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Abstract

The measure of hair cortisol concentration (HCC) is becoming an emerging approach to monitor mid-/long-term stress in
animals, so it is more and more important to develop accurate and reliable methods. In the light of this, the aim of the present
study was to compare mane HCCs of 47 horses with different managements, by means of an immunoassay (ELISA) and liquid
chromatography coupled to hybrid high-resolution mass spectrometry (LC-HRMS/MS). After the washing step, the ground
hair was extracted with methanol. The extract was evaporated and redissolved in two different aqueous solutions, depending
on the detection technique. The methods were validated according to EMA guideline for bioanalytical method validation,
in the range 2-50 pg mg~! (ELISA) and 1-100 pg mg~! (LC-HRMS/MS). Satisfactory quantitative performances were
obtained for both of the approaches, but this latter demonstrated better precision. The detected concentrations in real samples
were encompassing the range 1.3-8.8 pg mg~! and 2.0-17.9 pg mg™' by means of LC-HRMS/MS and ELISA, respectively.
Overall, HCCs measured with ELISA technique were 1.6 times higher. The overestimation of immunoassay results might be
caused by cross-reactivity phenomena of laboratory reagents and other structurally similar hormones present in the mane.
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Introduction

The hypothalamic—pituitary—gonadal and hypotha-
lamic—pituitary—adrenal (HPA) axes respond to stress
episodes with an increased production of hormones. Par-
ticularly, the main glucocorticoid cortisol is secreted by
the “ignition” of HPA system and represents a key com-
ponent of the physiological response to stress. The deter-
mination of long-term cortisol levels in matrices such as
blood, feces, saliva, and urine is difficult because they are
affected by circadian changes, environmental factors, and
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sudden fluctuations. As a matter of fact, these media permit
the adequate assessment of short-term response to stress.
On the contrary, hair cortisol concentration represents an
accurate measure of mid-/long-term stress. Lipophilic hor-
mones like cortisol are linked into the hair shaft via passive
diffusion from the vascular system and secondarily through
the tissues surrounding the follicle during the hair growth
cycle, although the exact mechanisms of incorporation are
not completely known. Moreover, the hair sample is more
stable than the traditional matrices at room temperature, and
the sampling is pain-free [1]. The potentiality of HCC is
having an increasing interest in animal stress and welfare
research, indeed several papers investigated the impact of
different variables on HCC in wild animals: biological fac-
tors (e.g., age, sex, hair color, sampling body region), clini-
cal/medical conditions (e.g., pregnancy, illness, surgeries),
environmental factors (e.g., seasonality, light exposure), and
finally housing and managements conditions (e.g., reloca-
tion, breeding, lifestyle). However, it is worth noting that
until now, HCC studies in horses have been scarcely pub-
lished; in fact, 10 results gave back after inserting of the
words “cortisol” and “hair” and “horse” in the PubMed
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site (Pubmed.gov), but more detailed research on other
sources returns a total of 13 papers. The majority of the
published studies in animals used immunoassays for HCC
measurements, but this technique could not offer high accu-
racy because of matrix effects and/or hypothetical cross-
reactivity phenomena (e.g., related steroid metabolites).
Instead, liquid chromatography tandem mass spectrometry
(LC-MS/MS), especially high-resolution mass spectrometry
(HRMS) permits high selectivity and accuracy [2]. Moreo-
ver, quantitative results can be more accurate through the use
of isotopically labeled internal standards. The comparison
between the two cited techniques was only investigated by
Russell and collaborators in human hair [3]. To the best of
our knowledge, only our previous study has analyzed hair
cortisol in horses with LC-HRMS/MS [4], and no study has
so far compared it with immunoassays. The aims of this
work were to compare validation method performances and
the equine HCCs of real samples, obtained by means of LC-
HRMS/MS and an immunoassay (i.e., ELISA) and valida-
tion data of the two approaches.

Materials and methods
Reagents and materials

The LC-MS grade deionized water, formic acid, and metha-
nol (MeOH) were purchased from Biosolve Chimie (Dieuze,
France). The reference material of cortisol and the internal
standard (IS) cortisol-d, (9, 11, 12, 12-d,) were supplied by
Merck KGaA (Darmstadt, Germany).

