer until proestrus 
(depending on the USpG value of the sample), and then 
dilutions between ×100 and ×2000 were measured until 
after peak E had been reached. Inter- and intra-assay 
coefficients of variation (CV) were calculated as 12.5 and 
4.0%, respectively, for the E1G assay and 10.5 and 6.0% for 
the E1S assay.

Measurements based on the E1G assay were undertaken 
on samples analysed by the University of Edinburgh while 
measurements based on the E1S assay were undertaken on 
samples analysed by Ghent University. To allow for direct 
comparisons to be made between the E1G and E1S assay 
outcomes, E1S assay measures were converted to the E1G 
assay using a conversion factor (0.381; as described in 
Wilson et al. 2019). For the purpose of this study, results will 
be presented and converted to E1G-assay measurements.

Measurement of progestogens

Urinary progestogens were assessed using the Arbor Assays 
Progesterone DetectX® EIA (K025-H5; Arbor Assays™) as 
previously described (Wauters et  al. 2018, Wilson et  al. 
2019). Samples were measured at ×10 dilution in assay 
buffer. Inter- and intra-assay CV were calculated as 13.8 and 
2.0%, respectively.

Measurement of androgens - testosterone assay

ELISA plates (96-well; Greiner Bio-One, GmbH, Germany) 
were coated overnight with 7.6 µg/mL donkey anti-
rabbit serum IgG (prepared in house from the Scottish 

Antibody Production Unit, UK) at 4°C in 100 mM sodium 
bicarbonate buffer (100 µL). Plates were washed twice with 
wash buffer (300 µL; TBS with 0.05% Tween), then blocked 
with blocking buffer (220 µL; 0.5% BSA phosphate-buffered 
saline (PBS)) for 1 h at room temperature. Standards 
(between 0.03 and 24.3 ng/mL prepared from powdered 
testosterone (Sigma-Aldrich) in blocking buffer), quality 
controls (Lyphochek® Fertility Controls, Bio-Rad), and 
samples, diluted ×5 in assay buffer, were added in duplicate 
to the plate (16 µL). Testosterone-horse radish peroxidase 
(84 µL of 1:20,000; no. 12-03 Astra Biotech, Germany) 
diluted in androgen assay buffer (0.1% BSA and 250 ng/mL 
cortisol in PBS) was added and mixed briefly. Testosterone 
antibody (50 µL of 1/200,000; no. R3S07-259, Meridian 
Life Science Inc., Memphis, TN, USA) diluted in androgen 
assay buffer was added, and plates were incubated (2 h,  
28 °C, with shaking). After washing four times as previously 
described, 3,3’,5,5’-tetramethylbenzidine (TMB; 120 µL; 
MilliporeK) was added to each well for 10 min of incubation 
(dark, room temperature, with shaking). The reaction was 
stopped with a stop solution (80 µL; 1N sulphuric acid). 
The absorbance was quantified at 450 nm on a LT-4500 
Microplate Absorbance Reader (LabTech, Version 7 2010, 
Tecan Group Ltd., Switzerland). ELISA readings were 
analysed using a 4-Parameter Logistic nonlinear regression 
model on SoftMaxPro Software (Version 7.1, Molecular 
Devices, CA, USA). Inter- and intra-assay CVs were 16.5 and 
4.3%, respectively.

Measurement of androgens - DHEA assay

ELISA plates (96-well) were coated overnight with 1.84 µg/
mL donkey anti-sheep serum IgG (prepared in house from 
Sheep Serum (Scottish Antibody Production Unit, UK)) at 
4°C in 100 mM sodium bicarbonate buffer (100 µL). Plates 
were washed twice with wash buffer (300 µL), then blocked 
with blocking buffer (220 µL) for 1 h at room temperature. 
Standards (between 5 and 320 ng/mL prepared from 
powdered DHEA (Sigma-Aldrich) in assay buffer), quality 

Table 2 Summary of the urine samples available for analysis for each female giant panda – 1350 samples were included with an 
average of 68 samples per cycle, covering 20 cycles (day −40 to +10 from peak E) from five female giant pandas.

Panda SB Total number of cycles
Number of samples

Anestrus Proestrus Estrus Post-estrus Total

SB569 9 301 169 42 78 590
SB741 4 73 105 34 64 276
SB884 3 100 55 13 31 199
SB723 2 5 30 6 31 72
SB941 2 71 93 11 38 213
Total 20 550 452 106 242 1350
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controls (prepared in house from powdered DHEA in assay 
buffer) and samples, diluted ×5 in assay buffer, were added 
in duplicate to the plate (20 µL) with DHEA-HRP (80 µL of 
1/12,500; no. 12-04 Astra Biotech, Germany), diluted in 
androgen assay buffer, and mixed briefly. DHEA antibody 
(anti-sheep DHEA-Ab, 50 µL of 1/150,000; gifted from 
Dr Emad Al-Dujaili, University of Edinburgh) diluted in 
androgen assay buffer was added and plates were incubated 
(2 h, 28 °C, with shaking). After washing four times as 
previously described, TMB (120 µL) was added to each well 
for 10 min of incubation (dark, room temperature, with 
shaking). The reaction was stopped with stop solution (80 
µL). The absorbance was quantified and ELISA readings 
were analysed as described above for testosterone. Inter- 
and intra-assay CVs were 14.7 and 7.6%, respectively.

Validation of testosterone and DHEA assays

The same set of validations were undertaken on both 
the androgen assays. The limit of detection (LOD) 
was determined by running 10 wells of the blank and 
calculated as two s.d. above the mean value. The limit 
of quantification (LOQ) was calculated by running the 
standard curve 12 times, along with two additional lower 
standards (0.015 and 0.007 ng/mL for T and 2.5 and 1.25 
ng/mL for DHEA), plotting the percent coefficient of 
variation (%CV) of each standard, and determining the 
concentration point when the %CV was 20% or lower. At 
a %CV of 20%, this was regarded as the LOQ (Andreasson 
et al. 2015). Thirty-three steroids (estrogens, progestogens, 
androgens and glucocorticoids) were tested on the 
assays to determine potential cross-reactivities (listed in 
Supplementary Data 1, see section on supplementary 
materials given at the end of this article). Three giant 
panda urine samples were serially diluted (neat, ×2, ×4, ×8, 
×16, ×32, ×64) in assay buffer to determine the parallelism 
of each assay for the sample type. Six freeze–thaw cycles 
of both neat urine and pre-diluted urine at ×5 (three urine 
samples) were analysed to determine the potential effect 
on the readings. A biological validation was performed 
with urine samples from the male giant panda SB564. 
All samples were measured on both the testosterone and 
DHEA assays, covering two breeding seasons prior to the 
detection of testicular tumours, the consequent castration, 
and a 1-year period following castration.

