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Preface to ”Immunohistochemical and Physiological

Research on Farm Animals”

This book represents a collection of papers that aimed to highlight the importance of

immunohistochemical findings and their role in improving the understanding of organ tissue

functions. We focused our attention on farm animals because they represent not only a source of

food in the supply chain, but also a source of income for breeders, a source of employment, and a

primary tool in the quest for sustainable food production. To achieve this last aim, we asked authors

for research that could potentially be applied to the purpose of this study, and whose results could be

useful in improving farm management practices and the responsible use of natural resources.
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Editorial

Immunohistochemical and Physiological Research on Farm
Animals

Paola Scocco, Elena De Felice * and Alessandro Malfatti

School of Biosciences and Veterinary Medicine, University of Camerino (MC), 62032 Camerino, Italy
* Correspondence: elena.defelice@unicam.it

This Special Issue “Immunohistochemical and Physiological Research on Farm Ani-
mals” is dedicated to the application of immunohistochemical and physiological studies
carried out on farm animals, including traditional (pig, cow, buffalo, horse, sheep, goat,
rabbit, turkey and trout) and emerging farm species (yak, sea bass and zebrafish).

Farm species play very important economic and sociocultural roles, such as food
supply, source of income, asset saving, source of employment, soil fertility, livelihood,
transport, agricultural traction, agricultural diversification and sustainable agricultural
production.

For this reason, it is essential to study the anatomy and the physiology of these species
in more detail, in order to improve the knowledge about their morpho-physiological
features and to guarantee them a high level of welfare and, in turn, better conditions for
farmers, including farm income.

In the last few decades, there has been an exponential increase in publications on
immunohistochemistry (IHC) and immunocytochemistry techniques, reflecting the current
position that IHC holds in most pathological laboratories.

This Special Issue attempts to demonstrate the relevance of immunohistochemical
analysis and its relationship with functions in farm animals. However, taking into account
the fact that different methods (such as real-time q-PCR, Western blot, FISH, etc.) are
necessary to draw more reliable conclusions, the use of these methods is also considered.

In addition to base research contributions, we asked authors for research with potential
applied-purpose studies whose results could be useful in improving farm management
practices and the responsible use of natural resources, enhancing the nutraceutical prop-
erties of animal-derived products and promoting the circular economy and, in turn, the
sustainability of livestock.

A total of 20 papers have been contributed for this Special Issue by 118 authors from
four countries, comprising 18 research articles and 2 communications.

The work of Premi and colleagues [1] investigates the physiological variations affecting
plasma analyte concentrations during the pivotal stages of the lactation cycle in healthy
multiparous Holstein dairy cows. They analyzed 34 different analytes, including markers
of energy metabolism, protein metabolism and kidney function, mineral metabolism, liver
function, inflammation and acute phase proteins, and oxidant status, in four different
periods: the dry, the postpartum, the early and the late lactation phases. This study
provides a guideline of physiological trends affecting plasma analyte concentrations during
the different stages of the lactation cycle.

Barile and coworkers [2] identify the use of pregnancy-associated glycoproteins
(PAGs) as the best strategy to diagnose pregnancy failures in buffalo (Bubalus bubalis).
PAGs constitute a large family of glycoproteins expressed in the outer epithelial layer
(chorion/trophectoderm) of the placenta in eutherian species. Through a radioimmunoas-
say applied on blood samples, PAGs were recognized as the best marker for predicting
embryonic mortality between 25 and 40 days of gestation in buffalo.

Animals 2023, 13, 739. https://doi.org/10.3390/ani13040739 https://www.mdpi.com/journal/animals1
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De Felice and colleagues [3] evaluate the effect of a diet supplemented with a stan-
dardized powder extract, red (blood) orange and lemon extract (RLE), rich in flavanones,
anthocyanins and other polyphenols, on the neuropeptide Y (NPY) distribution in the
gastro–entero–pancreatic system of goat (Capra hircus) kids. Through single and double
immunostaining for the first time, the NPY distribution in the abomasum, duodenum, and
pancreas and the co-localization with serotonin (5-HT) were documented. Upon RLE feed
supplementation, NPY immunoreactive cells increased significantly in abomasal epithe-
lium and pancreatic islets. NPY is known to regulate gastric acid secretion while on the
endocrine pancreas to suppress insulin via autocrine and/or paracrine mechanisms, and to
stimulate glucagon secretion. These observations represent a baseline for future studies
on the interaction between neuropeptides and polyphenols used as feed additive instead
of antibiotics.

Wang and coworkers [4] examine the expression of Mic60 and OPA1, two mitochon-
drial inner membrane proteins, and the morphology of mitochondria in the myocardium
of adult and aged Tibetan sheep. With an integrated approach, including real-time q-PCR,
ELISA, immunohistochemistry and the ultrastructure morphology of mitochondria with
transmission electron microscopy, the authors suggest that the expression of Mic60 and
OPA1 genes and OPA1 protein will reduce, while reducing the capacity of myocardial
mitochondria with age.

Melotti and coworkers [5] describe the application of a collagen-based skin-like scaf-
fold (CBSS), manufactured with collagen extracted from sea urchin food waste, to treat
experimental skin wounds in sheep (Ovis aries). Collagen fibrils in their native conforma-
tion with endogen fibril-associated glycosaminoglycans can be extracted from sea urchins,
obtaining a biomaterial resembling the in vivo structural microenvironment. Clinical,
histopathological, immunohistochemical, and molecular experiments assess CBSS’ effects
on the wound healing process. The authors demonstrate the efficacy of this pioneering
skin substitute in an in vivo model. The skin substitute supported and stimulated wound
healing throughout the whole process; it controlled inflammation, promoted the deposition
and maturation of granulation tissue, enhanced re-epithelialization, and induced the for-
mation of skin appendages. This application explores the possibility of deriving high-value
and innovative products for veterinary innovative applications from waste materials.

De Carolis and colleagues [6] study ovine pregnancy-associated glycoprotein (oPAG)
levels in the plasma of Sarda and Lacaune ewes throughout gestation and in the first month
postpartum, using two heterologous radioimmunoassays (RIA-706 and RIA-srPool). For
both breeds, these RIA systems were capable of distinguishing pregnant from non-pregnant
ewes starting from day 18 of gestation. The diagnosis of pregnancy at early gestation is
fundamental to minimize the costs of unproductive animals.

Barbato and coworkers [7] evaluate the effects of cereal supplementation on body
condition score and metabolic hormone profile in milking ewes grazing on semi-natural
pastures of the Central Apennines in Italy during the grazing summer period. Sheep are the
most-bred species in the Central Apennines, where the natural pastures are used as a trophic
resource and grazing activity is fundamental to maintain the grassland biodiversity. In-
creasing summer aridity decreases the grassland pastoral value, negatively affecting animal
morpho-functional features and production with detrimental effects on the sustainability of
extensive sheep farming. This work represents a part of a wider study aimed at buffering
the negative effects of increasing summer drought stress on farm income and maintaining
the grassland biodiversity. Through enzyme immunoassays, radioimmunoassay and ELISA
on blood samples, Nesfatin-1, insulin, glucagon, leptin, 3-3′-5-triiodothyronine and cortisol
were evaluated. The results of this work indicate that nutritional supplementation has
protected ewes from the usual lowering of the body condition linked to lactation, and
provides a good maintenance of milk production, also determining a better overall body
and metabolic state of the animals, which is important at the beginning of the sexual season.

Fan and colleagues [8], with a multidisciplinary approach including immunohisto-
chemistry, Western blot and real-time q-PCR, investigate the expression and distribution
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of extracellular signal-regulated kinases1/2 (ERK1/2) in the main reproductive organs of
female yak (Bos grunniens) during different stages. ERKs are an important subfamily of
mitogen-activated protein kinases (MAPKs), which regulate various cellular activities and
physiological processes. For example, ERK1/2 has a pivotal role in the ovulatory process
or in the mechanism of regression and functional maintenance of corpus luteum. In female
yak, the expression of ERK1 and ERK2 proteins and mRNA was most pronounced in the
ovary in the luteal phase and gestation period, the oviduct in the luteal phase, and the
uterus in the gestation period. The histological appearance and physiological process of the
main reproductive organs also varied with the different reproductive stages. These results
imply that ERK1/2 plays an important role in the regulation of reproductive functions in
different physiological situations.

Dall’Aglio and colleagues [9] test the effects of different feed physical forms (different
grinding intensities and compactions of the same diet) on the mandibular gland (MG) of
growing pigs (Sus scrofa domesticus). Samples were analyzed using conventional histo-
chemistry to identify the glycohistochemical profile and using immunohistochemistry to
localize aquaporin 5, apelin and apelin receptor. This study demonstrates that different
feed physical forms are capable of inducing morphological and functional modifications of
the MG. The intense chewing activity related to the highest feed compaction and hardness
promotes an increase in pig MG secretion, and saliva becomes more fluid and richer in acid
glycoconjugates in order to better lubricate the bolus and protect the mouth mucosae. It has
been hypothesized that the apelinergic system is likely involved in the above modifications,
enhancing both the fluidity and the quantity of serous saliva.

Palus and coworkers [10] demonstrate the changes in the population of enteric neu-
rons in the porcine stomach in response to the supplementation of low and high acry-
lamide doses. Using the double immunofluorescence staining method, it was estab-
lished that supplementation with both doses resulted in an increased number of the
cocaine- and amphetamine-regulated transcript (CART), vesicular acetylcholine trans-
porter (VAChT), and neuronal isoform of nitric oxide synthase (nNOS) immunoreactive
neurons. The detected alterations of the porcine stomach neuron phenotype suggest an
important role of the enteric nervous system in protecting the gastrointestinal tract during
acrylamide intoxication.

Toschi and colleagues [11] immunohistochemically analyze the localization in the
myenteric plexus of the porcine ileum of both the cannabinoid receptors, namely CB1R
and CB2R, the cannabinoid-related receptors TRP vanilloid 1 (TRPV1) and TRP ankyrin 1
(TRPA1), and 5-HT1, a serotonin receptor (5-HT1aR). In the gastro-intestinal tract, cannabi-
noid receptors are known to regulate motility, secretion, emesis, food intake, and inflamma-
tion. The morphological findings of this article could represent a relevant anatomical basis
for future functional, pre-clinical and clinical studies assessing the effects of cannabinoids
in the management of the hypermotility associated with gastrointestinal inflammatory
diseases and pain in pigs.

Tian and coworkers [12] determine the effect of excessive back fat of sows on placental
oxidative stress, ATP generation, mitochondrial alterations in content and structure, and
mitochondrial function in isolated trophoblasts. Excessive back fat of sows was associ-
ated with increased plasma lipid and leptin levels, which were associated with increased
systemic (elevated plasma H2O2 level) and placenta (high levels of placental protein car-
bonylation and GSSG) oxidative stress, likely because of an increase in placental reactive
oxygen species (ROS) production and a reduction in antioxidant defenses. In an in vitro
model of pig trophoblast cell culture, cytotrophoblasts from the placenta of sows with
excessive back fat reveal the decreased mitochondrial maximum respiration and spare
respiratory capacity. The data collected show that excessive back fat exacerbates mito-
chondrial injury induced by increased oxidative stress in pig term placenta, which may
have deleterious repercussions on placental activity and, therefore, impair fetal growth
and development.
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Jana and Calka [13] analyze the influence of the E. coli-induced inflammatory state
of the uterus on the neurochemical characteristics of the gilt (crossbred Large White ×
Landrace pigs) caudal mesenteric ganglion (CaMG) uterus-supplying neurons. After
intrauterine bacterial injection, the population of uterine neurons presenting positive
staining for dopamine-β-hydroxylase (an enzyme participating in noradrenaline synthesis)
and negative staining for galanin, as well as the population of uterine neurons presenting
negative staining for dopamine-β-hydroxylase but positive staining for neuropeptide Y,
were decreased. Uterine inflammation causes changes in the spatial and neurochemical
organization patterns of the CaMG neurons innervating the uterus.

Armando and coworkers [14] examine the so-called epithelial to mesenchymal tran-
sition in horse (Equus caballus) in a squamous cell carcinoma (SCC) using immunohisto-
chemistry for the first time, thus illustrating an example of tumor cell adaptation during
the metastatic process.

Abdel-Wareth and Metwally [15] evaluate the potential effects of thyme essential oil
(TEO) as an alternative to dietary antibiotics on the productive performance and serum
metabolic profile of male rabbits (Oryctolagus cuniculus). TEO levels up to 180 mg/kg can
play a major role in improving the productive performance, semen quality, testosterone
levels, and the kidney and liver functions, analyzed through blood biochemical assay.

Preziuso [16], in her communications, investigates the interaction between severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spikes and ACE2 of lagomorphs,
rabbit, and American pika (Ochotona princeps), by means of sequence analysis and struc-
ture stimulation. Preziuso proved that the simulated complexes ACE2-SARS-CoV-2-RBD
showed a high affinity of ACE2 of lagomorphs to the viral spike protein, suggesting that
lagomorphs could be susceptible to SARS-CoV-2.

Prusik and Lewczuk [17] typify the diurnal rhythm of plasma melatonin (MLT) concen-
tration and its regulation by light and endogenous oscillators in turkeys (Meleagris gallopavo
domesticus). Considering the significance of the domestic turkey as a meat-producing
animal and the regulation of MLT of feed intake, plasma analysis showed that MLT was
secreted in a daily rhythm with a very high amplitude, but also responds quickly and
precisely to changes in light conditions.

With regard to teleost fish, Carminato and coworkers [18] investigated the effects of
two different diets (organic vs. conventional) on European sea bass (Dicentrarchus labrax)
in terms of growing performance, oxidative stress, and contaminant markers. The results
of this study, which can be considered a pilot, point out a positive trend in the growing
performance of both groups but a greater productivity of conventional fish feed compared
to the organic ones on one hand, and significant differences among groups in terms of the
oxidative stress and contaminant markers on the other.

Verdile and colleagues [19] perform a detailed characterization of the intestinal ep-
ithelial cells lining the intestinal tract in rainbow trout (Oncorhynchus mykiss) throughout
the first year of development. The analysis was performed at typical time points of in vivo
feeding trials (50, 150, and 500 g) in order to establish accurate reference values, especially
across the productive cycle of animals raised in standardized conditions.

Imperatore and colleagues [20] analyze the effect of 3,5-diiodo-L-thyronine (3,5-T2),
an endogenous metabolite of thyroid hormones whose administration to rodents fed a
high-fat diet (HFD) prevents body weight increase and reverts the expression pattern of
pro-inflammatory factors associated with HFD, in a diet-induced obese (D.I.O.) zebrafish
(Danio rerio) model. The authors reveal that the effects of 3,5-T2 on fish intestines and
brains can deviate from those shown in obese mammals; through the expression of different
inflammatory markers, they determined that 3,5-T2 sustained or increased inflammation in
the intestine when administered with the obesity-inducing diet.
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Simple Summary: This study investigates the changes occurring in plasma analytes of healthy
multiparous Holstein dairy cows during the dry, the postpartum, the early and the late lactation
phases. A welfare assessment at the herd level and a retrospective subclinical diseases screening
were used as blocking factors for the selection of reference individuals. Thus, this study provides
measurements of the physiological variations affecting plasma analytes concentrations during the
pivotal stages of the lactation cycle in a healthy, high welfare-raised subset of reference individuals
and suggest an explanation for the underlying processes involved. Finally, we propose reference
intervals for plasma analytes in the stages investigated.

Abstract: Here, we tested the changes occurring in several plasma analytes during different stages
of the lactation cycle of high welfare raised multiparous Holstein cows, and provided reference
intervals (RI) for plasma analytes concentrations. Eleven high-welfare farms (HWF) located in
Northern Italy were selected and their herds used to recruit 361 clinically healthy cows undergoing
the dry (from −30 to −10 days from real calving; DFC), the postpartum (from 3 to 7 DFC), the
early lactation (from 28 to 45 DFC) and the late lactation phases (from 160 to 305 DFC). Cows
affected by subclinical diseases (SCD) were retrospectively excluded, and a subset of 285 cows
was selected. Data of plasma analytes underwent ANOVA testing using physiological phases as
predictors. The individual effect of each phase was assessed using a pairwise t-test assuming p ≤ 0.05
as a significance limit. A bootstrap approach was used to define the reference interval (RI) for each
blood analyte within physiological phases having a pairwise t-test p ≤ 0.05. The concentration
of nonesterified fatty acids, albumin, cholesterol, retinol, paraoxonase and tocopherol changed
throughout all the physiological phases, whereas the concentration of K, alkaline phosphatase and
thiol groups remained stable. Triglycerides, Zn, and ferric ion reducing antioxidant power in the
dry phase and BHB, Ca, myeloperoxidase, haptoglobin, reactive oxygen metabolites and advanced
oxidation of protein product in postpartum differed compared with other physiological phases.
During the dry phase, Packed cell volume, Cl, and urea concentrations were similar to during
the postpartum phase. Similarly, Na, γ-glutamyl transferase and β-carotene concentrations were
similar to during the early lactation phase; fructosamine and bilirubin concentrations were similar to
during the late lactation phase. During the postpartum phase, fructosamine and P concentrations
were similar to during the early lactation phase, and the aspartate transaminase concentration
was similar to during the late lactation phase. During the early lactation phase, Mg, creatinine,
total protein, globulin and ceruloplasmin concentrations were similar to during the postpartum
phase, while the urea concentration was similar to during the late lactation phase. All these plasma
analytes differed among the other phases. This study identifies physiological trends affecting plasma
analytes concentrations during the different stages of the lactation cycle and provides a guideline
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for the duration and magnitude of their changes when animals are healthy and raised in optimal
welfare conditions.

Keywords: healthy reference individuals; high-welfare farm; metabolic profile; subclinical disorders

1. Introduction

Dairy cows undergoing different phases of the productive cycle face feed, management
and environmental changes, as well as alteration in the endocrine, immune and metabolic
assets. These changes are reflected by typical trends of plasma analytes. Thus, assessing
multiple plasma analytes at the herd level has the potential to provide an overview on the
feeding and management strategies adopted in dairy farms, allowing the prompt evaluation
of animal responses to the different phases of the lactation cycle [1]. Trends of plasma
analytes included in the metabolic profile of dairy cows have already been investigated
during the dry period (from 60 to 10 days before expected calving date; [2–4]), the transition
to calving (from 7 days before to 7 days after calving [3,5]), the early lactation (from 10 to
100 DIM; [2,5–7]) and the mid-late lactation period (from 90 to 215 DIM; [6]). However, an
assessment of the welfare status combined with a subclinical disorders (SCD) screening has
never been performed on the animals prior their enrollment in the experiment, despite the
known role of these factors in affecting the physiological trends of plasma analytes during
the lactation cycle [8–10].

Stressful conditions due to suboptimal welfare are known to induce severe alteration
in plasma analytes, both in humans and dairy cows [2,11,12]. Average welfare conditions
in dairy herds could be assessed with several models [13–16]. Typically, the available
models compare specific management strategies adopted in dairy farms (i.e., facilities,
environmental condition, feeding strategies) to guidelines suggested by the current leg-
islation, and they include multiple indicators reflecting the relative animal responses to
the management strategies (i.e., health status of the herd, reproductive efficiency, animal
behavior and performances).

SCDs commonly affect dairy cows in specific phases of their production cycle [17,18].
Although not inducing any evident clinical sings, the occurrence of a SCD is often paired
with severe alterations of several plasma analytes [7,19]. Limiting the concept of “healthy
cows” to animals showing no clinical diseases could thus result in the inaccurate prediction
of the physiological conditions of a population. This is especially true for dairy cows at
their transition to calving, when the incidence of SCDs is known to be the highest across
the whole lactation cycle [20].

With this work we aim to identify the physiological processes affecting plasma an-
alytes concentrations during the different stages of the lactation cycle and to provide a
guideline for the duration and magnitude of their changes when animals are healthy
and raised in optimal field conditions. Hence, we tested changes occurring in several
plasma analytes concentrations during different stages of the lactation cycle in high welfare
raised multiparous Holstein cows, excluding the SCDs. Additionally, we adopted a 95%
confidence interval to define reference intervals (RI) for plasma analytes.

2. Materials and Methods

The experiment was performed between September 2017 and September 2019, in
accordance with Italian laws on animal experimentation (D. Lgs. n. 26, 4 March 2014) and
ethics. In the present study, plasma samples previously collected for other studies were
used (authorization of the Italian Ministry of Health N 451-2017-PR, N 403-2017-PR, N
484-2018-PR, N 851-2018-PR, N 511-2018-PR, N 296-2019-PR, N 464-2019-PR and N 510-
2019-PR). Thirty commercial farms located in the provinces of Brescia, Cremona, Mantova
and Piacenza (Northern Italy) were enrolled in this study. The weather in the studied areas
was a relatively cool, mid-latitude version of the Humid subtropical climate. The chosen
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farms raised Italian Holstein dairy cows in freestall barns, adopting a total mixed ration
feeding system.

2.1. Welfare Status Evaluation and Criteria for Farm Inclusion

The welfare status of the herds was evaluated by skilled personnel according to
the computerized Integrated Diagnostic System Welfare (IDSW) model [13]. The IDSW
evaluates the welfare condition of the herd adopting a hierarchical structure (Figure 1),
and its outcome has been previously submitted to preliminary validation with blood
analytes [21]. Scores are expressed as percentages with 0 and 100% representing the worst
and best welfare condition (defined according to well established standards), respectively.
The total IDSW score is a pooled-mean of the scores attributed to three “clusters”. The
contribution to the total IDSW score is: 30% from the “environment” cluster, 30% from
the “feeding” cluster and 40% from the “animal” cluster. Each “cluster” is scored based
on the evaluation of several “components”, and each “component” is scored based on the
evaluation of several “aspects”. Finally, each aspect is scored based on the evaluation of
several specific “indicators”. Detailed description of the sets of “components”, “aspects”
and “indicators” considered in the evaluation of each “cluster”, as well as their contribution
to the total IDSW score have been defined previously [13].

Figure 1. Hierarchical structure and scoring system adopted in the Integrated Diagnostic System
Welfare (IDSW) model.

Dairy farms having a total IDSW score >70% and a score >65% for each cluster
were considered high-welfare farms (HWF). Eleven conventional HWF ascribed to the
Grana Padano Protected Designation of Origin were selected (number of lactating cows:
322.3 ± 201; milking system: 10 milking parlors; 1 automatic units; milking frequency:
2.1 ± 0.3; days open: 115.5 ± 13.8; energy corrected milk: 10,560 ± 8.1 kg per 305 days
lactation), while other farms were discharged. Average technical characteristics, cluster
scores and overall IDSW scores assigned to the 11 HWF are available in Table 1. Diet and
feed provided in the HWF during the dry, the postpartum, the early lactation and the late
lactation phases are presented in Tables S1–S3, respectively.

2.2. Criteria for Animal Recruitment

Four physiological phases were defined according to the stage of lactation of the
animals (expressed as days from real calving date; DFC): the dry (from −30 to −10 DFC
and from 30 to 50 days from dry phase onset), the postpartum (from 3 to 7 DFC), the early
lactation (from 28 to 45 DFC), and the late lactation phase (from 160 to 305 DFC). For each
HWF, blood samples were collected in a single visit, considering animals undergoing the
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aforementioned physiological phases at that time. Cows were recruited for blood collection
from November until March, to avoid any alteration of the animal physiology due to heat
stress. Only cows having parity order ≥2 and ≤5 were considered for blood collection.
Prior to the visit by skilled personnel for blood collection, the health status of the herd
was checked by veterinary inspection to exclude any cow affected by clinical diseases. On
the day of blood collection, the health status of the cows was checked again by skilled
personnel. Rectal temperature was measured with a commercial thermometer (Eco-Fast
Digital Thermometer, Agri-Pro Enterprises, Iowa Falls, IA, USA), considering fever rectal
temperature values >39.5 ◦C [22,23]. The animals underwent visual inspection for signals
indicating a suboptimal physiological status (e.g., abscesses, trauma, mucopurulent or
hemorrhagic nasal discharge, eye discharge, hollow left flank caused by an empty rumen
and hoof lesions). For the early and the late lactation phases, the individual milk yield of
each cow was recorded during the morning milking and compared to the daily milk yield
records from the previous week. Animals showing a drop in milk production >15% between
the two records were considered at risk of developing a disease [24]. Additionally, the body
condition score (BCS) was evaluated in accordance with the Agricultural Development and
Advisory Service (1986) [25]. The BCS value was judged as scarce, optimal or excessive,
depending on the physiological phase of the animal [26]. According to these criteria, a
minimum of eight cows undergoing each physiological phase were selected for blood
collection. Animals having fever, signals indicating a suboptimal physiological status,
drop of milk yield or BCS values outside the optimal range were not considered for blood
collection. For the late lactation phase, animals that were not pregnant were not considered
for blood collection. Based on these criteria, 361 clinically healthy multiparous cows, each
in different stages of lactation, were enrolled in the experiment (Table 1).

Table 1. Average characteristics, welfare score assigned, and number of cows enrolled for blood collection in the 11 high
welfare farms selected for assessing physiological variations of plasma analytes in high welfare raised multiparous Holstein
dairy cows during the pivotal stages of the lactation cycle.

Farm 1 2 3 4 5 6 7 8 9 10 11

Average characteristics, unit

Milking system 1 MP MP MP MP MP AU MP MP MP MP MP
MF 2, number 2 2 2 2 2 2.9 2 2 2 2 2
Days open, d 99 109 93 104 119 120 139 118 129 112 128

Lactating cows, number 184 210 394 864 280 107 311 304 175 378 338
ECM 3, kg 11,291 10,349 12,435 10,841 11,203 10,055 10,007 10,098 10,025 10,147 9695

Welfare score, %

Environment cluster 75 75 70 80 70 77 75 66 67 70 66
Feeding cluster 88 87 83 76 87 86 82 83 89 76 84
Animal cluster 79 74 80 74 73 67 71 76 70 72 70

Total IDSW score 4 80 78 78 77 76 76 76 75 75 73 73

Cows enrolled, number

Dry phase 6 6 6 21 10 6 7 6 10 6 8
Postpartum phase 6 6 4 28 10 5 6 6 7 7 18

Early lactation phase 7 6 8 13 10 6 6 2 6 6 14
Late lactation phase 8 6 8 11 8 6 8 6 8 6 7
1 MP is milking parlor; AU is automatic unit. 2 Daily milking frequency. 3 Energy corrected milk for a 305-days lactation: ECM = (milk
yield × (0.383 × % fat + 0.242 × % protein + 0.7832)/3.1138). 4 Total integrated diagnostic system welfare score = [(Environment cluster
score × 0.3) + (Feeding cluster score × 0.3) + (Animal cluster score × 0.4)].

2.3. Blood Sample Collection and Analyses

Blood was harvested by means of jugular venipuncture before the morning feeding.
Samples were collected in evacuated heparinized tubes (BD Vacutainer, Becton, Dickinson
and Co., Franklin Lakes, NJ, USA) and processed as described by Calamari et al. (2016) [27].
After collection, blood was centrifuged (3500× g, 15 min at 4 ◦C) and the Packed cell volume
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(PCV) was measured through capillary column (ALC Centrifugette 4203) directly on fresh
blood after centrifugation. A clinical autoanalyzer (ILAB-650, Instrumentation Laboratory,
Bedford, MA, USA) was used to determine the concentration of glucose, nonesterified fatty
acids (NEFA), BHB, urea, creatinine, Ca, P, Mg, Na, K, Cl, Zn, aspartate amino transferase–
glutamate oxaloacetate transaminase (AST-GOT), gamma glutamyl transferase (GGT),
alkaline phosphatase, total protein, haptoglobin, ceruloplasmin, albumin, total bilirubin,
cholesterol and globulin in accordance with Calamari et al. (2016) [27]. The reactive oxygen
metabolites (ROMt) and ferric ion reducing antioxidant power were determined according
to Jacometo et al. (2015) [28], the paraoxonase according to Bionaz et al. (2007) [29],
the thiol groups according to Minuti et al. (2014) [30], the myeloperoxidase according
to Bradley et al. (1982) [31], the triglycerides according to Bertoni et al. (2008) [32], the
fructosamine according to Caré et al. (2018) [33] and the advanced oxidation protein
products according to Hanasand et al. (2012) [34]. Retinol, tocopherol and beta-carotene
were analyzed by reverse-phase high-performance liquid chromatography (LC-4000, Jasco
Europe SRL, Cremella, Italy), as described by Jahan et al. (2015) [35]. Further details on the
analytical procedures adopted in blood analysis are reported in Table S4.

2.4. Criteria for Retrospective Exclusion, Statistical Analysis and Reference Intervals Calculation

Statistical analyses were performed using R v3.6.1 [36]. Plasma analytes having val-
ues outside 1.5 times the interquartile range (above the third quartile or below the first
quartile) were defined as outliers and removed from the statistical analysis, in accordance
with the American Society for Veterinary Clinical Pathology (ASVCP) guidelines [37]. In
all the phases of the lactation cycle, plasma concentrations of BHB > 1.2 mmol/L and
Ca < 2.0 mmol/L were assumed as hyperketonemia and hypocalcemia threshold, respec-
tively [38,39]. Animals affected by hyperketonemia or hypocalcemia were retrospectively
excluded from the statistical analysis. Furthermore, as other SCDs might not course with
changes in plasma biomarkers mentioned above, animals having more than three outlier
plasma analytes were retrospectively excluded from the statistical analysis to minimize the
risk of including animals affected by unspecific SCDs (i.e., subclinical displaced abomasum,
mild mastitis, and severe inflammatory conditions). A total of 76 animals (16 in dry; 22 in
postpartum; 21 in early lactation; 17 in late lactation phase) were retrospectively excluded
due to SCDs, while plasma samples from 285 healthy Italian Holstein multiparous cows (76
in dry; 81 in postpartum; 63 in early lactation and 65 in late lactation phase) were included
in the final database for the statistical analysis.

Before statistical analysis, the normality of distributions was verified for each analyte,
assessing skewness and kurtosis using the ‘Skew’ and ‘Kurt’ functions [40], and assuming
a ±1.5 range as skewness and kurtosis limits for normal distribution. Analytes showing
deviation from normality were transformed through natural logarithms (BHB, AOPP and
Zn). Further details on the distribution of blood analytes, and on the number of samples
considered for each phase of the lactating cycle, are reported in Table 2.