The stock standard solutions of Cortisol and IS at 1000
and 100 pg mL~!, respectively, were dissolved in MeOH
and stored at— 20 °C for 6 months. The intermediate ones
(1 ug mL~!, 100 and 20 ng mL~") were freshly prepared in
the dissolving solution or rather a mixture of MeOH/water
50/50 (v/v) containing 0.05% formic acid except for the solu-
tion at 10 ug mL ™" that is stable for 3 weeks in the freezer.

The Cortisol ELISA Kit Item No. 500360 was bought by
Cayman Chemical (Michigan, USA).

Sample preparation

Horse hair samples were prepared as described by Duran
et al. [5] with slight modifications. Particularly, the collected
sample of about 20 cm length was washed three times with
40 pL methanol/mg hair for about 5 min (per wash) and then
dried overnight at room temperature. The first 6 cm of hair
next to the root (excluding it) was ground to a fine powder
with a Tissue Lyser II (Qiagen, Hilden, Germany) for 5 min
at 30 Hz using a stainless steel bead (20 mm diameter). After
which, 25 mg of sample was weighed in a 2 mL microcentri-
fuge and plastic tube and spiked with 12.5 uL of a solution
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containing the IS a 20 ng mL~!. Later, 500 uL of MeOH
was added, and the extraction was carried out overnight in a
shaker. After centrifugation, two more extractions of 5 min
duration were performed. The reunited extracts were filtered
with a 0.45 um PVDF (polyvinylidene fluoride) filter, evapo-
rated, and then redissolved in 100 pL of the dissolving solu-
tion (LC-HRMS/MS analysis) or 600 uL of ELISA buffer
(ELISA procedure).

LC-HRMS/MS analysis

The presented method was based on our previous paper [4].
Particularly, chromatography was performed on a Thermo
Ultimate 3000 High-Performance Liquid Chromatography
system (San Jose, CA, USA) using an Acquity UPLC BEH
C18 column (50 2.1 mm; 1.7 pm, 130 A) (Waters, Mil-
ford, MA, USA), connected to an Acquity guard column
(5%2.1 mm). HPLC eluent A was an aqueous solution con-
taining 0.1% (v/v) formic acid, and eluent B was MeOH. The
gradient was started with 40% eluent B for 1 min, continued
with linear increase to 95% B in 8 min and maintained in
this condition for 3 min. The system came back to 40% B in
1 min and was equilibrated for 3 min for a total run time of
15 min. The column compartment and the sample tempera-
ture were kept at 30 °C and 16 °C, respectively. The flow rate
was 0.25 mL min~, and the injection volume was 10 pL.
A Q-Orbitrap mass spectrometer (Thermo Scientific,
San Jose, CA, USA) was equipped with a heated electro-
spray ionization (HESI-II) source. The HESI-II and capil-
lary temperatures were set at 320 and 300 °C, respectively
and the electrospray voltage at 3.20 kV (positive ionization
mode). Sheath and auxiliary gas were 35 and 15 arbitrary
units, respectively. The mass spectrometer was controlled by
Xcalibur 3.0 software (Thermo Fisher Scientific, San Jose,
CA, USA). The exact mass of the compounds was calculated
using Qualbrowser in Xcalibur 3.0. Instrument calibration
was performed for every analytical batch with a direct infu-
sion of LTQ Velos ESI Positive Ton Calibration Solution
(Pierce Biotechnology Inc., Rockford, IL, USA). The indi-
vidual compounds were infused with a syringe through a
T union connected to an LC system with a mobile phase
flow rate of 0.1 mL min~" (50% eluent A). The product ions
were found by increasing the collision energy (CE) using
Q-Exactive Tune 2.3 software (Thermo Fisher Scientific,
Waltham, Massachusetts, USA). After choosing the more
intense product ions, fragmentation energies were optimized
with spiked samples at 1 pg mg~"! using the optimized gradi-
ent program. All Q Exactive parameters as resolution, auto-
matic gain control (AGC), and injection time (IT) were opti-
mized to improve instrumental signals and selectivity. MS
acquisition was performed using full-scan/dd-MS? experi-
ment: mass range was within m/z 150-1200, resolution set
at 70,000 FWHM (m/z 200). The AGC was fixed at 3 x 10°
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ions for a maximum injection time of 300 ms. With regard
to MS? acquisition mode, the adduct ion was filtered with an
isolation window of m/z 2.0, a resolution, AGC target, and
maximum IT were set at 35,000 FWHM (m/z 200), 5 X 10°,
and 140 ms, respectively. The monitored adduct and product
ions such as the collision energy are presented in Table 1.

