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of a new assay and changes after thermal stress

Marfa Botfa', Eva Llamas-Amor', José Joaquin Cerdon", Guillermo Ramis-Vidal?, Andreu L. Lépez-Juan®,
Juan L. Benedé?, Damién Escribano'?, Silvia Martinez-Subiela' and Marina Lopez-Arjona*

Abstract

Background Cortisone is derived from cortisol through the action of the enzyme 113-hydroxysteroid dehydro-
genase type Il, and it has gained importance in recent years as a biomarker of stress. This study aimed to develop
and validate an assay for the measurement of cortisone in pig saliva and evaluate whether its concentration varies

in stressful situations. For this purpose, a specific immunoassay was developed and validated analytically, and a study
was performed to evaluate whether cortisone concentrations in saliva can vary under heat stress conditions.

Results The assay proved to be accurate, reliable, and sensitive for the measurement of cortisone in pig saliva. The
limit of detection of the assay was set at 0.006 ng/ml, and the lower limit of quantification was 0.023 ng/ml. It also cor-
related significantly with the results obtained by LC-MS/MS (P=0.003; r=0.64). In addition, the cortisone concentra-
tion in animals subjected to prolonged heat stress decreased significantly 15 days after treatment (P <0.0001).

Conclusions According to these results, cortisone measured by this assay could be used as a tool for the non-inva-
sive evaluation of thermal stress in pig saliva.
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Background

Pigs are exposed during their productive system to many
situations that can produce stress, leading to negative
effects on animal health and production [1]. One of the
most significant challenges facing the pig industry in
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recent years is heat stress caused by rising temperatures
due to climate change. This phenomenon is responsible
for significant economic losses within the sector [2].

Saliva biomarkers can be a suitable tool for the evalua-
tion and control of stress, having the advantage of an easy
collection that is not painful to the animals. Cortisol is
the most commonly used biomarker in saliva to evaluate
stress. However, the measurements of other biomarkers
can provide additional information about the stress con-
dition [3, 4].

One of these additional biomarkers is the cortisone,
which is derived from cortisol by the action of the
enzyme 11B-hydroxysteroid dehydrogenase type II (11f-
HSD type II) [5]. Cortisone in addition to be described to
increase in stressful situations specially in humans [6, 7],
can be used for the calculation of the cortisone/cortisol
ratio (Cn/C ratio) for the estimation of 113-HSD type II
enzyme activity.
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Previous research has demonstrated a pronounced
elevation in the activity of the enzyme 113-HSD type II
in hair of pigs under conditions of high environmental
temperature, accompanied by a notable increase in hair
cortisone levels. While cortisol values remained unal-
tered by the elevated ambient temperature [8, 9]. This
indicates that cortisone is a more sensitive biomarker of
heat stress than cortisol in pig hair. However, hair is nor-
mally used for the assessment of chronic or long-term
stress, whereas saliva allows us to assess stress produced
in shorter times. Moreover, processing hair samples for
glucocorticoid extraction is much more laborious and
time-consuming than processing saliva, which is ready
for analysis by centrifugation.

The use of enzyme immunoassays (EIAs) for the deter-
mination of salivary cortisone has been described in
human [10]. In addition, cortisone can be measured in
saliva by liquid chromatography coupled to mass spec-
trometry (LC-MS/MS) [11-14]. In recent years, Alphal.-
ISA technology (PerkinElmer, Inc., MA, USA), based on
amplified luminescence by the proximity of donor and
acceptor beads, has become an immunoasay increas-
ingly used in biomarker quantification due to the use of
low sample volumes and the no need of washings steps.
However, to the best of our knowledge, no immunologi-
cal assays have been developed and used for the measure-
ment of cortisone in the saliva of the pig.