Statistical analysis

Data were aligned to the day of peak urinary oestrogen 
concentrations, with the period of interest for this study 

from 40 days prior to peak until 10 days after peak. This 
period was then further divided into four phases: anestrus, 
proestrus, estrus, and post-estrus. Here, anestrus is defined 
as the period of 40 days before peak until the estrogen 
concentration reaches two s.d.s above the mean estrogen 
concentration. Proestrus is the period starting when 
estrogen becomes two s.d.s above the mean estrogen until 
1 day prior to the peak (Kersey et  al. 2010a). Estrus is the 
day of peak estrogen. Post-estrus is from the day following 
peak estrogen until 10 days post peak estrogen (Wauters 
et al. 2018).

Statistical analysis was undertaken on GraphPad 
Prism (Version 7.02, GraphPad Software, Inc.). For ELISA 
validations, paired two-tailed t-tests were undertaken. The 
hormone data were deemed not normally distributed by 
a Shapiro–Wilk test, thus statistics were non-parametric. 
Within the androgens, a Spearman’s correlation compared 
concentrations obtained by the testosterone and DHEA 
assays. A Kruskal–Wallis test with Dunn’s Multiple 
Comparisons compared steroid hormone concentrations 
across the phases of the period of interest. Significance was 
defined as P < 0.05.

Results

Testosterone and DHEA assay assessment

The LOD of the testosterone assay was calculated as 0.039 
ng/mL, and the LOQ as 0.16 ng/mL. The LOD of the DHEA 
assay was calculated as 0.19 ng/mL, and the LOQ as 0.75 
ng/mL. Thirty-three steroid hormones were analysed on 
both assays to test cross-reactivities. The testosterone assay 
had the following cross-reactivities against testosterone 
standards where testosterone is represented as 100%: 
69.50% dihydrotestosterone, 19.66% androstenediol, 
13.68% 3α-androstanediol, 9.31% dihydroandrosterone, 
and 6.81% androstenedione; all other steroids were found 
to have less than 5% cross-reactivity (Supplementary Data 
1). The DHEA assay had the following cross-reactivities 
against DHEA standards where DHEA is represented as 
100%: 51.18% DHEA-S, 24.88% androstenedione and 
14.44% androsterone; all other steroids were found 
to have less than 5% cross-reactivity (Supplementary 
Data 1). Three giant panda urine samples were serially 
diluted and assessed for their response with both assays. 
Samples were too dilute at an ×64 dilution; however, good 
parallelism was observed when comparing the urine to 
the standard curve at dilutions between ×2 and ×32 (Fig. 
1A and B). Three giant panda neat urine and ×5 pre-
diluted samples were exposed to six freeze–thaw cycles 
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and analysed with both assays. Neither concentrations 
obtained with the testosterone assay nor the DHEA assay 
were affected following six freeze–thaw cycles for either 
neat urine or pre-diluted urine (Fig. 1C and D; average 
recovery ± s.e.m. testosterone assay = 104.5 ± 2.4% DHEA 
assay = 101.5 ± 2.33%); for the testosterone assay, both five 
and six freeze–thaw cycles demonstrated more deviation 

from original hormone concentration than lower numbers 
of freeze–thaw cycles; however, these were not statistically 
significant.

Biological validation
The male androgen profiles obtained with the androgen 
assays indicate seasonality (Fig. 1E). High androgen 
concentrations were observed on both assays from 
January to April 2017, and September 2017 to April 2018. 
Concentrations had started to increase again from August 
2018 and remained elevated when testicular tumours 
were discovered. Following castration, urinary androgen 
concentrations were significantly decreased (P < 0.0001) 
and remained unchanged from December 2018 through 
December 2019. This seasonal profile of androgens 
(testosterone) is fitting with those previously reported for 
male giant pandas, confirming the biological validity of the 
assay. The paired seasonal profile obtained with the DHEA 
assay, and concentration decrease following castration, 
potentially highlights the major gonadal source of DHEA 
in male giant pandas.

Prediction of an impending proestrus

The average profile ± s.e.m. of estrogens (E), progestogens 
(P), and androgens (T and DHEA, respectively representing 
the results obtained with the testosterone and DHEA 
assays) is shown in Fig. 2 aligned to the day of peak 
estrogens. Table 3 highlights an increase in estrogen 
concentrations from anestrus, into proestrus and then 
estrus – with estrus concentrations 3.5 -times greater 
than proestrus. Conversely, progestogens and androgens 
showed significant decreases, by approximately two-
fold, between anestrus and proestrus (P < 0.0001 for all). 
The two androgens were correlated (r = 0.64), with DHEA 
concentrations on average being 50 times higher than 
testosterone concentrations.

Proestrus begins at day −11 from peak (range: −8 to 
−14 days) when estrogen is increased two s.d.s above the 
mean concentration, while there is a decreasing trend 
for progestogens and the androgens. When assessing the 
combined profile, there are two crossover points that can 
be identified. Progestogen concentrations begin to decrease 
from −15 days before peak estrogen, with the E/P crossover 
(where the ratio between the two hormones reaches 1.0) 
occurring at −9 days from peak estrogen (range: −7 to 
−11 days). Alternatively considering testosterone, the E/T 
crossover occurs at −13 days from peak estrogen (range: 
−9 to −17). Testosterone has a 4-day advantage over 
progestogen at determining impending proestrus (Fig. 2).

