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Summary

The aim of the present pilot study was to determine the allostatic load by analysing the hair
cortisol and dehydroepiandrosterone-sulphate (DHEA-S) of commercial pigs belonging
to different farms having good overall animal welfare according to the CREnBA (Centro
di Referenza Nazionale per il Benessere Animale — Brescia, Italy) assessment protocol. The
study was conducted on 86 pigs belonging to three farms with a grade higher than 8 on the
CReNBA welfare evaluation system. Hair samples were taken by shaving on sows 1-10 days
after weaning (Farms 1 and 2) and at the age of 8-10 months (Farm 3). The hormone
concentrations were measured by radioimmunoassay. From the box plots, it is evident that
the hair cortisol concentrations of animals were different between farms. Conversely, the
variability of the hair DHEA-S concentration was similar between the F1 and F2 farms but
much lower at F3. For all the variables considered (cortisol, DHEA-S and cortisol/DHEA-S
ratio), F2 showed a higher hair concentration level than F1 (P < 0.05). The study’s results
indicate that the measurement of cortisol and DHEA-S in pig hair shows a different allostatic
load between them, although the official welfare evaluation method assessed the farms as

having good overall animal welfare.

Introduction

In recent years, pig welfare has become increasingly
important, especially in intensive breeding, as
evidenced by the European legislation (Council
Directive 2008/120/EC). Based on the European
Food Safety Authority scientific opinion (EFSA
2012), legislators have identified some objective
parameters to evaluate pig welfare. These have also
been adopted by the Italian National Reference
Centre for Animal Welfare (Centro di Referenza
Nazionale per il Benessere Animale - CReNBA,
Brescia, Italy), which developed a welfare monitoring
system based on animal-related measures (Nielsen
et al. 2004, Bertocchi et al. 2018). This system
considers the farm management, personnel,
facilities and equipment status quo with the aim of
increasing the transparency of animal husbandry
practices on farms and guaranteeing compliance
with Directive 2008/120/EC, which establishes

the minimum standards for the protection of pigs
(implemented in Italy by the Legislative Decree no.
122 of 7 July 2011). It is organized as a checklist that
is recognized by the Italian Ministry of Agricultural,
Food and Forestry Policies as an official tool for farm
welfare evaluation (Note from the Italian Ministry of
Health 0018297-24/07/2018-DGSAF-MDS-P).

These systems give an overall judgment of animal
welfare at the farm level, but the selected parameters
are not always effective when applied to conditions
of chronic stress (Bacci et al. 2014). In fact, animal
stress responses are linked to many parameters,
both subjective and environmental; they depend
on the nature, intensity and duration of the stressor
(Bacci etal. 2014).

Exposure to chronic stressors leads to injurious
effects on health and welfare, caused by an
allostatic overload due to the continuous
activation of the protective mechanisms of
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an organism to maintain its homeostasis in
response to environmental variations (McEwen
2003). Allostatic load mediators include
dehydroepiandrosterone-sulphate (DHEA-S)
and cortisol (Ali et al. 2016). Cortisol and DHEA-S
are endogenous hormones produced by the
adrenal cortex in response to the secretion of
adrenocorticotropic hormone (ACTH) (Kroboth
et al. 1999, Bacou et al. 2017). DHEA-S, which is
the main circulating form and acts as a reserve
pool (Skarlandtova et al. 2014), is also produced
to a lesser degree in the gonads or placenta, and
can be produced as neurosteroids in the central
nervous system (Skarlandtovd et al. 2014). The
actions of cortisol are numerous and include the
stress response, increasing blood sugar through
gluconeogenesis, suppressing the immune system,
and aiding with the metabolism of fat, protein and
carbohydrates (Marieb and Hoehn 2010). DHEA-S is
a precursor for the synthesis of anabolic and sexual
steroids (Kroboth et al. 1999). It also reacts to higher
corticotrophin-releasing hormone (CRH) and ACTH
levels(Nieschlagetal. 1973),soitcouldbeconsidered
a marker of hypothalamic-pituitary-adrenal (HPA)
axis activity (Maninger et al. 2010). DHEA-S also
has anti-glucocorticoid properties; it acts as an
“anti-stress” steroid and minimizes negative
glucocorticoid effects (Maninger et al. 2009). In
fact, several studies suggest that variations in
DHEA-S levels are associated with chronic health
disorders (Tagliaferro and Ronan 2001). Depletion
of this hormone has been associated with the
development of chronic disease in humans
(Tagliaferro and Ronan 2001), and, moreover,
experimental evidence strongly suggests that
DHEA-S is closely linked to health maintenance
(Tagliaferro and Ronan 2001). The plasma levels
of DHEA-S change with age; the highest levels are
present during young adulthood and they slowly
and permanently decrease.