ELISA procedure

The commercially available, competitive ELISA is based
on the competition between cortisol and cortisol-acetyl-
cholinesterase (AChE) conjugate for the anticortisol anti-
body binding sites. Particularly, the assay was performed
by the addition of cortisol standards/samples, AChE, and
the cortisol-specific, mouse monoclonal antibody in the
wells. During the incubation (overnight at+4 °C), the
antibody—cortisol (either free or tracer) complex bound to
the goat polyclonal anti-mouse IgG captured on the solid
phase. After a washing step, the bound enzyme conjugate
was revealed thanks to the addition of the Ellman’s reagent
(which contains the substrate) producing a yellow product.
A microplate reader Benchmark BIO-RAD (Hercules, CA,
USA) was used to measure the absorbance at 405 nm. This
latter was inversely proportional to the amount of free cor-
tisol present in the well during the incubation. The results
were expressed in percentages of the maximum absorbance
(B/B,%) using Eq. 1:

B Absorbance standard/sample

—(%)

B, " Absorbance at zero standard concentration

(H
The cross-reactivities of steroids in the selected ELISA
kit are as follows: cortisol 100%, dexamethasone 15%, pred-
nisolone 4.0%, cortexolone 1.6%, 11-deoxycorticosterone,
and 17-hydroxyprogesterone 0.23%, cortisol glucuronide
0.15%, corticosterone 0.14%, cortisone 0.13%, and finally
androstenedione, enterolactone, estrone, 17-hydroxypregne-
nolone, pregnenolone, and testosterone < 0.01% (data from
manufacturer).

Method validation and quality assurance

The validation was carried out following the performance
criteria described in EMA guideline on bioanalytical method

validation [6]. The calibration curve/linearity has been
evaluated in dissolving solution and ELISA buffer. Mane
hair used for the validation was collected by a horse outside
the 47 real samples. Its measured HCC was 0.5 pg mg™!
and 0.9 pg mg~! by means of LC-HRMS/MS and ELISA,
respectively. Precision intended as repeatability and within-
laboratory reproducibility as well as trueness (recovery),
LOD, and LOQ was also assessed in the concentration range
encompassing 1-100 pg mg~! (LC-Q-HRMS/MS analysis)
and 2-50 pg mg™' (ELISA procedure). In detail, four spik-
ing levels were performed with regard to LC-HRMS/MS
approach, 1, 2, 10, and 100 pg mg~", and five spiking levels
were carried out for ELISA procedure, 2, 5, 10, 25, and
50 pg mg~!. Six replicates for each of them were analyzed
out along with a calibration curve prepared in the dissolving
solution and ELISA buffer. Each series was repeated on 2
different days for a total of 48 spiked samples, varying time,
operator, and calibration status of the LC-HRMS/MS sys-
tem. Sixty spiked samples were analyzed on 2 days, varying
time, and operator, concerning the ELISA procedure. The
precision was calculated applying the analysis of variance
(ANOVA) at each level. An internal quality control (IQC)
was implemented for the analytical batches by adding the
cortisol-d4 solution to each sample prior to extraction (only
for LC-HRMS/MS analysis). The IS was used with quanti-
tative aims (isotopic dilution). Moreover, a QC sample and
at least a spiked QC sample at 10 pg mg~! were analyzed
for both two approaches, to verify the absence of a false
negative result. It is noteworthy that a procedural blank (PB)
was also inserted in each analytical batch during the ELISA
procedure, to check the possible presence of interferences.
Each real sample was analyzed twice and quantified with a
calibration curve in neat solvent, taking into account of the
dilution factor.

Real sample analysis

Hair samples were selected and collected as described
by Cerasoli et al. (2022) [4]. Briefly, forty-seven horses
belonged to three groups: group 1 (n=16) carried out
training activities and flatwork for the Italian State Police
of Lazio region 3—4 times a week (the animals stand alone
in the boxes with daily access to the paddock), while group
2 (n=16) exercised daily public order activities for the

Table 1 UHPLC-Q-Orbitrap

N ; Analyte RT (min) Molecular formula Adduct Monoisotopic  CE (eV) Fragment Frag-
parameters of cortisol and IS exact mass 11 (mz) ment2!
(m/z) (m/7)
Cortisol 4.5 C,H;,05 [M+Na]® 385.1985 30 85.0 288.9
Cortisol-d4 4.5 C,,H,4D,05 [M+H]t 367.2417 - - -