Figure 1 Parallelism assessment of giant panda urine (n = 3) in 
comparison with the testosterone (A) and DHEA (B) standard curves.  
A good parallelism was achieved for giant panda urine with dilutions 
between × 2 and × 32. Freeze-thaw cycle assessment of giant panda urine 
(n = 3) for both neat urine and a × 5-pre-diluted urine as tested for both 
testosterone (C) and DHEA (D) following up to six freeze-thaw cycles. 
There was no significant difference for either neat or pre-diluted urine at 
any number of freeze-thaw cycles in comparison to the original hormone 
concentrations of the samples (testosterone P = 0.70; DHEA P = 0.91). 
Monthly average testosterone and DHEA (E) profiles ± s.e.m. for a 
castrated male giant panda from the 22 months prior to castration until 
13 months following castration. The black arrow indicates the month of 
tumour discovery, the red arrow indicates the month of castration.  
The November 2018 monthly average is indicative of the intact male, the 
first urine samples from post-castration were from December 2018.
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Prediction of peak fertility

At estrus, all hormones increased from their proestrus 
concentrations. Aside from estrogen, this increase was also 
significant for DHEA (P < 0.0001). There was a clear trend 
towards an increase in both testosterone and progestogen. 
In individual cycles, the increase could be more clearly 
observed when there were a greater number of samples 
collected on the day of estrus.

Using the hormone profiles to predict peak estrus, 
the distinct significant estrus increase in DHEA (with 
concentrations 4.7 times greater at estrus than during 
proestrus) provides a marked hormonal change associated 
with estrus and confirmation of peak estrogen.

There is some cycle-to-cycle variation of DHEA 
concentrations, including within individual females – thus 
the magnitude of the increase at estrus should be considered 
in relation to the proestrus DHEA concentrations in each 
individual cycle. Proestrus concentrations ranged between 
16.30 and 93.95 ng/mL USpG, and the concentration 
at estrus ranged between 21.14 and 759.54 ng/mL USpG 
(Supplementary Data 2). Following estrus, DHEA showed 
peak concentrations between +1 and +3 days from peak 
estrogen and remained elevated for up to +4 days from peak 
estrogen before decreasing.

Discussion

This study identifies the advantage of combining the 
monitoring of estrogens (E), progestogens (P), and 
androgens (testosterone and DHEA) in the female giant 
panda for the early prediction of both impending estrus 
and the confirmation of peak estrogen, indicating the 
start of the fertile window. Androgens have not previously 
been measured in female giant pandas. This novel finding 
has great potential for use across captive giant panda 
breeding programmes enhancing how estrus is monitored 
by advancing early warning of proestrus and confirming 
estrus. This is particularly important because female giant 
pandas have one chance of fertility per year.

We developed and validated testosterone and DHEA 
assays to measure androgens in giant panda urine. 
Testosterone metabolites have been previously measured in 
male giant panda urine (MacDonald et al. 2006, Steinman 
et al. 2006, Kersey et al. 2010c, Gocinski et al. 2018); however, 
the biological validation step in our study provides the first 
measurement of male giant panda urinary androgens with 
a DHEA assay. In the intact male, DHEA showed a seasonal 
profile close to that of testosterone. Following castration, 
both androgens significantly decreased and showed no 
annual seasonal profile. This highlights that the gonads are 
the major source of DHEA in the giant panda, in-keeping 
with species such as rats (Belanger et  al. 1989, Belanger 
et  al. 1990, van Weeren et  al. 1992), guinea pigs (Rivarola 

Figure 2 The combined average hormone profiles of estrogens (E), 
progestogens (P) and androgens (testosterone (T) and DHEA) ± s.e .m . over 
the period of interest aligned to the day of peak estrogen. Note the split 
y-axis scale on the E/P/T axis to allow for clear visualization of the 
combined profiles at the timing of the entry into proestrus, and the 
separate y-axis for DHEA. The grey line at day -11 indicates the average 
start of the proestrus period based on when the concentration of 
estrogen increased 2 s.d. above the mean concentration. The E/P 
crossover is highlighted in red, occurring between day -10 and -9 
following the aforementioned entry into proestrus. The E/T crossover is 
highlighted in yellow, occurring between day -14 and -13. The day of peak 
estrus (day 0) is highlighted in blue. 

Table 3 Summary of the average hormone concentrations (ng/mL USpG) for each hormone (E, P, T, and DHEA with the s.e .m .) 
during each phase within the period of interest. 

Anestrus Proestrus Estrus Post-estrus

E/USpG       1.68 (0.05)a,b,c 17.47 (1.17)a,d 61.51 (6.07)b,e    5.85 (0.87)c,d,e

P/USpG       7.50 (0.15)a,b,c   4.06 (0.14)a,d    4.29 (0.39)b,e  10.56 (0.50)c,d,e

T/USpG     2.82 (0.07)a,b   1.33 (0.07)a,c    1.95 (0.31)b,d  3.64 (0.23)c,d

DHEA/USpG 120.69 (5.93)a,b   49.62 (3.15)a,c,d 231.65 (49.71)c 322.77 (43.19)b,d

The superscripts indicate significant differences between phases for each hormone.
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et al. 1968, Belanger et al. 1989), rabbits (Cutler et al. 1978, 
Schiebinger et al. 1981), dogs (Cutler et al. 1978, Schiebinger 
et  al. 1981, Mongillo et  al. 2014) and cattle (Marinelli 
et al. 2007). This is in contrast to species such as humans 
(Labrie et  al. 2005), primates (western lowland gorillas 
(Edes 2017)), chimpanzees (Seraphin et  al. 2008, Blevins 
et  al. 2013), bonobos (Behringer et  al. 2012), macaques 
(Muehlenbein et  al. 2002), red squirrels (Boonstra et  al. 
2008), American martens (Boonstra et  al. 2018) and both 
Gray and Harbor seals (Gundlach et al. 2018) which have 
a primarily adrenal source for DHEA. Other Ursid species 
have not had the source of their DHEA investigated. In 
the species with mainly adrenal DHEA production, DHEA 
concentrations and profiles are often studied in relation 
to stress or injury response. As giant pandas show mainly 
gonadal production, we believe the observed profiles are 
not likely related to potential stressors or injury.