The concentration of these steroids can be
determined in different biological matrices, of
which the most studied in the literature are blood
(Cooper et al. 2009), saliva (Hillmann et al. 2008),
urine (Pol et al. 2002), faeces (Mostl et al. 1999)
and hair (Bacci et al. 2014, Trevisan et al. 2017).
However, hair is currently the only matrix whose
properties allow retrospective analysis and provide
information over the medium and long terms. Hair
collection is also simple and non-invasive, and
samples are easy to store and transport. Another
benefit of sampling hair is that the results are not
subject to handling stress, as shaving the animals
does not alter the hormone content of the hair
in the same way that blood sampling can alter
plasmatic hormone concentrations. As pointed out
by Heimbiirge and colleagues (Heimbiirge et al.
2019) in a review, the use of hair hormone analysis
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requires some recommendations, such as the
sampling of hairs from the same body region and of
the same color; the consideration of the time delay
between hormone incorporation and sampling of
hair that depends on hair growth velocity, which
may vary between species and body regions; the
avoidance of external contamination; and the
use of the “shave-reshave” method, if possible, to
establish a precise timeframe. If a non-regrowth hair
sample is used, one must consider that the pig hair
follicles pass through one complete cycle per year
and that the maximum percentage of the anagen
phase occurs from August to January (Mowafy and
Cassens 1976, Watson and Moore 1990). Although
the precise mechanisms of incorporation into hair
are still not fully understood, steroid hormones can
only be incorporated into the growing hair shaft
when the follicle is connected to the central blood
supply (Davenport et al. 2006, Thom 2016). Several
studies suggest that hair steroid concentrations
are not subject to diurnal variation or acutely
influenced by sweat (Stalder and Kirschbaum 2012,
Grass et al. 2015), and that local follicular cortisol
production may only marginally contribute to hair
steroid concentrations in vivo (Grass et al. 2015).
Thus, given the reliability and stability of this matrix,
hair analysis is increasingly used in various fields for
evaluating the activity of the HPA axis (Comin et al.
2012, Comin et al. 2013, Peric et al. 2017, Stradaioli
et al. 2017, Caslini et al. 2016) and in behavioural
studies (Dettmer et al. 2015, Montillo et al. 2019). In
the literature, cortisol is the main steroid analysed in
hair, but other steroids have recently been analysed
such as dehydroepiandrosterone (DHEA) (Trevisan
et al. 2017, Peric et al. 2017, Bergamin et al. 2019)
and reproductive hormones (Peric et al. 2017,
Dettmer et al. 2015, Bergamin et al. 2019, Cattet
etal. 2017).

The aim of the present pilot study was to determine
the allostatic load by analysing the hair cortisol and
DHEA-S of commercial pigs belonging to different
farms having good overall animal welfare according
to the CREnBA assessment protocol.