"Fragments used only for qualitative purposes (ion ratio calculated in product ion scan spectrum)
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Italian State Police (Lazio region) and lived in boxes
with no access to the paddock. Finally, group 3 (n=15)
included horses that lived in the wild (Abruzzo region),
owned by a farmer. After the collection, the mane hair
samples are stable for 2 years at room temperature [7].
They were analyzed by ELISA procedure and LC-HRMS/
MS analysis as described before. Data analysis was statis-
tically evaluated after the verification of the normal dis-
tribution by means of the Pearson correlation coefficients
(regression analysis), as well as Brand—Altman plots, and
two paired sample ¢ tests (P values of < 0.05 were consid-
ered significant).

Results and discussion
Optimization of LC-HRMS/MS conditions

The chromatographic run was developed testing different
gradients with the Acquity UPLC BEH C18 column and
MeOH (eluent B)—0.1% (v/v) formic acid as mobile phases.
A 27-min gradient was initially tested to verify the reten-
tion time of cortisol; particularly, it was started with 5%
eluent B for 1 min, continued with linear increase to 95% B
in 20 min and maintained in this condition for 2 min. The
system came back to 5% B in 1 min and was equilibrated for
4 min. After that, the gradient time was gradually reduced,
taking into account the good retention of the analyte (i.e.,
12.8 min for the initial gradient). The candidate gradients
were of 10 and 15 min. The 10-min gradient was initiated
with 40% eluent B for 1 min, continued with linear increase
to 95% B in 4.5 min. This condition was maintained for
2 min. The system returned to 40% B in 0.5 min and was re-
equilibrated for 2.5 min. Instead, the 15 min chromatography
started with 40% B for 1 min to linear increase until 95% in
8 min and maintain this condition for 3 min. After returning
to initial condition in 1 min, the system was equilibrated for
3 min. Although it is desirable for a short chromatographic
run for only two analytes (i.e., cortisol and cortisol-d4), the
elution of matrix interferences must be considered for a
sample preparation based on a dilute and shoot approach.
The 15 min chromatography was finally chosen thanks to
the higher instrumental signal of analytes, as a matter of
fact; moreover, the full-scan spectrum of spiked samples
acquired with the longer gradient appeared “cleaner” (data
not shown).

The optimization of MS settings was carried out by direct
infusion of a solution of cortisol, followed by the analysis
of spiked samples at 1 pg mg~! using the selected gradient
program. With regard to this, sodium adduct was chosen
thanks to its higher instrumental signal than the protonated
molecular ion ((M+H]").
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Method validation and quality control

The validation results obtained with the two techniques
are summarized in Table 2 and listed in Table S1 in more
detail. The recoveries of cortisol in the spiked samples were
determined thanks to a calibration curve (neat solvent) of
the analyte for ELISA procedure (sigmoidal curve) and the
analyte/IS ratio for LC-MS/MS analysis (isotopic dilution).
For this latter, good linearity was observed (deviations of
back-calculated concentration < 15%). It was judged by ana-
lyzing curves in the concentration range encompassing the
lowest and highest validation level (0.25-25 pg uL~" of cor-
tisol and 2.5 pg uL~! of IS), taking into account the applied
dilution factor. The coefficients of variation (CV, ,eq and
CVyR, pootea) Were calculated pooling the single-level CVs
after the verification of their substantial equivalence, with
regard to the precision. CVs obtained with LC-HRMS/MS
technique were lower than the ELISA approach (especially
for the spiking levels 2 and 5 pg mg~!) (Table S1) because
the first technique carries out structural-based measures,
contrary to the second one that could be affected by cross-
reactivity phenomena. Moreover, cortisol-d4 reduced the ion
suppression in LC-HRMS/MS system because any matrix
components co-eluting with the analyte will be identical for
the IS, allowing the analyte to IS response ratio to compen-
sate this effect. Obviously, this provided a more accurate
and rugged method.