In determining a predictive biomarker for proestrus, 
the E/T crossover occurred an average of 4 days prior to the 
E/P crossover. Current methods of monitoring the breeding 
season focus on measuring estrogen and progestogen to 
indicate proestrus and future fertility. The addition of 
androgen (e.g. testosterone) measurements could extend 
this indicative window by 4 days to allow additional 
time for preparation. In steroidogenesis, androgens are 
converted to estrogens via aromatase. With the significant 
increase in estrogen concentrations between the anestrus 
and proestrus periods, it is perhaps logical to expect a 
decrease in the concentrations of precursors of estrogens. 
With the rapid increase in estrogen, androgens consistently 
remain low for the duration of proestrus.

Follicles have differing steroid-producing capabilities 
as they develop (Rodgers 1990, Mason & Franks 1997, 
Chryssikopoulos 2000, Wood & Strauss 2002). Detailed 
studies on giant panda ovaries or follicles have not been 
undertaken, but in the Hokkaido brown bear, steroidogenic 
enzymes have been localised within follicles. Aromatase 
was not detected in follicles less than 6 mm in diameter. 
Follicles greater than 6 mm in diameter expressed 
17α-hydroxylase in the theca interna and aromatase in the 
granulosa cells (Araki et  al. 1996). Hokkaido brown bears 
have one major follicular wave per breeding season, where 
one or two follicles grow larger than 6 mm in diameter, 
at which point they have gained the ability for estrogen 
synthesis (Torii et al. 2020). Torii et al. (2020) suggest that 
Hokkaido brown bear follicles take around 2 weeks to grow 
to a preovulatory size during the major follicular wave. This 
may also be the case in the giant panda and at the observed 
E/T crossover the follicles have now likely developed to 
the required stage and size for aromatase expression. 

This crossover occurs at an average of 13 days before peak 
estrogen, fitting with those observations of 2 weeks of 
growth to preovulatory size in the Hokkaido brown bear 
(Torii et  al. 2020). In agreement with these observations, 
ultrasound imaging of follicular development in the 
giant panda shows 6 mm follicles at the start of proestrus 
(Hildebrandt et al. 2006).

During proestrus, there are no previous reports of 
androgen concentrations in giant pandas. In the polar 
bear, fecal estradiol concentrations were unchanged across 
periods where breeding behaviours were shown by females, 
but both fecal and urinary testosterone showed changes 
associated with breeding behaviours (Stoops et  al. 2012, 
Knott et al. 2017). In the sun bear, Schwarzenberger et al. 
(2004) found that fecal epiandrosterone was increased only 
over the follicular phase and decreased prior to the luteal 
pregnanediol-glucuronide increase. Considering non-ursid 
species, few publications have considered the measurement 
of androgens in females. In the dog, fecal testosterone 
mirrored estradiol concentrations (Gudermuth et  al. 
1998, Concannon 2009). Studies in mares, while not 
stating proestrus androgen concentrations, have shown 
testosterone or androstenedione concentrations to 
increase coincident with ovulation (Silberzahn et  al. 
1978, Meinecke et  al. 1987). In mares, Meinecke et  al. 
(1987) showed an increasing plasma DHEA concentration 
from 7 days prior to ovulation that peaked the day before 
ovulation, followed by a steady 10-day decrease that 
paralleled estrone and estradiol. Meinecke et  al. (1987) 
suggested the DHEA increase was from an extra-follicular 
source, for example from the adrenal gland. Conversely, 
we did not observe parallel increases in androgens and 
estrogen during proestrus, with decreased androgen 
concentrations whilst estrogen rapidly increased. From 
our DHEA ELISA validation, we know that in the giant 
panda, DHEA is primarily produced in the gonads, thus 
it may be the case that this difference in profiles relates 
to the primary source of the hormone. Additionally, as 
we observed a similar pattern between the progestogen 
and androgen profiles it is possible that these hormones 
are not differentially controlled. There is however a gap 
in the literature regarding androgen assessment in estrus 
monitoring.

At peak estrus in the giant panda, DHEA has the most 
potential in advancing the interpretation of the hormone 
profiles, as it increases significantly on the day of peak 
estrogen. Concentrations obtained with the DHEA assay 
remained elevated until 5 days post-estrus. From the day 
of peak estrogen to +4 days from the peak, these DHEA 
concentrations were on average 3.4 times higher than 
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anestrus concentrations. Whilst both testosterone and 
progestogen tend to be elevated during this time frame, 
neither is elevated to the same extent as DHEA.

We speculate that DHEA could be used as an alternative 
measure to LH for the detection of peak fertility. While 
LH has been assayed in giant panda urine, the results are 
variable and the method is not widely available. LH was 
shown to peak between 3 h 37 min and 61 h 51 min following 
peak estrogen (Cai et al. 2017). The wide variation between 
individuals may have been related to sampling frequency. 
In the hypothalamic–pituitary–gonadal axis, pituitary LH 
acts at the ovarian level to produce androgens, which act 
as precursors for estrogens (Chimote & Chimote 2018). 
Generally, DHEA is known to be much more abundant in 
circulation than other androgens, including testosterone, 
and this may explain the more noticeable change in DHEA 
hormone concentrations (Labrie et al. 2005). The increase 
of DHEA on the day of peak estrogen may be a downstream 
result of the start of the LH surge. LH measurements would 
need to be made in parallel to DHEA to be able to further 
investigate this suggestion.

In conclusion, additional monitoring of androgens 
across the breeding season in the giant panda not only 
provides an increased advanced warning of an impending 
estrus (through the measurement of testosterone) but also 
gives advanced indications of peak estrogen concentration 
(through DHEA). Together, these can aid in preparations 
for breeding. AIs are dependent on endocrinological 
monitoring and are known to have a lower success rate 
than NM (18.5% compared with 60.7% birth rate (Li et al. 
2017)). With the advancement in predicting estrus that 
androgens provide, there may be the potential to increase 
this success rate. This may allow pandas who may not have 
success with NM to increase the genetic variability of the 
captive breeding gene pool through AI. Being a monoestrus 
seasonally breeding species, gaining advanced warning to 
prepare for breeding and confirmation of optimal fertility 
is of great importance. Optimisation of estrus monitoring 
taking into consideration these findings could provide 
benefit to giant panda breeding worldwide.

Supplementary materials
This is linked to the online version of the paper at https ://do i.org /10.1 530/
R AF-22 -0031 .