In order to understand the association of lactation phases on the variability of plasma
analytes, data of plasma analytes underwent ANOVA testing using physiological phases
as predictors. The statistical model included the fixed effect of the physiological phase
(PHASE) for the dry, the postpartum, the early lactation and the late lactation phases. The
individual effect of each phase was assessed using a pairwise t-test assuming p ≤ 0.05 as a
significance limit. A bootstrap approach, implemented following Dimauro et al. (2009) [41],
and a 95 % confidence interval was used to define the RI for each blood analyte within
physiological phases. For each blood analyte, physiological phases having a pairwise t-test
p > 0.05 were merged in RI calculation.
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3. Results and Discussion

3.1. Effect of the Phase of the Lactation Cycle on the Plasma Analytes Concentrations

Values of plasma analytes during different phases of the lactation cycle are presented
in Table 3 as mean ± SD.

3.1.1. Packed Cell Volume

The PCV was higher in the dry and the postpartum than in the late lactation phase,
and it was higher in the late lactation than in the early lactation phase (p < 0.01). Higher
PCV was detected in those phases when milk production was suspended or when dairy
cows were at the onset of lactation. This observation, paired with the recovery of PCV
we detected once the peak of lactation was surpassed, suggests a modification of plasma
volume driven by milk production [42,43].

3.1.2. Energy Metabolism Biomarkers

We recorded the lowest concentration of glucose in the postpartum, and it was lower in
the early lactation and the dry than in the late lactation phase (p < 0.01). The concentration
of fructosamine was lower in postpartum and early lactation than in the late lactation
and the dry phases (p < 0.05 or less). The concentration of NEFA was the highest in the
postpartum phase; it was higher in the early lactation than in the dry phase, and higher in
the dry than in the late lactation phase (p < 0.01). The highest concentration of triglycerides
and BHB was recorded in the dry and the postpartum phase, respectively (p < 0.01).

Glucose is the primary energy source for metabolic processes, and fasting plasma glu-
cose concentration is finely reflected by fructosamine within one to three weeks [33,44,45].
Plasma NEFA concentration is proportional to the severity of body fat mobilization; triglyc-
erides reflect the ability of the liver in re-esterifying NEFA and exporting them through
very low-density lipoproteins (VLDL), while BHB is released in the bloodstream when a
NEFA overload impairs the β-oxidation process at the liver level [38,46,47]. We detected the
lowest values of glucose and fructosamine concentration within 3 and 7 DFC, consistently
with the hypoglycemic state affecting postparturient cows [48]. This is mainly driven by the
synthesis of lactose: glucose uptake by the mammary gland for this purpose is known to
more than double during the 2 d before parturition, and an even more substantial increase
occurs after parturition [49]. Besides mammary gland uptake, immune cells contribute to
reducing circulating glucose concentrations in early lactation [50]. Those two metabolic
functions drive the glucose availability of early lactating cows, as they are prioritized by
the insulin resistance induced in peripheral tissues by growth hormone trends, and by
the activation of leukocytes to cope with calving-related insults [51]. Furthermore, the
peak of NEFA and BHB concentration we detected in the postpartum is consistent with
the mobilization of body fats occurring in this phase [52,53]. In fact, early lactating cows
experience negative energy balance (NEB) due to their limited feed intake and their huge
glucose requirements, resulting in the mobilization of body reserves to cover this gap [8,46].
The increase of glucose and the reduction of NEFA concentrations we observed in the early
lactation compared to the postpartum phase suggest a partial recovery of the homeostasis
condition. Nonetheless, the lower glucose and fructosamine, paired with the higher NEFA
concentration detected in the early compared to the late lactation phase, suggests that dairy
cows do not fully overcome the NEB condition during their first month of lactation. Despite
slight differences, the low concentration of glucose and the high concentration of NEFA we
found in the dry compared to the late lactation phase suggest a light energy deficit condition,
triggered by the increase of glucose requirements occurring in the last month of gestation.
These are likely driven by the gravid uterus paired with the low dietary glucose availability
ensured by the dry ration compared to the late lactation one [49,54]. Despite that, the
higher concentration of triglycerides in the dry compared to the postpartum phase reflects a
greater capability of the liver in re-esterifying circulating NEFA before calving, probably
due to a higher VLDL availability. This observation is consistent with the rise of plasma
concentrations of triglycerides reported in high yielding cows before parturition [55,56].
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3.1.3. Protein Metabolism and Kidney Function Biomarkers

The urea concentration was lower in the dry and postpartum phases than in the other
physiological phases (p < 0.01). Plasma urea concentrations closely reflect the trends of
rumen fermentations and could be deeply affected by the availability of different protein
sources in the ration. In ruminants, urea is synthetized in the liver from two sources:
nitrogen deamination from endogenous amino acids and ammonia absorbed by the ru-
men [57]. Thus, the trend of plasma urea mostly reflects the low ammonia uptake by
the rumen fluid, driven both by the low protein content of the dry rations and the low
feed volume contained in the rumen of early lactating cows compared to those in mid
and late lactation [58,59]. Furthermore, the substantial differences found in the 11 HWF
for the diet crude protein contents (Tables S1–S3) and the likely different length of the
fasting conditions of the animals before blood sampling, could have contributed to the
wide variability recorded in the plasma urea concentration across the physiological phases
considered in this study. Feed analyses aimed at identifying the different protein fractions
will likely help understanding the source of such variations in future studies.

The concentration of creatinine was higher in the dry than in the postpartum phase,
and it was higher in the postpartum than in the early and late lactation phases (p < 0.01).
Creatinine is related to the used phosphocreatine during normal muscular activity, but the
interpretation of this plasma analyte is challenging. On the one hand, plasma creatinine has
been reported to reflect the amount of muscle mass in the body [60–62]. On the other hand,
the creatinine hematic concentration reflects the kidneys’ ability to remove it, thus serving
as a reliable marker of glomerular filtration rate efficiency [63]. The highest concentration
of creatinine we detected in the dry phase could thus reflect the greater amount of muscle
tissue compared with the lactation phase, consistently with the mobilization of 13 to 25%
of body proteins occurring in dairy cows at their transition to calving [62]. Furthermore,
creatinine trend could suggest a transient impairment of kidney glomerular filtration
rate occurring before calving, similarly to those reported in late-pregnant women [64],
and likely driven by body fat mobilization and altered blood pressure during the late
gestation phase [65]. Both these interpretations are consistent with the decreased creatinine
concentration we detected in the lactating phases, suggesting both a reduced amount of
muscle tissue and an improved glomerular filtration rate compared with the dry phase.

3.1.4. Mineral Metabolism Biomarkers

The concentration of Ca was lower in the postpartum than in any other physiological
phases (p < 0.01). The concentration of P was lower in the postpartum and the early lactation
than in the late lactation phase, and it was lower in the late lactation than in the dry phase
(p < 0.01). The concentration of Mg was lower in the postpartum than in the dry phase, and
it was lower in the dry than in the early and late lactation phases (p < 0.01). Low Ca and P
concentrations detected in the postpartum compared with other phases are consistent with
the extremely high demand by the mammary gland at the onset of lactation [66,67]. Ca and
P homeostasis are finely regulated by parathormone, which promotes Ca reabsorption from
urine and bones and stimulates phosphate absorption at gut level when circulating Ca and
P decrease [68–70]. Nonetheless, the uptake of circulating Ca and P by the mammary gland
at the onset of lactation is too fast to be counterbalanced by these mechanisms, leading to
the decrease of their circulating pools [70,71]. Conversely, reduced plasma Mg found in
postpartum could be driven by modifications occurring in rumen functions at the onset of
lactation [72], as Mg is primely absorbed by rumen epithelium in ruminants.

Among the electrolytes, the concentration of Na was higher in the postpartum than in
the dry and the early lactation phases, and it was higher in the dry and the early lactation
than in late lactation phase (p < 0.01). The concentration of K did not differ between the
physiological phases. The concentration of Cl was higher in the dry and the postpartum
than in early lactation phase, and it was higher in the early than in the late lactation phase
(p < 0.01). The higher plasma concentration of Na and Cl detected before calving and
at the onset of lactation are consistent with plasma creatinine trends in supporting an
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impaired glomerular filtration rate occurring in late pregnancy. In fact, an increased plasma
electrolyte concentration has been reported in humans affected by kidney dysfunctions,
and also in cattle [73,74]. Despite that, increased plasma concentration of electrolytes
(hypernatremia) in postpartum cows has also been related to the stressful conditions driven
by adrenocorticotropin hormone release and inflammatory conditions occurring around
calving [75].

The Zn concentration was higher in the dry phase than in the other physiological
phases (p < 0.05), as previously observed by Anon (1973) and Pryor (1976) [76,77]. Despite
several factors (including inflammatory condition) that are known to contribute to reducing
plasma Zn availability in the postpartum phase, a clear explanation behind the reduced
concentration of this mineral during lactation phases is still lacking. Moreover, our findings
are in contrast with those of previous studies performed on Hereford cattle, reporting the
lowest plasma Zn concentration during the dry period and relating these changes to the
constriction of the posterior genital tract in late pregnancy [78].

3.1.5. Liver Function Biomarkers

Bilirubin concentration was higher in postpartum than in the early lactation phase,
and it was higher in the early lactation than in the dry and the late lactation phases (p < 0.01).
Among liver damage indicators, the AST-GOT concentration was higher in the postpartum
and the late lactation than in the early lactation phase, and it was higher in the early
lactation than in the dry phase (p < 0.01). The GGT concentration was higher in the late
lactation than in the dry and the early lactation phases, and it was higher in the dry and
the early lactation than in the postpartum phase (p < 0.01). The concentration of ALP did
not differ among the physiological phases.

Bilirubin results from degradation of red blood cells. Its plasma concentration could
be assumed as a cholestasis index, as it reflects the efficiency of liver enzymes in removing
it [79]. Both AST-GOT and GGT are involved in amino acids metabolism, while ALP exerts
a role in dephosphorylating compounds. Increased plasma concentration of these enzymes
serves as a cytolysis and liver damage biomarker [79]. The higher plasma bilirubin and
AST-GOT concentrations found in the postpartum phase suggests transient impairment
of liver function, paired with liver cell damages occurring at the onset of lactation. These
are probably related to the massive liver activities occurring in this phase, combined
with the detrimental effect sorted by mobilized NEFA on the liver functions [80]. The
decreased concentration of AST-GOT and bilirubin found in the early lactation phase
suggests a gradual recovery of liver function [32]. Both bilirubin and AST-GOT reached
their minimum during the dry phase, indicating that this phase displays the best liver status
and probably the lower liver activity. Surprisingly, AST-GOT and bilirubin do not overlap
with GGT trends in the postpartum phase: the GGT had higher plasma concentrations at
the end of lactation and during the dry phase than in early lactation. We hypothesize that
this could be due to the concentration of GGT in the plasma fraction at the end of lactation,
because the plasma half-life of GGT is most likely longer than that of the AST-GOT [81].

3.1.6. Inflammation and Acute Phase Proteins Biomarkers

The concentration of myeloperoxidase was higher in the postpartum than in the other
physiological phases (p < 0.01). These trends suggest the activation of leukocytes occurring
after calving, as documented by others [82]. In fact, myeloperoxidase is involved in the
generation of reactive oxygen species in activated neutrophils, thus serving as a reliable
marker of inflammation [83].

Among the positive acute phase proteins (APP), haptoglobin was higher in the post-
partum than in the other physiological phases (p < 0.01). Ceruloplasmin was higher in the
postpartum than in the early and the late lactation phases (p < 0.01), and it was higher in
the early and late lactation than in the dry phase (p < 0.05 or less). Among the negative
APP biomarkers, albumin, total cholesterol, and retinol were lower in the postpartum than
in the dry phase, in the dry than in the early lactation phase and in the early than in the late
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lactation phase (p < 0.01). The concentration of paraoxonase was lower in the postpartum
than in the dry phase, in the dry than in the late lactation phase and in the late lactation
than in the early lactation phase (p < 0.01). The concentration of total protein and globulin
was higher in the early and the late lactation than in the dry phase, and it was higher in the
dry than in the postpartum phase (p < 0.05 or less).

During an acute phase response, the plasma concentration of positive APP increases
as the liver upregulates the synthesis of alpha globulins [84,85]. Conversely, the liver
reduces the synthesis of albumin, paraoxonase, retinol-binding protein, and lipoproteins
(reflected by plasma concentration of retinol and cholesterol respectively). The drop of their
plasma concentration is proportional to the severity of the acute phase response [84–86].
Total protein includes serum albumin and globulin; thus, trends of total protein and
globulin could serve as reliable markers of changes in plasma protein fractions during
the acute phase response. The higher concentration of positive APP, paired with the
lower concentration of negative APP and total protein, reflects that a marked acute phase
response occurred after calving [32]. The similar trends of myeloperoxidase and acute phase
biomarkers also suggest a contribution of activated leukocytes in boosting the severity
of the acute phase response in this phase [10]. The reduction of haptoglobin supports
the mitigation of the acute phase response condition to occur since the early lactation
phase. In fact, haptoglobin is released into the blood at the onset of the acute phase, and
its concentration then decreases within 60–96 h [87]. Such a mitigation of the acute phase
response in the early lactation phase is further supported by the increase of albumin, total
cholesterol, and retinol concentrations. We detected that ceruloplasmin had a delayed
recovery of homeostasis condition compared to haptoglobin, as it reached its minimum
in the dry phase. Further, ceruloplasmin is known to serve as a longer-lasting plasma
biomarker relative to acute phase onset than haptoglobin [88,89].

3.1.7. Oxidant Status Biomarkers

Among the antioxidant systems, tocopherol was lower in the postpartum than in the
dry phase, in the dry than in the early lactation phase and in the early lactation than in
the late lactation phase (p < 0.01). β-carotene was lower in the postpartum than in the
early lactation and the dry phases, and it was lower in the early lactation and the dry
than in the late lactation phase (p < 0.01). Concentration of ferric ion reducing antioxidant
power (FRAP) was lowest in the dry phase (p < 0.01). Concentration of thiol groups was
comparable across physiological phases. Among oxidant species and oxidative stress
biomarkers, the highest concentration of ROMt and the lowest concentration of advanced
oxidation of protein products (AOPP) were recorded in the postpartum phase (p < 0.01).

Tocopherol is known to act as a secondary antioxidant by reducing the chain propa-
gation and amplification of lipid peroxidation. β-carotene is known to exert an indirect
antioxidant action by maintaining other antioxidant molecules in their reduced form [90].
FRAP reflects the antioxidant power of bilirubin, uric-acid, proteins and vitamins C and
E [91]. Thiols could be used as reliable marker for glutathione availability [92]. ROMt
include a wide range of oxidant molecules. AOPP classically reflects protein oxidation
driven by hypochlorous acid, thus representing a synthetic marker of oxidative stress
caused by activated leukocytes through the respiratory burst [93]. Lower concentrations
of tocopherol and β-carotene, paired with higher concentration of ROMt detected in the
postpartum phase, are consistent with the depletion of circulating antioxidant systems
occurring in early lactating cows as a consequence of the increased oxidative metabolism,
mainly driven by the milk synthesis and the activation of the immune system [93,94].

The trends of FRAP and AOPP we detected in postpartum are harder to interpret.
We hypothesize that the high FRAP concentration we found in the postpartum compared
with the dry phase could be due to the upregulation of body antioxidants synthesis
occurring to cope with high ROMt concentrations [92]. This is supported by the high
bilirubin concentration found in this phase compared to the dry phase. However, a rise
of plasma AOPP was expected in the postpartum phase, when leukocytes were at their
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maximum activated status. We can speculate that the lower AOPP concentration we
found in the postpartum phase could be caused by the primary contribution of albumin
in facing oxidative damage, as supported by the detection of nadir for plasma albumin
during the postpartum phase. The low ROMt concentration and the high availability of
antioxidants (tocopherol and β-carotene) in every other physiological phase compared
with the postpartum suggests a recovery of the oxidant/antioxidant balance, likely driven
by a mitigation of the oxidative metabolism.

3.2. Reference Intervals Calculation

Reference intervals for plasma analytes during the different stages of the lactation
cycle are presented in Table 4 as lower limit and upper limit (confidence intervals for
95% observations referred to the reference interval extreme values). We found several
differences between the RI defined in this study and those reported in previous works, and
the largest discrepancy was detected during the postpartum phase. The minor values of our
RI in postpartum were higher for plasma glucose, Ca and P and lower for lipid mobilization-
related analytes (NEFA and BHB) than those proposed in previous studies [3,5]. We infer
that excluding animals affected by hyperketonemia and hypocalcemia from our reference
dataset mitigated the NEB condition and the mineral metabolism dysfunctions faced by
the cows at the onset of lactation. Furthermore, the minor values of the RI we identified in
postpartum were lower for plasma positive APP (haptoglobin and ceruloplasmin), and
higher for plasma albumin and total protein than those proposed by others [3,5]. Such
outcomes suggest that the cows in our experiment underwent a milder acute phase response
during postpartum phase as compared to previous works [3,5]. Excluding animals having
hyperketonemia from our reference dataset could partially account for such a difference, as
animals undergoing subclinical ketosis are prone to develop severe acute phase responses
at the onset of lactation [19].

Despite positive effects sorted by the rigorous procedures adopted in the recruit-
ment of reference individuals on RIs defined in this study, we caution that the adoption
of BHB and Ca as subclinical ketosis and subclinical hypocalcemia markers prevented
the exclusion of those animals undergoing other less-specific SCDs (i.e., mild mastitis,
subclinical displaced abomasum and mild liver lipidosis). Importantly, the lack of any
veterinary inspection concurrent with the blood collection further accrued this limitation in
our study, as dedicated veterinary inspections would have likely improved the identifica-
tion and selection of healthy individuals. Most of the unspecific SCDs are often paired with
inflammatory conditions in postpartum cows, leading to the simultaneous variation of
multiple plasma analytes concentrations [95]. Consequently, the presence of animals with
undetected SCDs within the reference database has the potential to decrease the reliability
of RIs. For example, the reduced RI for plasma Ca, P and Zn concentration during the
postpartum phase could be expected if animals affected by severe acute-phase responses
are included in the reference population. Under this scenario, the conversion of vitamin D
to 2,5-hydroxyvitamin D by parathormone is impaired during the acute phase [96], thus
accounting for a reduced Ca and P uptake from bone and gut cells in animals having
severe acute phase responses after calving, while the liver sequesters circulating Zn from
the bloodstream during the acute phase [97]. Further, trends of liver enzymes, liver func-
tion indicators and oxidant status biomarkers are deeply affected by the severity of the
inflammatory conditions during the postpartum phase [86,94].
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Likely, the retrospective exclusion from the reference database of animals with more
than three plasma analyte outliers allowed us to remove some of the bias driven by
unspecific SCDs from RI calculated in this study, and this could further account for the
milder inflammatory state affecting our reference individuals in postpartum as compared
with previous studies [3,5]. Despite that, we caution the use of the RIs obtained in this study
as “golden standard” for plasma analytes of dairy cows, especially for the postpartum
phase. To counteract the possible inclusion in the reference dataset of cows affected by
unspecific SCDs, we can speculate that performing a veterinary inspection concurrent with
the blood collection and adopting a more stringent confidence interval threshold (with
respect to the widely used 95% threshold; [98]) should be considered in future studies to
develop reliable RIs for the postpartum phase of dairy cows.

4. Conclusions

Our results show that, with the exclusion of K, alkaline phosphatase and thiol groups,
trends of all the other investigated plasma analytes differed among the physiological phases
considered. We show that assessing welfare condition at the herd level and performing
a SCD screening likely reduced the variability among reference individuals used in this
study, especially in postpartum phase. The inclusion of BHB as a biomarker for subclinical
ketosis accounts for the higher minor value for glucose and the lower minor value for
NEFA and BHB, while the inclusion of Ca as a biomarker for subclinical hypocalcemia
accounts for the higher minor value for Ca and P we proposed in postpartum as compared
with previous works. The inclusion of these specific biomarkers for subclinical disorders
and the high welfare standard of the selected herds likely contributed to excluding animals
affected by severe acute phase responses in postpartum, as suggested by the lower minor
value for haptoglobin and ceruloplasmin, and for the higher minor value for albumin and
total protein we proposed as compared with previous works. However, we could not
prevent the exclusion of animals affected by unspecific SCDs other than hypocalcemia and
hyperketonemia, which likely affected the RIs for postpartum phase. Here, we provided a
field-measurement of the physiological variability affecting plasma analytes and a possible
explanation for the processes behind the occurrence of such variations in healthy, high-
welfare raised multiparous Holstein dairy cows at different stages of the lactation cycle.
Although the sets of reference intervals defined in the current study is tightly linked to
the population of cows included in the experiment, similar variations of plasma analytes
among the four phases of the lactation cycle investigated in this research are likely to be
expected in any high-welfare herd.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ani11061714/s1, Table S1: Diet used during the dry phase in the 11 high welfare farms
included in the study, Table S2: Diet used during the postpartum and early lactation phases in the
11 high welfare farms included in the study, Table S3: Diet used during the late lactation phase in the
11 high welfare farms included in the study, Table S4: Intra- and inter-assay coefficient of variations,
limit of quantification (LOQ), codes of commercial kits used, references for their validation in the
bovine plasma, calibrators and quality controls used for plasma parameters included in the study.
References [99–101] are cited in the supplementary materials.
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Simple Summary: Embryonic mortality and pregnancy failures still represent a major issue in do-
mestic livestock production, particularly in dairy cattle. Despite the presence of extensive work in
this research area, there is still no effective, accurate and practical method able to determine timing
and viability of embryo specifically during early gestation. Indeed, technologies and techniques for
predicting pregnancy success must continue to be developed. The aim of this work was to find the
best strategy to diagnose pregnancy failures in buffalo cows in order to improve farm reproductive
management. Among the methods compared in this study (ultrasonography, progesterone, PAGs),
pregnancy-associated glycoproteins (PAGs) seem to be the best marker for predicting embryonic mor-
tality between 25 and 40 days of gestation to be utilized as a diagnostic tool to improve reproductive
management in buffalo farms.

Abstract: The aim of this work was to find the best strategy to diagnose pregnancy failures in buffalo.
A total of 109 animals belonging to a buffalo herd subjected to a synchronization and artificial
insemination (AI) program were enrolled in this study. Blood samples were collected at days 0, 14, 25,
28 and 40 after AI for the determination of progesterone (P4) and pregnancy-associated glycoproteins
(PAGs) by the radioimmunoassay (RIA) method. Transrectal ultrasonography was performed on day
25, 28 and 40 after AI to monitor pregnancy. The animals included in the data analysis were assigned
ex post in pregnant (n = 50) and mortality (n = 12) groups. By ultrasonography, the predictive sign
of mortality was the heartbeat. At day 25, the PAGs concentration was significant in predicting
embryonic mortality with respect to ultrasonography and P4, at the cut-off of 1.1 ng/mL. At day 28,
either PAGs, at a cut-off of 2.2 ng/mL, or ultrasonography, with no detection of heartbeat, were highly
predictive of embryonic mortality. PAGs were the best marker (p < 0.05) for predicting embryonic
mortality between 25 and 40 days of gestation in buffalo. Its utilization as a diagnostic tool can
influence management decisions in order to improve farm reproductive management.

Keywords: embryonic mortality; pregnancy-associated glycoproteins; progesterone; ultrasonogra-
phy; buffalo

1. Introduction

Animal reproductive biotechnology is continually evolving. Advances have been
made in our understanding of embryo development and early embryonic mortality in
domestic animals, which has improved the selection and success of in vivo and in vitro
technologies. Declining fertility is a globally recognized problem that represents a major
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source of economic loss and culling in livestock species [1,2]. The low reproductive
efficiency of cattle has had a negative financial impact on the dairy industry because the
higher yields of milk cannot compensate for dwindling herd sizes. The demand for assisted
reproductive techniques is therefore increasing, by creating an additional cost for dairy
farmers [3]. Many factors contribute to the decline in reproductive fitness. The major
cause of poor reproductive success is early embryonic mortality [4], which is defined as
pregnancy failure during the period between fertilization and day 42 of gestation [5]. This
is true especially in the animals that are not mated during their reproductive period.

Although buffaloes are polyestrus, their reproductive efficiency changes throughout
the year, showing a distinct seasonal pattern [6]. This reproductive seasonality affects the
efficiency of breeding programs, particularly during the spring–summer season with the
daylight lengthening period, which corresponds to the low breeding period for buffalo [7].
It was observed a higher incidence of embryo loss (20 to 40%) in buffaloes that conceive
during the daylight lengthening period, whereas a lower incidence (7%) was observed
during decreasing daylight length [8–11]. Such high rates of early embryonic mortality lead
to substantial losses in time and money spent rebreeding cows, slower genetic progress,
as well as a significant loss in the number of potential calves [12,13]. One strategy for
improving reproductive performance aims to shorten the calving-conception interval by
rapidly identify embryo losses and rebreeding non-pregnant cows [14]. Pregnancy can be
monitored using a variety of methods, including direct methods such as ultrasonography,
or indirect methods like progesterone (P4) or pregnancy-associated glycoproteins (PAGs)
measurement in maternal blood [15,16].

In buffalo, applications of transrectal ultrasonography to monitor early pregnancy and
embryonic development have been described by different authors [17–21]. The sensitivity
(true positive) of transrectal ultrasonography between days 19 and 24 is reported to be
44.4%, reaching 100% from day 31 after mating, while the specificity (true negative) ranged
between 92.5 and 100% from days 19 to 55 after mating [22]. The time of heartbeat detection
can be considered as the moment at which the sensitivity of the gestational diagnosis is
100% [20]. In buffalo, embryo proper with a heartbeat can be visualized between 23 and
28 days after gestation [20]. No detectable heartbeat together with membrane detach-
ment/disorganization, reduced amount of intrauterine fluid or echoic floating structures,
including remnants of the conceptus, are ultrasound findings of an embryo death [23].
Therefore, using ultrasonography, early pregnancy losses can be clearly diagnosed. The
disadvantage of this method is that accuracy is limited before 28 to 30 days of gestation
and pregnancy status is only guaranteed at the time of diagnosis; moreover, when the fetal
heartbeat of an embryo is viewed on an ultrasound, there is no indication of whether or
not embryo mortality will occur [16].

Chemical-based methods have been developed to identify pregnancy in buffalo, as an
alternative to the ultrasound technique [24].

Progesterone (P4) is the most biologically active progestagen and is primarily pro-
duced and secreted by the corpus luteum (CL) during the estrous cycle and by the placenta
during pregnancy. Quantification of P4 in blood or milk at days 20, 22 and 24 post-breeding
has been utilized for early pregnancy diagnosis in buffaloes [25,26]. Campanile et al. [8]
found higher P4 plasma levels in pregnant buffaloes than in buffaloes that showed em-
bryonic mortality since day 10 after AI. Although P4 concentration helps in detecting
early pregnancy, a single analysis does not provide sufficient information to evaluate the
pregnancy status accurately [27,28]. Indeed, the concentration of P4 reflects the function of
the CL and not the presence or the vitality of an embryo or foetus.

Characterized for the first time in the early eighties, the pregnancy-associated glyco-
proteins (PAGs) constitute a large family of glycoproteins expressed in the outer epithelial
layer (chorion/trophectoderm) of the placenta in eutherian species [29–31]. They are
synthesized by the mononucleate and binucleate trophoblastic cells, some of them being se-
creted into the maternal blood from the moment when the conceptus becomes more closely
attached to the uterine wall and placentome formation begins [32,33]. Using different
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chromatographic procedures, some members of the PAGs family have been isolated from
the cotyledons of different species of Cetartiodactyla order [29,34–43], included buffalo
species [44,45]. The accumulation of PAGs in the maternal blood of ruminant ungulates
has become a useful tool for monitoring pregnancy, thanks to the development of ho-
mologous [46] and heterologous radioimmunoassay (RIA). In our previous works, our
research group [45,47–49] described the use of antisera raised against buffalo PAGs for RIA
development and pregnancy detection in buffalo cows. Previously, other authors [22,50,51]
used the RIA-706 system to measure PAGs in this species. Recently, the molecular biol-
ogy technique has been utilized to detect the mRNA expression of PAGs in the maternal
blood of pregnant buffaloes [52–54], improving knowledge regarding the peri-implantation
period and the earliest time in which PAGs could be detected in this species.

The aim of this work was to find the best strategy to diagnose pregnancy failures in
buffalo comparing ultrasonography, P4 and PAGs in order to improve farm reproductive
management. Moreover, the work highlights whether PAGs determination could support
the diagnosis of early pregnancy failures in buffalo.

2. Materials and Methods

2.1. Animals and Experimental Design

The trial was carried out at the CREA Animal Production and Aquaculture experimen-
tal farm of Monterotondo (Rome, Italy, 42◦ N parallel). A total of 109 animals belonging
to the Italian Mediterranean buffalo herd subjected to a synchronization and artificial AI
program were enrolled in this study and grouped as described below. Buffaloes were kept
on a loose-housing system, fed ad libitum once a day with a total mixed ration based on
sorghum silage, hay and concentrate and milked twice a day in a milking parlor. Before es-
trous synchronization, regular clinical examination excluded diseases such as endometritis,
mastitis and metabolic disorders.

Buffaloes were synchronized with a progesterone releasing intravaginal device (PRID;
Sanofi, Paris, France), containing 1.55 g natural progesterone inserted in situ for 10 days and
an i.m. injection of 1000 IU of Pregnant Mare Serum Gonadotrophin (PMSG; Ciclogonina,
Fort Dodge, Bologna, Italy) and 0.15 mg of cloprostenol (PGF2α analogue; Dalmazin,
Ozzano Emilia, Fatro, Italy) on day seven. On day 10, the PRID was removed and cows
were artificially inseminated at 72 and 96 h from device withdrawal.

Blood samples were taken from the jugular vein in 10 mL EDTA tubes at days 0 (0d),
25 (25d), 28 (28d) and 40 (40d) after AI for P4 and PAGs analysis. On day 14 (14d), a further
sample was taken for P4 analysis. The day of the second AI was considered as day zero.
Plasma was immediately separated by centrifugation (1200× g for 15 min at 5 ◦C) and
stored at −20 ◦C until assayed.