Thus, this study aimed to (1) develop and validate a
method based on AlphaLISA technology for the meas-
urement of cortisone in pig saliva and (2) perform a pilot
study to evaluate whether cortisone concentrations in
saliva can vary under heat stress conditions and compare
them with changes in cortisol, which is considered the
classical marker of stress. Additionally, the cortisone/cor-
tisol ratio (Cn/C ratio) was calculated for the estimation
of 11B-HSD type II enzyme activity.

Results

Analytical validation

The intra-assay precision demonstrated a CV of less than
10%, while the inter-assay precision exhibited a CV of
less than 15% (Table 1). The sample tested was linear after
serial dilutions, showing a coefficient of determination of
R2=0.9819 (Fig. 1). Furthermore, the mean recovery test
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was 95,5% for the high concentration sample and 97.3%
for the low concentration sample (Table 2). The LOD was
set at 0.006 ng/ml, and the LLQ was set at 0.023 ng/ml.
The cross-reactivity of the assay was 6.2% for cortisol.
Method comparison

The values obtained by each method for each animal
included in the study are shown in Table 3. No signifi-
cant differences were observed between the different
time points, although there was a tendency for corti-
sone to increase after stress. Regression analyses demon-
strated that cortisone levels measured by the AlphalLISA
assay showed a significant positive correlation with those
measured by LC-MS/MS (P=0.003; r=0.64).

Changes in thermal stress
Salivary cortisone concentrations measured with the
AlphaLISA method showed a significant increase in pigs
with HS (median: 1.30 ng/ml; 25-75th percentile: 0.87—
1.91 ng/ml) (P<0.0001) compared with 15 days post-
treatment (HS+15) when the same pigs were not under
thermal stress (median: 0.69 ng/ml; 25-75th percentile:
0.52-0.87 ng/ml). These results are shown in Fig. 2.
Salivary cortisol concentrations did not significantly
differ between heat stress (median: 140.5 ng/ml; 25-75th
percentile: 118.9-190.8 ng/ml) and 15 days after treat-
ment (median: 151.2 ng/ml; 25-75th percentile: 133.4—
200.1 ng/ml), when the patients fully recovered (Fig. 3).
Salivary Cn/C ratio showed a significant increase in
pigs with HS (median: 6.1x107% 25-75th percentile:
4.4x1073-9.3x107%) (P<0.001) compared with 15 days
post-treatment (HS+15), when the same pigs were not
under thermal stress (median: 4.6x107% 25-75th per-
centile: 3.6x1073-5.9%1073). These results are shown in
Fig. 4.

Discussion

The development and validation of a new method based
on AlphaLISA technology for the detection of cortisone
in pig saliva was performed in the present study. The low
LOD (0.006 ng/ml) and LLQ (0.023 ng/ml) obtained by
the method are indicative of the high sensitivity of the
assay allowing the detection of low levels of cortisone
in saliva. These values are below those provided by the
user manual of other commercial ELISA kits, where the

Table 1 Mean cortisone concentration, standard deviation (SD), and intra- and inter-assay coefficients of variation (CVs) for saliva
samples with low and high concentrations of cortisone measured with AlphalISA

Sample Intra-assay Inter-assay

Mean (ng/ml) sD CV (%) Mean (ng/ml) sD CV (%)
Low cortisone 0.39 0.03 8.89 042 0.054 12.85
High cortisone 0.97 0.04 4.45 1.14 0.066 578
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Fig. 1 Regression lines showing cortisone concentrations (ng/ml) in the AlphaLISA assay for a sample under dilution. The coefficient
of determination (R?) is shown in the figure

Table 2 Recovery of cortisone in saliva samples

Sample

Expected (ng/ml) Detected (ng/ml) Recovery (%)

Serial dilution

Constant dilution

High concentration

Low concentration

o N N 00O N~ N

1:
1:
1:
1:
1:
1:

1:4
1:4
1:4
1:4
1:4
1:4

0,97 0,89 91,81
0,55 049 88,60
037 0,40 106,14
0,34 0,34 98,86
0,28 0,31 113,03
0,25 0,20 80,01