Declaration of interest
The authors declare no conflicts of interest. W Colin Duncan is an Associate 
Editor of Reproduction and Fertility. W Colin Duncan was not involved in the 
review or editorial process for this paper, on which he is listed as an author.

Funding
This work did not receive any specific grant from any funding agency in the 
public, commercial, or not-for-profit sector.

Author contribution statement
All authors undertook experimental design and conceptualisation, and 
were involved with writing and editing of the manuscript. K S W, J W, I V 
and S G were involved with data curation. K S W, J W, W C D, I V and A M 
undertook data analysis.

Acknowledgements
The authors would like to thank and acknowledge the support of all of 
the zoological parks and their giant panda teams who have been involved 
in diligent and thorough urine sample collection, allowing this study to 
take place. In particular, Alison Maclean at RZSS Edinburgh Zoo (UK), Dr 
Tim Bouts and Liu Yang at Pairi Daiza (Belgium), Dr Baptiste Mulot and Dr 
Antoine Leclerc at ZooParc de Beauval (France), José Kok at Ouwehands 
Dierenpark (The Netherlands), and Dr Heini Niinimäki and Anna Palmroth 
at Ähtäri Zoo (Finland). The authors would also like to thank Dirk Stockx 
and Tom Cools for assay assistance at Ghent University, and to Dr Emad 
Al-Dujaili at the University of Edinburgh for the gift of the DHEA antibody.

References
Andreasson U, Perret-Liaudet A, van Waalwijk van Doorn LJC, 

Blennow K, Chiasserini D, Engelborghs S, Fladby T, Genc S, 
Kruse N, Kuiperij HB, et al. 2015 A practical guide to immunoassay 
method validation. Frontiers in Neurology 6 179. (https://doi.
org/10.3389/fneur.2015.00179)

Araki H, Tsubota T, Maeda N, Harada N, Kominami S, Mason JI 
& Kita I 1996 Intraovarian immunolocalisation of steroidogenic 
enzymes in a Hokkaido Brown Bear, Ursus arctos yesoensis during 
the mating season. Journal of Veterinary Medical Science 58 787–790. 
(https://doi.org/10.1292/jvms.58.787)

Behringer V, Hohmann G, Stevens JMG, Weltring A & Deschner T 
2012 Adrenarche in bonobos (Pan paniscus): evidence from 
ontogenetic changes in urinary dehydroepiandrosterone-sulfate 
levels. Journal of Endocrinology 214 55–65. (https://doi.org/10.1530/
JOE-12-0103)

Belanger B, Balnger A, Labrie F, Dupont A, Cusan L & 
Monfette G 1989 Comparison of residual C-19 steroids in plasma 
and prostatic tissue of human, rat and guinea pig after castration: 
unique importance of extratesticular androgens in men. Journal 
of Steroid Biochemistry 32 695–698. (https://doi.org/10.1016/0022-
4731(89)90514-1)

Belanger B, Couture J, Caron S, Bodou P, Fiet J & Belanger A 
1990 Production and secretion of C-19 steroids by rat and guinea 
pig adrenals. Steroids 55 360–365. (https://doi.org/10.1016/0039-
128x(90)90060-o)

Blevins JK, Coxworth JE, Herndon JG & Hawkes K 2013 Brief 
communication: Adrenal androgens and aging: female chimpanzees 
(Pan troglodytes) compared with women. American Journal of Physical 
Anthropology 151 643–648. (https://doi.org/10.1002/ajpa.22300)

Bonney RC, Wood DJ & Kleiman DG 1982 Endocrine correlated 
of behavioural oestrus in the female giant panda (Ailuropoda 
melanoleuca) and associated hormonal changed in the male. Journal 
of Reproduction and Fertility 64 209–215. (https://doi.org/10.1530/
jrf.0.0640209)

This work is licensed under a Creative Commons 
Attribution 4.0 International License.https://doi.org/10.1530/RAF-22-0031

https://raf.bioscientifica.com © 2022 The authors
 Published by Bioscientifica Ltd

https://doi.org/10.1530/RAF-22-0031
https://doi.org/10.1530/RAF-22-0031
https://doi.org/10.3389/fneur.2015.00179
https://doi.org/10.3389/fneur.2015.00179
https://doi.org/10.1292/jvms.58.787
https://doi.org/10.1530/JOE-12-0103
https://doi.org/10.1530/JOE-12-0103
https://doi.org/10.1016/0022-4731(89)90514-1
https://doi.org/10.1016/0022-4731(89)90514-1
https://doi.org/10.1016/0039-128x(90)90060-o
https://doi.org/10.1016/0039-128x(90)90060-o
https://doi.org/10.1002/ajpa.22300
https://doi.org/10.1530/jrf.0.0640209
https://doi.org/10.1530/jrf.0.0640209
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1530/RAF-22-0031
https://raf.bioscientifica.com


K S Wilson et al. 1313:3

Boonstra R, Lane JE, Boutin S, Bradley A, Desantis L, 
Newman AEM & Soma KK 2008 Plasma DHEA levels in wild, 
territorial red squirrels: seasonal variation and effect of ACTH. General 
and Comparative Endocrinology 158 61–67. (https://doi.org/10.1016/j.
ygcen.2008.05.004)

Boonstra R, Dusek A & Flynn RW 2018 DHEA and territoriality during 
the nonbreeding season in male American martens (Martes americana). 
Journal of Mammalogy 99 826–835. (https://doi.org/10.1093/jmammal/
gyy067)

Cai K, Yie S, Zhang Z, Wang J, Cai Z, Luo L, Liu Y, Wang H, 
Huang H, Wang C, et al. 2017 Urinary profiles of luteinising 
hormone, estrogen and progestagen during the estrous and 
gestational periods in giant pandas (Ailuropoda melanoleuca). Scientific 
Reports 7 40749. (https://doi.org/10.1038/srep40749)

Chimote BN & Chimote NM 2018 Dehydroepiandrosterone (DHEA) and 
its sulphate (DHEA-S) in mammalian reproduction: known roles and 
novel paradigms. In Vitamins and Hormones, vol. 108, pp. 223–250. 
Ed. G Litwack. Academic Press: Massachusetts, USA. (https://doi.
org/10.1016/bs.vh.2018.02.001)