Material and methods

Ethics

Hair samples were collected from commercial farms
in Northern Italy that rear the heavy Italian pig to
produce Prosciutto di Parma according to PDO
(Protected Designation of Origin). Although hair
sampling is non-invasive and is not a troublesome
procedure, the study was carried out in accordance
with Directive 2010/63/EU on the protection of
animals used for scientific purposes.
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Animals and study design

Three farms (F1, F2, and F3) given a grade higher
than 8 (on a scale from 1 to 10) on the CReNBA
evaluation system were selected. The CReNBA
Welfare Assessment Sheet used to assess the
farms is provided in the Supplementary Materials.
Within these farms, from the same animals used
for assessing the animal welfare, hair samples were
collected. In particular, 86 pigs (25, 19, and 42 from
F1,F2, and F3, respectively) were considered.

Farm 1 was a farrow-to-finish farm with
350 Hermitage sows with mean parity of 2.6 + 2.8.
Farm 2 was a farrow-to-finish farm with 626 Goland
sows with a mean parity of 3.4 + 3.1. Hair samples
from Farms 1 and 3 were collected 1-10 days after
weaning. Breeding management on both farms
was a three-week batch farrowing system that led
to natural oestrous synchronization by weaning.
Farm 3 was part of a closed-cycle pig holding facility
of 657 Duroc Anas x Dan AC pigs and animals were
sampled at the end of the fattening cycle at the age
of 8-10 months (23 females and 19 males).

On all the farms, pigs were reared according to
the current ltalian legislation, which implements
Council Directive 2008/120/EC, laying down
minimum standards for the protection of pigs.
The environmental temperature was kept at
around 25 °C.

Hair collection

All samples were collected in October 2016 to
minimize the possible effect of season on hair
cortisol concentrations, as described in Bacci
and colleagues (Bacci et al. 2014). After being
gently restrained, a patch of hair (20 x 30 cm) was
collected from the dorsal area of the neck behind
the ears of each pig, using surgical scissors to shave
the hair close to the skin. Hair samples were kept
in paper envelopes and stored in the dark at room
temperature until analysis.

Hair washing procedure and extraction

Before analyses, hair strands were washed as
described by Bacci and colleagues (Bacci et al.
2014). Hair was than extracted according to the
method described by Trevisan and colleagues
(Trevisan et al. 2017). In brief, approximately 60 mg
of trimmed hair was placed in a glass vial along with
3 mL of methanol, and the vials were incubated
at 37 °C for 16 h. Next, the liquid in the vial was
evaporated to dryness at 37 °C under an airstream
suction hood, and the remaining residue was
dissolved in 0.8 mL of 0.05 M phosphate-buffered
saline (PBS) of pH 7.5.
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Hair hormone analysis

Cortisol

The hair cortisol concentrations were determined as
described by Bergamin and colleagues (Bergamin
et al. 2019) using a solid-phase microtiter RIA assay
for pigs developed in-house. The cross-reactivities
of the anti-cortisol antibody with other steroids
were as follows: cortisol, 100%; corticosterone,
1.8%; aldosterone, < 0.02%. The intra- and
inter-assay coefficients of variation were 3.7% and
10.1%. The sensitivity of the assay for cortisol was
1.23 pg/well.

DHEA-S

A 96-well microtiter plate (OptiPlate; Perkin-Elmer
Life Sciences, Waltham, MA, USA) was coated with
goat anti-rabbit y-globulin serum diluted 1:1,000 in
0.15 mM sodium acetate buffer (pH 9) and incubated
overnight at 4 °C. The plate was then washed twice
with RIA buffer (pH 7.4) and incubated overnight at
4°Cwith200 uL oftheanti-DHEA-S serumdiluted 1:800
(Bertin Bioreagent, Montigny le Bretonneux, France).
Cross-reactivities of this antibody with other steroids
are as follows: DHEA-S 100%, 4-Androsten-3,17-dione
(4-androstenedione) 0.2%, 4-Androsten-17-ol-3-one
(testosterone) < 0.01%, 5-Androsten-3-ol-17-one
(dehydroepiandrosterone, DHEA) < 0.01%,
5-Androstan-3-ol-17-one (androsterone) < 0.01%.
After washing the plate with RIA buffer, the standards
(5-200 pg/well), the quality-control extract, the test
extracts, and the tracer (DHEA-S; Perkin-Elmer Life
Sciences, Waltham, MA, USA) were added, and the
plate was incubated overnight at 4 °C. The bound
hormone was separated from the free hormone
by decanting and washing the wells in RIA buffer.
After the addition of 200 uL of scintillation cocktail,
the plate was counted on a B-counter (Top-Count;
Perkin-Elmer Life Sciences, Waltham, MA, USA).