Table 3 Individual results of salivary cortisone concentrations

obtained by each measurement method. The results are

expressed in ng/ml

Animal B TO T15 T30
AlphalLISA 1 073 0.59 1.32 0.57
2 0.63 047 0.41 0.96
3 0.60 0.68 1.27 0.52
4 0.64 0.56 0.70 0.50
5 0.62 1.00 0.49 0.46
LC-MS/MS 1 0.85 061 1.10 048
2 034 042 035 0.52
3 0.21 0.27 0.83 044
4 0.23 0.18 1.00 0.14
5 0.19 034 0.27 0.28

LOD is as high as 0.93 ng/ml (cortisone ELISA kit, F9055,
LSBio, Shirley, MA) and the LLQ is 0.78 ng/ml (corti-
sone ELISA kit, OKEH02619, Aviva Systems Biology, San
Diego, CA). This data, together with the high correlation
coefficients obtained in the linearity and recovery tests,
make this assay valid for the measurement of cortisone
in pig saliva samples with high specificity. Furthermore,
the AlphaLISA technology offers a number of advantages
over the enzyme-linked immunosorbent assay. These
include a shorter incubation time and the elimination
of the need for washing between steps. Additionally, a
smaller sample volume (5 pl) is required [15].

In addition, the intra- and inter-assay CVs are both
below the recommended 20% [16], similar to those
previously obtained for other analytes in pig saliva by
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Fig. 2 Changes in cortisone concentrations at different times:

at the time of heat stress (HS) and 15 days posttreatment (HS+15)
according to the AlphaLlISA method. Asterisks indicate significant
differences (****P <0.0001). The plots show the median (line
within the box), 25th and 75th percentiles (box) and minimum
and maximum values (whiskers)

Alphal.ISA [15, 17]. Furthermore, the linearity of serial
sample dilution indicated that the assay could detect cor-
tisone accurately. On the other hand, this anti-cortisone
antibody presents a 6.2% cross-reactivity with cortisol,
which can be considered of low clinical significance [18].

The immunoassay of this study was compared to LC—
MS/MS, which is considered the most specific method
for measuring steroid hormones due to its high analyte
specificity [19, 20]. In this comparison two interest-
ing findings were obtained. One is that the correlation
between assays was significant. However, this correlation
was moderate. It could be postulated that this moder-
ate correlation could indicate that the assay developed
in this report could have some degree of cross-reactivity
with other molecules. These molecules in some cases of
other analytes such as the oxytocin can be related with
metabolites or different forms of the same analyte [21],
that are not detected by LC-MS/MS. This could be the
reason why LC-MS/MS revealed a mean cortisone con-
centration of 0.45+0.28 ng/ml, which is lower than that
detected by the AlphaLISA (0.67 +0.26 ng/ml); being this
fact in agreement with other studies where the immuno-
assays overestimated the LC-MS/MS values [22].
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Fig. 3 Changes in cortisol concentrations at different time points:
at the time of heat stress (HS) and 15 days after treatment (HS+15)
according to the AlphalISA method. “ns"indicates no significant
differences. The plots show the median (line within the box), 25th
and 75th percentiles (box) and minimum and maximum values
(whiskers)

The other finding is that the nasal snare model included
in this trial did not produce significant increases in cor-
tisone at any time, probably because the peak increases
in cortisone appeared in the pigs at different point times
after the stimulus. However, the stress due to high tem-
peratures produced significant increases in the animals.
This could indicate that there could be variations in the
cortisone response depending on the type of stress, and
that cortisone could be more sensitive to detect stress
due to high temperatures in comparison with other situa-
tions of stress such as nose snaring.