Another issue is that the development/validation of an
accurate, quantitative method for endogenous compounds is
challenging because of the difficulty to obtain analyte-free
authentic matrices as quality control samples. The applied
strategy to circumvent this aspect consisted in exceeding the
levels of QC samples minimum by a factor of 2 [8] with the
spiking experiments, so the estimated LOD/LOQ were oper-
ative values (Table 2) equal to the lowest validation level.
LOD/LOQ of ELISA procedure was higher because of three
possible effects such as (i) some other hypothetical, relevant
hormones, (ii) chemicals/reagents used during the sample
preparation, and (iii) the natural presence of cortisol in the
QC samples. Although this last issue can also influence the
LC-HRMS/MS approach, procedural blanks (PBs) were
carried out applying the ELISA analytical procedure in all

Table 2 Method precision, recovery, and LOD/LOQ

Parameter ELISA LC-
HRMS/
MS

Mean recovery (%) 110 97

C\]r, pooled (%) 18 11

CVWR, pooled (%) 18 13

LOD/LOQ (pg mg™h) 2 1
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respects apart from the addition of the test portion, and inter-
ferences were observed. Particularly, during the validation
and real sample analysis phases, a PB was inserted within
each analytical batch (about 12 samples), and the detected
bias value was subtracted to the calculated cortisol concen-
tration. The maximum PB contamination was 3.6 pg mg~".

Real sample analysis (comparison of cortisol
measurements by ELISA and LC-HRMS/MS
techniques)

Table 3 lists the detected HCC by means of the two
approaches. For the ELISA approach, the cortisol concen-
tration in the samples was calculated by the interpolation of
calibration curve obtained with six cortisol solutions pre-
pared in ELISA buffer (0, 0.1, 0.2, 0.625, 2.5, 4 pg pL'l),
while the HCC detected with LC-HRMS/MS technique was
obtained by the interpolation of calibration curve (isotopic
dilution) prepared in the dissolving solution at 0.25, 0.5,
2.5 pg uL™! of cortisol and 2.5 pg uL ™! of IS. In Fig. 1, the
full-scan chromatograms and MS/MS spectra of cortisol in
sample 6/group 1 with the lowest detected concentration
are shown together with chromatograms and spectra of a
standard prepared in dissolving solution. The differences
of corrected mean concentrations of ELISA procedure with
respect to LC-HRMS/MS analysis were 40%, 35%, and 49%,
for hair horse samples of groups 1, 2 and 3, respectively.
The correction consisted in the subtraction of the procedural
blank contribution. The biases become 46%, 51%, and 46%,
not taking into account of the PB contribution. Overall, the
mean immunoassay values were 1.6 and 1.9 times higher
than LC-MS/MS ones, with or without the subtraction of
PB concentrations.

The correlations between cortisol concentrations have
been evaluated using a scatterplot, considering the linear
regression lines (Fig. 2). The total data obtained by the two
approaches, taking into account the corrected concentrations
of ELISA procedure, did not show a good Pearson correla-
tion coefficient (r=0.5232), and two paired samples 7 test (¢
value =4.662, p=2.7x 1073 ) indicated significant difference
between the two populations (p < 0.05). In detail, r values
were equal to 0.5254, 0.2494, and 0.3200 for groups 1, 2,
and 3, respectively, while p values were 0.008, 0.081, and
0.0029. Interestingly, data of the group 2 belonged to the
same population. Bland—Altman plot of total data (Fig. 3)
also demonstrated limited agreement between the two
approaches with an increasing difference for higher detected
concentrations.

In the light of these results, higher HCCs were detected
using the ELISA procedure probably due to the aforemen-
tioned cross-reactivity phenomena that could provide an
overestimation of the found value.