Chryssikopoulos A 2000 The potential role of intraovarian factors on 
ovarian androgen production. Annals of the New York Academy of Sciences 
900 184–192. (https://doi.org/10.1111/j.1749-6632.2000.tb06229.x)

Concannon PW 2009 Endocrinologic control of normal canine ovarian 
function. Reproduction in Domestic Animals 44 (Supplement 2) 3–15. 
(https://doi.org/10.1111/j.1439-0531.2009.01414.x)

Cutler GB, Glenn M, Bush M, Hodgen GD, Graham CE & Loriaux DL 
1978 Adrenarche: a study of rodents, domestic animals, and primates. 
Endocrinology 103 2112–2118. (https://doi.org/10.1210/endo-103-6-2112)

Czekala N, McGeehan L, Steinman K, Xuebing L & Gual-Sil F 2003 
Endocrine monitoring and its application to the management of 
the giant panda. Zoo Biology 22 389–400. (https://doi.org/10.1002/
zoo.10108)

Edes AN 2017 Dehydroepiandrosterone-sulfate (DHEA-S), sex, and age in 
zoo-housed western lowland gorillas (Gorilla gorilla gorilla). Primates; 
Journal of Primatology 58 385–392. (https://doi.org/10.1007/s10329-
017-0602-2)

Gocinski BL, Knott KK, Roberts BM, Brown JL, Vance CK & 
Kouba AJ 2018 Changes in urinary androgen concentration indicate 
that male giant pandas (Ailuropoda melanoleuca) respond to impending 
female oestrus during and outside the typical spring breeding season. 
Reproduction, Fertility, and Development 30 399–408. (https://doi.
org/10.1071/RD16345)

Gudermuth DF, Concannon PW, Daels PF & Lasley BL 1998 
Pregnancy-specific elevations in fecal concentrations of estradiol, 
testosterone and progesterone in the domestic dog (Canis familiaris). 
Theriogenology 50 237–248. (https://doi.org/10.1016/s0093-
691x(98)00131-9)

Gundlach NH, Schmicke M, Ludes-Wehrmeister E, Ulrich SA, 
Araujo MG & Siebert U 2018 New approach to stress research 
in phocids – potential of dehydroepiandrosterone and cortisol/
dehydroepiandrosterone ratio as markers for stress in Harbor seals 
(Phoca vitulina) and Gray seals (Halichoerus grypus). Journal of Zoo and 
Wildlife Medicine 49 556–563. (https://doi.org/10.1638/2017-0191.1)

Hildebrandt TB, Brown JL, Göritz F, Ochs A, Morris P & 
Sutherland-Smith M 2006 Ultrasonography to assess and 
enhance health and reproduction in the giant panda. In Giant 
Pandas: Biology, Veterinary Medicine and Management pp. 410–439. 
Eds. DE Wildt, A Zhang, H Zhang, DL Janssen & S Ellis. 
Cambridge University Press: Cambridge, UK. (https://doi.org/10.1017/
CBO9780511542244.018)

Hodges JK, Bevan DJ, Celma M, Hearn JP, Jones DM, Kleiman DG, 
Knight JA & Moore HDM 1984 Aspects of the reproductive 
endocrinology of the female giant panda (Ailuropoda melanoleuca) 
in captivity with special reference to the detection of ovulation 
and pregnancy. Journal of Zoology 203 253–267. (https://doi.
org/10.1111/j.1469-7998.1984.tb02331.x)

Kersey DC, Wildt DE, Brown JL, Snyder RJ, Huang Y & Monfort SL 
2010a Endocrine milieu of perioestrus in the giant panda (Ailuropoda 
melanoleuca), as determined by non-invasive hormone measures. 
Reproduction, Fertility, and Development 22 901–912. (https://doi.
org/10.1071/RD09178)

Kersey DC, Wildt DE, Brown JL, Snyder RJ, Huang Y & Monfort SL 
2010b Urinary biphasic progestagen profile in parturient and non-
parturient giant pandas (Ailuropoda melanoleuca) as determined by 
faecal hormone monitoring. Reproduction 140 183–193. (https://doi.
org/10.1530/REP-10-0003)

Kersey DC, Wildt DE, Brown JL, Huang Y, Snyder RJ & 
Monfort SL 2010c Parallel and seasonal changes in gonadal and 
adrenal hormones in male giant pandas (Ailuropoda melanoleuca). 
Journal of Mammalogy 91 1496–1507. (https://doi.org/10.1644/09-
MAMM-A-404.1)

Kersey DC, Aitken-Palmer C, Rivera S, Willis EL, Liang LY & 
Snyder RJ 2016 The birth of a giant panda: tracking the biological 
factors that successfully contribute to conception through to 
postnatal development. Theriogenology 85 671–677. (https://doi.
org/10.1016/j.theriogenology.2015.10.005)

Knott KK, Mastromonaco GF, Owen MA & Kouba AJ 2017 Urinary 
profiles of progestin and androgen metabolites in female polar bears 
during parturient and non-parturient cycles. Conservation Physiology 5 
cox023. (https://doi.org/10.1093/conphys/cox023)

Labrie F, Luu-The V, Bélanger A, Lin SX, Simard J, Pelletier G & 
Labrie C 2005 Is dehydroepiandrosterone a hormone? Journal of 
Endocrinology 187 169–196. (https://doi.org/10.1677/joe.1.06264)

Li D, Wintle NJP, Zhang G, Wang C, Luo B, Martin-Wintle MS, 
Owen MA & Swaisgood RR 2017 Analysing the past to understand 
the future: natural mating yields better reproductive rates than 
artificial insemination in the giant panda. Biological Conservation 216 
10–17. (https://doi.org/10.1016/j.biocon.2017.09.025)

Lindburg DG, Czekala NM & Swaisgood RR 2001 Hormonal and 
behavioural relationships during estrus in the giant panda. Zoo Biology 
20 537–543. (https://doi.org/10.1002/zoo.10027)

MacDonald E, Czekala N, Wang P-Y, Gual-Sill F & Nakao T 2006 
Urinary testosterone and cortisol metabolites in male giant pandas 
Ailuropoda melanoleuca in relation to breeding, housing, and season. 
Acta Zoologica Sinica 52 242–249.