The animals were classified ex post as pregnant (n = 50) and mortality (n = 12) groups,
as determined by ultrasonography at day 40 based on diagnostic criteria as reported below
in paragraph 2.2. A total of 47 buffaloes were diagnosed as non-pregnant. Only animals
related to pregnant and mortality groups were included in the data analysis.

The animals involved in this experiment were treated in compliance with the animal
testing regulations established under Italian law. The experimental design was carried out
according to good veterinary practices under farm conditions. The CREA Research Centre
for Animal Production and Aquaculture is authorized to use farm animals for experimental
design (as stated in DM 26/96-4 of the Italian Welfare Ministry).

2.2. Pregnancy Diagnosis

Transrectal ultrasonography (Aloka SSD Prosound 2 scanner, Hitachi Medical System,
Buccinasco, Italy, equipped with a 7.5 MHz linear-array transducer) was performed by
the same operator on days 25 (25d), 28 (28d) and 40 (40d) after AI in correspondence with
blood sampling for PAGs. On the day of scan, the ultrasound observations were classified
into four categories: no vesicle, vesicle, vesicle + embryo, and vesicle + embryo + beat.
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Recognition of the embryonic vesicle and embryo proper with a heartbeat was used
as the criterion for positive diagnosis. Embryo mortality was diagnosed when a first
embryo vesicle and/or embryo proper with a heartbeat was no longer visible in later
ultrasound scans. Non-pregnant buffaloes had no embryonic vesicle detected at any time
point. Pregnancy status was confirmed on day 60 post-AI.

2.3. Progesterone Radioimmunoassay

Samples were assayed for P4 using an extraction step as described previously [47,55,56].
P4 was extracted from plasma using ethyl ether. Each sample was assayed in duplicate.
The efficiency of the extraction of a tracer amount of [3H]-progesterone ranged from 82 to
95%. Extraction was conducted using 0.2 mL plasma. Briefly, 0.8 mL distilled water and
3 mL diethyl ether were added to each sample. After stirring, samples were centrifuged
(1000× g, 10 min), frozen, and the supernatant was discarded. Then, 1 mL borate buffer
containing 10% ethanol was added to each sample. A 100-mL volume of increasing con-
centrations of P4 (0.1, 0.25, 0.5, 2, 5, 10, 20, and 40 ng/mL) constituted the standard curve.
Tubes corresponding with the total count (Tc), nonspecific binding (NSB), and reference
samples (0.5 and 10 ng/mL) were also prepared. Volumes of 100 mL [3H]-progesterone
and 100 mL of diluted antiserum were added to the tubes containing the extracted samples
and standard curve. Incubation was performed for at least 4 h at 4 ◦C. Bound and free P4
were separated by centrifugation after dextran-charcoal adsorption. Tubes were counted
in a beta-counter (Tri-carb 2100 TR; Packard; Milan, Italy). The minimum detection limit
(MDL) was 0.08 ng/mL. Intra-assay and interassay coefficients of variation (CV) were 7%
and 11%, respectively.

Based on P4 assay, buffaloes were considered pregnant when the plasma P4 concen-
trations on days 14, 25, 28 and 40 were over 1 ng/mL.

2.4. PAGs Radioimmunoassay

For PAGs concentration, RIA-860 previously described by Barbato et al. [45] was
used. Pure boPAG67kDa preparation was used as the standard and tracer. Iodination
(Na-I125, Amersham Pharmacia Biotech, Uppsala, Sweden) was carried out according to
the chloramine-T method previously described by Greenwood et al. [57]. The samples
were assayed in a preincubated system in which the standard curve ranged from 0.2 to
25 ng/mL.

The minimum detection limit (MDL), calculated as the mean concentration minus
twice the standard deviation (mean–2 SD) of 20 duplicates of the zero (B0) standard [58],
was 0.4 ng/mL. The intra- and inter-assay coefficients were 2.8% and 7.1%, respectively.

Based on PAGs assay, (cut-off value: ≥1 ng/mL) buffaloes were considered non-
pregnant when concentrations remained very close to zero at all time points and pregnant
when concentrations were higher than 1 ng/mL at days 25, 28 and 40. When PAGs
concentrations were ≥1 ng/mL at day 25 and dropped under 0.2 ng/mL by day 40,
embryo mortality was considered to have occurred.

2.5. Statistical Analysis

The association between the outcome (2 levels: Pregnant and Mortality) and results of the
ultrasound analysis (4 levels: No vesicle, Vesicle, Vesicle + embryo, Vesicle + embryo + beat)
was analyzed by Chi-square or Fisher’s exact test, stratifying for day of observation (time).
Z-tests were used to compare column proportions. This association was not evaluated at
time 0 as all the animals were in the no vesicle group.

The changes of P4 and PAGs concentrations with time in the two groups were instead
analyzed using linear mixed models (LMMs). In LMMs, animals and days were included
as subjects and repeated factors, respectively. The LMMs evaluated the main effects of time
(4 levels: 0, 25, 28, and 40 days post-AI), outcome (2 levels: pregnant and mortality), and
the interaction between the outcome and time. Sidak adjustment was used for carrying out
multiple comparisons. Diagnostic graphics were used for testing assumptions and outliers.
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Because non-normality of the data was detected for P4 and PAGs concentrations, log and
log(x + 1) transformation, respectively, were used for analysis. Back-transformed estimated
marginal means were presented as results while the row data were presented as figures.
Moreover, the association between P4 and PAGs concentrations was analysed using the
Spearman’s correlation coefficient (ρ).

In order to test the ability of PAGs and P4 concentrations to discriminate between
mortality and pregnant outcomes at each time (days 25, 28, and 40 post-AI), the receiver
operating characteristic (ROC) analysis was also performed and the optimal cut-off was
determined by Youden index [59]. Finally, univariate models were built using the general-
ized linear models procedure with a binomial distribution and the logit link function to
evaluate the accuracy of the parameters in predicting mortality at day 25 and 28. PAGs
and P4 concentrations were categorized according to the cut-off for each day while ultra-
sound outcome was categorized according to the identification of the embryo heartbeat.
Odds ratios (ORs) with the corresponding 95% confidence interval (CI) and p-values were
calculated.

Statistical analyses were performed with SPSS Statistics version 25 (IBM, SPSS Inc.,
Chicago, IL, USA). Statistical significance occurred when p ≤ 0.05.

3. Results

A total of 50 out of 109 buffalo cows enrolled in this study became pregnant (pregnant
group) while 12 had embryo mortality (mortality group) and 47 remained non-pregnant
as determined by ultrasonography at day 40. All buffaloes diagnosed as pregnant were
confirmed at day 60.

3.1. Ultrasound Observations and Embryo Mortality

Results of ultrasound observations according to the outcomes (pregnant vs. mortality)
are summarized in Table 1. At day 25, the proportion of animals in which the vesicle
was not identified was greater in the mortality group, while the proportion of animals
in which the vesicle, vesicle + embryo or vesicle + embryo + beat was identified were
higher in the pregnant group (p < 0.0001). At day 28, the proportion of animals in which
the vesicle + embryo was identified was higher in the mortality group while the animals
in which vesicle + embryo + beat were identified was higher in pregnant buffaloes than
those in the mortality group (p < 0.0001). A significant association between the ultrasound
observations and the outcome was also found at day 40; vesicle + embryo + beat was
identified in all the buffaloes in the pregnant group; in the mortality group, 11 buffalo cows
(91.7%) showed only the vesicle and 1 cow (8.3%) the vesicle + embryo (p < 0.0001).

Table 1. Results of ultrasound observations according to number of days post-artificial insemination (AI) and outcome.

Day Post-AI
Ultrasound
Observation

Outcome
Significance

Mortality Pregnant

25

No vesicle 8 a (66.7%) 4 b (8.0%)

0.0001
Vesicle 1 a (8.3%) 22 b (44.0%)

Vesicle + embryo 1 a (8.3%) 3 a (6.0%)
Vesicle + embryo + beat 2 a (16.7%) 21 b (42.0%)

28

No vesicle 1 a (8.3%) 0 a (0.0%)

0.0001
Vesicle 2 a (16.7%) 3 a (6.0%)

Vesicle + embryo 3 b (25.0%) 0 a (0.0%)
Vesicle + embryo + beat 6 a (50.0%) 47 b (94.0%)

40
No vesicle 11 b (91.7%) 0 a (0.0%)

0.0001Vesicle + embryo 1 a (8.3%) 0 a (0.0%)
Vesicle + embryo + beat 0 a (0.0%) 50 b (100.0%)

Values in the same row not sharing the same superscript (a, b) are significantly different at p < 0.05 (z-test).
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3.2. P4 Concentrations and Mortality

P4 concentrations were affected by time (p < 0.001), outcome (p < 0.001), and interaction
(p < 0.001; Figure 1). Significant differences in P4 concentrations between the mortality
and pregnant groups were found at days 25 (mean difference: 1.8 ± 0.1 ng/mL, p < 0.001),
28 (mean difference: 1.4 ± 0.1 ng/mL, p < 0.05) and 40 (mean difference: 3.1 ± 0.1 ng/mL,
p < 0.001) post-AI.

Figure 1. Concentrations of progesterone (P4) in mortality and pregnant groups at day 0, 14, 25, 28 and 40 post-AI. Bars not
sharing the same superscript within each day are significantly different at p < 0.05.

The ROC curves for detection of embryo mortality by P4 and the optimal cut-off for
predicting mortality are reported in Table 2 and Figure 2.

Table 2. Results of Receiver Operator Characteristic (ROC) analysis including the area under the ROC curve (AUC) with
corresponding 95% confidence intervals (CI) and p-values, optimal cut-off with associated sensitivity, specificity and
accuracy values.

Day Parameter AUC 95% CI p-Value
Cut-off
(ng/mL)

Sensitivity (%) Specificity (%) Accuracy (%)

25
PAG 0.837 0.706–0.967 <0.001 1.1 75 74 74
P4 0.793 0.639–0.946 0.002 2.6 67 76 74

28
PAG 0.700 0.516–0.884 0.033 2.2 67 76 74
P4 0.722 0.537–0.906 0.018 2.6 75 66 68

40
PAG 1.000 1.000–1.000 <0.001 2.7 100 100 100
P4 0.883 0.758–1000 <0.001 2.4 83 86 85

PAG = Pregnancy-Associated Glycoproteins. P4 = Progesterone.
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Figure 2. Receiver operating characteristics curves for the detection of embryonic mortality by P4 at days 25 (Panel A),
28 (Panel B), and 40 (Panel C) post-AI. Optimal cut-offs for predicting mortality were 2.6 ng/mL, 2.6 ng/mL, and 2.4 ng/mL
at days 25, 28 and 40 post-AI, respectively.

ROC analysis for P4 concentrations at day 25 showed an area of 0.793 (Figure 2,
Panel A) and the optimal cut-off for predicting mortality of 2.6 ng/mL. A sensitivity of
100% was achieved for P4 concentrations lower than 4.1 ng/mL. At day 28, the AUC was
0.722 (Figure 2, Panel B) and the optimal cut-off was 2.6 ng/mL. At day 40, the AUC was
0.883 (Figure 2, Panel C) and the optimal cut-off was 2.4 ng/mL. A sensitivity of 100% at
day 40 post-AI was achieved for P4 concentrations lower than 4.2 ng/mL.

3.3. PAGs Concentrations and Mortality

Significant effects of time (p < 0.001), outcome (p < 0.001) and interaction were observed
in the log-PAG-1 concentrations (p < 0.001). Differences in PAGs levels between the two
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groups started from day 25 post-AI (mean difference: 0.3 ± 0.1 ng/mL, 0.3 ± 0.1 ng/mL,
and 11.6 ± 0.1 ng/mL at days 25, 28, and 40 post-AI, respectively; p < 0.01; Figure 3).

Figure 3. Concentrations of pregnancy-associated glycoproteins (PAG) in mortality and pregnant groups at days 0, 25, 28,
and 40 post-AI. Bars not sharing the same superscript within each day are significantly different at p < 0.05.

The results of the ROC analyses performed at each day are reported in Table 2 and
Figure 4.

At day 25, the area under ROC was 0.837 and the Youden Index analysis revealed that
the optimal cut-off for predicting mortality was 1.1 ng/mL (Figure 4, Panel A). A sensitivity
of 100% was achieved for PAGs concentrations lower than 1.6 ng/mL. At day 28, the AUC
was lower (0.700) and increased the optimal cut-off value (2.2 ng/mL; Figure 4, Panel B).
At day 40, PAGs concentration perfectly discriminated between the mortality and pregnant
groups (AUC = 1.000; Figure 4, Panel C) and the cut-off of 2.7 ng/mL identified cases of
mortality with a sensitivity of 100% and a specificity of 100%.

3.4. Association between Ultrasound Outcome and PAGs Concentrations

In the model including days 25 and 28 as time and the classification based on the
ultrasound observations as fixed effect, we found a significant effect of time (p < 0.05),
group (p < 0.001), and interaction (p < 0.05) on PAGs concentrations.

There were no differences on PAGs concentrations at day 25 according to ultrasound
observations. At day 28, Vesicle (1.5 ± 0.1 ng/mL; p < 0.01) and Vesicle + embryo
(1.5 ± 0.1 ng/mL; p < 0.05) had lower PAGs concentrations compared with Vesicle + em-
bryo + beat (3.3 ± 0.1 ng/mL).

3.5. Univariate Models Determining Predictors of Mortality at Days 25 and 28 Post-AI

The lack of embryo heartbeat detected by ultrasound at day 25 was not a predictor of
embryonic mortality (p < 0.119) while at day 28 the odds of mortality increased by about
15 times if the heartbeat was not detected (Table 3).
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Conversely, P4 and PAGs were predictors of mortality both at day 25 and 28 post-AI
(Table 3). Both at days 25 and 28, the odds of mortality were six times higher when PAGs
concentrations were lower than or equal to the cut-off (1.1 ng/mL and 2.2 at days 25 and
28, respectively; p < 0.05) and five times higher if P4 was lower than or equal to 2.6 ng/mL
(p < 0.05).

(B) 

 

(C) 

 

Figure 4. Receiver operating characteristic (ROC) curves for the detection of embryonic mortality by PAG at days
25 (Panel A), 28 (Panel B), and 40 (Panel C) post-AI. Optimal cut-offs for predicting mortality were 1.1 ng/mL, 2.2 ng/mL,
and 2.7 ng/mL at days 25, 28 and 40 post-AI, respectively.
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Table 3. Univariate models to evaluate the predictors of mortality in buffalo cows at days 25 and 28 post-AI.

Day Post-AI Predictor OR
95% CI

p-Value
Lower Upper

25

Ultrasound outcome

No embryo + beat vs. Embryo + beat 3.621 0.717 18.272 0.119

PAG concentrations
≤1.1 ng/mL vs. >1.1 ng/mL 6.375 1.517 26.784 0.011

P4 concentration
≤2.6 ng/mL vs. >2.6 ng/mL 4.667 1.217 17.894 0.025

28

Ultrasound outcome

No Embryo + beat vs. Embryo + beat 15.667 3.083 79.613 0.001

PAG concentrations
≤2.2 ng/mL vs. >2.2 ng/mL 6.333 1.618 24.786 0.008

P4 concentrations
≤2.6 ng/mL vs. >2.6 ng/mL 4.895 1.176 20.372 0.029

Dependent variable: mortality. OR = odds ratio. CI = Wald confidence interval.

4. Discussions

The aim of this work was to find the best strategy to diagnose pregnancy failures in
buffalo cows in order to improve farm reproductive management through intervention
strategies for animals identified to be at risk for embryo loss. From the results of ultrasound
at day 25, it seems that the animals that experienced embryonic mortality had a delayed
growth of the vesicle and embryo since the vesicle was not observed in more than half of
the buffalo cows in the mortality group, while those that maintained pregnancy already
showed vesicle + embryo + beat in a higher percentage at the same time. Confirming this
hypothesis, the higher rate of vesicle + embryo + beat in the animals that later experienced
embryonic mortality was found at day 28.

Uterine environment is critical as the embryo transcends from the oviduct to the site
of implantation. Asynchrony between the uterus and the embryo can be problematic as the
uterine environment will not wait for an embryo, although an embryo can accelerate or
decelerate its development to some degree [60,61]. At day 40, all the animals in which there
was a recognized embryonic vesicle and the embryo proper with heartbeat maintained
pregnancy until the end of the observation period (60 days post-AI), while no buffaloes
in the mortality group showed vesicle + embryo + heartbeat. Pregnancy diagnosis is
considered positive only when gestational vesicle and embryo, together with a heartbeat,
can be detected [62]. In bovine pregnancy, based on the absence of a heartbeat, placental
detachment, or reduced placental fluid volume, pregnancy losses have been diagnosed
and reported to occur between 24 and 40 days of gestation [63–65]. In the present study,
using the ultrasound observations, most of embryonic mortality was diagnosed as oc-
curring between 28 and 40 days after insemination as reported by other authors in this
species [8,66,67].

Embryo death can be clearly diagnosed by an undetectable heartbeat. In fact, at day 28
post-AI, the odds of mortality increased by about 15 times if the heartbeat was not detected.
The disadvantage of this method is that before 28 days of gestation it is not predictive of
embryonic mortality. This is in agreement with what has been reported by other authors of
bovine pregnancy studies [16,60,68].

Regarding the biological markers of pregnancy, buffaloes that maintained pregnancy
had significantly higher circulating concentrations either of PAGs or P4 starting from day
25 after AI until the end of the observation period (40 days after AI).

Progesterone is primarily produced and secreted by the CL and subsequently by the
placenta during pregnancy [69]; thus, the concentration of progesterone in the first weeks
of pregnancy reflects the function of the CL more than the presence of an embryo. The
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persistence of the CL after an embryonic death or the start of a new oestrus cycle after
embryo resorption leads to a positive value of P4 in the bloodstream [24]; therefore, the
presence of P4 that we found in the mortality group at 40 days post-AI, when embryo
resorptions were recorded by ultrasound observation, could be due to this reason.

Starting from day 25 post-AI, significant differences in the P4 value were found
between animals that experienced embryo mortality and those that maintained pregnancy.
The lower P4 value in the mortality group could indicate a lower functionality of the
CL that could have contributed to the embryo resorption [69,70]. In a previous work,
the diameter and echogenicity of the CL seemed to affect its functionality as there was a
positive correlation between plasma P4 concentration and CL diameter that was found
to be significantly larger in pregnant buffalo in contrast to non-pregnant buffalo [71].
Campanile et al. [72] reported that buffaloes that underwent late embryonic development
had relatively low concentrations of P4 in their blood; this finding was interpreted to
indicate that reduced P4 concentrations were inadequate to induce changes in the uterus
required for attachment of the conceptus.

Although P4 concentration helps in detecting early pregnancy, it is not highly specific
and has been the major problem for the prevalence of false-positives (identifying a non-
pregnant animal as pregnant) [16,73]; moreover, P4 is not useful for verifying the presence
of a viable embryo in the uterus [74]. Therefore, the non-specificity of P4 and the presence
of possible false positives has limited the use of this method as a marker of embryonic
viability [28,75,76].

Different from P4, PAGs indicate the presence of an embryo in the uterus of eutherian
species. Several authors showed the relationship between PAGs and fetal wellbeing [77–81].
These glycoproteins are synthesized by the giant trophoblast cells (TGCs) which migrate
from the fetal to the uterine epithelium and release PAGs into the maternal blood [32,33,82].
This process presumes the presence of a healthy trophoblastic tissue and thus of a healthy
embryo. If this condition fails, the source of production of the proteins is missing. Further-
more, thanks to this “active migration”, PAGs play an important role in the remodeling of
fetal membranes and in the formation of placentome during pregnancy [81,83,84], and is a
possible factor controlling maternal immune modulation [85,86]. Therefore, in addition to
serving as an accurate tool for diagnosing pregnancy in ruminants, PAGs may also serve
as a marker for monitoring embryonic/fetal viability and placental function [16,60,87–89].
In buffalo, this protein can be detected in the blood of pregnant animals starting from day
25 post-AI, with an accuracy of 99% on day 28 of gestation, thus providing an accurate test
to follow up pregnancy [45,49,90].

In this work, buffaloes that experienced embryo mortality had a lower concentration of
PAGs starting from day 25 post-AI, suggesting a possible embryo suffering in these animals
at the early stage of gestation. In cows, physiologically, pregnancy loss after day 28 of
gestation coincides with a period of active placentation marked by extensive endometrium
remodeling, binucleate cell migration and changes in PAGs expression production [68].

On the basis of the ROC curves and positive and negative analysis, an optimal PAGs
cut value has been established that is 74% accurate in predicting early embryonic mortality
for a concentration less than 1.1 and 2.2 ng/mL at day 25 and 28 post-AI, respectively.
To our knowledge, no data are reported in the literature regarding a cut-off predicting
embryonic mortality in buffalo. In bovine pregnancy, Polher et al. [16] suggest that PAGs
are predictive of embryonic mortality between day 28 and 45 of gestation. The same authors
in a later work [91] have shown that at day 28 of gestation a circulating concentration of
PAGs greater than 7.9 ng/mL was 95% accurate in predicting embryonic maintenance (to
day 100), and a concentration of glycoproteins less than 0.72 ng/mL was 95% accurate
in predicting embryonic mortality by day 100. Gatea et al., [92] reported that circulating
concentrations of PAGs on days 28 to 31 have been shown to be measurably lower in cows
that experienced late embryonic mortality.

Based on odds ratio analysis, our data showed that for buffalo cows with PAGs
values ≤1.1 and ≤28 ng/mL at day 25 and 28 post-AI, respectively, there was a 6.3 times
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greater chance to undergo pregnancy loss within the first 40 days of gestation compared to
those that had higher values. Higher PAGs concentrations were correlated to a decreased
incidence of embryonic loss as reported also in other bovine studies [93,94].

In a study on the accuracy of ultrasonography and PAGs for pregnancy diagnosis
in buffaloes, Karen et al. [22] reported no significant differences between the sensitivity
and specificity of the two tests in the examined period (19 and 55 days after mating), and
concluded that both are highly accurate tests for detecting pregnant buffaloes from day 31
onwards after mating. In this study, the ultrasound allowed us to significantly detect the
presence of a viable embryo (vesicle + embryo + heartbeat) at day 28 post-AI, predicting
the animals that would maintain pregnancy compared to those that would experience
embryonic mortality, while PAGs concentrations permitted the discrimination between
buffalo that experienced embryonic mortality and those that maintained pregnancy starting
from 25 days of gestation.

5. Conclusions

Among the methods investigated in this study, PAGs were the best marker for pre-
dicting embryonic mortality in buffalo between 25 and 40 days of gestation. Although low
values of P4 were associated with pregnancy failures, as a predictor for pregnancy loss, P4
is less reliable compared to PAGs and ultrasonography. The disadvantage of ultrasonogra-
phy is that the pregnancy status is only guaranteed at the time of diagnosis. Differently,
PAGs reflect embryo wellbeing and therefore the reduction of its circulating concentrations
is a prognostic sign of pregnancy failure. Notwithstanding that the assay refinement and
studies with a large sample size are needed to improve the predictive value to an acceptable
point for use in applied reproductive management, our data have shown that PAGs could
be utilized as a diagnostic tool in order to improve farm reproductive management through
intervention strategies for animals identified to be at risk for embryo loss.
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Simple Summary: In the last decades the European ban towards antibiotics resulted in an increase
of the number of studies on the effects of natural feed additives, that can enhance the health of
farm animals intended for human consumption. Polyphenols such as flavanones and anthocyanins
(responsible of the red, purple or blue colors) are bioactive compounds found in fruits and vegetables.
Polyphenols possess multiple pharmacological characteristics, like antioxidant, anti-inflammatory
and immunostimulant properties. Although many of the biological effects of polyphenols are known,
only a limited number of studies has been focused on the effects of their supplementation in ruminant
diet. Therefore, we evaluated the effect of a diet supplemented with a standardized powder extract,
red (blood) orange and lemon extract (RLE), rich in flavanones, anthocyanins and other polyphenols
on the neuropeptide Y (NPY) distribution in the gastro–entero–pancreatic system of goat kids. In
mammals, NPY occurs in both the central and peripheral nervous systems and it is involved in the
control of different physiological processes, including food intake regulation. For the first time, we
document that NPY is widely distributed in the abomasum, duodenum and pancreas of goat kids
and that significantly increases in the abomasum and pancreas of RLE supplemented feed animals.

Abstract: The use of natural compounds as feed additive is also increasing in farm animals, thanks
to the beneficial effect on both animals and consumers health. Here, we questioned whether natural
extracts, such as red orange and lemon extract (RLE) rich in flavanones, anthocyanins, and other
polyphenols, used as feed additives could display an effect on the neuropeptide Y (NPY) in the
gastro–entero–pancreatic tract of goat kids. NPY is one of the most abundant neuropeptides in
mammals, known for its orexigenic role although it is involved in many central and peripheral
functions. We carried out immunohistochemical analyses on samples of abomasum, duodenum
and pancreas collected from two experimental groups: one fed with standard diet and one with
standard diet + RLE. For the first time we document NPY distribution in the abomasum, duodenum
and pancreas of goats and observe the highest number of NPY positive cells in neuroendocrine cells
of duodenum. Remarkably, upon RLE feed supplementation, NPY immunoreactive cells increased
significantly in abomasal epithelium and pancreatic islets but not in duodenum, likely due to pH
variation of abomasum and duodenum. Our observations represent a baseline for future studies on
the interaction between neuropeptides and polyphenols, used as feed additive.

Keywords: gastro-intestinal apparatus; feed additive; small ruminants; goats; neuropeptides; natural
compound; polyphenols
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1. Introduction

The use of natural compounds as feed supplementation has been facing a new era,
especially since the European ban on ionophore antibiotics (European Commission, Direc-
tive 1831/2003/CEE, 2003). For many years antibiotics’ employ has been a usual praxis
in livestock farming, to augment growth, enhance feed conversion efficiency and prevent
and treat diseases [1]. However, the utilization of antibiotics has amplified the extent of
antimicrobial resistance, posing severe warnings to both animal and human health and
food security [2].

Recently, among natural compounds there has been a growing interest in the consump-
tion of anthocyanin-rich food. Anthocyanins (ANTs), which belong to the flavonoid family,
are water soluble polyphenolic pigments widespread in the plant kingdom, responsible of
the blue, purple, red and orange pigmentation of various vegetables and fruits [3]. ANTs
have been demonstrated to have numerous benefits, such as anti-inflammatory, antioxidant,
anti-obesity, anti-angiogenesis, anti-cancer, anti-diabetes, anti-microbial, anti-proliferative,
neuroprotection and immunomodulation properties [4]. The anti-inflammatory and antioxi-
dant properties have been demonstrated by inducing the downregulation of cyclooxygenases-
2 and the inhibition of prostaglandin E2 production [5] and by decreasing the activation of
NF-kB transcription factor [6]. ANTs have been shown to contrast oxidative stress directly,
donating or transferring electrons from hydrogen atoms [7] and indirectly through the
activation of specific detoxification enzymes [8]. Recent studies documented a beneficial
effect of ANTs also on gut microbiota populations, acting as prebiotics. In particular the
consumption of food rich in ANTs is associated with the increase in the large intestine
of Bifidobacterium spp. and Lactobacillus spp., two Gram-positive species beneficial in the
treatment of diarrhoea and other intestinal diseases [4,9,10]. Very recently, the value of
ANTs and proanthocyanidin as feed supplementation has been investigated and proposed
as ruminant feedstuffs because of the positive effects on ruminal degradation, as well as
antioxidant contents and activities [11,12]. Anthocyanin-rich purple corn (Zea mays L.)
showed a lowering effect on aminotransferase activity with concomitant enhancement of su-
peroxide dismutase (SOD) activity in the plasma of lactating dairy cows [11], while in dairy
goats it improved SOD activity in plasma and up-regulated nuclear factor (erythroid-derive
2)-like 2 gene expression in mammary gland [13]. However, ANTs were found to have
poor palatability owing to their bitter taste [14], with consequences on food consumption
and food intake behaviour.

Despite the great number of papers devoted to characterize the disparate biological
effects of ANTs and flavanones (FLAVs), only a limited number of studies have so far
focused on the potential effect of natural compound rich in ANTs and FLAVs for the diet
supplementation in farm animals. FLAVs and hydroxycinnamic acids are currently used
for the treatment of capillary fragility and for other diseases whose aetiology is linked to
the disruptive action of free radicals [15–19]. Recently, it has been demonstrated that a
lemon fruit extract rich in eriocitrin and other FLAVs can positively act in the regulation of
adipocyte differentiation and lipid accumulation [20].

Neuropeptide Y (NPY) is a 36-amino acid peptide widely distributed in both the
central and peripheral nervous systems and it has been functionally related to regulation of
feeding behaviour and gastrointestinal tract motility [21]. It belongs to the neuroendocrine
peptide NPY family, which also includes peptide YY (PYY) and pancreatic polypeptide,
mainly occurring in the gastro-enteric tract of all mammals. In goats, NPY is localized at
75, 95 and 113 days of gestation in the lamina propria-submucosa, tunica muscularis and
myenteric of the three prestomachs [22]. In the abomasum, NPY was detected at 75 days
of gestation [23]. Remarkably, compared to sheep and cow, NPY is detected earlier in
goats [22,23]. However, there are no more data on the occurrence and regulation of NPY in
the postnatal glandular stomach of goats neither in the duodenum nor in the pancreas.

Recently, it has been demonstrated that ANTs have the capability to reduce body
weight and food intake through their modulatory effect on NPY and GABAB1R in rat
hypothalamus [24]. In the rat hypothalamus, the consumption of fruits containing ANTs
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induced an increase of NPY mRNA expression in non-obese animals [25]. Knowledge on
the peripheral regulation of NPY upon ANTs and FLAVs supplemented feeding is still
lacking, although it has well established that ANTs are bioavailable and metabolized at
gastro-intestinal level, as demonstrated in weanling pigs [26]. Therefore, we propose in
this study to investigate whether RLE may regulate the occurrence of NPY protein in the
abomasum, duodenum and pancreas of goat kids.

We therefore undertook this study to investigate the effect of a red orange and lemon
extract (RLE) rich in FLAVs, ANTs and other polyphenols, on the gastro-enteric regulation
of NPY in goat kids from the birth until weaning.