The intra- and inter-assay coefficients of variation
were 3.9% and 10.3%, respectively. The sensitivity of
the assay was 0.58 pg/well.

Statistical analysis

The statistical analysis was performed using SPSS
for Windows (1989-1997) and R software (R software
2017). The animal was treated as experimental unit.
The normality of the data distribution was tested
using the Shapiro-Wilk test, and the homogeneity
of variances was assessed using Levene's test.
The differences between hair hormone levels at
the two farms rearing sows (F1, F2), and between
gilts and barrows at F3 farm were tested using the
Mann-Whitney U test.
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Results Table 1. Median [min-max] of hair hormone concentrations (pg/mg)

and cortisol/DHEA-S ratio recorded for barrows and gilts in Farm 3 (F3).
The cortisol and DHEA-S concentration, and the

cortisol/DHEA-S ratio were similar between barrows Gender P-value
and gilts at F3 farm (Table 1), as well as the animals’ Barrow Gilt

weight (median, min, max; 200 kg, 160 kg, 220 kg; Cortisol 17.36 17.65 0,653
P > 0.05; data not reported in tables). Therefore, the [9.13;33.62] [10.53; 44.20]

gender effect was not considered in subsequent DHEAS 8.03 730 0752
analyses for this farm. [4.39; 14.29] [4.63; 23.88] '
Box plots of hair cortisol and DHEA-S concentrations Cortisol/DHEA-S 191 1.91 0930
of the animals at the three farms considered [0.81;4.81] [0.96; 6.55]

are shown in Figures 1a and 1b, respectively. In DHEA-S = dehydroepiandrosterone-sulphate.

Figure 1a, it is evident that the variability of the hair
cortisol concentrations of animals were different
between farms. Indeed, the interquartile range a
(IQR), which is considered a measure of the data
variability [calculated as the difference between
the first (Q1) and third (Q3) quartile], is 50.54 pg/
mg, 95.09 pg/mg, and 8.98 pg/mg for F1, F2, and
F3, respectively. Moreover, at all the farms at least
one outlier was detected. Conversely, the variability
of the hair DHEA-S concentration (Figure 1b) was
similar between F1 and F2 farms (13.42 pg/mg and

12.08 pg/mg of IQR, respectively), but much lower at 100
F3 (4.60 pg/mg of IQR). Also for this hormone, at all 50
the farms at least one outlier was detected. Finally, 0 —

the IQR of the cortisol/DHEA-S ratio was 2.60, 4.94, i F:rin P
and 1.29 for F1, F2, and F3, respectively (Figure 1¢), b P=0.016
with outliers found in F1 and F3.

P=0.001

Cortisol (pg/mg)
3
o

80

The body weight of the sampled animals was similar 70
between F1 and F2 (median, min, max; 200 kg,
120 kg, 250 kg; P > 0.05; data not reported in tables),
as well as the animals’ parity (P > 0.05). The median
[min-max] hair cortisol concentrations recorded on
the three farms (F1, F2 and F3) were 38.09 [2.81;
153.29], 78.86 [13.88; 459.72] and 17.51 [9.13; 20
44.20] pg/mg while for DHEA-S were 15.73 [7.86; 10
61.89],20.71[12.49; 75.37] and 7.78 [4.39; 23.88] pg/
mg. The median [min-max] cortisol/DHEA-S ratio F1 F2 F3
was 1.99 [0.323; 7.97], 3.18 [0.773; 14.03] and 1.91 Farm