Marinelli L, Trevisi E, Da Dalt L, Merlo M, Bertoni G & Gabai G 
2007 Dehydroepiandrosterone secretion in dairy cattle is episodic 
and unaffected by ACTH stimulation. Journal of Endocrinology 194 
627–635. (https://doi.org/10.1677/JOE-07-0226)

Mason H & Franks S 1997 Local control of ovarian steroidogenesis. 
Bailliere’s Clinical Obstetrics and Gynaecology 11 261–279. (https://doi.
org/10.1016/s0950-3552(97)80037-5)

McGeehan L, Li X, Jackintell L, Huang S, Wang A & Czekala NM 
2002 Hormonal and behavioral correlates of estrus in captive giant 
pandas. Zoo Biology 21 449–466. (https://doi.org/10.1002/zoo.10047)

Meinecke B, Gips H & Meinecke-Tillman S 1987 Progestagen, 
androgen and oestrogen levels in plasma and ovarian follicular fluid 
during the oestrous cycle of the mare. Animal Reproduction Science 12 
255–265. (https://doi.org/10.1016/0378-4320(87)90097-2)

Monfort SL, Dahl KD, Czekala NM, Stevens L, Bush M & Wildt DE 
1989 Monitoring ovarian function and pregnancy in the giant panda 
(Ailuropoda melanoleuca) by evaluating urinary bioactive FSH and 
steroid metabolites. Journal of Reproduction and Fertility 85 203–212. 
(https://doi.org/10.1530/jrf.0.0850203)

Mongillo P, Prana E, Gabai G, Bertotto D & Marinelli L 2014 
Effect of age and sex on plasma cortisol and dehydroepiandrosterone 
concentrations in the dog (Canis familiaris). Research in Veterinary 
Science 96 33–38. (https://doi.org/10.1016/j.rvsc.2013.10.010)

Muehlenbein MP, Campbell BC, Murchison MA & Phillippi KM 
2002 Morphological and hormonal parameters in two species of 
macaques: impact of seasonal breeding. American Journal of Physical 
Anthropology 117 218–227. (https://doi.org/10.1002/ajpa.10030)

This work is licensed under a Creative Commons 
Attribution 4.0 International License.https://doi.org/10.1530/RAF-22-0031

https://raf.bioscientifica.com © 2022 The authors
 Published by Bioscientifica Ltd

https://doi.org/10.1016/j.ygcen.2008.05.004
https://doi.org/10.1016/j.ygcen.2008.05.004
https://doi.org/10.1093/jmammal/gyy067
https://doi.org/10.1093/jmammal/gyy067
https://doi.org/10.1038/srep40749
https://doi.org/10.1016/bs.vh.2018.02.001
https://doi.org/10.1016/bs.vh.2018.02.001
https://doi.org/10.1111/j.1749-6632.2000.tb06229.x
https://doi.org/10.1111/j.1439-0531.2009.01414.x
https://doi.org/10.1210/endo-103-6-2112
https://doi.org/10.1002/zoo.10108
https://doi.org/10.1002/zoo.10108
https://doi.org/10.1007/s10329-017-0602-2
https://doi.org/10.1007/s10329-017-0602-2
https://doi.org/10.1071/RD16345
https://doi.org/10.1071/RD16345
https://doi.org/10.1016/s0093-691x(98)00131-9
https://doi.org/10.1016/s0093-691x(98)00131-9
https://doi.org/10.1638/2017-0191.1
https://doi.org/10.1017/CBO9780511542244.018
https://doi.org/10.1017/CBO9780511542244.018
https://doi.org/10.1111/j.1469-7998.1984.tb02331.x
https://doi.org/10.1111/j.1469-7998.1984.tb02331.x
https://doi.org/10.1071/RD09178
https://doi.org/10.1071/RD09178
https://doi.org/10.1530/REP-10-0003
https://doi.org/10.1530/REP-10-0003
https://doi.org/10.1644/09-MAMM-A-404.1
https://doi.org/10.1644/09-MAMM-A-404.1
https://doi.org/10.1016/j.theriogenology.2015.10.005
https://doi.org/10.1016/j.theriogenology.2015.10.005
https://doi.org/10.1093/conphys/cox023
https://doi.org/10.1677/joe.1.06264
https://doi.org/10.1016/j.biocon.2017.09.025
https://doi.org/10.1002/zoo.10027
https://doi.org/10.1677/JOE-07-0226
https://doi.org/10.1016/s0950-3552(97)80037-5
https://doi.org/10.1016/s0950-3552(97)80037-5
https://doi.org/10.1002/zoo.10047
https://doi.org/10.1016/0378-4320(87)90097-2
https://doi.org/10.1530/jrf.0.0850203
https://doi.org/10.1016/j.rvsc.2013.10.010
https://doi.org/10.1002/ajpa.10030
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1530/RAF-22-0031
https://raf.bioscientifica.com


K S Wilson et al. 1323:3

Rivarola MA, Snipes CA & Migeon CJ 1968 Concentration of 
androgens in sustemic plasma of rats, guinea pigs, salamanders and 
pigeons. Endocrinology 82 115–121. (https://doi.org/10.1210/endo-
82-1-115)

Roberts BM, Brown JL, Kersey DC, Snyder RJ, Durrant BS & 
Kouba AJ 2018 Use of urinary 13,14, dihyro-15-keto-prostaglandin F2α 
(PGFM) concentrations to diagnose pregnancy and predict parturition 
in the giant panda (Ailuropoda melanoleuca). PLoS ONE 13 e0195599. 
(https://doi.org/10.1371/journal.pone.0195599)

Rodgers RJ 1990 Steroidogenic cytochrome P450 enzymes and ovarian 
steroidogenesis. Reproduction, Fertility, and Development 2 153–163. 
(https://doi.org/10.1071/rd9900153)

Schiebinger RJ, Albertson BD, Barnes KM, Cutler GB & 
Loriaux DL 1981 Developmental changes in rabbit and dog adrenal 
function: a possible homologue of adrenarche in the dog. American 
Journal of Physiology 240 E694–E699. (https://doi.org/10.1152/
ajpendo.1981.240.6.E694)