2. Materials and Methods

2.1. Experimental Design and Animals

The research was approved with Protocol PG/2019/0028161 of 19 March 2019 by the
Animal Welfare Body of the University of Naples Federico II. The experimental proce-
dures were carried out in the experimental farm of the Council for Agricultural Research
and Economics, Research Center for Animal Production and Aquaculture (CREA-ZA,
Potenza, Italy).

The standardized powder phytoextract rich in flavanones, anthocyanins, and other
polyphenols was obtained by a patented extraction process (Italian Patent No. 10201700005-
7761) from blood orange and lemon processing wastes (red orange and lemon extract,
here named RLE). The standardized extract was realized in the laboratories of CREA-
Research Centre for Olive, Fruit and Citrus Crops (CREA-OFA, Acireale, Italy) for research
purposes only. Information concerning RLE chemical composition are shown in Table 1.
Identification and relative concentrations of individual flavanones and anthocyanins are
reported in previous works [19–27].

Table 1. Chemical composition of red orange and lemon extract (RLE) used as food supplement for
the study.

Class of Compounds Relative Composition (%)

Total flavanones 15.91 ± 0.01
Total Anthocyanins (as cyanidin 3-glucoside equivalents) 2.66 ± 0.01
Total Hydroxycinnamic acids 1.77 ± 0.02
Ascorbic acid 2.40 ± 0.01

Sixty kids of Saanen bred, males and females, after colostrum administration, were
randomly divided into two homogenous (homogeneous for body weight, sex, age and
physiological condition) groups (named Control and Treated respectively) of 30 kids each
and housed in single boxes. The numerousness of animal for each group was calculated
and considered optimal for a significance level of 0.05, a test power of 0.9 and an effect size
of 0.85.

The two experimental groups were fed for the whole experimental period (40 days)
with: (1) standard diet made of hay (100 g) and kids starter (150 g) (CTRL group); (2) stan-
dard diet supplemented with RLE (90 mg/kg) (TRT group). The dose of RLE extract
(90 mg/kg of live weight) was defined according to a previous work [27]. Kids were
weighed daily in order to record the average weight gain and RLE extract was mixed with
water to obtain a cream [28], which was then administered through a syringe directly in
the mouth.

All kids underwent natural suckling throughout the experimental period. Water was
provided ad libitum and the diets were wet (water to feed ratio 3:1). Data about daily
average weight gain were collected. At the end of the experimental period animals were
slaughtered at a public abattoir in accordance with the Art. 29 of the Council Regulation
(EC) No. 1099/2009 on the protection of animals at the time of killing.
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2.2. Tissue Sampling

Six samples of abomasum, duodenum (removed 4 cm from the pyloric sphincter)
and pancreas were collected from subjects of each group. The samples were promptly
immersed in 10% neutral-buffered formalin solution for 24 h and so carefully fixed [29]. All
specimens were then dehydrated with a graded ethanol series, cleared in xylene, embedded
in paraffin wax and cut into 7-μm-thick serial sections. The sections were stained with
hematoxylin and eosin for the morphological analysis.

2.3. Single Immunostaining

After deparaffinization, the sections were incubated with 3% hydrogen peroxide
for 30 min at room temperature (RT) to block endogenous peroxidase activity, and then
were rinsed in 0.1 M phosphate-buffered saline (PBS), pH 7.4 for 15 min, subsequently
pre-incubated for 1 h at RT with the blocking solution (cat# n191356, MP biomedical LLC,
Solon, OH, USA) (1:5 in 0.01 M PBS). The sections were then incubated with polyclonal
antibody raised in rabbit against NPY (1:500, cat# ab30914, Abcam, Cambridge, UK) and
polyclonal antibody raised in rabbit against 5-HT (1:5000, cat# 20080, Immunostar, Hudson,
Wisconsin, WI, USA), overnight at 4 ◦C in humid chamber. The day after, the sections
were rinsed in PBS for 15 min and incubated for 30 min at RT with ultrapolymer cocktail
(cat# UNIHRP-015, ImmunoReagents, Inc., Raleigh, NC, USA). Immunoreactive sites were
visualized using a fresh solution of 10 mg of 3–3′ diaminobenzidine tetrahydrocloride
(DAB, cat# D5905, Sigma-Aldrich, Darmstadt, Germany) in 15 mL of 0.5 M Tris buffer, pH
7.6, containing 0.03% hydrogen peroxide.

Double Immunostaining

Double immunostaining of NPY and 5-HT was performed according to Wessel &
McClay [30]. After dewaxing, the sections were rinsed in 0.1 M PBS for 10 min and pre-
incubated for 1 h at RT with the blocking solution, and then incubated with the first primary
antiserum 5-HT (1:500) for 36 h at 4 ◦C in humid chamber. Then the sections were washed in
PBS and incubated with goat anti-rabbit Fab fragment conjugated to tetramethylrhodamine-
5-(and 6) isothiocyanate fluorochrome (1:30, cat# 111-297-003, Jackson ImmunoResearch,
Cambridge, UK) for 2 h at 37 ◦C. Thereafter, the sections were rinsed in PBS and incubated
with NPY (1:50) over night at 4 ◦C in humid chamber. After rinsing in PBS, the sections were
treated with affinity-pure goat anti-rabbit IgG conjugated to fluoroscein isothiocyanate
fluorochrome (1:50, cat# 111-095-006, Jackson ImmunoResearch, Cambridge, UK) for 2 h at
37 ◦C. Finally, the sections were washed with PBS and mounted.

2.4. Controls of Specificity

Positive controls were made by sections of mouse duodenum (Supplementary Figure S1).
Internal reaction controls were carried out by substituting primary antisera or secondary
antisera with PBS or normal serum in the specific step.

2.5. Image Acquisition

Fluorescent and light images were observed and analyzed by Nikon Eclipse 90i. The
digital raw images were optimized for image resolution, contrast, evenness of illumination,
and background by using Adobe Photoshop CS5 (Adobe Systems, San Jose, CA, USA). For
cell counting, micrographs were saved in TIFF format and adjusted for light and contrast.

2.6. Cell Counting

In order to evaluate the number of NPY containing cells, six random sections of abo-
masum, intestine and pancreas for each group, composed of an equal number of males and
females, were selected. Positive cells were counted in ten randomly selected observation
fields per section (observation field was equal to 26.67 × 20.00 inches; 1920 × 1440 pixels;
RGB 11 MB; microscopy magnification 20×. Therefore, 60 observation fields were evalu-
ated for each sample from each animal. The obtained data were pooled and analysed as
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comparison of mean value [31]. Statistical analysis was performed using Student’s t-test
(GraphPad Prism v. 3.0, GraphPad Software Inc., San Diego, CA, USA). The differences
were considered statistically significant at p < 0.05.

3. Results

Any difference was recorded in terms of daily average weight gain that was 128 ± 0.01
vs. 113 ± 0.01 g, respectively for group TRT and CTRL.

3.1. Distribution of NPY and 5-HT in the Abomasum, Duodenum and Pancreas of Control and
Treated Animals

Immunoreactivity to NPY was observed in all analyzed tracts of the digestive appa-
ratus of kids, in both experimental groups. In the abomasum, NPY was seen in scattered
cells of the epithelium (Figure 1a), which appeared more abundantly distributed, also at
the basis of epithelium, in treated animals (Figure 1b). Immunoreactivity to NPY was also
seen in varicose fibers in the muscular layer of the abomasum in both groups (Figure 1a,b).

Figure 1. Neuropeptide Y (NPY) immunoreactivity in the abomasum, duodenum and pancreas
of control and treated goat kids. Scattered positive cells (arrowheads) in the epithelium of gastric
mucosa of control (a) and anthocyanins (ANTs) fed animals (b). Overview of NPY distribution
in neuroendocrine cells (c) in the crypt of Lieberkühn and varicose positive fibers (arrowhead) in
the muscular layer of duodenum of control (a) and ANTs fed animals (d). Higher magnification
of neuroendocrine cells in the crypt of Lieberkühn (c1,d1) and fibers in the muscular layer (d2).
Overview of NPY distribution in the pancreatic islets of control (e) and ANTs fed animals (f). Scale
bar: (a,b,e,f) = 50 μm; (c,d) = 100 μm; (c1,d1,d2) = 25 μm.

In the duodenum, NPY immunostaining was visualized in numerous cells in the crypt
of Lieberkhϋn in animals of both groups (Figure 1c,c1,d,d1). NPY immunoreactivity was
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seen in varicose fibers of muscular layer of the duodenum and appeared weaker in control
animals (Figure 1c) compared to treated animals (Figure 1d,d2).

In the pancreas, numerous NPY immunoreactive cells were seen in the pancreatic
islets of control and treated animals (Figure 1e,f), displaced at the margin of the islet. Some
scattered positive NPY cells were also seen over the pancreatic parenchyma.

To better characterize NPY immunoreactive cells we conducted immunohistochem-
ical experiments by using 5-HT as classical neuroendocrine marker. In single staining,
immunoreactivity to 5-HT was clearly seen in all tracts, although to a less extent in the
pancreas. In the abomasum immunoreactivity to 5-HT was seen in cells of the abomasal
glands displaced at the basis of the epithelium of control and treated animals (Figure 2a,b).

Figure 2. 5-HT immunoreactivity in the abomasum, duodenum and pancreas of control and treated
goat kids. Numerous positive cells in the glands at the basis of gastric epithelium of control (a) and
ANTs fed animals (b). Overview of 5-HT distribution in neuroendocrine cells (c) in the crypt of
Lieberkühn of duodenum of control (c) and ANTs fed animals (d). Overview of 5-HT distribution
in scattered cells in the pancreatic parenchyma of control (e) and ANTs fed animals (f). Scale bar:
(a,b,f) = 50 μm; (c,d) = 100 μm; (e) = 25 μm.

In the duodenum, 5-HT immunostaining was observed in cells in the crypt of Lieberkhϋn
in animals of both groups (Figure 2c,d).

In the pancreas, immunoreactivity to 5-HT was seen in scattered and isolated cells
over the pancreatic parenchyma in the two experimental groups (Figure 2e,f).
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3.2. Co-Localization of NPY and 5-HT in the Abomasum, Duodenum and Pancreas

We then performed experiment of immunofluorescence on sections of treated animals
to evaluate whether NPY was co-localized with 5-HT.

In the abomasum, NPY and 5-HT displayed a clear different distribution, with NPY
distributed in scattered cells of the epithelium and at the basis of epithelium while 5-HT
abundantly distributed in cells of glands (Figure 3a). In the duodenum all cells immunopos-
itive to NPY were co-localized with 5-HT (Figure 3b). Remarkably, NPY and 5-HT in the
same cells displayed a different localization: the former in the cytoplasm and the latter
on the cytoplasmic membrane (Figure 3b). In the pancreas, any co-distribution was seen
between NPY and 5-HT, because NPY was distributed in the pancreatic islets while 5-HT
was scattered along the pancreatic parenchyma (Figure 3c).

Figure 3. Immunofluorescence of NPY (green) and 5-HT (red) in the abomasum, duodenum and
pancreas of goat kids fed with red orange and lemon extract (RLE) supplementation. NPY distributed
in sparse cells of abomasal epithelium (a1) and 5-HT in glands at the basis of gastric epithelium
(a2). Absence of NPY/5-HT co-localization (a1+a2). NPY (b1) and 5-HT (b2) co-distributed in the
neuroendocrine cells of duodenum, with NPY mainly localized in the cytoplasm and 5-HT on the
cellular membrane (b1+b2). NPY (c1) and 5-HT (c2) in the pancreatic islet, localized in different cells
(c1+c2). Scale bar: (a) = 25 μm; (b,c) = 50 μm.
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3.3. NPY Cell Distribution

We counted the number of immunoreactive cells to NPY in abomasum, duodenum
and pancreas to quantify the relative distribution in each tract. Statistically significant
number of NPY positive cells was counted in the duodenum (p > 0.0001) compared to
abomasum and pancreas (p < 0.05) (Figure 4a).

 

(a)                                         (b) 

Figure 4. Number of immunoreactive cells in the gastro–entero–pancreatic system of goat kids. (a) Higher distribution
in the duodenum and pancreas in control animals. (b) Statistically increased number of NPY immunoreactive cells in the
abomasum and pancreas but not in the duodenum following RLE feed supplementation. **** p > 0.0001; ns non-significant.

To assess if ANTs feed supplementation could have an effect of the regulation of NPY
protein, we quantified the number of immunoreactive cells in the three different selected
segments. Notably, we observed a strong significantly increase of NPY immunolabeled
cells in the abomasum and pancreas (p > 0.0001) of ANTs supplemented feed animals
while a non-significant increase was observed in the duodenum (p < 0.05) of the same
animals (Figure 4).

4. Discussion

Polyphenols and ANTs have aroused considerable interest because of their high an-
tioxidant, antimicrobial, anti-inflammatory activities in human and animal health [27,32,33].
RLE extracted from citrus and lemon fruits are a rich source of health-promoting com-
pounds. Indeed, pigmented oranges (Citrus sinensis L. Osbeck) are particularly rich in
anthocyanins (95% of these being represented by cyanidin-3-glucoside and cyanidin-3-6′ ′-
malonyl-glucoside), flavanones (hesperidin, narirutin and didymin) and hydroxycinnamic
acids (caffeic, coumaric, sinapic and ferulic acids). Lemon fruit (Citrus limon L. Burm)
are also rich in flavanones (eriocitrin, hesperidin and diosmin) and other polyphenols.
All these compounds exert their biological activity due to their capacity to scavenge free
radicals. Increasing demand of food supplements containing relevant amounts of these
compounds have been recently recorded for both human and animal healthy diets [34,35].
Dietary consumption of ANTs has revealed benefits in animal performance [36]. The pre-
ventive potential of ANTs depends on their absorption and metabolism. Several studies
conducted on animal models indicated that the absorption likely starts in the stomach [37]
and in the small intestine, mainly in the duodenum and jejunum [38]. Here we investigated

48



Animals 2021, 11, 449

whether feeding supplementation of RLE rich in FLAVs, ANTs and other polyphenols had
local effect on gastro–entero–pancreatic cells containing NPY.

For the first time, we document that NPY is widely distributed in the gastro–entero–
pancreatic tract of goat kids and its occurrence is regulated by RLE supplemented feed,
both in male and female subjects. NPY was observed in scattered cells of the epithelium
and in typical varicosity in the muscular layer of the abomasum; in neuroendocrine cells
and varicose fibers of the muscular layer in the duodenum and in pancreatic islet cells. The
wider distribution was seen in the duodenum, and to a less extent in the pancreas and
abomasum. NPY in the abomasum appears already during prenatal development [23] and
it seems to contribute to the earlier secretory capacity development compared to sheep
and cattle [22]. NPY is known to regulate gastric acid secretion [39] and inhibit water and
electrolyte secretion, in particular Cl− secretion, from the small intestine [40]. In addition,
NPY serves many other functions in the gastrointestinal system, such as inhibition of
motility [41], mediating action between the nervous and immune system [42], regulation of
inflammation by recruiting immature dendritic cells and promoting helper T-cell polariza-
tion [43]. As expected, we observed NPY in neuroendocrine cells of duodenum epithelium
and in the varicose fibers in the muscle layer, accordingly to the vast literature available
in mammals [44]. To better characterize NPY containing cells, we co-stained with 5-HT,
which is a multifunctional bioamine, derived from the amino acid tryptophan, playing a
role in several complex biological functions, such as suppression of appetite; influence of
learning, memory and happiness; regulation of sleep and behaviour. Although serotonin
has long been recognized for its critical functions in central nervous system development
and function, the majority of the body’s serotonin, however, is synthesized in special-
ized enteroendocrine cells within the gastrointestinal mucosa called enterochromaffin cells,
where it plays key roles in enteric nervous system development and function [45]. The main
function of 5-HT in the gastrointestinal tract concerns motility and secretion, regulating
muscular peristaltic activity [46] and being directly implicated in the pathways mediating
the bicarbonate secretion in response to luminal acidification [47] and enhancing water
secretion [48]. Interestingly, although NPY was co-localized with 5-HT in neuroendocrine
cells of duodenum, the cellular localization appeared different, with NPY mainly localized
in the cytoplasm and 5-HT on the cell membrane. This pattern was also confirmed in the
positive control. At intestinal levels, NPY acts in autocrine or paracrine manner to regulate
all aspects of nutrient homeostasis including satiety, mechanical and chemical digestion,
nutrient absorption, storage and utilization [49]. In addition, we observed NPY immunore-
activity in glucagon cells of pancreatic islets, further confirmed by immunofluorescence
experiments which excluded co-presence of NPY with 5-HT, known to be marker of insulin
cells [50,51]. 5-HT is synthesized by β-cells and promotes their functions [52], regulating
insulin secretion as local autocrine/paracrine signal [53] and inhibiting glucan secretion
in paracrine manner [50]. The localization of NPY in the pancreas is still matter of debate
in mammalian pancreas. In very close species to goat, immunoreactivity to NPY was
appreciated in nerve fibers in the endocrine pancreas of calf and cow [54], and in neurons of
endocrine pancreas of sheep [55]. Further studies from animal models have concluded that
NPY is primarily expressed in β-cells of murine models [56–58] while others have reported
that it is found in the glucagon secreting alpha cells [59] or in the somatostatin-containing
delta cells [60]. A most recent study suggests that NPY-immunoreactivity reported in alpha
and delta cells from other studies was likely due to the presence of NPY-related [61]. The
antibody we employed here is raised against NPY, and we thus exclude cross-reaction
with other peptides of the NPY family. The direct effect of NPY on the endocrine pan-
creas is to suppress insulin via autocrine and/or paracrine mechanisms [62] and stimulate
glucagon secretion [63]. Very interestingly, the pattern of NPY distribution in all analysed
gastro–entero–pancreatic tracts changed drastically in RLE fed goats, differently from data
reported in the hypothalamus of rat fed with ANTs, where levels of NPY were decreased
with a consequent effect on lipogenesis [24]. These differences may be due to the percentage
of ANTs contents in the feed supplementation of the two experimental design. In our
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study, a statistically significant higher number of NPY immunoreactive cells was observed
in the abomasal epithelium and in the pancreatic islets but not in the duodenum. The
remarkable difference observed between abomasum and duodenum could be ascribed to
the pH variation of the two environments, which affect the chemistry and the availability
of compounds rich of FLAVs, ANTs and other polyphenols [64]. ANTs are indeed pH sen-
sitive [38]. ANTs are reported also to influence and increase insulin secretion in pancreatic
β-cells, as demonstrated in vitro studies [65]. In goat kids, we observed an increase of NPY
pancreatic α-cells and we suspect a different metabolic regulation of ANTs and NPY, likely
due to evolutionary adaptation and feeding habits of the species. Future experiments, also
in closed related species, may be helpful to clarify this aspect.

5. Conclusions

The effect of feeding supplementation of RLE extract rich in FLAVs, ANTs and other
polyphenols on the increase of NPY at gastro-intestinal levels opens new avenues for future
studies on the metabolic effect of ANTs and could support the use of natural compounds
as alternative feeding resources to ameliorate animal and human health. Furthermore,
the peripheral increase of NPY associated to RLE supplementation represents the baseline
for developing more accurate experiments to investigate the interactions between NPY
and ANTs, in addition to provide a complete characterization of meat quality and animal
performance of goat kids fed with RLE used as feed supplementation.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-261
5/11/2/449/s1, Figure S1: NPY and 5-HT immunoreactivity in the duodenum of mouse used as
positive control. (a) NPY mainly localized in cells of basal epithelial lamina. (b) 5-HT localized in
epithelial cells of intestinal villi. (c) Co-staining of NPY/5-HT in enteroendocrine cells of duodenum.
Scale bar: a = 100 μm; b = 50 μm; b1-c = 25 μm.
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Simple Summary: Mitochondria play a crucial role in the adaptation to high altitude hypoxia
environment in Tibetan sheep, and the changes of its morphology and structure directly affect
its function. OPA1 and Mic60 are important mitochondria-shaping proteins that work together
to regulate the morphology of mitochondrial inner membrane and cristae. It has been shown
that aging affects the expression of OPA1 and Mic60 in mice, but it has not been investigated in
sheep and hence it is not known whether it might affect the ultrastructure of mitochondria. In this
context, reverse transcription-quantitative PCR (RT-qPCR), enzyme-linked immunosorbent assay
(ELISA) and immunohistochemistry method were used to measure the expression of Mic60 and
OPA1 genes and proteins in myocardium of adult and aged Tibetan sheep, and the ultrastructure
of mitochondria were compared by transmission electron microscope. The results suggest that
aging can reduces the expression of Mic60 and OPA1 genes and OPA1 protein, which can affect the
mitochondrial function.

Abstract: In order to investigate the effects of aging on the expression of Mic60 and OPA1 and
mitochondrial morphology in plateau animals, the expression of Mic60 and OPA1 genes and proteins,
and the morphology of mitochondria in the myocardium of adult and aged Tibetan sheep were
investigated. The expression of Mic60 and OPA1 genes and OPA1 protein were higher (p < 0.05) in
the myocardium of adult Tibetan sheep than in those of the aged ones. The number of mitochondrial
cristae in the myocardium of adult was higher than that in aged (p< 0.05). The density of mitochondria
in the myocardium of adult was higher than that in aged (p < 0.01). Compared with the adult
Tibetan sheep, the mitochondrial crista of aged were relatively sparse, the crista membrane was wide,
and the mitochondria were not closely linked, showing fragmentation. These results suggest that the
myocardial mitochondria of the adult have better energy supply ability, indicating that aging can
lead to the weakening of oxygen supply in the myocardial mitochondria of Tibetan sheep.

Keywords: aging; Mic60; OPA1; myocardial mitochondria; Tibetan sheep

1. Introduction

Tibetan sheep live in the Qinghai-Tibet plateau and its adjacent areas at an altitude of 3000 to
5000 m above sea level. Generation reproduction under the altitude environment makes Tibetan
sheep well adapted to the low oxygen concentration. It also makes it a good model experimental
animal for cardiovascular research. The heart is one of the most important organs in animals, which is
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the power center for the supply of oxygen in whole body tissues. Under increased metabolism and
high oxygen consumption, the heart can provide pressure to increase the blood flow into all parts
of the body. As an aerobic tissue, the energy of myocardial metabolism is almost entirely dependent
on the oxidative phosphorylation of mitochondria. Therefore, the quantity, function and structure of
mitochondria in cardiomyocytes determine the energy supply of the heart.

Mitochondria are the main sites for aerobic respiration of eukaryotic cells and play an important
role in the maintenance of calcium homeostasis and the regulation of apoptosis [1,2]. The morphology
of mitochondria is regulated by fusion and fission [3,4]. The complete morphological structure is
the basis for the function of mitochondria and the integrity of the crista membrane is particularly
important [5]. Mitochondrial crista membrane is the main site of oxidative phosphorylation. More than
90% of mitochondrial oxidative phosphorylation complex III, ATP synthase and many proteins and
enzymes associated with the oxidative phosphorylation are located in crista [6–8].

Mitochondria-shaping proteins Mic60 (Mitofilin) and OPA1 (Dominant Optic Atrophy), which
are located in the mitochondrial membrane space, play an important role in the maintenance of
mitochondrial morphology and crista membrane structure [9,10]. The nuclear gene OPA1 is widely
expressed in many organs, but the expression level is different. The main functions of OPA1 is to promote
mitochondrial fusion [11,12]. Inhibition of OPA1 gene expression or inactivation of OPA1 protein will
lead to the disruption of mitochondrial network fusion [13]. The loss of OPA1 subtype will cause damage
to the crista membrane structure and seriously affects cell proliferation [14,15]. Mic60, as the core
component of MINOS (Mitochondrial Contact Site) complex [16], plays an important role in maintaining
the morphology and structure of mitochondrial crista [17]. Interfering with the expression of Mic60 not
only leads to mitochondrial malformation, but also inhibits the mitochondrial oxidative phosphorylation
activity and the normal function of mitochondria [18]. Recent studies showed that Mic60 was crucial
for the formation of mitochondrial crista junctions [19,20].

The change of heart function is closely related to age [21]. The age-related changes of cardiac
myocardium focus on three main aspects: myocardial cells, mitochondria related proteins and
enzymes, and collagen fibers. In this study, the effects of aging on the expression of Mic60 and
OPA1 genes and proteins and the mitochondrial morphology in myocardial of Tibetan sheep were
studied in combination with the observation of molecular regulation mechanism, protein expression,
and mitochondrial ultrastructure.

2. Materials and Methods

All animal work in this study was conducted according to the guidelines of the care and use of
experimental animals established by the Ministry of Science and Technology of the People’s Republic
of China (Approval number 2006-398), and was approved by the Animal Care Committee of Gansu
Agricultural University.

2.1. Materials

Six ewes of Tibetan sheep in Gannan Luqu (the average altitude is 3500 m) were selected randomly,
three adult (2 years old) and three aged (6 years old) each. All ewes were slaughtered according to
the conventional methods, and the same site of myocardial tissue was immediately collected. Of these,
200 mg was immediately used for the isolation of the mitochondria. The sample for light microscopy
was cut into pieces of 1 × 1 × 1 cm, washed with PBS and fixed in a 4% paraformaldehyde fixative
solution for later use. Transmission electron microscope samples were cut into strips of 1 × 1 × 2 mm,
washed with PBS and fixed in 3% glutaraldehyde phosphate buffer (pH 7.2–7.4, 4 ◦C). The rest of
the samples was rapidly frozen by liquid nitrogen and then stored in the refrigerator at −80 ◦C for
the determination of Mic60 and OPA1 genes and proteins expression.
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2.2. Isolation of the Myocardial Mitochondria

Mitochondria in myocardial tissue were isolated according to the Biovision mitochondrial isolation
kit (Mammalian Mitochondria Isolation Kit for Tissue and Cultured Cells, K288). The whole process
of isolation was carried out at low temperature to ensure the complete structure and function of
mitochondria. The isolated mitochondria were fixed with 3% glutaraldehyde phosphate buffer (pH
7.2–7.4, 4 ◦C).

2.3. Extraction of Tissue RNA

The total RNA in myocardium was extracted according to the RNA extraction kit (RNA isolator
Total RNA Extraction Reagent, Vazyme, Nanjing, China). The quality of RNA integrity was tested by
1.5% agarose gel electrophoresis. Next, the OD260/OD280 value and its concentration were measured
by ultramicro spectrophotometer, and the qualified RNA was preserved in the freezer at −80 ◦C.
Reverse transcription of RNA was completed by using reverse transcription kit (HiScript IIO RT
SuperMix for qPCR, +gDNA wiper, Vazyme, Nanjing, China). The extracted cDNA was diluted into
1:9 solution and stored at −20 ◦C.

2.4. Design and Synthesis of Primers

The complete sequence of sheep Mic60 and OPA1 genes published by GenBank were used to
design PCR primers by Primer Premier 5.0 software (PREMIER Biosoft, San Francisco, CA, USA).
The β-actin gene was used as the reference gene, and the designed primers were tested for its specificity
by Blast. Primers were synthesized by BGI Liuhe Company (Beijing, China). The detail information of
primers is shown in Table 1.

Table 1. Primer information for Tibetan sheep MIC60, OPA1 and β-actin genes.

Gene GenBank Accession No. Primer Sequence (5′–3′) Primer Length Product Length

Mic60 XM_012169573
F:TTGAGATGGTCCTTGGTT 18

136R:TTGTTTCTGAGGTGGTGAG 19

OPA1 XM_012140446
F:ATGAAATAGAACTCCGAATG 20

112R:GTCAACAAGCACCATCCT 18

β-actin NM_001009784
F: AGCCTTCCTTCCTGGGCATGGA 22

113R:GGACAGCACCGTGTTGGCGTAGA 23

2.5. RT-qPCR Reaction

The cDNA working fluid was carried out by SYBR Green I chimeric fluorescence method using
ChamQ Universal SYBR qPCR Master Mix (Q711-02/03, Vazyme, Nanjing, China) for RT-qPCR reaction.
The 20 μL reaction containing 2 μL of cDNA working fluid, 0.4 μL of upstream and downstream primers
(10 μM), respectively, 2× ChamQ Universal SYBR qPCR Master Mix (10 μL) and RNase-free dd H2O
(7.2 μL). The optimal conditions of qPCR amplification procedure were as follows: Pre-denaturation
at 94 ◦C for 4 min; Cyclic reaction, 95 ◦C 10 s, 60 ◦C 30 s, 40 cycles; Dissolving curve, 95 ◦C 15 s,
60 ◦C 60 s, 95 ◦C 15 s. The specificity of the PCR product and the presence of primer dimers were
determined according to the resulting dissolution curve. Data were collected and gene expression was
calculated [22] and analyzed for variance using SPSS software (SPSS, Chicago, IL, USA).

2.6. Immunohistochemistry and ELISA

The samples of cut sections were fixed with 4% paraformaldehyde fixative (4 ◦C, 24 h) and then
cut into 5 μm thick sections by routine paraffin embedding. Cut sections were deparaffinized to water
for antigen retrieval (Citrate Buffer-Microwave Heat Recovery Method). After rinsed in PBS, the cut
sections were blocked (37 ◦C, 10 min) by adding 3% H2O2 (SP KIT), rinsed in PBS, placed in wet box
and added blocking solution (SP KIT A) on it (at room temperature, 10 min), and then incubated

57



Animals 2020, 10, 2160

overnight at room temperature with primary antibody (Rabbit Anti-Mitofilin antibody and Rabbit
Anti-OPA1 antibody, 1:200, Bioss, Beijing, bs-11764R and bs-1824R). The sections were rinsed by PBS,
and then added the secondary antibody (SP KIT B) on it (37 ◦C, 15 min). The sections were rinsed by
PBS and the third antibody (SP KIT C) was added (37 ◦C, 15 min). At last, the sections were stained by
DAB, slightly stained by hematoxylin and fixed by neutral balata. An Olympus BX61 positive universal
microscope (Olympus, Tokyo, Japan) was used to observe the sections. The Mic60 and OPA1 proteins
in the myocardium were detected by ELISA. To measure this, 100 mg of fresh tissue was triturated
using a homogenizer (Biospec, Bartlesville, OK, USA) and mixed with 500 μL PBS. The solution was
then centrifuged for 10 min at 3000× g at 4 ◦C and the supernatant collected. The protein was measured
and a solution containing 100 μg proteins was analyzed according to the manufacturer’s instructions
(Mic60 and OPA1 ELISA Kit, Bio-Swamp, Wuhan Beinglay Biotech Co., LTD, Wuhan, China). The PBS
solution used for grinding tissue was analyzed as blank control and the absorbance was measured at
450 nm. The concentrations of Mic60 and OPA1 were calculated from corresponding with the Mic60
and OPA1 standard curves.