A significant increase in the salivary cortisone concen-
tration in heat-stressed pigs were detected with the assay
developed in this study. However, cortisol levels did not
change significantly between before and after the heat
shock. This would indicate that salivary cortisone is a
sensitive biomarker of heat stress in pigs. It is of interest
to point out that although in pigs the cortisone does not
fulfil the premise that it is in higher values than cortisol
(which has been described in humans as a reason for cor-
tisone to be more sensitive to stress detection) [6]. It is
more sensitive than cortisol to detect stress by high tem-
peratures. These results are also in agreement with those
observed in a previous study, in which cortisone, but not
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Fig. 4 Changes in Cn/C ratio at different time points: at the time
of heat stress (HS) and 15 days after treatment (HS+15) according
to the AlphalISA method. Asterisks indicate significant differences
(**P<0.001) The plots show the median (line within the box), 25th
and 75th percentiles (box) and minimum and maximum values
(whiskers)

cortisol, in pig hair was more abundant in heat-stressed
pigs than in non-heat-stressed pigs [8]. The increase
in cortisone and the lack of increase in cortisol could
be due to the activation of the enzyme 11B-HSD type
II. Although the reason why cortisol does not increase
in saliva is not clear and further research should clarify
this, some previous reports in hair have indicated that
the concentration of cortisol in a situation of heat stress
could reflect two factors: (1) its conversion to cortisone
by the activation of the enzyme 11B-HSD type II which
is increased and (2) the production of cortisol from corti-
sone by the enzyme 11B-HSD type I enzyme which is not
inactivated in this situation. Overall, this leads to a situa-
tion in which cortisol production would continue, but to
a lesser extent than cortisone production [8].

The Cn/C ratio was used to estimate the activity of the
11B-HSD type II enzyme. This ratio showed significantly
higher results at the time of heat shock, which could indi-
cate a higher enzymatic activity at that time. This will
agree with a kinetic study of 113-HSD in rat submandib-
ular salivary gland which revealed that the enzyme 11p-
HSD type II exhibited increased activity as temperature
was elevated [23]. This increase reached its maximum
also at 40 °C, a temperature similar to that experienced by
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the animals of our study. Since cortisone showed a higher
magnitude of increase in pigs with heat stress, this would
be preferable to Cn/C ratio to detect this condition.

This report has some various limitations. Further
studies should clarify the reasons for not a higher cor-
relation between the assay developed in this report and
LC-MS. In addition, it would be of interest to evalu-
ate how cortisone and cortisone/cortisol ratio behave
in other situations of stress different to those of this
manuscript.

Conclusion

Cortisone concentrations can be measured in pig saliva
with the method developed in this study in an accurate
and reliable way. Under our experimental conditions, this
method was able to detect cortisone variations produced
in heat stress situations where cortisol did not signifi-
cantly change. Further studies should be carried out to
gain knowledge about the possible applications of corti-
sone as a stress marker in pigs.

Materials and methods

Anti-cortisone antibody production

A sheep from the Veterinary Teaching Farm of the Uni-
versity of Murcia located in Guadalupe (Murcia, Spain)
immunized with cortisone conjugated to bovine serum
albumin (BSA) (Cloud-Clone) was used to produce the
anti-cortisone polyclonal antibody used in this assay.
This antigen (200 pg) was homogenized in complete Fre-
und’s adjuvant for the first injection (SC in a volume of
0.5 mL) and in incomplete Freund’s adjuvant for the sec-
ond and subsequent injections [24]. One week after each
immunization, several blood samples were collected,
and ELISA screening was performed to determine anti-
body production. The collected serum was concentrated
by centrifugation at 3000 rpm for 5 min, filtered through
a 0.22 pm syringe filter and passed through a protein G
column using a chromatography system (AKTA Pure,
Cytiva) to obtain the polyclonal anti-cortisone antibody
as described in other studies [17]. This procedure was
approved by the Ethical Committee on Animal Experi-
mentation of the University of Murcia (Approval num-
ber: CEEA-696/2021; Approval date: 12 March 2021).
Cortisone AlphaLlISA assay