Overview of the methods for HCC determination

In Table 4, an overview of the main published methods for
the determination of horse hair cortisol is reported. The first
paper, published in 2012 by Comin et al. [9], proposed a
radioimmunoassay (RIA) method to measure HCC in with-
ers foals at birth and until 2 months. Particularly, the cortisol
level decreased with time and varied markedly between the
animals. Two years later, Montillo et al. (2014) [10] applied
a RIA method to a large group of foals (i.e., 219) to investi-
gate the effects of environmental conditions, age (from the
birth to 30 days of life), and sex. Later, Duran and cowork-
ers [5] developed and used an ELISA method to analyze
hair of 38 mares and yearlings for studying the variables
pregnancy, surgical castration, the sampling body regions,
and the cortisol concentration along the hair. In 2019, Placci
et al. [11] evaluated the HCC, hair dehydroepiandrosterone
(DHEA) (RIA methods), and some blood parameters in
47 sporting horses managed with two different typologies
(i.e., conventional and natural ones). This latter seems to
comply more with the physiological need of horses. In the
same year, an illness condition such as the equine squamous
gastric disease (ESGD) was evaluated in terms of stress by
Prinsloo and coworkers [12] using an ELISA method. To
the best of our knowledge, in the following years, only other
seven manuscripts have been published [1, 13-18]. With
regard to sampling body region, mane and withers have been
chosen more often [10, 12, 15, 19]. Generally, the washing
procedure for removing external contamination is based on
isopropanol, but three papers did not furnish this informa-
tion [10, 15, 16]. A common aspect of all the reviewed sam-
ple preparation protocols is the extracting solvent which is
MeOH. With regard to the homogenization procedure, the
most common strategy is the grinding as it assures greater
contact surface with the extracting solvent than the cutting
and mincing. Nevertheless, five of thirteen papers propose
the cutting [9, 11, 12, 16], while Montillo et al. (2014) [10]
did not provide the procedure. The limits of detection (LOD)
of the published methods were at ppb or sub-ppb levels, but
often they were not provided. Particularly, only six papers
provided the LODs referred to the sample [9, 11, 14, 16,
17]. The detected HCC levels were generally very different,
probably also because of the known limitations of immu-
noassays, considering no study analyzed PBs to evaluate
the interferences. The range of provided HCC was from
1.3 pg mg™! (this work) to 510 pg mg™! [17]. In a few, other
cases, the HCCs were only reported in the graphs or figures
[13, 16]. It is noteworthy that the detection/quantitation of
horsehair cortisol has been carried out almost exclusively
with immunoassay techniques (i.e., EIA and RIA) except
for the previous published paper [4].

Table S2 gathers a survey of the main researches for the
determination of hair cortisol in non-domestic animals, since
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Table 3 Detected concentrations of cortisol

Group ID ELISA LC-HRMS/MS
Detected concentra-  Corrected*, detected Mean detected con-  Corrected*, mean Detected concentra-  Mean detected
tion (n=2) (pg mg_l) concentration (n=2) centration+SD detected concentra- tion (n=2) concentration + SD
(pg mg™) (pg mg™) tion+SD (pgmg™)  (pgmg™) (pgmg™)
1 1 84 7.8 4.6+2.6 42+2.6 2.7 2.5+0.7
2 74 6.8 34
3 89 8.3 3.6
4 41 3.7 1.9
5 22 1.8 3.1
6 20 1.2 1.3
7 33 29 2.6
8 15 7.0 1.9
9 42 3.6 1.9
10 93 8.7 3.1
11 32 2.7 1.5
12 238 23 2.6
13 29 2.3 22
14 29 29 23
15 25 2.5 2.6
16 2.8 2.8 2.7
2 1 51 5.1 72+3.7 54+4.1 1.6 35+13
2 26 2.6 3.1
3 24 2.4 1.4
4 92 9.2 4.2
5 94 9.4 2.5
6 706 7.6 2.1
7 15.1 15.1 5.6
8 92 6.2 5.4
9 148 11.8 34
10 65 29 5.6
11 7.0 34 4.5
12 4.6 1.0 35
13 6.6 3.0 32
14 57 2.1 35
15 48 1.2 2.9
16 5.3 3.6 42
3 1 79 6.3 9.7+3.5 8.5+5.7 8.8 52+1.4
2 57 4.1 3.8
3 64 4.8 4.5
4 58 4.1 3.7
5 64 4.8 53
6 64 5.5 53
7 179 17.0 6.6
8 142 133 6.9
9 101 9.2 3.8
10 93 8.4 43
11 125 11.6 43
12 115 10.6 5.4
13 10.0 9.1 6.3
14 119 11.0 49
15 9.0 8.1 4.4

*Concentration of the procedural blank analyzed in each analytical batch
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Fig. 1 Extract ion chromatograms and product ion spectra of cortisol in mane hair sample at 1.3 pg mg~' (a) and in the standard at 0.5 pg uL~!

(b)

2005, for a total of 54 reviewed papers [19-72]. To the best
of our knowledge, currently, the bovine is the most studied
species in terms of HCC with 19 published papers followed
by swine (11), ovine (9), bears (7), non-human primates (5),
and other less investigated species like caribou and reindeer,
chipmunks, hares, lynx, marmots, and minks.

In 2006, Davenport and coworkers [20] published the first
paper about this concern: briefly, they evaluated the effects
of relocation and several washing procedures measuring
HCC of 20 rhesus macaques.