2.7. Transmission Electron Microscopy Preparation

The tissue and isolated mitochondria for cut sections were fixed with 3% glutaraldehyde, rinsed
twice with 0.2 mmol/L PB (10 min/time), fixed with 1% osmium tetroxide (4 ◦C, 2 h), and rinsed three
times with PB (10 min/time). Then, the samples were dehydrated by gradient alcohol (50, 60, 70, 80,
and 90% ethanol for 10 min and 100% acetone dehydration twice for 10 min each). The samples were
soaked in the mixture of epoxy resin (SPION-PON812) with acetone (1:1) for 5 h (room temperature),
embedded with epoxy resin and dried (45 ◦C, 12 h; 65 ◦C, 48 h). Semi-thin sections were cut before
making ultrathin sections (70 nm). The ultrathin sections were stained by uranium and lead (Uranium
acetate stained for 30 min and lead citrate stained for 10 min). The ultrathin sections were observed
using a JEM-1230 transmission electron microscope (Jeol, Nihon Denshi, Japan).

2.8. Statistical Analyses

To measure the number of mitochondrial crista and density of mitochondria, 50 microscopic fields
(10 cut sections were made for each animal and 5 microscopic fields were randomly selected from each
cut section, 20,000×) were analyzed from each animal included in the study. All data in this study were
analyzed by Independent Samples t-test using SPSS 19.0 (SPSS, Chicago, IL, USA) and were expressed
as the mean ± SD. All p-values were considered statistically significant when p < 0.05.

3. Results

3.1. Analysis of the Result of RT-qPCR

The expression of Mic60 and OPA1 genes in myocardium of adult and aged Tibetan sheep was
quantitatively analyzed by RT-qPCR. The results showed that both the Mic60 and OPA1 genes were
expressed in the myocardium of adult and aged Tibetan sheep, but the expression levels were different.
The Tm values of the two gene amplification products were uniform, and the single peak melt curve
indicated that both primer sets had good specificity in the RT-qPCR reaction, and no non-specific
amplification and primer dimers were observed (Figure 1a,b). The relative expression levels of Mic60
and OPA1 genes in the myocardium of adult Tibetan sheep were 0.7471 ± 0.3105 and 1.3922 ± 0.43547,
respectively, which were significantly higher than those in aged Tibetan sheep (0.2366 ± 0.02534 and
0.307 ± 0.08628, respectively) (p < 0.01) (Figure 1c,d).
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Figure 1. Melting curves of Mic60, OPA1 and β-actin genes and their relative expression in adult and
aged Tibetan sheep cardiomyocytes. Note: (a,b): Melting curve of Mic60, OPA1 and β-actin genes.
(c,d): Relative expression of Mic60 and OPA1 genes. All data showed as means ± SD (n = 3). ** p < 0.01.

3.2. Expression and Analysis of Mic60 and OPA1 Proteins

ELISA method was used to locate and quantify Mic60 and OPA1 proteins. The results from
the immunohistochemical photographs showed that Mic60 protein expressed in the myocardium of
both adult and aged Tibetan sheep. OPA1 protein expressed in the myocardium of adult Tibetan sheep,
but hardly expressed in the aged sheep (Figure 2a,b,d,e). ELISA results showed that the concentrations
of Mic60 protein in the myocardium had no significant difference between adult (153.27 ± 26.28 ng/mL)
and aged (150.24 ± 25.98 ng/mL) Tibetan sheep (p > 0.05) (Figure 2g). The concentrations of OPA1
protein in the myocardium had significant difference between adult (49.77 ± 16.45 ng/mL) and aged
(34.06 ± 12.29 ng/mL) Tibetan sheep (p < 0.05) (Figure 2g).
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Figure 2. Expression of Mic60 and OPA1 proteins in cardiomyocytes. Note: (a–c): Expression of Mic60
protein in adult and aged Tibetan sheep myocardium and blank control. (d–f): Expression of OPA1
protein in adult and aged Tibetan sheep myocardium and blank control. (g): Protein concentration of
Mic60 and OPA1. Data show means ± SD (n = 3). * p < 0.05.

3.3. Mitochondrial Morphological Structure Comparison

The mitochondrial ultrastructure of myocardium was observed by transmission electron
microscopy, and the morphological and the difference of myocardial mitochondria between adult and
aged Tibetan sheep were compared. The average number of mitochondrial crista and the density
of mitochondria isolated were calculated. The mitochondria in the myocardium of both adult
and aged Tibetan sheep had clear double membranes and tubular cristae, and their structures
were complete (Figure 3a,b). The mitochondrial density in the myocardium of adult Tibetan
sheep was 57.4 ± 6.07/100 μm2, which was significantly higher than that of the older age group
(38.6 ± 4.51/100 μm2) (p < 0.01) (Figure 4b). The number of mitochondria cristae in the myocardium of
adult Tibetan sheep was 21.5 ± 2.65, which was denser than that of 16.5 ± 3.11 in aged Tibetan sheep
(p < 0.05) (Figure 4a). The mitochondria of adult were closely related but were not closely related in
the aged Tibetan sheep, being slightly fragmented, and the cristae membrane were slightly swelled
(Figure 3a,b).
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Figure 3. Ultrastructure observation of myocardial mitochondria in adult and aged Tibetan sheep.
Note: (a,b): Adult and aged Tibetan sheep myocardial mitochondria, bar = 0.5 μm. (c,d): Mitochondria
isolated from adult and aged Tibetan Sheep myocardium, bar = 0.2 μm.

 

Figure 4. The number of mitochondrial crista (a) and density of mitochondria (b) in the myocardium
of adult and aged Tibetan Sheep. Data show means ± SD. * p < 0.05, ** p < 0.01.

4. Discussion

The expression of mitochondrial inner membrane proteins Mic60 and OPA1 may be related to aging.
Studies found that with the Mic60 heterozygous deletion, the expression of senescence-associated
protein p21 in the myocardium of mice was significantly increased, indicated that the mitochondrial
inner membrane protein Mic60 may be related to cardiac senescence in mice [23]. Eckert et al. found
that the expression of OPA1 in mice was decreased with age [24]. A similar result was obtained by
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Xu et al., the expression of OPA1 in Drosophila was significantly decreased with age [25]. In this
study, the expression levels of Mic60 and OPA1 genes in the myocardium of aged Tibetan sheep
were significantly lower than that of adult, which were 0.32 and 0.22 times of that of adult Tibetan
sheep, respectively, which indicated that the expression of Mic60 and OPA1 genes in the myocardium
of Tibetan sheep would reduce with the age. The expression of OPA1 protein in the aged Tibetan
sheep was significantly lower than that of adult. In spite of this, the expression of Mic60 protein in
the myocardium of aged Tibetan sheep was similar to that of adult, indicating that the expression of
Mic60 protein may affect by other factors, which deserved further investigation.

In this study, the density of myocardial mitochondria in aged Tibetan sheep was significantly
lower than that of adult, which indicated that myocardial mitochondrial density was age-dependent.
Preston et al. reported that the adult rat heart mitochondrial density was higher than that of older rat [26].
The similar phenomenon was found in the studies of yak heart, which showed that mitochondrial
density of heart gradually decreased with age, and the concentration of mitochondrial protein gradually
increased [27]. Studies on the heart of yak from six months to two years old showed that the density of
myocardial mitochondria gradually decreased with age [28], which was consistent with this research.

The expression of Mic60, OPA1 genes and OPA1 protein were significantly lower in aged Tibetan
sheep myocardium than that of adult in this study. Besides, the number of mitochondrial crista was
significantly lower, the crista membrane was wide and the mitochondria were not closely linked,
showing fragmentation in aged Tibetan sheep. Von et al. reported that absence of fcj1 (Mic60 in
mammals) would lead to the mitochondrial crista membrane becoming hypertrophic and stacked, the
crista junction being lost and the crista separating from the inner boundary membrane in the yeast
cells [16]. Studies found that the oligomerization of OPA1 in starvation cells was significantly increased,
while the crista width of the mitochondria in the starving cells were narrowed obviously and OPA1
had a regulatory effect on mitochondrial crista independent of its fusion effect [29]. OPA1 protein was
also found to be related to the tubular network structure of mitochondria, and inactivation of OPA1
would make the network cracked and aggravate mitochondrial fragmentation [30]. Some studies have
shown that the expression of OPA1 was positively correlated with the number of mitochondria crista.
Researchers found that a large number of crista structures disappeared in mitochondria when the OPA1
protein was inhibited in Hela cells [15]. Studies also showed that the interaction between OPA1 and
Mic60 regulated the morphology of mitochondrial [31]. Therefore, the mitochondrial morphology of
aged Tibetan sheep is different from the adult Tibetan ones, which may be influenced by the regulation
of Mic60 and OPA1 genes and proteins expression, with OPA1 possibly playing a more important role.

Mitochondria cristae can greatly increase mitochondrial inner membrane surface area and
provide more attachment sites for oxidative phosphorylation-related proteins and enzymes. The more
mitochondria cristae there are, the stronger oxidative phosphorylation ability they have, and the higher
metabolic activity and energy consumption. The mitochondrial of the adult Tibetan sheep has
a larger crista membrane area compared with the aged sheep. This structural feature indicates that
the mitochondria of adult Tibetan sheep have stronger oxidative phosphorylation ability.

5. Conclusions

In conclusion, our study investigated the expression of Mic60 and OPA1 genes and proteins and
the morphology of mitochondria in the myocardium of adult and aged Tibetan sheep. Our data
showed that the expression of Mic60, OPA1 genes and OPA1 protein were significantly lower in aged
Tibetan sheep myocardium than that of adult in this study. Besides, the number of mitochondrial crista
was significantly lower, the crista membrane was wide and the mitochondria were not closely linked,
showing fragmentation in aged Tibetan sheep. These results suggest the expression of Mic60 and
OPA1 genes and OPA1 protein will reduce, while reducing the capacity of myocardial mitochondria in
Tibetan sheep with age.
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Simple Summary: Marine ecosystems are a huge source of unexplored “blue” materials for different
applications. The edible part of sea urchin is limited, and the vast majority of the product ends up
as waste. Our studies intend to fully recycle wastes from the food industry and reconvert them in
high added-value products, as innovative biocompatible skin substitutes for tissue regeneration. The
aim of the present work is to apply the pioneering skin substitute in in vivo experimental wounds
to test its regenerative potential and compare it, in a future study, to the available commercial
membranes produced with collagen of bovine, porcine, and equine origin. Results are encouraging
since the skin substitute made with marine collagen reduced inflammation, promoted the deposition
of granulation tissue, and enhanced a proper re-epithelialization with the adequate development of
skin appendages. In summary, our findings might be of great interest for processing industries and
biotech companies which transform waste materials in high-valuable and innovative products for
Veterinary advanced applications.

Abstract: Skin wound healing is a complex and dynamic process that aims to restore lesioned
tissues. Collagen-based skin substitutes are a promising treatment to promote wound healing
by mimicking the native skin structure. Recently, collagen from marine organisms has gained
interest as a source for producing biomaterials for skin regenerative strategies. This preliminary
study aimed to describe the application of a collagen-based skin-like scaffold (CBSS), manufactured
with collagen extracted from sea urchin food waste, to treat experimental skin wounds in a large
animal. The wound-healing process was assessed over different time points by the means of clinical,
histopathological, and molecular analysis. The CBSS treatment improved wound re-epithelialization
along with cell proliferation, gene expression of growth factors (VEGF-A), and development of skin
adnexa throughout the healing process. Furthermore, it regulated the gene expression of collagen
type I and III, thus enhancing the maturation of the granulation tissue into a mature dermis without
any signs of scarring as observed in untreated wounds. The observed results (reduced inflammation,
better re-epithelialization, proper development of mature dermis and skin adnexa) suggest that sea
urchin-derived CBSS is a promising biomaterial for skin wound healing in a “blue biotechnologies”
perspective for animals of Veterinary interest.

Keywords: marine collagen; wound healing; regenerative medicine; innovative therapies; skin
substitute; sea urchin; biomaterials; tissue engineering; circular economy; 3D scaffolds
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1. Introduction

Skin lesions are a common event in the veterinary practice, regardless of sex or age,
and they may be of different etiology such as trauma, burns, fights, predation, etc. In
addition, these injuries can often result in loss of skin function due to extensive scarring or
inability of the skin to close the wound (e.g., excessive loss of tissue after tumor resection
or bite wounds). Indeed, the treatment of these kind of wounds, which might evolve
into chronic or non-healing wounds, is a challenging and expensive issue to manage
in the veterinary clinical field of domestic animals [1–3]. Wound healing is a complex
multi-phase (hemostasis, inflammation, proliferation, and remodeling) process, which is
regulated and led by the dynamic interplay of cells, growth factors, and the extracellular
matrix (ECM) [4]. Large skin wounds are commonly left open to heal by second intention
in veterinary patients like horses or dogs [5,6]. Nonetheless, this common practice has
disadvantages such as delayed healing and excessive wound contracture with consequent
tissue dysfunction (e.g., a wound on the limb) [7,8]. Nowadays, the application of skin
autografts to treat severe non-healing wounds is considered the gold standard [9]. However,
this practice has many limitations such as the availability of healthy donor tissue or high
pain level for the patients. In addition, graft failure is frequently observed as a consequence
of excessive inflammation, infection, or animal locomotion [9,10]. Tissue engineering might
offer a solution to this health issue by creating a scaffold that can accelerate wound closure
and support the complete regeneration of the skin in terms of function and anatomy,
namely skin appendages and anatomical structure.

According to Ferreira and colleagues [11], “skin substitutes are a heterogeneous group
of biological and/or synthetic elements that enable the temporary or permanent occlusion
of wounds”. To date, many tissue-engineered products have been used to treat skin defects.
The ideal skin substitute should resemble the skin structure and architecture in order to
stimulate and support wound healing. In general, the aim of researchers is to create an
easy-to-handle and resistant skin substitute. Different materials of different origin, such as
bovine collagen, polyglycolic acid, or acellular cadaver dermis [12–15], have been exploited
to obtain skin substitutes, which could also contain lipids, fibrin, glycosaminoglycans,
and proteoglycans in addition to collagen as its main substituent. Among them, the
use of collagen-based biomaterials, being the main protein of the ECM, has been widely
investigated for tissue engineering studies and showed promising results. As a matter
of fact, the application of these biomaterials for the treatment of skin wounds has been
reinforced for their characteristics such as biocompatibility [16], low immunogenicity [17],
and bioactive properties [18].

Since, a one-step skin grafting and a split-thickness skin graft approach to cover
the wound at the same time is desirable, numerous bi-layer skin substitutes have been
developed for the management of full-thickness skin defects, such as Alloderm® [19,20],
Integra® [21], Pelnac® [22], and Matriderm® [23,24]. These commercial matrices are all
produced with collagen of bovine, porcine, and equine origin. In the last years, alternative
collagen sources have been investigated to overcome ethical and economical problems
associated with collagen of the aforementioned origin because of risk of diseases trans-
mission (e.g., BSE, bovine spongiform encephalopathy); among these, marine organisms
have been proposed as promising sources of collagen [25–27]. Nevertheless, the majority
of marine-derived collagens (sponges, jellyfish, mollusks, and fish), as well as bovine or
swine collagens, are used in their hydrolyzed form, since hydrolysis is a step necessary for
an efficient extraction. However, this chemical extraction presents two main limitations.
First of all, the collagen-associated molecules, i.e., GAGs, are generally lost during the
hydrolysis and they need to be artificially added to reproduce the natural characteristics
of the ECM, such as hydration [28]. Moreover, when collagen is re-assembled in vitro to
form fibrils [29], it often fails to fully reconstitute the original structure and, therefore, its
functional efficiency, providing sub-optimal mechanical features [30]. Echinoderms, in
particular sea urchins, are one of the most promising source of collagen among marine in-
vertebrates [31,32]. In fact, they offer the possibility to extract collagen fibrils in their native
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conformation [31,32] with endogen fibril-associated GAGs [31,33], obtaining a biomaterial
resembling the in vivo structural microenvironment. In addition, sea urchin collagen has
the remarkable advantage to be extracted from wastes originating from the food industry
(restaurants and seafood enterprises), thus following circular economy principles and
sustainable approaches [31].

In a previous study [27], we described the production and the characterization of sea
urchin (Paracentrosus lividus)-derived collagen-based skin-like scaffolds (CBSS) composed
by an “epidermis-like” layer and a “dermis-like layer,” i.e., a thin 2D collagen membrane
and a sponge-like 3D collagen scaffold, respectively. In that work, we demonstrated that
the sea urchin-derived CBSS is a promising biomaterial for biomedical applications because
of its in vitro non-cytotoxicity and barrier function against bacteria, dehydration, and
protein loss. Moreover, it possesses the advantage to be biodegradable, thus in an in vivo
application no further removal operation of the synthetic upper layer will be necessary as
observed for example with Integra®.

The aim of this current work was to apply this innovative skin substitute in in vivo
experimental wounds to test its regenerative potential using a sheep surgical wound
model. Wounds were treated with the CBSS and clinical, histopathological, and molecular
studies were carried out to assess its effects on the wound healing process. The obtained
results provide evidences that CBSS could lead to a reduction of inflammation, promote
granulation tissue maturation, and enhance re-epithelialization along with the development
of skin appendages.

2. Materials and Methods

2.1. Animal Model and Ethical Statement

Three female 2-year-old Bergamasca sheep were included in this experimental study.
Sheep were allocated in an experimental barn (MAPS Department, University of Padova,
Legnaro, Italy) at least two weeks prior to the start of the experimental study for acclimat-
ing themselves. In addition, the animals were subjected to clinical, hematological, and
parasitological examinations in order to assess their health status before beginning the
study. The animals had ad libitum access to water and feed.

The experiment was approved by the Italian Ministry of Health (n◦51/2015-PR), in
accordance with the Body for the Protection of Animals (OPBA). The number of animals
included in the present study was based on a sample size calculation, taking into account
the “3Rs” principle [34]. At the end of the experimentation, sheep were transferred to a
teaching farm.

2.2. Sea Urchin Collagen Extraction, Production of 2D Membranes, and 3D Scaffolds

Fibrillar collagen in its native conformation, i.e., with its typical decoration of gly-
cosaminoglycans (GAGs), was extracted from the sea urchin Paracentrotus lividus, specif-
ically from the peristomial membranes obtained from restaurant wastes, as previously
described [31,32].

The so obtained suspension of fibrillar collagen in autoclaved filtered distilled water
(dH2O) was stored at −80 ◦C until use. After thawing at room temperature (RT), it was
used to produce both 2D thin membranes and 3D sponge-like scaffolds following two
different procedures, as described in [27,32]. Briefly, 2D membranes (about 4 cm × 4 cm ×
10–15 μm) were produced by adding a proper amount of collagen suspension (2 mg/mL
in 0.01% TritonX-100 in autoclaved filtered dH2O) to rubber silicone molds of the desired
size and left to dry at 37 ◦C overnight. 3D scaffolds (about 4 cm × 4 cm × 1.5 cm) were
produced by adding a proper amount of collagen suspension (6 mg/mL) in 6% ethanol
in autoclaved filtered dH2O to rubber silicone molds, frozen overnight at −80 ◦C, and
lyophilized (Edwards Pirani 1001) overnight. Finally, both 2D membranes and 3D scaffolds
were cross-linked and sterilized under a 15 W UV lamp at RT overnight (Figure 1). The so
obtained sea urchin-derived collagen biomaterials (CBSS) were stored at −20 ◦C until use.
Immediately before the surgical operation, they were sterilized for 1 h under an UV lamp.
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Figure 1. Examples of 2D membranes and 3D scaffolds of sea urchin-derived collagen. (a) Top view
of a 2D membrane (light microscopy). Asterisks mark macroscopic folds of the thin 2D membrane.
(b) Micrograph of a 2D membrane where the random distribution of the single collagen fibrils
(arrows) in the two-dimensional network is visible (scanning electron microscopy). (c) Top view of
a 3D scaffold (light microscopy). (d) Micrograph of a 3D scaffold where the porous microstructure
of the biomaterial is detectable (scanning electron microscopy). Scalebar: (a) = 500 μm; (b) = 2 μm;
(c) = 1 cm; (d) = 200 μm.

2.3. Surgical Procedure and Animal Model

A total of six full-thickness skin defects (16 cm2, 4 cm × 4 cm) were created on the
back of each sheep under general anesthesia ensuring complete analgesia. The wounds
were equidistant (6 cm ipsilteral and 10 cm contralateral) and the distance between them
did not affect the healing process or the outcomes of the experiment. The loss of skin tissue
was considered significant and the wound edges could not be approximated: wounds will
heal by second intention [35]. Five wounds were treated with five different therapies while
one was left untreated, and considered as the control wound. The application of the five
different therapies and the untreated (control) wound were randomized for each sheep. In
the current study, we consider the application of the previously described CBSS comparing
it to control wounds. Other treatments, not related to the application of biomaterials, are
reported in other original research manuscripts [36].

Before surgery, the animals were treated with an antibiotic (amoxicilline, 15 mg/Kg)
and an analgesic therapy (tramadol, 4 mg/Kg) via intramuscular injection. Then, they were
premedicated and sedated with medetomidine (0.01 mg/Kg) via intravenous administra-
tion. After a proper level of sedation, the animal was placed in sternal decubitus position
and the trichotomy of the thoracolumbar area was performed for the preparation of the
surgical field. Anesthesia was induced by administering propofol (4 mg/Kg). Afterwards
to maintain anesthesia, the animal was orotracheally intubated and administered with
isoflurane combined with a mixture of oxygen and medical air.

The skin on the back of each sheep was marked using as a guide a sterilized square
model (as a template) in order to designate the wound area where to perform the skin
surgery. At the same time, this procedure was performed to take into account the skin
retraction during wound healing in order to have a representative collection of skin biopsies
at different time points. After scrubbing the surgical field with iodine-povidone (10%), six
square full-thickness skin wounds (16 cm2, 4 × 4 cm) were created on the back of each
sheep using the previously marked point as a guide. After skin incision to define the
wound borders with a sterile surgical blade, the skin was removed using dissection scissors
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(Figure 2a,b). Then, one of the wounds was covered with the CBSS: first, the dermal layer
(3D porous layer) (Figure 2c) was placed on the wound bed (Figure 2d) followed by the
placement of the epidermis-like layer (2D thin membrane) on the top of the dermal one.
Afterwards, each wound was medicated and covered with a sterile non-woven gauze.
The sterile gauzes were covered with a protective covering bandage and a tubular mesh
gauze, which was fixed to the peripheral wool to keep bandages on site (Figure 2e). The
covering bandages were changed every three days until day 42. In order to change them,
non-woven gauzes were wet with a sterile saline physiological solution to avoid damage
to the healing surface.

Figure 2. Representative images of the surgery procedure and biomaterial implantation. (a) Skin full-
thickness removal by using surgical scissors for detaching the dermis from the subcutis; (b) macro-
scopic appearance of the wound after surgery; (c) 3D scaffold after UV sterilization and before
implantation; (d) 3D scaffold implantation in the wound, the biomaterial was directly placed onto
the wound bed; (e) representative figure of the bandages applied to the back of each sheep after
the surgery.

After surgery, the animals were all housed in an adequate barn to ensure their well-
being as gregarious animals. The covering bandage was enough to prevent allogrooming
between animals. They received antibiotic therapy (amoxicilline, 150 mg/Kg) for five days
and anti-inflammatory therapy (carprofen, 3.5 mg/Kg) for two days. Both therapies were
performed by subcutaneous injection.

At 7, 14, 21, and 42 days after surgery skin biopsy were collected for assessing the
skin wound healing process and comparing the efficacy of the treatment to control wounds
(i.e., physiologically healing wounds). Biopsies collection was performed with the animals
properly sedated and treated with medetomidine (0.01 mg/Kg, IV injection) and tramadol
(4 mg/Kg, intramuscular injection) for analgesia and pain management. At each time point,
two biopsies were collected by means of a 6-mm punch for all lesions. Skin samples were
collected in two different and precise position of the wound, opposite to each other and
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equidistant from the original wound margins (day 0), previously marked on the healthy
skin, after shearing the wool. Biopsies were then processed as follows: one for histological
analysis (histopathology and immunohistochemistry) and one for gene expression analysis
(real time PCR).

2.4. Clinical Follow-Up

The macroscopic appearance of each lesion was evaluated at 3, 7, 14, 21, and 42 days
after surgery by taking pictures. This operation was performed by the same blinded
operator at each time point. Moreover, the percentages of re-epithelialization and wound
contraction were measured and calculated using an image processing program (ImageJ®).

2.5. Histopathological and Immunohistochemical Analysis

A total of 24 biopsies, 6 for each time point (3 for treated and 3 for untreated lesions),
were processed for histological analysis. Skin samples were fixed in 10% neutral-buffered
formalin (4% formaldehyde) for 24 h. They were then dehydrated by using a gradual
dilution of ethanol and embedded in paraffin following standard procedures. After embed-
ding, samples were cut with a microtome (Leica—RM2035, Leica Microsystems, Wetzlar,
Germany) into 4-μm thick slices.

For histopathological evaluation, sections were stained with Harris hematoxylin and
eosin (H&E) following the standard protocol. All sections were examined by two blinded
independent operators and assessed for different histological parameters: superficial and
deep inflammation, immature granulation tissue, and development of skin adnexa. The
parameters were scored with a semi-quantitative scale from 0 to 3 (0 absence, 1 mild,
2 moderate, 3 abundant). Data were calculated for each animal and parameter, and
presented as relative frequencies. The histopathological evaluation was performed by
observation under a light microscope (Olympus Vanox AHBT3, Olympus, Tokyo, Japan).

In addition, the epidermal thickness index (ETI) was calculated to define the epidermal
hypertrophy degree. To do so, the average thickness of the epidermis of the skin samples
at 0, 21, and 42 days after surgery was measured in ten randomly selected fields of view for
each slide (400× magnification). The ETI was calculated based on an Equation (1) described
by Rahmani-Neishaboor and colleagues [37]:

ETI =
height of epidermis at day 21/42

height of epidermis at day 0
(1)

ETI values equivalent to 1 indicate a full healing of the wound without scar formation
while values >1 represent a newly formed hypertrophic epidermis.

For immunohistochemistry, samples were immunostained with Ki67 (1:50, Dako,
Santa Clara, CA, USA), a nuclear marker for cell proliferation, and alpha smooth muscle
actin (α-SMA, 1:1000, Dako, Santa Clara, CA, USA), a marker to detect the presence of
myofibroblasts (Table 1), following the manufacturer’s protocol. Briefly, sections were
deparaffinized and rehydrated by immerging them in graded ethanol series. In order to
avoid false positive signals, endogenous peroxidase activity was blocked by immerging
the tissue sections in a 0.3% H2O2 solution for 20 min at room temperature. Only sec-
tions for Ki67 immunostaining were exposed to antigen retrieval (heat induced epitope
retrieval) by using a 10 mM sodium citrate buffer (pH 6) at 95 ◦C for 20 min. Moreover,
nonspecific binding sites were blocked by using 2.5% normal goat serum for 1 h at room
temperature. Then, sections were incubated with the primary antibody for a different
amount of time: Ki67 overnight at 4 ◦C and α-SMA for 1 h at room temperature. After
washing three times with PBS, sections were incubated with the secondary antibody (goat
anti-mouse biotin-conjugated IgG, 1:200, Dako, Santa Clara, CA, USA) for 30 min at room
temperature. Thereafter, an avidin–biotin complex (ABC Reagent, VECTASTAIN® ABC
Kit, PK-4000, Vector Laboratories, Burlingame, CA, USA) and 3,3′-diamobenzidine (DAB)
system (ImmPACT® DAB Substrate, SK-4105, Vector Laboratories, Burlingame, CA, USA)
were used to achieve the immunolabeling. All sections were counterstained with Mayer’s
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hematoxylin solution. Positive and negative sections controls were always performed in
parallel with experimental sections in order to assess the specificity of immunostaining
reaction. Immunostained sections were observed under a light microscope provided with
a camera (Olympus Vanox AHBT3, Olympus, Tokyo, Japan).

Table 1. List and details of antibodies used in this study for immunohistochemistry (HIER, heat-induced epitope retrieval;
α-SMA, alpha smooth muscle actin).

Antibody Clonality Host Clone Antigen Retrieval Dilution Catalog#

Ki67 Monoclonal Mouse MIB-1 HIER, sodium citrate 10 mM pH 6.0 1:50 M7240

α-SMA Monoclonal Mouse 1A4 - 1:1000 M0851

The positive area of Ki67 was quantitatively analyzed. The percentage of positive
area was measured in ten randomly selected (400× magnification) fields of view for each
slide. The positive signal was measured using an image processing program (ImageJ®)
and expressed as a percentage of positive area.

α-SMA immunoreactivity was analyzed in a semi-quantitative fashion by scoring the
abundancy and orientation of myofibroblasts using a histological score as follows: 0 for
absence of immunostaining, 1 for mild presence of immunostaining and irregular pattern,
2 as moderate immunostaining and well-oriented myofibroblasts, and 3 as abundant
immunostaining and compact organized myofibroblasts.

2.6. Gene Expression Analysis

A total of 24 biopsies, 6 for each time point (3 for treated and 3 for untreated lesions)
were used for gene expression analysis by real time PCR (RT-PCR). Total RNA was iso-
lated from skin samples by using TRIzol reagent (Life Technologies, Carlsbad, CA, USA).
Then, the RNA extracted was assessed for its quality (260/280 nm wavelengths ratio)
and quantified using a Nanodrop spectrophotometer (Thermo Scientific, Waltham, MA,
USA). A total amount of 2 μg of RNA was retrotranscribed with SuperscriptTM II Reverse
Transcriptase (Invitrogen, Carlsbad, CA, USA) to obtain complementary DNA (cDNA).
Thus, the obtained cDNA was used as template for the RT-PCR gene expression analysis
using the ABI 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA, USA).