AlphaLISA (PerkinElmer Inc., MA, USA) is a no-wash
luminescent technology based on the proximity of two
types of beads, acceptor and donor. For the measure-
ment of cortisone in pig saliva, an indirect competitive
AlphaLISA assay was developed with the polyclonal sheep
anti-cortisone antibody described above. For optimiza-
tion of the method, various concentrations of biotinylated
cortisone-OVA conjugate at 0.5 mg/ml (Cloud-Clone)
(1, 3, 6 and 9 nM), polyclonal anti-cortisone antibody at
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17 mg/ml (5, 10 and 20 nM) and protein G acceptor beads
at 5 mg/ml (10 and 20 pg/ml) were tested. The concentra-
tion of the donor beads was established according to the
manufacturer’s recommendations (20 pg/ml). A pig saliva
sample of known concentration of cortisone (1.10 ng/ml)
measured with LC/MS-MS [25] was used as a standard,
and the calibration curve was generated with 8 standards
at concentrations of 550, 275, 137.5, 68.75, 34.4, 17.2,
8.6, and 0 pg/ml. All dilutions of the reagents included in
the assay were made with Alpha Universal buffer (Perki-
nElmer Inc., MA, USA). The results are expressed in ng/
ml. The optimal conditions of the assay for cortisone
measurement in pig saliva are shown in Fig. 5.
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Assay validation

For the analytical validation of the method, the preci-
sion, accuracy and sensitivity were evaluated. In addition,
cross-reactivity with cortisol and correlations with other
methods were evaluated.

Analytical validation

Five samples were used for analytical validation. The
concentration of each sample was determined using the
assay developed in this study.

The precision was determined by the intra- and inter-
assay coefficient of variation (CV). Two samples of differ-
ent concentrations (0.39 and 0.97 ng/ml) were measured
five times in the same assay for intra-assay precision,
and another two samples (0.42 and 1.14 ng/ml) were

10 pL cortisone polyclonal antibody (1 nM)
+ 10 pL protein G-coated acceptor beads (20 pg/ml)

45 min incubation

10 pL sample

(diluted 1:2 with AlphaLISA Universal
buffer)

30 min incubation 37°C

10 pL biotinylated cortisone-OVA
(1 nM)

45 min incubation

10 pL streptavidin-coated donor beads (20
pg/ml)

Fig. 5 AlphalISA protocol for saliva cortisone measurement in pigs
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measured five times on five different days using freshly
prepared calibration curves for inter-assay precision [26].
The accuracy of the method was evaluated by lineaity of a
sample of known concentration (0.95 ng/ml) diluted seri-
ally from 1:2 to 1:128 with the assay buffer. A recovery
test was also made by adding different dilutions (from 1:2
to 1:8) of a pig saliva sample of known concentration of
cortisone (0.45 ng/ml) to two samples with high (1,4 ng/
ml) and low (0.23 ng/ml) concentration with constant
dilution (1:4). Sensitivity was determined by the limit of
detection (LOD), which was calculated as the mean plus
two standard deviations of 15 replicate measurements of
the assay buffer as described in other studies [15]. The
lower limit of quantification (LLQ) was also determined
as the lowest cortisone concentration that did not exceed
20% CV [9].

Cross-reactivity

For cross-reactivity calculations, 1000 ng of cortisol (cor-
tisol solution, C-106, Merck) and cortisone (cortisone
solution, C-130, Merck) diluted in methanol were serially
diluted, and the signals and concentrations correspond-
ing to each dilution were obtained by the assay developed
in this study. Then, the cross-reactivity of the antibody
with cortisol was calculated by the mean inhibitory con-
centration (IC50), understood as the ratio between the
concentrations causing a 50% decrease in the detected

signal by the method, according to the equation

Concentration of analyte giving 50% B/B0 . .
Concentration of cross—reactant giving 50% B /B0’ where B is the Sig-

nal given by the analyte or cross-reactant and BO is the
signal obtained in the absence of analyte [27, 28].