[0.809; 6.55] pg/mg for F1, F2 and F3, respectively. ¢ P=0022

For all the variables considered (cortisol, DHEA-S R

and cortisol/DHEA-S ratio), F2 showed higher hair 14
concentration levels than F1 (P < 0.05; Figure 1). 12 e

60

50

40

30

DHEA-S (pg/mg)

Discussion

Cortisol/DHEA-S
(o]

The CReNBA welfare monitoring system gives an
important assessment of a farm’s compliance with
the minimum requirements for the rearing of pigs
(Directive 2008/120/EC). 0 f = =

In this pilot study, all three farms had a high CReNBA Farm
scoring even if, as observed from the box plots, both

Figure 1. Hair cortisol (a) and DHEA-S (b) concentrations, and hair

the hormones and their ratio showed different value cortisol/DHEA-S ratios (c), recorded on three pig farms (F1, F2, F3). The
distributions between the farms. The hair hormone hox represents the interquartile range, in which the horizontal line
concentrations recorded imply a difference in represents the median, x represents the mean, and the small circle
their allostatic load. Both cortisol and DHEA-S are identifies outliers.
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considered indicators of allostatic load (McEwen
2003, Charney 2004) and resilience (Peric et al. 2017,
Russo et al. 2012), and their ratio is believed to be an
index of the anabolic/catabolic balance (Qiao et al.
2017). The ratio can be important in determining
how an individual’s HPA axis is functioning (Buckham
Sporer et al. 2008, Guilliams and Edwards 2010,
Saczawa et al. 2013). Since in mammals DHEA has
anabolic and anti-glucocorticoids effects and, thus,
protects against the catabolic effects of cortisol
(Kalimi et al. 1994, Labrie et al. 2006), a common
procedure used to simultaneously test the impact
of both hormones is the ratio between cortisol and
DHEA (Qiao et al. 2017, Goodyer et al. 1998, Hechter
etal. 1997). It has been observed in different studies
(Gallagher et al. 2006, Wolkowitz et al. 2001) that
under acute stress stimulus, concentrations of DHEA
increase as those of cortisol rise. Under conditions
of chronic stress, DHEA remains unchanged or
progressively diminishes while cortisol increases
or does not change. This condition results in an
elevated cortisol/DHEA ratio (Wolkowitz et al. 2001)
that, in a scenario of allostatic overload, when
demands exceed the resources available to meet
the needs (McEwen and Wingfield 2003), could be
expected to be found.