The relative expression of genes involved in the skin wound-healing process was eval-
uated: Collagen 1α1 (Collagen type I, Col1α1), Collagen 3α1 (Collagen type III, Col3α1),
vascular endothelial growth factor A (VEGF-A), and hair-Keratin (hKER). The 18S riboso-
mal RNA (18S) and Ribosomal Protein S24 (RPS24) were used as reference genes in order
to normalize the obtained data. Specific pairs of primers for each gene were designed using
the Primer Express 3.0 software (Applied Biosystems, Foster City, CA, USA) based on the
sheep annotated genome sequence on the GenBank database (sheep genome assembly:
GCA_000298735.1) (Supplementary Table S1). Validation and efficiency of the designed
primer were assessed by using the standard curve method. All pairs of primers presented
an acceptable slope (between −3.8 and −3.3) with a corresponding efficiency of 90–100%.
To calculate the efficiency, the ABI 7500 System SDS Software (Applied Biosystems, Foster
City, CA, USA) was used.

All experiments were run in triplicate to study the relative gene expression of each
gene of interest. A melting curve analysis (dissociation curve) was performed as well to
detect the non-specific amplification. The relative expression was calculated by using the
2−ΔΔCt method to normalize the cDNA level of expression of the gene of interest to the
reference genes. The uninjured skin was used as the calibrator sample.

2.7. Statistical Analysis

All obtained data are expressed as the mean ± standard error of the mean (SEM). All
statistical differences were assessed by means of the two-way ANOVA test and statistical
differences (p ≤ 0.05) were further detected by Dunnett “post-hoc” test. Differences in
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the ETI score were assessed by a Student’s t distribution test and a p value less than 0.05
was considered statistically significant. All statistical analyses were performed using the
GraphPad Prism 7.0 software (San Diego, CA, USA).

3. Results

3.1. Clinical Follow-Up

Wounds treated with the CBSS showed an improved macroscopic quality of the regen-
erated skin throughout the wound healing process in comparison to untreated (control)
wounds. However, neither group reached a complete closure of the wound at 42 days. The
presence of the CBSS was observed in treated wounds until day 14 (Figure 3).

Figure 3. Representative images of the skin ulcers during wound healing.

One week after wound creation, untreated and CBSS-treated wounds presented a
similar percentage of wound contraction (16.250 ± 0.695 vs. 15.313 ± 1.782). At two
weeks, CBSS treated wounds showed a slightly higher contraction than the untreated ones
(39.188 ± 0.937 vs. 44.708 ± 1.553). Between 21 and 42 days, untreated wounds had a
higher percentage of contraction with respect to the CBSS-treated ones (70.917 ± 8.178 vs.
63.583 ± 11.510 at day 21 and 89.333 ± 1.752 vs. 86.896 ± 3.545 at day 42). No significant
statistical differences were observed at any time point.

At day 7, all wounds showed a similar percentage of re-epithelialization (12.779 ± 1.363
vs. 13.273 ± 0.04). Between 14 and 21 days, CBSS-treated wounds showed a significantly
higher percentage of re-epithelialization compared to the untreated wounds: 29.061 ± 5.100
vs. 37.709 ± 0.052 at day 14 (p = 0.034) and 67.109 ± 3.667 vs. 79.052 ± 7.398 at day 21
(p = 0.0031). At 42 days, all animals presented a similar percentage of re-epithelialization
(99.316 ± 1.184 vs. 99.037 ± 1.668) (Figure 4).

Figure 4. (a) Percentage of contraction. (b) Percentage of re-epithelialization. Data are shown as mean ± SEM. * p < 0.05;
** p < 0.01.
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3.2. Histopathological Analysis
3.2.1. Superficial Inflammation

At 7 days, the 67% of CBSS-treated wounds showed an abundant inflammatory infil-
trate in the superficial region of the dermis while the 33% presented a mild inflammation
(Figure 5b). On the contrary, all untreated (control) wounds presented a mild superficial
inflammation (Figure 5a). After two weeks, all wounds showed the same amount of in-
flammation with 67% of the wounds presenting a moderate presence and 33% mild one
(Figure 5c,d). At 21 days, CBSS-treated wounds showed a reduction of inflammation with
67% of them presenting a mild inflammation and 33% with no inflammation (Figure 5f). On
the contrary, in untreated wounds 67% still showed a moderate amount of inflammation
while 33% displayed a mild inflammation (Figure 5e). At 42 days, all wounds showed no
evidences of superficial inflammation (100% absent) (Figure 5g,h).

Figure 5. Histopathological microphotographs of skin biopsies at different time points after wounding: control and CBSS-treated
wounds comparison. (a,b) Skin wounds at 7 days, in the CBSS-treated wounds (b) is possible to appreciate the presence of the 3D
scaffold; (c,d) wounds at 14 days, treated wounds started to show a neoepidermis (NE, characterized by an hyperplastic appearance)
and skin adnexa; (e,f) wounds at 21 days after wounding; (g,h) wounds at 42 days. GT = granulation tissue; NE = neoepidermis;
NS = neoskin; F = fibrosis; asterisk = 3D sponge-like scaffold. Scalebar = 200 μm.

3.2.2. Deep Inflammation

As observed for the superficial inflammation, the deep inflammation parameter
showed a decreasing trend throughout the experimentation. At 7 days, 67% of CBSS-treated
wounds presented with a moderate inflammation while 33% showed mild inflammation
(Figure 5b). At 14 days, in the same group an opposite tendency was observed with 67% of
the wounds showing a mild inflammation and 33% a moderate one (Figure 5d). At 21 days,
all wounds (100%) showed a mild inflammation in the deeper layer of the skin biopsy
(Figure 5f) while at 42 days only 33% presented a mild inflammation, with the remnant
67% without any sign of inflammation (Figure 5h). Untreated wounds showed a mild
inflammation (100%) at every time point (Figure 5a–d).

3.2.3. Immature Granulation Tissue

The treatment with the biomaterial led to a higher deposition of granulation tissue
than in untreated wounds at 7 days (33% abundant and 67% mild in treated wounds vs.
67% mild and 33% absent in untreated wounds) (Figure 5a,b). At 14 days, a similar amount,
but in a different ratio, of immature granulation tissue was observed in treated wounds
(67% moderate and 33% mild presence) while all control wounds showed a moderate
presence of granulation tissue (100%) (Figure 5c,d). Three weeks post-wounding, 33%
of treated wounds showed a moderate amount of immature granulation tissue and 67%
a mild one (Figure 5f). Only 33% of untreated wounds showed a mild amount of this
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parameter and 67% a moderate one (Figure 5e). At 42 days, all wounds did not show any
sign of the presence of immature granulation tissue (100% absent) (Figure 5g,h).

3.2.4. Skin Adnexa

Skin adnexa appeared for the first time at 14 days only in CBSS-treated wounds
(33% of wounds) (Figure 5d). At 21 days, all treated wounds (100%) showed a moderate
amount of skin adnexa while in control wounds only the 33% showed a moderate amount
(Figure 5e,f). At 42 days, all treated wounds presented an abundant presence of skin adnexa
(Figure 5 h); on the contrary, in untreated wounds 67% presented a moderate amount and
33% an abundant amount (Figure 5g).

3.2.5. Epidermal Thickness Index (ETI)

The control group showed a higher ETI at 21 and 42 days than wounds treated with
the CBSS (7.487 ± 0.558 vs. 5.599 ± 0.412 at 21 days and 3.657 ± 0.891 vs. 1.543 ± 0.436
at 42 days). The application of the CBSS led to a reduction of the epidermal thickness at
42 days in a significant way as compared to the control group, more similar to the one of
unwounded skin (Figure 6).

Figure 6. Epidermal thickness index (ETI) at 21 and 42 days respect to unwounded skin. Data are
shown as mean ± SEM. * p < 0.05.

3.2.6. Ki67 Immunohistochemistry

The immunolabeling for the nuclear protein Ki67, a biological marker for cell prolif-
eration, showed a higher amount of positivity at all time-points in CBSS-treated wounds
compared to the untreated wounds, with a statistically significant difference at 7 and
14 days: 4,0080 ± 0.304 vs. 6.902 ± 0.628 at day 7 (p < 0.0001), and 0.545 ± 0.072 vs.
3.811 ± 0.390 at day 14 (p < 0.0001) (Figure 7a–d,i). The higher amount of Ki67 expression
at 14 in CBSS-treated wounds might be attributed to the abundant presence of positivity in
the basal layer of the neoepidermis (Figure 7d).
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Figure 7. Immunohistochemistry microphotographs for Ki67 immunolabeling. Wounds are showed at (a,b) 7 days,
(c,d) 14 days, (e,f) 21 days, and (g,h) 42 days. (i) Quantitative analysis of the percentage of positive area of each sample at
7, 14, 21, and 42 days. Arrowhead = active proliferating keratinocytes in the epidermal basal layer; NE = neoepidermis;
NS = neoskin. Scalebar = 200 μm. (i) Data are expressed as mean ± SEM. Statistical differences were measured between the
two experimental groups at the same time-point. **** p < 0.0001.

3.2.7. α-SMA Immunohistochemistry

The action of myofibroblasts during skin wound healing is fundamental for wound
contraction and deposition of new extracellular matrix components [38]. α-SMA is a reliable
myofibroblast marker and was detected since day 7 in all wounds. At 7 and 14 days post-
wounding, both treated and untreated wounds showed a similar immunopositive pattern
for α-SMA immunostaining. In particular, at 7 days CBSS-treated wounds showed a slightly
lower presence of myofibroblasts but better organized (i.e., cells were parallel to each other
and to the wound surface) (Figure 8b). At 21 days, the amount of myofibroblasts decreased
in wounds treated with the biomaterial while in control wounds the amount of positive
cells was similar to day 14; this difference between groups was significant (p = 0.0263)
(Figure 8e,f). At 42 days, myofibroblasts were still present in untreated wounds (Figure 8g)
in the upper layer of the dermis, oriented in parallel to the newly formed epidermis. On the
contrary, no myofibroblasts were observed in treated wounds (Figure 8g). It is important to
mention that the positivity observed in CBSS-treated wounds at 21 (mainly) and at 42 days
has to be ascribed to the myoepithelial cells of apocrine glands and to arrector pili muscles
(Figure 8f,h). As a matter of fact, α-SMA is also a marker for smooth muscle cells.
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Figure 8. Immunohistochemistry microphotographs for α-SMA immunostaining. Wounds are showed at (a,b) 7 days,
(c,d) 14 days, (e,f) 21 days, and (g,h) 42 days. (i) Semi-quantitative analysis based on the score for presence and orientation of
myofibroblasts in wounds at 7, 14, 21, and 42 days. Arrowhead = myofibroblasts in the mature dermis; NE = neoepidermis;
NS = neoskin. Scalebar = 200 μm; inset = higher magnification of the dermal fibrosis. (i) Data are expressed as mean ± SEM.
Statistical differences were measured between the two experimental groups at the same time point * p < 0.05.

3.3. Gene Expression Analysis

RT-PCR analysis for the gene expression of the two principal collagen types of the
skin (I and III) involved in the wound-healing process (in particular, granulation tissue
formation and dermis remodeling) revealed an up-regulation of the expression of both
genes during the first two weeks after wounding in both groups. At day 7, the gene
expression of either type I or III was slightly different between the two groups with a
statistically significant difference for collagen type I expression (p < 0.0001). However, after
two weeks an opposite trend of expression was observed for collagen type I and type III.
Indeed, collagen type I gene expression was upregulated in CBSS-treated wounds, while
in control group it decreased as compared to day 7, and the difference was statistically
different at this time point (p < 0.0001). At day 14, even if collagen type III gene expression
was lower than day 7 in both groups, it was significantly higher in the control group with
respect to the CBSS-treated wounds (p < 0.0001). At 21 days, the collagen type I gene
expression was reduced for both groups, while the gene expression of collagen type III was
strongly upregulated in the control group and decreased in the CBSS-treated group with a
statically significant difference (p < 0.0001). At 42 days, the gene expression of both genes
was similar in the two groups without showing any statistical difference (Figure 9).
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Figure 9. Gene expression analysis for collagen genes involved in skin wound healing. (a) Relative expression of the
collagen type I (Col1α1) gene and (b) collagen type III (Col3α1) gene at 7, 14, 21, and 42 days after wounding in control and
CBSS-treated wounds. Data are shown as mean ± SEM. Unwounded skin was used as the calibrator sample. Statistical
differences were measured between the two experimental groups at the same time point. **** p < 0.0001.

The gene expression of VEGF-A, an essential growth factor involved in the process of
neoangiogenesis, was always higher in the treated wounds in comparison to the untreated
ones. In particular, the observed difference of expression was statistically significant at 7
(p < 0.05) and 14 days (p < 0.0001) (Figure 10a).

Figure 10. Gene expression analysis for VEGF and hKER genes (a) Relative expression of the vascular endothelial growth
factor A (VEGF-A) gene and (b) hair-Keratin (hKER) gene at 7, 14, 21, and 42 days after wounding in control and CBSS-
treated wounds. Data are shown as mean ± SEM. Unwounded skin was used as the calibrator sample. Statistical differences
were measured between the two experimental groups at the same time point. * p < 0.05; **** p < 0.0001.

The gene expression of hKER, a marker for the expression of hair follicles, was first
detected at day 14 in the CBSS-treated wounds only (Figure 10b). At 21 days, the mRNA
level of hKER increased in treated wounds while in the control wounds no expression
was observed. At 42 days, the hKER gene expression was lower with respect to day 21 in
treated wounds while in untreated wounds it was observed for the first time during the
experimental study.

4. Discussion

Wound care management of hard-to-heal or chronic ulcers is a critical issue in veteri-
nary medicine since conventional treatments are often associated with a poor prognosis,
with a consequent impact on the economic sphere [1,9,10,39,40]. Furthermore, inadequately
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healing wounds are the second most common cause of euthanasia or death in equine pa-
tients [41]. In this context, to overcome this issue, innovative strategies such as tissue
engineered skin substitutes have been widely investigated in the recent years [42–44].

Collagen is the most abundant component of the ECM, therefore a collagen-based
biomaterial could be considered as the best option for mimicking the microenvironment
of the skin [45]. Collagen derived from marine sources has demonstrated to be a valuable
alternative for manufacturing collagenous biomaterials because of its bioactive properties,
biocompatibility, and efficiency, as they can stimulate the healing process of the wounded
skin [25,46,47]. The collagen used in the present work comes from sea urchin (P. lividus)
food industry by-products and the herein described collagen-based skin-like scaffold
(CBSS) is composed of two layers: the upper one, “epidermal like,” a thin 2D membrane
to protect the skin from bacterial infiltration as well to prevent wound dehydration and
protein loss, and the lower one, “dermal like,” a 3D porous scaffold that mimics the
structure and function of the skin dermis [27]. The cytocompatibility and efficiency of this
novel biomaterial has been previously tested in in vitro studies [27,31,32]. The objective
of this work was to assess the effects of this innovative bi-layered CBSS on the healing of
experimental skin wounds in in vivo sheep model.

Inflammation is a critical step during wound healing. The inflammatory phase is
fundamental for clearing the wound area from contaminating pathogens so that the healing
process can progress. Nonetheless, an intense and/or prolonged inflammatory response
may lead to a delay of healing without further progression to the next phases, hence
contributing to wound chronicity [48–50]. In the present work, inflammation was examined
at the histopathological level. Histopathological findings showed that wounds treated
with the CBSS presented a higher presence of inflammatory infiltrate during the first week
after wounding compared to wounds left untreated. This scenario might correspond to an
anticipated activation of the inflammatory phase because of the biomaterial implantation.
One reason underlying this condition could be the earlier activation of platelets by direct
interaction with the collagen of the biomaterial [51]. Indeed, it is important to underline
that platelets are activated only by collagen in its native fibrillar conformation [52], as
the sea urchin-derived collagen used in the CBSS. This property potentially provides
these biomaterials also with optimal hemostatic features. After activation, platelets begin
to release granules containing several soluble factors; among them, there are different
chemotactic molecules (e.g., chemokines, PDGF etc.,) that might have attracted the observed
higher amount of inflammatory cells to the wound site during the first week of wound
healing with respect to control wounds [53–55]. Moreover, collagen-based wound dressings
have demonstrated to possess chemotactic properties to inflammatory cells, in particular
macrophages [56,57]. However, inflammation diminished throughout the experimentation
completely disappearing between 21 and 42 days in treated wounds. On the contrary,
it was still mildly present in untreated wounds at day 42 in the deeper layer. The CBSS
did not hamper the wound-healing process; on the contrary, it might have anticipated, by
inducing it, and shortened the inflammatory phase therefore hastening the progression to
the next phase of healing.

Wounds that heal by second intention, like in the current work, are characterized
by the formation of granulation tissue: a provisional matrix that covers the wound bed
and acts as a scaffold for migrating cells (epithelium, dermis, and vessels). Indeed, the
relevant cellularity observed in the granulation tissue is due to the high number of cells
proliferating in it [58]. During the first two weeks, CBSS-treated wounds exhibited a
higher presence of granulation tissue than untreated wounds, showing how the marine
collagen-based biomaterial might have stimulated the production of granulation tissue
matrix by fibroblasts. Concomitantly, the higher deposition of granulation tissue in treated
wounds might be related to the elevated number of cells in active proliferation observed
in the same wounds (Ki67 positive cells). The observed beneficial effects on granulation
tissue formation and cells proliferation might be due to the structural characteristics of
the CBSS lower layer. Indeed, in our previous work we demonstrated that the 3D sponge-
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like scaffold was biocompatible plus able to support cell infiltration and proliferation
in vitro as it presents peculiar structural characteristics to recreate the dermis in case of
injury [27]. Hence, its biocompatibility and structure could have efficiently supported
migration, adhesion, and proliferation of fibroblasts in vivo leading to the higher deposition
of granulation tissue as observed with other collagenous biomaterials [59–63].

In order to bring nourishment and oxygen to the upper part of the wound, a proper
vascularization is vital for the maturation of the granulation tissue, hence for the healing
process. Several researchers have proposed skin substitutes containing growth factors and
ECM components that could promote wound vascularization [64]. Neovascularization of
the injured skin may be the effect of either proliferation of endothelial cells in existing blood
vessels (angiogenesis) or differentiation of endothelial progenitor cells (vasculogenesis).
Nevertheless, it has been demonstrate that a new vascular network is restored at the wound
site, mainly through the mechanism of angiogenesis [65]. Indeed, the pro-angiogenetic
activity of CBSS may positively influence the survival of the substitute itself. In the wound
model, the CBSS treatment always showed an upregulation of VEGF-A gene expression,
a growth factor that supports neoangiogenesis, especially during the first two weeks.
Thereby, it could have improved the formation of new vessels and promoted healing
through the development of the granulation tissue [47,66,67].

Along with the fibroblasts migrating to the injured site, the keratinocytes surrounding
the wound begin to migrate as well to cover it and recreate the epithelial layer [68]. A
newly formed epithelium was histologically observed since day 14 in CBSS-treated wounds
along with the gene expression of hKER, hence the biomaterial actually accelerated the
re-epithelialization process [69–72]. Indeed, a part of the proliferating cells observed at
day 14 was in the basal layer of the epithelium, proving how those cells were actively
dividing to recreate a proper epithelial barrier after injury. On the contrary, the epithelium
histologically appeared in untreated wounds at day 21 while the gene expression of hKER
was detected only after 6 weeks (day 42).

Besides covering the wound with a new epithelium, the organism exploits another
healing mechanism to diminish the open wound area: wound contraction, with wound
edges being pulled to the center of the wound by specialized cells [73]. This process is
mediated by α-SMA-expressing myofibroblasts, a cell population that differentiate from
fibroblasts, and is specialized in secretion of ECM components and granulation tissue
contraction [38]. Clinically, the percentage of wound contraction was similar in both
groups, but slightly minor in wound treated with the CBSS during the last two weeks.
However, the immunohistochemistry staining revealed that the presence of myofibroblasts
was always higher in untreated wounds, except at day 14. This observation may be
explained by the better parallel organization of myofibroblasts and deposition of collagen
fibrils in the treated wounds as compared to untreated wounds. As a matter of fact, for a
proper and efficient wound contraction myofibroblasts should be parallelly co-aligned with
the collagen fibrils to the wound surface [74], hence increasing the mechanical strength of
the tissue and efficiently contracting [75,76].

While contracting, the ECM of the wounded skin begins to remodel itself into a mature
dermis with a decreased level of cellularity and proliferation, as well as replacement of the
ECM components [77,78]. In the current study, we observed that the skin substitute was
able to induce the gene expression of the mature type of collagen, collagen type I, at 14 and
21 days, while in the control wounds it was observed a similar trend but for the collagen
type III, the immature type. These differences in levels of expression were reflected in the
histological appearance of the skin during the last phases of healing. While treated wounds
started to show a compact ECM, a peculiar characteristic of mature dermis, along with the
presence of skin appendages (hair follicles and glands), since day 21, the untreated wounds
presented a higher ratio of loose ECM (i.e., granulation tissue) until day 42. Collagen-based
biomaterials have shown to possess the ability to induce the collagen synthesis [69] and a
better organization of collagen fibrils [71]. Apart from starting to express a mature type of
collagen earlier than untreated wounds, CBSS application showed a decline in the number
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of α-SMA positive cells and amount of granulation tissue since day 21, with the complete
disappearance of both features by day 42. On the contrary, wounds left untreated still
showed an intense positivity for α-SMA protein at day 21 with a moderate presence of
granulation tissue. Although the latter was not observed at day 42, α-SMA positive cells
were still present in the upper layer of the dermis and organized in a parallel pattern to the
wound surface. In addition, histological observations highlighted a high cellularity in the
same area with compact collagen fibrils. These two characteristics, plus the upregulation
of the gene expression of collagen type III observed at day 21, might be the outcome of
an excessive deposition of immature ECM that might have evolved into a pathological
fibrotic tissue [79,80]. In particular, it resembles the histological features of a hypertrophic
scar, because of the higher thickness of the epidermis with respect to day 0 (epidermal
thickness index, ETI, Figure 5) together with parallel myofibroblasts and dense collagen
fibrils arrangement [81–84]. On the contrary, the skin substitute led to a physiological
maturation of the granulation tissue with a proper development and organization of the
mature dermis (collagen fibrils) and skin appendages. Hence, the treatment reduced the
dermal fibrosis, and scarring, in wounds healing by second intention [85,86].

Skin substitutes must possess certain structural characteristics (e.g., biocompatible,
control wound contraction, certain porosity for cell infiltration, etc.,) that can provide
a support to the wounded skin for the regenerative process [87]; indeed, the CBSS pos-
sesses these characteristics as described by Ferrario and colleagues [27]. In addition, the
degradation of the biomaterial should be simultaneous to the remodelling of the newly
formed dermis in order to sustain its maturation and re-assembling [88,89]. During the
experimental period, the presence of the CBSS (upper layer) was evident until day 14 at the
macroscopic level (Figure 3). On the contrary, in histological figures (Figure 5), the presence
of the CBSS (lower layer) was evident only at day 7 (Figure 5b). After this time point,
it was not possible to distinguish between the host dermal collagen and the biomaterial
one. As a matter of fact, starting from day 14 we observed a partial regeneration of the
neo-dermis, which it might be considered synchronized with the progressive degradation
of the biomaterial from our observations [90].

The research in the tissue engineering and regenerative medicine (TERM) field is
rapidly evolving and developing new tools for tissue regeneration. The herein presented
positive application of a skin substitute (CBSS) might be further improved by combining
the marine collagen-based biomaterial with bioactive factors (e.g., growth factors) and/or
cells (e.g., mesenchymal stem cells, MSCs). An addition of platelet-rich plasma (PRP), rich
in growth factors, might support the healing process by releasing different soluble factors
that in combination with skin substitute might limit inflammation, stimulate angiogenesis
and re-epithelialization, hence favoring the physiological reparative mechanisms of the
skin [91,92]. However, future studies will be necessary to validate the observed results. In
addition, a larger number of animals and the comparison of the application of the CBSS
with gold standards techniques (skin autograft) or the usage of a commercially available
skin substitute will be fundamental to further assess the beneficial outcomes of the CBSS
treatment for large skin wounds in the veterinary clinical practice.

5. Conclusions

In this study, the application of an innovative skin substitute made up of collagen
derived from marine sources, i.e., sea urchin food wastes, was assessed in an in vivo wound
healing model. The skin substitute supported and stimulated wound healing throughout
the whole process: it controlled inflammation, promoted the deposition and maturation
of granulation tissue, enhanced re-epithelialization, and induced the formation of skin
appendages. At the same time, it showed resistance to wound contraction and dermal
fibrosis. Overall, the collagen-based biomaterial served as a template for skin wound
healing, i.e., as a scaffold for cell migration and growth. All these features led to a better
quality of the repaired skin.
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Simple Summary: Nowadays the need to optimize and maximize the productivity of dairy sheep
leads farmers to plan lambing in specific periods in order to avoid economic loss due to nonproductive
animals. The goal is to diagnose pregnancy at early gestation in order to minimize the costs of
unproductive animals and to properly formulate rations for the energy requirements of gestating or
lactating animals at the same time. Moreover, early pregnancy diagnosis, as well as the possibility of
distinguishing between single and multiple gestations, enables farmers to plan the management of
lambing well in advance thus minimizing manpower requirements. This study showed, for the first
time, the plasmatic profile of PAG (pregnancy-associated glycoproteins) in Sarda and Lacaune ewes
during gestation and the postpartum period using two different radioimmune assay (RIA) systems,
thus enhancing our knowledge regarding PAG concentrations in domestic ruminants. Moreover,
it showed that for both breeds these RIA systems are capable of distinguishing pregnant from
nonpregnant ewes starting from day 18 of gestation. Furthermore, the rapid disappearance of PAG
concentration following lambing did not require the use of a cut-off limit in postpartum animals as a
means for detecting a new pregnancy.

Abstract: This study was carried out to determine ovine pregnancy-associated glycoprotein (oPAG)
levels in the plasma of Sarda and Lacaune ewes throughout gestation and in the first month postpartum,
using two heterologous radioimmunoassays (RIA-706 and RIA-srPool) and to study the correlations
between PAG levels and fetal gender and number. On Day 18 of pregnancy, PAG concentrations were
detected in 90.1% and 80.8% of Sarda pregnant ewes with RIA-706 and RIA-srPool, respectively; and in
90% and in 75% of Lacaune pregnant ewes with RIA-706 and RIA-srPool, respectively. From Day 30,
PAG concentrations were detected in all pregnant ewes by using both RIA methods. In the postpartum
period, the PAG concentrations in Sarda ewes decreased rapidly reaching minimal levels (<1 ng/mL)
on day 28 using both RIA-706 and RIA-srPool. In Lacaune ewes, PAG-706 levels were higher than
PAG-srPool from parturition until the last day of observation (Day 28 postpartum). It was also
observed that mean concentrations were higher in multiple than in single pregnancies in Sarda and
Lacaune ewes. Moreover, due to the rapid disappearance of PAG concentration following lambing,
a cut-off limit in postpartum animals was not required as a means for detecting a new pregnancy.

Keywords: RIA; PAG; gestation; sheep; postpartum; breed; multiple pregnancy; single pregnancy
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1. Introduction

Nowadays the need to optimize and maximize the productivity of dairy sheep leads farmers
to plan lambing in specific periods in order to avoid economic loss due to nonproductive animals.
The goal is to diagnose pregnancy at early gestation in order to minimize the fodder wasted on
unproductive animals and to properly formulate rations for the energy requirements of gestating or
lactating animals at the same time. Moreover, early pregnancy diagnosis, as well as the possibility of
distinguishing between single and multiple gestations, enables farmers to plan the management of
lambing well in advance thus minimizing manpower requirements.

In this regard, over the past 30 years, techniques such as radioimmunoassay (RIA) for
pregnancy detection have been developed using pregnancy-associated glycoproteins (PAGs) which
are glycoproteins belonging to the aspartic proteinase family and are synthesized in the ruminant
trophectoderm [1]. Glycoproteins associated with pregnancy in sheep are represented by PAGs
(OPAG) [2–4] and SBU-3 [5]. In ovine placenta, 11 cDNA coding for distinct PAGs (ovPAG-1 to
ovPAG-11) were identified at different gestational periods, thus confirming the multiplicity and
temporal expression of PAG molecules in ruminant placenta [1,6–10].

These molecules are present in maternal plasma of sheep in concentrations detectable with
RIA methods as early as 18–20 days after conception, [3,11–16] and by the enzyme immune assay
(EIA) method [17–19], as well as in other species of ruminants [1,20–22]. Throughout pregnancy,
PAG concentrations in these species differ according to the breed, fetal number, sex and birth
weight [3,23–29], as in other ruminants [30].

To our knowledge, no studies have yet been carried out on PAG plasma concentration profiles
during gestation and the postpartum period in Sarda and Lacaune ewes, two amongst the most
important dairy sheep present in Europe.

Sarda is the main sheep breed raised in Italy and it has been selected over the years for milk
production [31,32]. The breeding system is typically characterized by one lambing per year and the
mating season starts in early summer (or early autumn for ewe lambs). However, especially for
yearlings, total fertility rate is not higher than 75%. When lambing occurs in early spring, since the
breeding system is based on pasture, milk production is positively affected by high forage availability.
However, strategies to favor out-of-season lambing are encouraged to ensure cheese availability for
the market over the year [33,34].

The Lacaune breed originates from the Roquefort area, Southern France. It is the main French
dairy sheep breed and has been very efficiently selected during the last 40 years [35]. The Lacaune is
now a high milk yield sheep that, contrary to what happens for the Sarda breed, is also appreciated
for lamb growth rate and the characteristics of its meat. Moreover, out-of-season lambing is common,
and the breeding system is not necessarily based on pasture, being characterized by a large use of
conserved forages and concentrates.

Both breeds would benefit from an early pregnancy diagnosis to reduce economic losses and
increase productivity [36].

The aim of this study was to investigate the concentrations of plasma PAG using two heterologous
radioimmunoassays (RIA-706 and RIA-srPool) in Lacaune and Sarda sheep throughout gestation and
after parturition, and to study the correlations between PAG levels and fetal gender and number.
Correlations between concentrations measured with the aforementioned RIA systems, their ability to
detect PAG molecules during pregnancy and their half-life were also investigated.