Method comparison

Five pigs housed at the Veterinary Teaching Farm of
the University of Murcia located in Guadalupe (Mur-
cia, Spain) were exposed to acute stress. Animals were
subjected to restraint with a nasal snare for 1 min,
and samples were taken before restraint (TB), during
restraint (T0) and at 15 (T15) and 30 (T30) minutes
after restraint. Cortisone was measured in a total of 20
samples in parallel by LC/MS-MS and the AlphaLISA
technology-based assay developed in this study for
comparison of results.

For LC-MS/MS analysis, miniaturized stir bar sorp-
tive dispersive microextraction (mSBSDME), which was
previously validated [29], was performed as a pretreat-
ment for the samples. Then, an Agilent 1100 Series chro-
matography system coupled to an Agilent 6410B Triple
Quad MS/MS was employed to measure cortisone in the
mSBSDME extract. The separations were conducted on
a Zorbax SB-C18 column (50 mm length, 2.1 mm i.d,,
1.8 pm) from Agilent Technologies (Palo Alto, USA).
Ten microliters of each solution were introduced into the
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chromatographic system. The mobile phase comprised
solvent A (water, 0.5 mM ammonium fluoride) and sol-
vent B (methanol) in a 50:50 (v/v) isocratic elution. The
flow rate was maintained at 0.25 mL/min, and the col-
umn temperature was kept constant at 35 °C. The entire
process was completed within a five-minute timeframe.
The remaining conditions were as follows: gas tempera-
ture at 350 °C, nebulizer gas flow rate at 11 L min-1 and
nebulizer gas pressure at 50 psi. Further information on
the protocol used is available in the same study [29].

Changes in thermal stress

A total of 34 Large White pigs, aged 56 (+2) days, were
exposed to high temperatures for one week due to a
heat wave during the summer. All animals were housed
in the transition unit of the Veterinary Teaching Farm of
the University of Murcia, Guadalupe (Murcia), in pens
with a minimum space allowance of 0.15 m?/animal
with water and feed available ad libitum. The average
external temperature during the week of heat wave was
45 °C, and the internal temperature in the transition
room reached 39 °C. Pigs included in the study showed
symptoms related to heat stress, such as hyperthermia
or fatigue, and inappropriate weight gain was observed
(<1 kg of weight gain in one week). Saliva samples were
first collected when the pigs experienced symptoms of
heat stress (HS); then, all pigs were treated with ovalbu-
min, and saliva was collected again 15 days post-treat-
ment (HS+15), when they fully recovered.

In addition to cortisone, which was measured with
the method developed in the study, cortisol concentra-
tions were measured in all saliva samples for comparative
purposes. Cortisol was measured with a method based
on AlphalISA technology previously developed and
validated for use in pig saliva samples [30]. Furthermore,
activity of 11B-hydroxysteroid dehydrogenase (113-HSD)
type II was estimated by cortisone/cortisol ratio as previ-
ously described [31].

Data analysis

The means, medians, and intra- and inter-assay CVs were
calculated via routine descriptive statistical procedures
and computer software (Microsoft Excel 2016). Linear-
ity under dilution was investigated by linear regression.
Pearson correlation coefficients were obtained for both
assays using Graph Pad software (GraphPad Prism, ver-
sion 9 for Windows, Graph Pad Software Inc., San Diego,
USA). The statistical analysis of the clinical validation was
also performed using GraphPad software. The Shapiro-
Wilk test was performed to assess the distribution of the
data, and the data followed a normal distribution. Thus,
to compare the cortisone and cortisol levels before and
after stressful situations, the Wilcoxon matched-pairs
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signed-rank test was employed. The results are reported
as medians and 25th—75th percentiles (in the text) and
as line-box plots (in the figures). Values of P<0.05 were
considered significant.

Abbreviations

11B3-HSD 11B-Hydroxysteroid dehydrogenase

LC-MS/MS  Liquid chromatography coupled to mass spectrometry
BSA Bovine serum albumin

OVA Ovalbumin

RT Room temperature

v Coefficient of variation

LOD Limit of detection

LLQ Low limit of quantification

mSBSDME  Miniaturized stir bar sorptive dispersive microextraction
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