Among the reviewed papers, several factors have been
evaluated in correlation to HCC: the most investigated vari-
able is the sampling body region of tested animals [22, 23,
25, 30-33, 36, 40, 42, 46, 51, 52, 57, 60, 72], and the
detected concentrations may be highly variable; therefore,
it seems reasonable that sampling be standardized to a sin-
gle body region of each species. Again, the seasonality has
been considered by some papers [19, 24, 31, 39, 46, 57,
60, 66]. By way of example, in 2014, Bacci and cowork-
ers [24] applied a RIA method to 30 sows, and the season
of the year was observed to have an effect with the low-
est HCC measured during the summer. Later, Heimburge
et al. (2020) [57] correlated the seasonality and HCC on 75
sows and 72 cows. Only for cattle, there was an influence
with higher HCC in winter samples compared with summer
samples. One year later, the same variable was studied [60]
on 13 polar bears from 12 zoos, and no seasonal hair corti-
sol variation was observed. Management typologies were

selected at times, as in the case of Comin et al. (2011) [19]
that examined HCC produced in response to change from
indoor winter to summer grazing conditions (high moun-
tain) in 83 dairy cows applying a RIA method. HCC was
also related to somatic cell count (SSC), body condition
score (BCS), and milk yield and results evidenced a ben-
eficial impact of grazing on the health of animals although
associated to a worsening BCS, increased SCC, a reduc-
tion of milk yield during the grazing, and a slight rise of
HCC during the transition followed by its stabilization. The
HCC comparison between different management has been
described in our previous paper [4]; briefly, lower level
of cortisol was detected in horses that carried out public
order activity and had access to the paddock, followed by
animals belonging to other two groups. The free-ranging
horses provided higher HCC, probably because they lived
in more stressful conditions (e.g., fear of being predated,
long distance covered in the wild).

Six years later, Peric et al. (2017) [41] evaluated the
allostatic load of 27 and 18 dairy cows managed indoor
in tie-stall barn and grazing on high mountain pasture,
respectively. The authors monitored HCCs, hair DHEA
concentrations, and their ratio using two RIA methods,
and interestingly, fluctuations and higher stress level
were recorded for cows allowed to graze. According to
the authors, these results could depend on the movement
of animals to a pasture with lower nutritional value and
on an increment of physical activity.

@ Springer
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Fig.2 Scatterplot and linear regression lines of concentrations obtained via ELISA and LC-HRMS/MS for groups 1 (a), 2 (b), and 3 (c) and for

all the data (d)

In most cases, the homogenization of hair samples was
carried out through the grinding, the washing protocol based
on isopropanol, and the cortisol extraction on methanol. The
detection was carried out in almost all reviewed papers with
EIA and RIA methods, except for this work, Binz et al.,
Braun et al. [35, 39, 49], Hein and coworkers [60], and Cera-
soli et al. [4] for which liquid chromatography tandem mass
spectrometry and LC-HRMS/MS techniques were applied.
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Conclusions

The developed and validated methods for the deter-
mination of cortisol in equine hair samples by means
of ELISA and LC-HRMS/MS were fitted for purpose,
according to the EMA guideline on bioanalytical method
validation [6].

The LC-HRMS/MS method appeared more accurate
taking into account of the validation performances, so its
application to real sample analysis seems to be more reli-
able than the ELISA procedure. Although LC-MS/MS
technique is currently considered as the gold standard for
the quali—quantitative analysis in many research fields, it
requires initial higher cost for the instrumentation and more
technical expertise than the immunoassays.

Taking into account the limitations of the immunoassay
methods and the absence of commercial proficiency tests,
the detected concentrations could be affected by a bias, so on
the one hand, the comparative analysis improves the knowl-
edge/interpretation of animal welfare, but on the other, abso-
lute values of concentrations must be carefully evaluated.

This work could also offer the perspective to measure
HCC on animals by means of LC-HRMS/MS (or more
broadly LC-MS/MS) technique to establish threshold values
of stress-level exposure, strongly improving the knowledge
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of animal welfare and giving advice to farmers in order to
solve welfare problems.

The use of high-resolution mass spectrometry with accu-
rate mass full-spectrum data could even provide the pos-
sibility to elucidate the molecular formula and the chemi-
cal structure of currently unknown metabolites or potential
biomarkers, looking for a not too distant future.
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