86



Animals 2020, 10, 1502

2. Materials and Methods

2.1. Animals and Samples

Thirty-five Sarda ewes weighing 42± 1.4 kg (mean± SEM) at mating, and thirty-five Lacaune ewes
weighing 46 ± 1.2 kg (mean ± SEM) at mating from a single flock were enrolled in this study. All of the
ewes were in their first lactation during the period September–January of 2008. The ewes were housed
and managed at the Azienda Zootecnica Didattica of the University of Perugia. The experimental site
is approximately 15 km southwest of Perugia, Italy (latitude: 41◦34′ N and longitude: 14◦39′ E) at
an elevation of approximately 650 m above sea level. The area has a Mediterranean climate with an
annual rainfall of approximately 650 mm, distributed mainly during late autumn and winter, and
mean maximum and minimum temperatures ranging between 15.7 and 8.4 ◦C over the last 40 years.

Blood samples were withdrawn from the jugular vein and placed into EDTA-coated tubes
(Sarstedt®, Numbrecht, Germany). The samples were collected on Days 0 (day of mating), 18, 30, 45,
60, 90, 120 after mating and during the postpartum period, starting within 12 h of birth (p) and on Days
7, 14, 21, 28. Plasma was obtained by centrifugation (2500× g for 15 min) immediately after collection
and was stored at −20 ◦C until assay.

2.2. Experimental Design

The two groups of ewes were housed in two separate 15 × 5 m straw-bedded pens. The animals
were subjected to the same management practices and had feed and water readily available in feeders
and troughs in order to ensure an adequate intake of food and water. The basal diet was composed
of alfalfa hay (2.0–2.5 kg/head/day, depending on the breed) which was supplemented with pelleted
concentrate (crude protein: 180 g/kg; neutral detergent fiber: 149 g/kg as fed) during lactation and
the last two months of pregnancy (800 g and 600 g/head/day, respectively) (Mignini & Petrini Spa.,
Petrignano di Assisi, Perugia, Italy) to meet nutrient requirements according to Cannas (2004) [37].

The ewes were synchronized with intravaginal sponges containing 40 mg fluorogestone acetate
(Cronogest sponge, Intervet, Milan, Italy) for 12 days. On sponge withdrawal, the ewes were injected
(i.m.) with 350 UI PMSG (Pregnant mare serum gonadotropin) (Folligon, Intervet, Milan, Italy) and
36 h later two rams of proven fertility were introduced (September 2008) to each group for one day
and the females were then separated after mating.

Conception was assumed to have occurred 149 days before parturition, which is the average
gestation period for sheep. The number and sex of lambs were recorded.

The lambs were kept with the mothers until the end of the trial.
The animals in this trial were supervised in compliance with Italian laws (DL 27 January 1992,

n◦116) and regulations regarding experimental animals. The experimental design was performed
according to good veterinary practices under farm conditions.

2.3. Progesterone Assay

The radioimmunoassay analyses (progesterone, PAG) were performed at the University of Perugia
(Department of Veterinary Medicine). Samples from Sarda and Lacaune ewes were assayed for
progesterone using an extraction step described elsewhere [38,39]. Progesterone was extracted from
plasma with diethyl ether and the efficiency of the extraction procedure was monitored by addition of
a tracer amount of (3H) progesterone. The efficiency of the ether extraction ranged from 85 to 95%.
Extraction was carried out with 0.2 mL plasma and each sample was assayed in duplicate. Volumes of
0.8 mL of distilled water and 3 mL of diethyl ether were then added to each sample and centrifuged at
1000× g for 10 min. Following freezing, the supernatant was discarded and 1 mL of borate buffer with
10% ethanol was added to all samples. Standard curve dilution was prepared using plain tubes for
total counts and nonspecific binding. A 0.1 mL volume of increasing concentrations of calibrators (P4),
0.1, 0.25, 0.5, 2, 5, 10, 20 and 40 ng/mL was added. Reference samples (0.5 ng/mL and 10 ng/mL) were
also added as quality controls. 3H-labeled progesterone (0.1 mL) and 0.1 mL of progesterone antibody
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were added to the experimental plasma samples extracted. Incubation was carried out at 4 ◦C for at
least 4 h. The radioactivity antibody bound P4 from free P4 was separated by centrifugation following
dextran-charcoal adsorption. The tubes were transferred to a beta-counter (Tri-carb 2100 TR, Packard)
to be counted. The minimum detection limit (MDL) was 0.09 ng/mL. Intra and interassay coefficients
of variation (CV) were 8 and 12%, respectively.

2.4. Pregnancy-Associated Glycoprotein Assays

Two different radioimmunoassay systems (RIA-706 and RIA srPool) obtained from the methods
previously described in detail by Perenyi et al. [40,41] and Barbato et al. [12] were used to measure
pregnancy-associated glycoprotein concentrations. All the assays were performed in Tris buffer
containing 1% BSA (Fraction V, ICN Biochemicals Inc., Aurora, OH, USA). Measurements were
performed in polystyrene tubes and all of the incubations were performed at room temperature (20 to
22 ◦C). Bovine PAG 67 kDa preparation (boPAG67kDa, accession number Q29432) was used as standard
and tracer for all assays [30,42].

The ewe samples (0.1 mL, in duplicate) were assayed in a preincubated system. In short, 0.1 mL
of each sample, or appropriate standard dilution, were aliquoted into duplicate assay tubes and
diluted with 0.1 mL and 0.2 mL of Tris-BSA buffer, respectively. In order to minimize nonspecific
interference of plasma proteins, 0.1 mL of bovine PAG-free plasma was added to all standard
tubes. Subsequently the antisera (1:80,000 for RIA-706 and 1:50,000 for RIA-srPool) were added
and the tubes were incubated overnight at room temperature before adding radio-labelled PAG [40].
Iodination (Na-I125, Amersham Pharmacia Biotech, Uppsala, Sweden) was carried out according to the
Chloramine T method [43].

Samples with higher PAG concentrations than the estimated standard dose for which the
percentage B/B0 was 20% (ED20) were reassayed in nonpreincubated systems in which the standard
curves ranged from 0.8 to 100 ng/mL. In these systems, the tracer was added simultaneously with one
of the aforementioned first antibodies (AS#706: 1/80,000 and AS#Pool: 1/50,000). The following day,
the double antibody precipitation system was added and a further 30 min incubation was carried out
before separation of bound and free PAG.

The minimum detection limit (MDL), calculated as the mean concentration minus twice standard
deviation (mean – 2 SD) of 20 duplicates of the zero (B0) standard [44] were, respectively, 0.4 ng/mL
and 0.3 ng/mL for RIA-706 and RIA sr-Pool. Intra-assay CVs of RIA-srPool were 5.8% and 9.5%,
respectively. Interassay CVs of RIA-706 and srPool were 5.0% and 3.0%, respectively.

2.5. Pregnancy Diagnosis

A cut-off value of 1.0 ng/mL was used for concentrations of progesterone or PAG (RIA-706,
RIA-srPool) in order to distinguish between pregnant and nonpregnant females [12].

2.6. Statistical Analysis

Pregnancy-associated glycoprotein and progesterone concentrations were expressed as least
square means ± standard error of the mean (±SEM).

The data obtained were analyzed using the GLM procedure of SAS (2013) [45]. A mixed model
with repeated measures considering sheep breed (Sarda or Lacaune), RIA method (POV or 706),
sampling time (day of mating and 18, 30, 45, 60, 90 and 120 days after mating; during the postpartum
period starting within 12 h from lambing and then on days 7, 14, 21 and 28 of lactation), type of delivery
(single or multiple) and sex of fetuses as fixed factors, and all possible interactions between main
factors was used. The ewe was considered as a random factor.

Due to the small number of twin pregnancies, the effect of fetus gender were estimated for single
pregnancies only.

Two interactions (sheep breed × RIA method and sheep breed × RIA method × sampling time)
were removed from the model because the results of ANOVA were not statistically significant.
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Differences between the least square means were evaluated by Tukey test (p < 0.05).
Tendencies were discussed when p > 0.05 but ≤ 0.10.

The chi-square test was used to assess the agreement between the two RIA methods in early
pregnancy (at 18 and 30 days after mating).

Finally, the elimination rate constant was calculated from the slope of the line during the
postpartum period by linear regression analysis of the semilogarithmic plot of PAG concentrations
versus time, while the half-life was obtained as (ln 2 /elimination rate constant).

3. Results

From a total of 35 synchronized Sarda and 35 Lacaune ewes, 26 and 20 animals became pregnant
respectively as shown by the RIA analysis and the lambing rate.

Nine Sarda and 15 Lacaune sheep were diagnosed to be nonpregnant and were considered as
negative controls. They gave PAG concentrations below the cut-off value.

Among the Sarda ewes, 20 had single pregnancies while six carried twins. The average length
of gestation was 149.5 days (149.1 and 148.1 for ewes carrying one and two fetuses, respectively).
There were 14 male fetuses.

In Lacaune ewes, 14 had single pregnancies while six carried twins. The average length of
gestation was 146.0. There were 15 male fetuses.

3.1. Progesterone Concentrations

Progesterone concentrations were detectable in 26/26 (100%) and 20/20 (100%) of pregnant Sarda
and Lacaune ewes, respectively. The mean progesterone level of nonpregnant Sarda and Lacaune ewes
on Day 18 were 0.1 ± 0.1 ng/mL for both breeds. In pregnant females, progesterone levels ranged from
5.26 ± 0.7 ng/mL on Day 18 to 6.05 ± 0.5 ng/mL on Day 60 for Sarda ewes, and from 10.9 ± 1 ng/mL on
Day 18 to 12.0 ± 0.7 ng/mL on Day 60 for Lacaune ewes.

3.2. Profiles of RIA-706 and RIA-srPool during Pregnancy and the Postpartum Period in Sarda and
Lacaune Ewes

Similar PAG profiles were observed for both breeds. PAG plasma concentrations detected with
RIA-706 were lower than the PAG levels detected with RIA-srPool (overall means: 21.82 ± 0.83 vs.
30.49 ng/mL ± 0.83, respectively). However, a significant (p < 0.001) interaction between the RIA
method and sampling time was detected and differences between the two methods were only recorded
on days 45, 60, 75 and 90 during pregnancy, while no differences were observed during the postpartum
period (Table 1).

Table 1. Pregnancy-associated glycoprotein (PAG) values obtained before and after delivery according
to radioimmune assay (RIA) methods.

Days RIA-706 RIA-srPool p-Value

Mating 0.148 0.059 0.23
18 3.735 4.775 0.69
30 16.907 24.034 0.59
45 31.298 50.189 <0.001
60 48.709 78.444 <0.001
75 44.836 69.821 <0.001
90 29.183 46.975 <0.001
120 33.852 34.171 0.33

Delivery 62.753 71.873 0.78
7 5.573 8.035 0.55
14 3.576 4.275 0.08
21 2.057 1.778 0.98
28 0.998 0.842 0.09
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Regarding the effect of breed, higher plasma PAG values were observed for Lacaune ewes than for
Sarda ewes (overall means: 27.41 ± 0.90 vs. 24.90 ± 0.86 ng/mL, respectively). When plotting the values
of the interaction between sheep breed and sampling time together (p < 0.001), significant differences
were only observed on days 75 and 90 (Figure 1) for both RIA systems.

 
(a) 

 
(b) 

Figure 1. Plasma PAG profile in Lacaune and Sarda ewes during pregnancy and postpartum when
using (a) RIA-706 and (b) RIA-srPool.

No differences were observed during the postpartum period. For both RIA systems, at 28 days
postpartum recorded values fell below 1 ng/mL (cut-off ≥ 1 ng/mL).

On day 18 of pregnancy the PAG concentrations in Sarda ewes were ≥ 1 ng/mL (cut-off value) in
25/26 (96.1%) and in 22/26 (80.8%) with RIA-706 and RIA-srPool, respectively. As described in Table 2,
it was possible to detect PAG in all pregnant animals as early as Day 30.
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Table 2. PAG detection (cut-off ≥ 1 ng/mL) in Sarda and Lacaune ewes according to RIA method
(RIA-706 vs. RIA-srPool) at day 18 and day 30 of pregnancy.

Day of Pregnancy
Sarda Lacaune

RIA-706 RIA-srPool RIA-706 RIA-srPool

Day 18 Nonpregnant 1 4 2 5
Pregnant 25 22 18 15

Day 30 Nonpregnant 0 0 0 0
Pregnant 26 26 20 20

Mean PAG-706 and PAG-srPool progressively increased from the day of conception (0.08 ± 0.02
and 0.06 ± 0.02 ng/mL, respectively) until day 60 (43.77 ± 5.64 and 73.62 ± 5.64, respectively) then
decreased until stabilizing on day 90 (16.25 ± 3.64 and 27.46 ± 3.64, respectively), after which they
increased and peaked on the day of delivery (56.77 ± 8.50 and 73.07 ± 8.50 ng/mL, respectively).

In this breed, both PAG-706 and PAG-srPool progressively decreased from parturition reaching
values below 1 ng/mL at 28 days after lambing (0.39 ± 0.13 and 0.44 ± 0.13 ng/mL, respectively).

We used scatter plots of ln PAG-706 and ln PAG-srPool concentrations versus postpartum days to
calculate the kinetic parameters. The elimination rate constants were 0.12 day−1 and 0.13 day−1 while
the half-lives were 5.8 days and 5.3 days for PAG-706 and PAG-srPool, respectively.

On day 18 of pregnancy, the concentrations of PAG in Lacaune ewes were ≥ 1 ng/mL (cut-off value)
in 18/20 (90%) and in 15/20 (75%) measured with RIA-706 and RIA-srPool, respectively. As described
in Table 2, it was possible to detect PAG as early as day 30 in all pregnant animals.

Mean PAG-706 and PAG-srPool progressively increased from the day of conception (0.11 ± 0.03
and 0.06 ± 0.03 ng/mL, respectively) to day 75 (50.83 ± 6.65 and 85.51 ± 6.65 ng/mL, respectively),
then decreased until day 120 (37.14 ± 3.34 and 35.33 ± 3.34 ng/mL, respectively), after which they
increased and peaked on the day of delivery (57.86 ± 9.69 and 58.95 ± 9.69, respectively).

Both PAG-706 and PAG-srPool progressively decreased following parturition, but during the
postpartum period at 28 days after lambing, PAG concentrations once again exceeded 1 ng/mL
(1.45 ± 0.15 and ± 1.04 ± 0.15 ng/mL, respectively).

We used scatter plots of ln PAG-706 and ln PAG-srPool concentrations versus postpartum days to
calculate the kinetic parameters. The elimination rate constants were 0.10 day−1 and 0.11 day−1 while
the half-lives were 6.9 days and 6.3 days for PAG-706 and PAG-srPool, respectively.

3.3. Effects of Single Versus Multiple Pregnancies and Gender on PAG Concentrations

At delivery, in Sarda ewes multiple pregnancies were characterized by higher levels of PAG than
single pregnancies (Figures 2 and 3) disregarding RIA system (significant interaction breed × type of
delivery × sampling time).

 

Figure 2. Plasma PAG profile in multiple and single pregnancy at delivery in Sarda ewes when using
(a) RIA-706 and (b) RIA-srPool.
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Figure 3. Plasma PAG profile in multiple and single pregnancy at delivery in Lacaune ewes when
using (a) RIA-706 and (b) RIA-srPool.

The PAG levels in plasma tended (p = 0.064) to be affected by the gender of the fetus (24.37 ± 0.78
vs. 22.26 ± 0.84 for males and females, respectively). There were no significant interactions between
gender of the fetus, sheep breed and RIA method.

4. Discussion

To our knowledge, this is the first study to be carried out on PAG plasma concentration
profiles during gestation and the postpartum period in Sarda and Lacaune ewes, using two different
radioimmunoassays, during the whole period of gestation and postpartum.

The PAG profile was similar in both breeds and in both RIA systems used. During the gestation
period, PAG concentrations increased up to 60 days and then decreased until 120 days. Thereafter there
was a significant rise, which peaked at parturition. This is a similar trend to that described by
Gajewski et al. [46] for Berrichon ewes, by Ledezma-Torres et al. [14] for various sheep breeds and
by Ranilla et al. [11,24] for Churra sheep, yet this trend was not observed for Merinos ewes whose
PAG levels initially increased and then dropped to baseline concentrations around mid-pregnancy.
Patterns of plasma ovine PAG concentrations differed from those reported for bovine [30], goats [47,48]
and buffalo [20,49]. These differences could be explained by the ability of the antisera to distinguish
between various epitopes [20].

In the first period of gestation, our data showed that both RIA (RIA-706 and RIA-srPool) are
capable of diagnosing pregnancy as early as 18 days of gestation. Similarly, Ayad et al. (2007) [50]
reported that it is easier to distinguish between pregnant and nonpregnant cows if a mixture of different
antisera is used.

In Lacaune ewes, PAG concentrations measured by using RIA-706 were higher than those
measured by RIA-srPool from parturition until the last day of observation (28 days postpartum).
In Sarda ewes concentrations decreased rapidly reaching minimal levels (<1 ng/mL) at day 28 when
using both RIA-706 and RIA-srPool. A similar decrease in PAG concentrations during the first month
postpartum was reported by Ranilla et al. [11,24] for ewes, by Sousa et al. [41] and Gonzalez et al. [51]
for goats, and for wild ruminants by Ropstad et al. [52] and Osborn et al. [53]. In these species,
PAG concentration drops below 1 ng/mL at day 30 postpartum. In cows, PAG concentrations slowly
decreased following parturition and were detected as late as 100 days postpartum [30]. The rapid
decrease in PAG concentration during the postpartum period is essential when using PAG as an
appropriate marker of pregnancy immediately after postpartum. Unlike in cows, the rapid PAG
disappearance in ewes does not require the use of a cut-off limit in postpartum animals as a means for
detecting a new pregnancy.

The half-life proved to be longer in Sarda and Lacaune sheep (6.3 to 6.9) than in other ovine
breeds as reported by Haugejorden et al., 2006 [54] (4.5 days), or in buffalo females (5.8 days) [21,49].
However, it was shorter than in bovine species (from 7.0 to 8.8 days) [12,54–56] in goats (7.5 days) and
Zebu (9.2–10.1 days) [57]. These differences could be due to the presence of N-linked carbohydrate
and sialic acid chains on their structure [58].
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This study demonstrated that mean PAG concentrations were higher in multiple pregnancies
than in single pregnancies, at delivery in Sarda ewes. The higher concentrations in multiple delivery
with respect to single delivery are possibly due to the higher member of attachment points, and thus
secretory activity, of twin placentas [24]. Regarding the effect of the litter size on PAG concentration,
our results showed for the Sarda sheep an evident peak of concentration at delivery, compared to
Lacaune sheep, whether the RIA-706 or RIA-srPool was used. This behavior differs from that found
in other breeds of sheep [3]. The structure of the placenta could be at the origin of this difference.
In sheep before birth, a decrease in the number of binucleated cells is observed [59], and probably in
the Sardinian sheep it could undergo a further increase in the prebirth period similar to what happens
in cattle [42] and in Churra sheep [11]. However, a different profile during pregnancy was also found
in the goat [60] and in the cow [61], depending on the breed.

From our data it was impossible to predict litter size. These results are in agreement with those of
various authors [3,12–14,16,24,28] who were unable to predict litter size from PAG concentrations.

Our data show that PAG plasma levels tended to be affected by the gender of the fetus.
This difference may be due to the weight of the placenta that differs according to gender [62,63].
Our results are in agreement with those reported by Guilbault et al. [64] and Zoli et al. [30] for bovine
species, and by Ranilla et al. [11] for Churra ewes but not for Merinos ewes, and are in contrast to those
reported by Vandale et al. [13] for Suffolk and Texel breeds, for which no significant differences were
observed between ewes carrying fetuses of different gender. Moreover, our results suggest that the
breed and the gender of the fetus could influence ovine PAG production.

5. Conclusions

In conclusion, this study showed, for the first time, the plasmatic profile of PAG in Sarda e Lacaune
ewes during gestation and the postpartum period using two different RIA-systems, thus enhancing our
knowledge regarding PAG concentrations in domestic ruminants. Moreover, it showed that for both
breeds, these RIA systems are capable of distinguishing pregnant from nonpregnant ewes starting from
day 18 of gestation. Furthermore, the rapid disappearance of PAG concentration following lambing did
not require the use of a cut-off limit in postpartum animals as a means for detecting a new pregnancy.
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Simple Summary: In Central Italy Apennine sheep represent the most bred species, which is still
bred today in a semi-extensive manner, exploiting the natural pastures. However, the increase in
summer aridity induces a decrease in the pastoral value of the grasslands, resulting in poor animal
performance and production. Only research-derived innovation can support farmers’ economy in
order to maintain the pastoral activities. The objective of this study was to evaluate the effects of
cereals supplementation on body condition score and metabolic hormones profile in milking ewes
grazing on semi-natural pastures on mid mountain rangelands. Our findings showed that feed
supplementation preserves grazing ewes from the usual lowering of the body state associated to
the lactation period and sustains the metabolic status of animals. Taken together, our results could
represent a helpful instrument in the farm management practices.

Abstract: This study aimed to investigate the effects of feed supplementation on body condition score
(BCS) and different metabolic hormones concentration in lactating sheep reared in Italian Central
Apennine pastures during the grazing summer period. In this study, 24 Comisana x Appenninica
pluriparous ewes from June until August were divided into two homogenous groups: the control
group (UNS) was free to graze, while the other group (SUP), in addition to grazing, was supplemented
with 600 g/day/head of cereals. At the start of the supplementation and at an interval of 9–10 days
until the end of experimentation, BCS evaluation and blood withdrawal to assay nesfatin-1, insulin,
glucagon, leptin, triiodothyronine and cortisol levels were performed. Univariable analysis showed
no remarkable differences between the groups, while multivariable analysis suggested that the UNS
group was characterized by a lower BCS and greater nesfatin-1 than the SUP group. These findings
can be considered in relation to milk production, which shows a clear better persistence in the SUP
group. Our results indicate that nutritional supplementation has protected ewes from the usual
lowering of the body state linked to lactation and provides a good maintenance of milk production,
determining also a better overall body and metabolic state of the animals, which is important at the
beginning of the sexual season.

Keywords: feed supplementation; Ovis aries; metabolic hormones; BCS; drought stress; Italian
Central Apennine

1. Introduction

It is well known how the feeding strategies and the state of nutrition are fundamental
to improve productions in the livestock species. In the sub-Mediterranean areas, drought
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stress, due to the increasing summer aridity, is progressively decreasing the pastoral value
of natural and semi-natural pastures used as a trophic resource for ovine semi-extensive
breeding, thus negatively reflecting on animal status [1–3]. This fact could be taken into
account in the management of flocks reared in Apennine pastures during the spring–
early autumn period, in which global warming is causing an advance of both the pasture
flowering peak and the pasture dryness [4,5].

A better nutrition status can improve the productive and reproductive efficiency
through numerous factors, including the circulation of hormones as well as nutrient-
sensitive metabolites [6]. It has been stamped that endocrine and neuroendocrine events
play a fundamental role in regulating food intake and energy homeostasis. As a conse-
quence of the absorption of nutrients and/or changed metabolism, the blood concentration
of metabolic hormones can be changed. Furthermore, the process of digestion can induce
changes in different hormones due to mechanical or chemical stimulation of receptors in
the digestive tract.

Unlike other metabolic hormones, nesfatin (NES1) was identified only relatively
recently, and there is still poor knowledge about its role in metabolism in ruminant animals.
It was recognized in 2006 as a potent anorexigenic peptide involved in the regulation of
homeostatic feeding [7]. Subsequently, its widespread central and peripheral distribution
gave rise to additional effects. In fact, NES1 exerts pleiotropic actions at the levels of
digestive systems [8], energy and glucose homeostasis [9]. Moreover, it is involved in
stress response [10], sleep [11] and reproduction [12,13] in both humans and different
animal species.

Pancreatic insulin (INS) is a main endocrine signal in the control of nutrient partition-
ing and the metabolism of carbohydrates, proteins and lipids. It has a role in homeorhetic
processes, which allow the animal to adapt the nutrient partitioning to changes of physio-
logical states and nutrient requirements [14]. In lactating dairy goats, plasma INS levels
were positively correlated with energy intake and negatively with dry matter intake [15].
In lactating dairy cows, insulin positively regulates plasma leptin [16].

Glucagon, the other major pancreatic hormone, plays a key role in glucose homeostasis
due to its stimulating effect on hepatic glucose output in response to low blood glucose
levels [17]. Glucagon has also been suggested to stimulate lipolysis in adipose tissue [18]
and to provide a satiety signal [19].

Leptin (LEP), the hormone mainly produced by the adipose tissue, regulates food
intake and energy expenditure [20]. Leptin expression and secretion are correlated with
body condition, physiological status (puberty, pregnancy, lactation), age, and level of
nutrition [21,22]. Furthermore, the presence of leptin receptors at the mammary level [23]
suggests a potential role in stimulating mammary development and functions.

The appropriate thyroid gland function is considered crucial to sustain the productive
performance in domestic animals (growth, milk, or hair fiber production). Variations of
thyroid hormones bioactivity allow animals to adapt their metabolic balance to differ-
ent environmental conditions, changes in nutrient requirements and availability, and to
homeorhetic changes during different physiological stages [24].

The main functions of adrenal cortisol (COR) are to induce protein and fat catabolism,
supporting gluconeogenesis. COR makes available body reserves inducing hyperglycemia
and providing energy during the stress response. In the current context of climate changes,
heat stress can involve animals also in Mediterranean areas, during the summer hotter
months, when dairy small ruminants are lactating and nutrient supplies are not always
optimal. The effect of heat and nutritional stress on COR secretion is well documented in
sheep [25].

The body condition score (BCS) is a more sensitive indicator of the nutritional status
of the animals than body weight, which carries also the contribution of the gastrointestinal
contents and can lead to an incorrect estimation (over- or under-) of the animal status and
welfare [26].

100



Animals 2021, 11, 682

Therefore, our study was undertaken to investigate the effects of feed supplementation
during the second phase of lactation on body condition and different metabolic hormones
blood concentration in lactating sheep reared in the Italian Central Apennine pastures
during the summer late spring–early autumn grazing period.

In addition, to our knowledge, until now, there are no studies relating to nutritional
status and nesfatin plasma concentration in sheep. Findings resulting from our research
could have some future benefits, such as improving the evaluation of the opportunity to
design the most appropriate diets or if a supplementation strategy can be considered an
appropriate investment by the breeders.

2. Materials and Methods

2.1. Location, Animals, and Diets

The trial was carried out on 24 Comisana × Appenninica pluriparous ewes. Lactating
ewes were free to graze from the beginning of June to the end of August on a semi-natural
pasture located in Central Appennine (Monte Cavallo, altitude 1280 m a.s.l.; longitude
12◦58′53” Est; latitude 42◦59′55” Nord, Marche region, Italy). The animals at the moment of
the offspring separation (near 40 d post-partum) were divided in two homogeneous groups
as far as body weight (BW) and body condition score (BCS), milk yield, parity, and days
of lactation (see Supplementary material). One group (SUP, n = 12, mean BW 49.4 ± 6.1,
mean BCS 2.31 ± 0.3) was supplemented with 600 g/day/animal of corn and barley (1:1),
while the other group (control unsupplemented group, UNS, n = 12, mean BW 50.5 ± 5.1,
mean BCS 2.27 ± 0.3) was fed only with the pasture (Figure S1). The feed supplementation
was administered during the morning milking when each animal was in its milking post.
The feed supplementation was chosen taking into account the management habits of the
farmer and in order to avoid too expensive actions.

The food intake of grazing animals was evaluated by the pasture phytomass removal
estimation [27].

Milk production was monitored at three different times: at the beginning (7 July
2016, near 75 days after parturitions, morning milking mean yield 297 ± 63 mL by UNS
and 306 ± 64 mL by SUP ewes), in the middle (21 July 2016, 134 ± 47 mL by UNS and
240 ± 52 mL by SUP ewes), and in the end (9 August 2016, 125 ± 51 mL by UNS and
192 ± 52 mL by SUP ewes) of the period of nutritional supplementation as previously
described [28].

2.2. BCS, Blood Collection, and Assays

Hormone levels and BCS were evaluated before the supplementation on 7 July (T0),
and they were then measured every 9–10 days until 22 August (T1–T5) (Figure S1). The
last date corresponded to the pre-mating period, when males were introduced in the flock
and all females were dried. BCS was evaluated on the basis of a specific sheep method
previously described [2–29]. Briefly, BCS is a comprehensive assessment of animal’s body
status based on muscle/fat relative proportions, and it is considered a useful management
tool in determining the welfare of domestic animals. The steps in ovine BCS evaluation
are palpation of body structures (processes of the thoracic and lumbar vertebrae), the
state of the dorso-medial area, and the general status of animals. Each step, which was
done by 3–5 trained valuators, receives a score (0–5) [2], and the mean of the scores
for the four parameters constitutes the BCS value. Blood samples were withdrawn by
jugular venipuncture in evacuated tubes containing K3-EDTA as anticoagulant (Sarsted,
Numbrecht, Germany). Tubes were immediately centrifuged (2500× g for 15 min), and the
plasma aliquots were stored at −20 ◦C until assayed. The samplings were carried out in all
the dates at 7:00–8:00 a.m.