Schwarzenberger F, Fredriksson G, Schaller K & Kolter L 2004 
Fecal steroid analysis for monitoring reproduction in the sun bear 
(Helarctos malayanus). Theriogenology 62 1677–1692. (https://doi.
org/10.1016/j.theriogenology.2004.03.007)

Seraphin SB, Whitten PL & Reynolds V 2008 The influence of age on 
fecal steroid hormone levels in male Budongo forest chimpanzees (Pan 
troglodytes schweinfurthii). American Journal of Primatology 70 661–669. 
(https://doi.org/10.1002/ajp.20541)

Silberzahn P, Quincey D, Rosier C & Leymarie P 1978 Testosterone 
and progesterone in peripheral plasma during the oestrous cycle of 
the mare. Journal of Reproduction and Fertility 53 1–5. (https://doi.
org/10.1530/jrf.0.0530001)

Steinman KJ, Monfort SL, McGeehan L, Kersey DC, Gual-Sil F, 
Snyder RJ, Wang P, Nakao T & Czekala NM 2006 Endocrinology 
of the giant panda and application of hormone technology to 
species management. In Giant Pandas: Biology, Veterinary Medicine 
and Management pp. 198–230. Eds. DE Wildt, A Zhang, H Zhang, 
DL Janssen & S Ellis. Cambridge University Press: Cambridge, UK. 
(https://doi.org/10.1017/CBO9780511542244.009) 

Stoops MA, MacKinnon KM & Roth TL 2012 Longitudinal fecal 
hormone analysis for monitoring reproductive activity in the female 

polar bear (Ursus maritimus). Theriogenology 78 1977–1986. (https://
doi.org/10.1016/j.theriogenology.2012.07.005)

Torii Y, Matsumoto N, Sakamoto H, Nagano M, Katagiri S & 
Yanagawa Y 2020 Monitoring follicular dynamics to determine 
estrus type and timing of ovulation induction in captive brown bears 
(Ursus arctos). Journal of Reproduction and Development 66 563–570. 
(https://doi.org/10.1262/jrd.2020-044)

van Weerden WM, Blerings HG, van Steenbrugge GJ, de Jong FH & 
Schröder FH 1992 Adrenal glands or mouse and rat do not synthesise 
androgens. Life Sciences 50 857–861. (https://doi.org/10.1016/0024-
3205(92)90204-3)

Wauters J, Wilson KS, Bouts T, Valentine I, Vanderschueren K, 
Ververs C, Howie AF, Rae MT, Van Soom A, Li R et al. 2018 
Urinary specific gravity as an alternative for the normalisation of 
endocrine metabolite concentrations in giant panda (Ailuropoda 
melanoleuca) reproductive monitoring. PLoS ONE 13 e0201420. 
(https://doi.org/10.1371/journal.pone.0201420)

Willis EL, Kersey DC, Durrant BS & Kouba AJ 2011 The acute phase 
protein ceruloplasmin as a non-invasive marker of pseudopregnancy, 
pregnancy and pregnancy loss in the giant panda. PLoS ONE 6 e21159. 
(https://doi.org/10.1371/journal.pone.0021159)

Wilson KS, Wauters J, Valentine I, McNeilly A, Girling S, Li R, 
Li D, Zhang H, Rae MT, Howie F, et al. 2019 Urinary estrogens 
as a non-invasive biomarker of viable pregnancy in the giant panda 
(Ailuropoda melanoleuca). Scientific Reports 9 12772. (https://doi.
org/10.1038/s41598-019-49288-6)

Wood JR & Strauss III JF 2002 Multiple signal transduction pathways 
regulate ovarian steroidogenesis. Reviews in Endocrine and Metabolic 
Disorders 3 33–46. (https://doi.org/10.1023/a:1012748718150)

Zhang H, Li D, Wang C & Hull V 2009 Delayed implantation in giant 
pandas: the first comprehensive empirical evidence. Reproduction 138 
979–986. (https://doi.org/10.1530/REP-09-0241)

Received in final form 20 June 2022
Accepted 30 June 2022
Accepted Manuscript published online 30 June 2022

This work is licensed under a Creative Commons 
Attribution 4.0 International License.https://doi.org/10.1530/RAF-22-0031

https://raf.bioscientifica.com © 2022 The authors
 Published by Bioscientifica Ltd

https://doi.org/10.1210/endo-82-1-115
https://doi.org/10.1210/endo-82-1-115
https://doi.org/10.1371/journal.pone.0195599
https://doi.org/10.1071/rd9900153
https://doi.org/10.1152/ajpendo.1981.240.6.E694
https://doi.org/10.1152/ajpendo.1981.240.6.E694
https://doi.org/10.1016/j.theriogenology.2004.03.007
https://doi.org/10.1016/j.theriogenology.2004.03.007
https://doi.org/10.1002/ajp.20541
https://doi.org/10.1530/jrf.0.0530001
https://doi.org/10.1530/jrf.0.0530001
https://doi.org/10.1017/CBO9780511542244.009) 
https://doi.org/10.1016/j.theriogenology.2012.07.005
https://doi.org/10.1016/j.theriogenology.2012.07.005
https://doi.org/10.1262/jrd.2020-044
https://doi.org/10.1016/0024-3205(92)90204-3
https://doi.org/10.1016/0024-3205(92)90204-3
https://doi.org/10.1371/journal.pone.0201420
https://doi.org/10.1371/journal.pone.0021159
https://doi.org/10.1038/s41598-019-49288-6
https://doi.org/10.1038/s41598-019-49288-6
https://doi.org/10.1023/a:1012748718150
https://doi.org/10.1530/REP-09-0241
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1530/RAF-22-0031
https://raf.bioscientifica.com

	Graphical abstract
	Introduction
	Methods
	Sample collection
	Urinary specific gravity
	Measurement of estrogens
	Measurement of progestogens
	Measurement of androgens - testosterone assay
	Measurement of androgens - DHEA assay
	Validation of testosterone and DHEA assays
	Statistical analysis

	Results
	Testosterone and DHEA assay assessment
	Biological validation

	Prediction of an impending proestrus
	Prediction of peak fertility

	Discussion
	Supplementary materials
	Declaration of interest
	Funding
	Author contribution statement
	Acknowledgements
	References