The distributions of values obtained in this study
suggest different levels of allostatic load that
may have been given not only by the individual
welfare status but also by the different biological
statuses, the different management strategies and
environmental challenges at the farms, though the
objective of this study has not been to identify which
of these is the cause of non-uniformity. At present,
however, there is still the need to identify threshold
values for the detection of allostatic overload in order
to set up strategies to control it. Chronic or repeated
acute stresses can have cumulative negative health
consequences for that originate from a high level
of allostatic load for the organism. Both acute and
chronic stress can be quantified by measuring the
changes in physiological parameters such as heart
rate, blood pressure, and levels of various metabolic
hormones, but it can be difficult to discriminate
between acute, chronic, or diurnal variations (Lee
et al. 2015). The hair hormone concentration is
assumed to be a retrospective marker of integrated
hormone secretion over longer periods of time.
Comparisons with literature data, however, must be
done bearing in mind some peculiarities related to
the bristles, which, like other hair samples, provide
the integral of the concentrations of steroids
referable to a time period of weeks or months,
depending on whether the shave-reshave method
was used for sampling or not. Hair growth in pigs, as
in other species, occurs in cycles (anagen, catagen,
and telogen phases). As reported by Mowafy and
Cassens (Mowafy and Cassens 1976) and Watson and
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Moore (Watson and Moore 1990), pig hair follicles
pass through one complete cycle per year and the
seasons have a marked effect on the activity of the
hair follicle. The anagen phase is about four months
long and is more prominent during the autumn and
winter. For the remaining period and until the end of
the summer, the anagen phase is strongly reduced
and marks the start of the moulting of the telogen
follicles. So, the bristles collected in this study from
sows 1-10 days after weaning in October started
with a new cycle and the sample collected included
hair already in the anagen phase, characterized by
maximum hormonal incorporation. Indeed, even if
the mechanisms of cortisol incorporation are not
yet fully understood, steroid hormones can only
be incorporated into the growing hair shaft when
the follicle is connected to the central blood supply
(Davenport et al. 2006, Thom 2016). Both elevated
cortisol and cortisol/DHEA-S ratios can be explained
by the presence in the sample of new-growth hair
that incorporates the high hormone concentrations
triggered by the progression of the lactation at that
time. According to the lactation period, Weary and
colleagues (Weary et al. 2002) described a system
in which both sows and piglets are allowed to
go to a communal area from day 12 (sows) or 14
(piglets) of lactation onwards. At the end of lactation
(day 27), these sows spent over 14 h per day away
from their piglets and nursed approximately 40%
less than control sows in farrowing crates. Using a
shave-reshave method and considering the hair
retrospective features for hormone concentrations,
Bacci and colleagues (Bacci et al. 2014) also recorded
the highest hair cortisol concentrations just after
weaning at the time of pregnancy diagnosis.

The statistical differences in the hormone
concentrations and their ratios between the two
farms rearing sows could also be seen in the breed
differences. Lower hair cortisol concentrations were
found by Peric and colleagues (Peric et al. 2013) in
crossbreed F1 compared to Holstein-Friesian heifers,
while in pigs only transgenic pigs were compared
to their conventional close relatives (Martelli et al.
2014). From a management perspective and in
light of reducing antibiotic use, this finding could
be helpful for choosing the best breed for each
farm and increasing animal robustness, as well as
for the evaluation of animal responses to specific
environments, housing systems and management
schemes. The concept of robustness refers to
the combination of high production potential
and resilience to stressors in an individual, which
enables sustained productivity under a wide variety
of environmental conditions (Knap 2005). The HPA
axis plays a central role in the trade-off between
production and robustness (Morméde and Terenina
2012), and some authors (Bacou et al. 2017) have
suggested the possibility of increasing robustness
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through the genetic selection of animals based on
the activity of their HPA axis. Hair could be a valid
matrix for this purpose.

In entire male and female fattening pigs of 12 weeks
of age (Antonides et al. 2015, Casal et al. 2017), the
mean hair cortisol concentrations (19.30 £+ 0.63 pg/
mg; around 15.00-20.00 pg/mg) were close to
the values recorded in our study, while in a study
carried out on older animals (21 weeks of age) the
concentrations recorded were even higher (pigs
with no tail lesions: 42.20 + 3.29 pg/mg; non-lame
pigs: 43.07 £ 2.69 pg/mg) (Carroll et al. 2018). To our
knowledge, no studies were carried out on older
fattening pigs, which are usually characteristic
of heavy pig farming. The highly standardized
process of pig fattening that requires similar ages
and weights between animals could explain the
similar activity of the HPA axis between the sampled
individuals. Observing the box plot, we see a narrow
range of cortisol and DHEA-S values. As this is the
first study to evaluate DHEA-S hair concentrations,
it could form the basis for further evaluations
considering this hormone and the ratio between
cortisol and DHEA-S. As the fattening pigs were
8-10 month old at the time of hair sampling and we
used a non-reshaving method, the hair hormones
deposited in the hair shaft collected in October had
not yet finished their cycle (Mowafy and Cassens
1976) and the sample collected should be mostly
hairin the anagen phase, characterized by maximum
hormonal incorporation.

The evaluation of hormone concentrations as
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