All hormone concentrations were determined as the average of duplicate determinants.
To minimize the systematic error owing to inter-assay variability, all samples of each animal
were analyzed for each hormone within the same assay session, in which an equal number
of animals belonging to the two groups was present.
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Enzyme immunoassays (EIA) were performed using the automated processor Brio 2
reader (Seac, Firenze, Italy). NES1 was assayed on T0, T2, T4 and T5, due to the lack of
plasma amount on the other dates. NES1 level was measured using EIA kits (E-E-H2373,
Biotechnology Inc., Human NES1, Wuhan, China). The intra-and inter-assay coefficients
of variation (CV) were 9.4% and 11.6%, respectively. Sensitivity (DL) indicated by the
manufacturer is 9.38 pg/mL. Plasma INS was determined using the Sheep Insulin ELISA
kit (EIA-4739, DRG, Marburg, Germany) and the intra- and inter-assay CVs were 4.3%
and 9.7%, respectively. Sensitivity (DL) indicated by the manufacturer is 0.49 μLU/mL.
Radioimmunoassay was used to measure plasma glucagon (Glucagon RIA Kit, RB310,
Euro Diagnostica AB, Lundavagen, Malmo, Sweden). The intra- and inter-assay coeffi-
cients of variation for control samples were 7.6% and 5.4%, respectively. Sensitivity (DL)
indicated by the manufacturer is 3 pmol/L. Plasma LEP concentrations were measured by
the multi-species Leptin RIA kit (XL-85K, EMD Millipore Co., Billerica, MA, USA) and the
intra- and inter-assay coefficients of variation were 3.4 and 8.7%, respectively. Sensitivity
(DL) indicated by the manufacturer is 0.801 ng/mL Human Equivalent (HE). Total concen-
trations of 3-3′-5-triiodothyronine (TH) in plasma were assayed using a radioimmunoassay
kit (Immunotech, Prague, Czech Republic, IM 3287). Intra- and inter-assay coefficients of
variation (CVs) were 6.1% and 7.8%, respectively. Sensitivity (Detection Limit DL) indi-
cated by the manufacturer is 0.26 nmol/L. Plasma cortisol concentrations were determined
using commercial RIA kits (Immunotech, Prague, Czech Republic, IM 1841) and the intra-
and inter-assay CVs were 7.3% and 9.1%, respectively. Sensitivity (DL) indicated by the
manufacturer is 5 nM/L.

2.3. Statistical Analysis

Diagnostic graphics and Shapiro–Wilk were used for testing assumptions and outliers.
Since non-normality of the data was detected, insulin was log transformed, while NES1
was categorized into two levels using the median [30], as its distribution did not improve
after transformation.

First, the effect of time and supplementation were analyzed for each hormone (except
for NES1) and BCS (treated as a continuous variable) by using univariable approaches and
Linear Mixed Models (LMMs) procedures. Animals and days were included as random
and repeated factors, respectively. The LMMs evaluated the main effects of Group (2 levels:
UNS and SUP), Time (6 levels: T0–T5), and the interaction between Group and Time. Sidak
adjustment was used for carrying out multiple comparisons. Results were expressed as
estimated marginal means ± standard error (SE) while raw data were presented in figures
as means ± SE.

After categorization, NES1 was analysed by a Generalized Linear Model (GLM) using
binomial as the probability distribution and logit as the link function. The effects of
group (2 levels: UNS and SUP), sampling time (6 levels: T0–T5), and their interaction
were evaluated. Data were presented as percentages, medians (Mdn), and interquartile
ranges (IQR).

Finally, a multivariable approach was used by Discriminant Analysis (DA) to find
the combinations of variables (BCS and hormones) that distinguish sheep that received
supplementation (SUP) from the control group (UNS). The relative importance of each
variable on this discrimination was expressed by the Wilks’ lambda (the smaller the Wilks’
lambda, the more important the variable to the Df) and by the discriminant loadings
(correlations between each independent variable and the discriminant scores associated
with the Df) [31,32]. Mahalanobis distance was used to identify the presence of multivariate
outliers. The performance of the DA was evaluated by leave-one-out cross-validation,
calculating the probability for each sample to be accurately classified in the correct group.
The centroids (mean discriminant scores of the groups) were used to establish the cutting
point for classifying samples during the cross-validation.

Statistical analyses were performed with SPSS Statistics version 25 (IBM, SPSS Inc.,
Chicago, IL, USA). Statistical significance occurred when p < 0.05.
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3. Results

3.1. Univariable Approach

Only the time effect was found for BCS, which was significantly reduced at T4 com-
pared to T0 (from 1.7 ± 0.1 at T0 to 1.5 ± 0.1 at T4; p < 0.001) (Figure 1) and then returned
to basal values T5 (1.8 ± 0.1).

Figure 1. Means and standard errors of body condition score (BCS) in control (UNS) and supple-
mented (SUP) lactating sheep monitored before the administration of supplementation (T0), and
then every 10 days until dry off (T1–T5). ** p < 0.01 T4 vs. T0 in SUP and UNS.

Due to the high variability of the NES1 concentrations (mean ± SE = 121.96 ±
29.09 pg/mL; Mdn (IQR) = 15.86 pg/mL (10.00–65.68 pg/mL); range = 10.00–1000.00
pg/mL), we decided to categorize these data according to their median value. Thus, two
categories were created for NES1: “low level” if NES1 < 15.86 pg/mL and “high level” if
NES1 ≥ 15.86 pg/mL. No change over time was found for this binary variable (p = 0.949),
while a significant effect of group was found (p = 0.033). Indeed, a higher percentage of
NES1 samples from the UNS group were included in the high-level category compared to
the SUP group (60.2 ± 7.7% and 36.1 ± 7.7% of samples included in the high-level for UNS
and SUP groups, respectively) (Figure 2). Mean values, standard error, and median with an
interquartile range for NES1 concentrations in UNS and SUP groups are shown in Table S1.

The insulin log values increased during T2–T4 times compared to T0 (p < 0.001)
(Figure 3) in both groups (p = 0.795).

Glucagon levels were not affected by either time (p = 0.331) or group (p = 0.229)
(Figure 4).

Overall, leptin levels increased from a marginal mean of 5.1 ± 0.4 ng/mL at T0
to 5.8 ± 0.4 ng/mL at T5 (p = 0.016). A significant group x time effect was also found
(p = 0.028). Indeed, pairwise comparisons revealed that there were no significant changes
over time in the UNS group (p = 0.252), while the SUP group showed a progressive increase
from T2 to the last time point (p = 0.002) (Figure 5).
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Figure 2. Relative frequencies of Nesfatin-1 categorized into “low” and “high levels” according to
group (UNS = control ewes, SUP = supplemented ewes) and time (T0 = before the administration of
supplementation; T2 = 20th day of supplementation; T4 = 40th day of supplementation; T5 = 50th
day of supplementation).

Figure 3. Means and standard errors of insulin plasma concentrations in control (UNS) and supple-
mented (SUP) lactating sheep monitored before the administration of supplementation (T0), and
then every 10 days until dry off (T1–T5). * p < 0.05, ** p < 0.01: each time vs. T0 in SUP and UNS.
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Figure 4. Means and standard errors of glucagon plasma concentrations in control (UNS) and
supplemented (SUP) lactating sheep monitored before the administration of supplementation (T0),
and then every 10 days until dry off (T1–T5).

Figure 5. Means and standard errors of leptin plasma concentrations in control (UNS) and supple-
mented (SUP) lactating sheep monitored before the administration of supplementation (T0), and
then every 10 days until dry off (T1–T5). * p < 0.05, ** p < 0.01: each time vs. T0 in SUP.

TH concentrations reduced after 10 days (from 3.2 ± 0.1 nmol/L at T0 to 2.8 ± 0.1 at
T1; p < 0.001) but subsequently stabilized without differences between groups (p = 0.491)
(Figure 6).
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Figure 6. Means and standard errors of 3-3′-5-triiodothyronine (TH) plasma concentrations in
control (UNS) and supplemented (SUP) lactating sheep monitored before the administration of
supplementation (T0), and then every 10 days until dry off (T1–T5). * p < 0.05, ** p < 0.01: each time
vs. T0 in SUP and UNS.

Nutrition treatment affected the trend of cortisol: changes over time were not sig-
nificant in the UNS group (p = 0.111), while the SUP group showed higher values than
UNS at T0 (p = 0.033), followed by a significant reduction compared to T0 from T2 until T4
(p < 0.01) (Figure 7).

 
Figure 7. Means and standard errors of cortisol plasma concentrations in control (UNS) and supple-
mented (SUP) lactating sheep monitored before the administration of supplementation (T0) and then
every 10 days until dry off (T1–T5). § p < 0.05 UNS vs. SUP; ** p < 0.01 vs. T0 in SUP.
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3.2. Multivariable Approach

Seven variables were included in the DA describing the body condition and hormonal
profile of the ewes. One item was eliminated because it was identified as a multivariate
outlier by the Mahalanobis distance. The variables that most discriminated the two groups
were BCS and NES1 (p-value < 0.05) (Table 1). The discriminant loadings (negative for
BCS and positive for NES1) (Table 1) and centroids (0.666 and −0.610 for UNS and SUP,
respectively) showed that lower BCS and higher NES1 characterized the UNS group
compared to the SUP one. Overall, the DA showed a moderate discriminating ability:
the model Wilks’ Lambda was significant at p < 0.05 level (p = 0.045) and the extracted
discriminant function correctly classified 63.0% of the samples (cross-validation procedure).

Table 1. Parameters indicating the relative importance of variables in classifying the ewes receiving
nutritional supplementation: discriminant loadings, Wilks’ Lambda, and significance of the F test
(p-value). The variables with a significant F-test are in bold.

Variable Discriminant Loadings Wilks’ Lambda p Value

BCS −0.566 0.880 0.018
Nesfatin-1 * 0.515 0.899 0.031

Cortisol −0.249 0.974 0.288
TH 0.126 0.993 0.588

Insulin # 0.078 0.997 0.737
Leptin 0.042 0.999 0.857

Glucagon 0.037 0.999 0.875
* included as continuous variable; # included after log-transformation.

4. Discussion

The two ewes groups observed in the present study show very similar changes of
the mean BCS value while, considering the univariable model analysis, no significant
differences in the BCS changes and hormonal profiles between the two groups were noted.

These findings can be considered in relation to the milk production of the groups,
which shows a clear better persistence in the SUP group, as reported in another paper by the
same research project [28]. Milk yield was considered as relatively equal on day T0, while it
was 78% vs. 45% at day 14 and 63% vs. 42% at day 33, in SUP and UNS, respectively. This
observation can drive the hypothesis that the supplementation has protected the ewes from
the usual lowering of the body state linked to the lactation, because it could be expected,
on the contrary, that a higher and persistent milk production induces a more intense body
reserve consumption. Indeed, the different hormones change with very scarce differences
between the two groups and without any significant relationships with the body state
(except NES1).

The multivariable analysis offers a more overall view of the changes in the consid-
ered parameters, weighing up the different effects and influences. In our analysis, the
relationship between BCS and NES1 indicates the high probability that a better BCS level,
as found in the SUP group, is related to a lower NES1 hematic concentration. This finding
confirms that the nutritional supplementation had an effect on the body status, balancing
the higher milk production in respect to the UNS group, and that these ewes, probably
as a consequence of the nutritional supplementation, maintained a hunger motivation
higher than the UNS: the lower blood Nesfatin-1 concentrations drive to suppose a higher
hunger sense.

Regarding the changes of the other hormone concentrations, which can be of some
interest in sheep grazing in our conditions, we can observe that concentrate supplementa-
tion significantly sustained milk production [28], which is often without affecting systemic
concentrations of the hormones investigated. Therefore, in such conditions, the larger avail-
ability of nutrients in SUP ewes seems addressed toward milk synthesis by adaptations
mostly driven at the peripheral (local) level [27].
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Insulin participates in sustaining a general anabolic state during pregnancy, while
the decrease in INS secretion and/or tissue responsiveness at the beginning of lactation
allows the catabolic processes to dominate, and most of the nutrients are shifted toward
the mammary gland for milk synthesis. The variations of INS concentrations observed
over time in our study well agree with previous findings: an increase in plasma INS
concentration has been widely described as lactation progresses, with decreasing milk
yield and increasing energy balance [33,34]. The lowest concentrations of INS were found
in ewes in early lactation (20 days); thereafter, plasma insulin significantly increased with
the advancing stages of lactation (40 and 60 days) [35].

In our trial, glucagon changes were very scarce, and no significant difference was
detected between groups. We can speculate that the slight increases in SUP opposite to the
slight decrease in UNS can be consistent with a tendency to increase the available energy
by its effects on hepatic glucose output and, possibly, lipolysis by adipose tissue.

In the SUP group, LEP concentrations progressively increase after two weeks of
supplementation toward the end of lactation (T4) and dry off (T5). Similar to our results of
the SUP group, in the ewe, leptinemia is reported to be very low during the first 3 weeks
of lactation [36,37]; then, it gradually increases until about 3 months after lambing [38].
The lack of LEP increase with advancing lactation in UNS ewes likely mirrors the lack of
improvements of the energy balance in these animals.

The plasma TH concentrations in both groups of ewes significantly lowered at day 85
of lactation, accordingly with previous reports. Thyroid hormone concentrations tended to
decrease from 36 h to 21 days post-partum and thereafter constantly rose until day 51 post-
partum [39], and slightly higher concentrations of TH were observed in the blood of ewes at
the 40th day of lactation than at the 20th day [40]. After the start of our trial, animals were
also exposed to rising summer ambient temperatures, which exert a well-known depressive
effect on thyroid gland activity and TH action [41] and are inversely correlated with plasma
thyroid hormone levels [25–43]. In the present study, high ambient temperatures may have
prevented the physiological recovery of thyroid hormone concentrations, which are often
observed toward the end of lactation in small ruminants, in parallel with the reduction of
milk production and the increase of energy balance. On the other hand, in early lactation,
low TH, leptin and insulin levels can indicate an energy deficiency of ewes, even despite
the concentrate supplementation. Blood metabolic hormones and BCS are very useful tools
for the assessment of ewes’ nutritional status in very demanding physiological states, such
as late pregnancy and lactation [40–44].

COR changes over time were not significant in the UNS group, while the SUP one
showed higher values than the UNS group at T0, which was followed by a significant
reduction until T4. The higher COR values found in the SUP group at the first sampling
are likely due to the very large physiological variations among individuals when hor-
mone concentrations increase facing different situations. For example, the blood-sampling
procedure itself in unaccustomed animals could have played a role. Relatively low COR
levels during lactation are reported in goats [45]. Regarding the COR peak observed in
SUP ewes at the last sampling, different papers report similar effects by heat stress in
small ruminants [46,47]. The serum COR levels were the highest during summer [43–49]
and positively correlated with ambient temperature, showing reverse trends and negative
correlations with TH [42–50]. Moreover, during thermal stress, feed-restricted ewes [51]
and rams [25] showed less increase in cortisol blood concentrations: therefore, if the nutri-
tional deficit is added to thermal stress, the animals can adjust their response, avoiding the
potential adverse effects of extreme cortisol action, as it could be the case of the UNS group
of the present study.

The trial planning foresaw performing further controls, especially aimed to know how
the ewes of both groups cope with the successive reproductive season, in the hypothesis
that the SUP group could face this demanding phase of the productive cycle performing
better than the UNS one. Unfortunately, just at the start of the sexual season, when the
males were to be joined in the female flock, in Central Italy a powerful earthquake took
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place (two strong events at the end of August and at the end of October). The farm where
our ewes were kept suffered a lot of damage, as well as the houses of the farmers, so it
was not possible to carry on the intended further controls, and the overall situation after
the earthquake could have direct and indirect effects influencing the results. Despite this
accident, fortunately, we had the possibility to have some indication from research per-
formed on other ewes of the same flock, which showed that the feed supplementation had a
positive effect on resistin production in the sheep uterine glands [52] and in the apelinergic
system expression in both mammary glands and female reproductive apparatus [27–54].

5. Conclusions

Our results, notwithstanding the lack of the possibility to perform all the forecasted
controls, indicate that the nutritional supplementation of lactating ewes reared in semi-
extensive conditions on mid mountain rangelands can determine an overall body and
metabolic state better than expected in milking animals approaching reproductive activity.
Our findings were especially revealed by the combined observations of (a) the ability by the
SUP ewes to maintain a BCS value similar to the UNS one, despite higher milk production,
and (b) the lower blood levels of NES1 that suggest a better penchant to restore their body
reserve in view to face the reproductive engagement. On the contrary, the UNS ewes, due
to a higher level of the anorexigenic peptide NES1, could have more difficulties to recover
a good nutritional status in view of the sexual activity.

The fact that the circulating levels of some of the studied hormones did not show
differences between unsupplemented and supplemented ewes do not indicate necessar-
ily that the supplementation could not had favorable localized effects at the peripheral
level. Indeed, recent studies carried out on the same animal groups suggested that the
feed supplementation had a positive effect on some adipokine expression in different
organ tissues.
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yield was recorded as manually collected milk by each animal; Table S1. Mean and standard error
(SE), and median (Mdn) with interquartile range (IQR) of Nesfatin-1 concentrations in control (UNS)
and supplemented ewe (SUP) ewe before the administration of supplementation (T0), and after 20
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Simple Summary: Extracellular signal-regulated kinases1/2 (ERK1/2) plays a significant role in
regulating the reproductive processes of mammals. The goal of our research is to investigate the
expression and distribution of ERK1/2 in the main reproductive organs of the yak during different
stages. Using immunohistochemistry, western blot, and relative quantitative real-time polymerase
chain reaction techniques, we found that the expression of ERK1 and ERK2 proteins and their mRNA
in the yak’s ovary, oviduct, and uterus varies with the stage of the reproductive cycle. The variation
character of ERK1 and ERK 2 expression in the yak’s main reproductive organs during different stages
implies that they play an important role in regulating the reproductive functions under different
physiological statuses.

Abstract: The main reproductive organs undergo different histological appearances and physiological
processes under different reproductive statuses. The variation of these organs depends on a delicate
regulation of cell proliferation, differentiation, and apoptosis. Extracellular signal-regulated kinases1/2
(ERK1/2) are members of the mitogen-activated protein kinase (MAPK) super family. They have
important roles in regulating various biological processes of different cells, tissues, and organ types.
Activated ERK1/2 generally promotes cell survival, but under certain conditions, ERK1/2 also have the
function of inducing apoptosis. It is widely believed that ERK1/2 play a significant role in regulating
the reproductive processes of mammals. The goal of our research is to investigate the expression and
distribution of ERK1/2 in the yak’s main reproductive organs during different stages. In the present
study, samples of the ovary, oviduct, and uterus of 15 adult female yak were collected and used
in the experiment. The ERK1/2 proteins, localization, and quantitative expression of their mRNA
were investigated using immunohistochemistry (IHC), western blot (WB) and relative quantitative
real-time polymerase chain reaction (RT-PCR). The results indicated that ERK1/2 proteins and their
mRNA were highly expressed in the ovary of the luteal phase and gestation period, in the oviduct of
the luteal phase, and in the uterus of the luteal phase and gestation period. Immunohistochemical
analysis revealed a strong distribution of ERK1/2 proteins in follicular granulosa cells, granular luteal
cells, villous epithelial cells of the oviduct, endometrial glandular epithelium, and luminal epithelium.
These results demonstrated that the expression of ERK1 and ERK2 proteins and their mRNA in
the yak’s ovary, oviduct, and uterus varies with the stage of the reproductive cycle. The variation
character of ERK1 and ERK 2 expression in the yak’s main reproductive organs during different
stages implies that they play an important role in regulating the reproductive function under different
physiological statuses.

Keywords: yak; ERK1/2; ovary; oviduct; uterus
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1. Introduction

Extracellular signal-regulated kinases (ERKs) are an important subfamily of mitogen-activated
protein kinases (MAPKs), which regulate various cellular activities and physiological processes.
Originally, the ERK gene was isolated from the expression library of human gastric cancer in 1993 [1,2],
and it was recognized as a genomic DNA, encoding a sequence of the receptor protein-tyrosine
kinase. The ERK gene is evolutionarily conserved, and is found in all eukaryotes, from yeast
to humans [3]. Activated ERK mediates extracellular signals (transferring from cell membrane
receptors to cytoplasm and nuclear effectors) and regulates some specific gene expression by
phosphorylating transcription factors; thus, participates in the regulation of cell growth, development,
differentiation, and proliferation. By now, it is well known that the classical ERK cascade consists
of Rafs (MAP3K), mitogen-activated protein kinase 1/2 (MEK1/2), extracellular signal-regulated
kinases1/2 (ERK1/2), and several MAPK-activating protein kinases (MAPKAPKs) [4]. ERK1/2, also
known as mitogen-activated protein kinases 3 and 1 (MAPK3/1), is one of the major MAPK cascades.
Thus, MEK1/2, MAP3Ks, and other upstream signals can persistently, or transiently, activate ERK1/2.
Activated ERK1/2 generally promote cell survival, but under certain conditions, ERK1/2 also have the
function of inducing apoptosis [5].Many different stimuli, including growth factors [6], radiation [7,8],
osmotic stress [9,10], Fas ligand [11], nitric oxide [12], and hydrogen peroxide [13] activate the ERK1/2
pathway. Remarkably, some researchers have indicated that activated ERK1/2 can inhibit apoptosis
induced by hypoxia condition [14–17]. Thus, it is widely believed that ERK1/2 play an important
role in mammalian organ development, incorporating with cellular proliferation, differentiation,
migration, fate determination, growth, and apoptosis [18]. There are a number of materials reporting
the expression of ERK1 and ERK2 in almost all kinds of tissues and cells, such as the brain, lung,
gastrointestinal tract, testis, and some kind of cancer cells [19]. In an overall view, the function and
mechanism of ERK1/2 vary under different circumstances and physiological statuses [20]. Similarly,
some experiments have shown that the expression of ERK1 and ERK2 are widely presented in different
parts of the reproductive organs in mammals and poultry [21–32]. However, the whole profile and
specific role of ERK1/2 expression in reproductive organs, along with the different reproductive cycle
stages, have not yet been detected and analyzed clearly in mammals.

The yak (Bos grunniens) is a kind of seasonal breeding-mammal that is mostly allocated around the
Qinghai-Tibet Plateau [33]. Because of their predominant adaptability to high altitude, cold conditions,
nutrition deficiency, and hypoxia environments, yaks have always been believed to be the most
important means of production and livelihood of local herdsmen [34]. However, affected by formidable
natural conditions, the yak presents a very low reproductive efficiency. The majority of them
can give birth only once every two years or twice every three years [35,36]. Therefore, it is an
important aspect—for improving the reproductive efficiency—to investigate the regulation of breeding
activities [37–39]. Similar to other mammals, the female reproductive organs of adult yaks experience
cyclic variation during different stages of their reproductive cycles. Ovary follicle development,
corpus luteum generation, luteolysis, uterine distention, and placentation take place at specific
periods [22,40,41]. Along with the reproductive cycle, numerous cells, such as ovarian granular cells,
luteal cells, endometrial epithelium cells, and endometrial stromal cells experience proliferation or
apoptosis [42]. As previously noted, ERK1/2 are involved in cell growth, differentiation, and apoptosis.
All of these processes occur in the ovary and uterus during normal reproductive cycles. Therefore,
it should be an attractive prospect to explore the roles and regulatory mechanisms of ERK1/2 in yak
reproduction. We hypothesized that the abundance of ERKs would fluctuate in the reproductive tract
during the different reproductive situations.
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2. Materials and Methods

2.1. Samples of Yak’s Reproducitve Organs

All procedures involving animals were approved by the Animal Care and Use Committee of
Gansu Agricultural University. Samples of ovaries, oviducts, and uterus were incised from yaks
(5 yaks per group) within 10 min after being slaughtered, in Xining abattoir of Qinghai Province,
China. The yaks used for sample collection were estimated to be between 5 and 8 years old, were
inspected to have no clinical disease, and no obvious pathological changes. For mRNA and protein
analysis of ERK1/2 expression using WB and RT-PCR, tissue samples were immersed into liquid
nitrogen for storage immediately after washing with 0.1% diethylpyrocarbonate (DEPC) reated water.
Another tissue sample of the same yak was cut into small pieces and fixed with 4% paraformaldehyde
phosphate buffer (pH 7.3) in 4 ◦C, at least 2 weeks before subsequent use.

According to the status of the yak’s reproductive organ, we divided these tissue samples into
3 groups. The follicular phase group: there was only one ≥10.0 mm follicle and no macroscopically
corpus luteum in both ovaries; the two uterine horns were symmetric and not dilated. The luteal
phase group: there was only one ≥10.0 mm functional corpus luteum and no >8.0 mm follicle. Smaller
luteum existed in both ovaries, and the two uterine horns were symmetric, not dilated. The gestation
period group: functional corpus luteum was present in one of the two ovaries; one side of the uterine
horns was obviously dilated and contained fetal.

2.2. erk1 and erk2 Gene Expression Analysis

Total RNA of yak tissue samples of every group were extracted using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA). Experion RNA StdSens Analysis Kit (BioRad, Munich, Germany) was used
for total RNA quality and quantity assessment on Experion Automated Electrophoresis Station
(BioRad, Munich, Germany). The value of RNA quality indicator (RQI) adopted was between 5 and
10. To avoid genomic DNA contamination, enzymatic digestion was performed with RNase-free
DNase I (Omega, Norcross, GA, USA). Subsequently, with MOligo-dT18 primers, total RNA was
reverse transcribed into cDNA using RevertAid first Strand cDNA Synthesis Kit (Promega, Mannheim,
Germany). For relative quantitative analysis of gene expression, the erk1 and erk2 primers were
designed according to bovine sequences (NM001110018.1, NM175793.2), and β-actin primers were
designed based on the yak sequences (NM001034034.2). erk1 (F: 5′-ATCCCTTGGCTGTCG-3′, R:
5′–AGGCGTTTCCATTCGT-3′). erk2 (F: 5′-ATCCCTTGGCTGTCG-3′, R: 5′-AGGCGTTTCCATTCGT-3′).
β-actin (F: 5′-AGGCTGTGCTGTCCCTGTATG-3′, R: 5′–GCTCGGCTGTGGTGGTAAA-3′). The
predicted product length of these primers was 107, 111, and 187 bp, respectively. Real-time fluorescent
quantitative PCR system (Light Cycler 480, Roche, Germany) was used to perform Real Time PCR
analysis, as previously described [41]. Briefly, 200 ng of total cDNA was amplified in a 20 μL reaction
mixture containing 10 μL SYBR Premix Dimer Eraser (Promega, Mannheim, Germany) and 100
nM of forward and reverse primer. The optimized 0conditions of RT-PCR were listed as below:
pre-denaturation at 95 ◦C for 4 min, denaturing 40 cycles at 95 ◦C for 30 s, annealing at 58 ◦C for 30
s, and extension fluorescence acquisition at 72 ◦C for 25 s. The specificity analysis was performed
through melting curve from 65 ◦C to 95 ◦C in 0.5 ◦C steps, each lasting 5 s, and the product was conduct
electrophoresis in 2.5% agarose gel to confirm correct size.

2.3. The Quantitative Analysis of ERK1/2 Proteins Expression

For quantitative analysis of ERK1 and ERK2 proteins expression, frozen tissues were taken
out of liquid nitrogen. After, they were washed with cold phosphate buffer saline (PBS) for three
times. The total proteins of samples were extracted using Beyotime extraction buffer, and the protein
concentration was detected via Bradford assay kit (Bio-Rad, Hercules, CA, USA). Then, the protein
suspension was conducted, electrophoresis (PAGE), filled on 10% SDS-PAGE gel. Subsequently,
separated proteins were electrophoretically transferred onto enhanced chemiluminescence (ECL)
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polyvinylidene fluoride (PVDF) membranes (Amersham, Piscataway, NJ, USA), using a mini transfer
instrument for electrophoresis (Bio-Rad, Hercules, CA, USA) at 300 mA for 90 min. After, it was
blocked with Tris-buffered saline (contained 5% non-fat dry milk and 0.1% Tween-20) the protein was
incubated with a primary antibody against ERK1/2 (p44/42 MAPKRabbit mAb, 4695 s, CST, Danvers,
MA, USA) and β-actin (ß-Actin Rabbit mAb, 4970 s, CST, Danvers, MA, USA) in Tris-buffered saline
at 37 ◦C for 2 h. After, it was washed in Tris-buffered saline, the protein reacted with a secondary
antibody (goat anti-rabbit immunoglobulin G conjugated with horseradish peroxidase, sc-2030, Santa
Cruz Biotechnology, Santa Cruz, CA, USA) under 37 ◦C for another 2 h. After it was washed with
Tris-buffered saline, the membrane reacted with ECL Substrate kit (ab65623, Abcam, Cambridge, UK).
For negative controls (were conducted using normal IgG reagent) replaced the primary antibodies.
The protein band’s intensity on the membranes was measured using the densitometric analysis
system (Bio-Rad, Hercules, CA, USA). Relative intensity of ERK1/2 proteins were normalized with
β-actin bands.

2.4. Localizational Analysis of ERK1/2 Proteins Expression

The localization of ERK1/2 proteins was analyzed on paraffin-embedded 4 μm tissue sections
using the immunohistochemical technique. At first, paraffin-embedded tissue sections were dewaxed
and rehydrated using gradient acetone and alcohol solution, and eliminated endogenous peroxidase
activity by incubating with 3% H2O2 for 5 min. Then, the tissue sections were immersed in citrate
buffer (pH 6.0) and boiled for 10 min to enhance the antigen activity. Subsequently, for reducing
non-specific binding of the primary antibody, sections were incubated with normal goat blocking
serum for 15 min after being thoroughly washed with PBS. After that, tissue sections were incubated
with primary antibody (1:450 diluted p44/42 MAPK Rabbit mAb, 4695 s, Cell Signaling Technology,
Inc., Danvers, MA, USA) at 37 ◦C for 120 min, followed by incubation with secondary antibody
(biotinylated goat anti-rabbit IgG, Invitrogen Zymed Laboratories, Carlsbad, CA, USA) for 15 min at
37 ◦C. Then, sections were washed another three times in PBS and reacted with avidin-biotin peroxidase.
The immunoperoxidase color reaction was completed by adding 3,3′-diaminobenzidine agent (DAB,
Invitrogen Zymed Laboratories, Carlsbad, CA, USA) as substrate. After a moderate brown reaction
product presented, tissue sections were timely washed with PBS to stop color reaction. In the end, after
being counterstained with haematoxylin, tissue sections were mounted with resin, for observation
under microscope and storage. We also performed the negative controls experiment by replacing the
primary antibody with normal non-immune IgG agent.

2.5. Data Analysis

The relative quantity of erk1 and erk2 mRNA and protein expression are presented as fold increase,
where expression of target mRNA or proteins was divided by the expression of ß-Actin. The difference
of expression quantity between reproductive stages was analyzed by one-way ANOVA procedure using
SPSS 19.0 (SPSS Inc., Chicago, USA). It was considered to be statistically significant at a probability of
p < 0.05; meanwhile, extremely significant was defined as p < 0.01.

3. Results

3.1. mRNA Expression of erk1 and erk2 in Female Yak Reproductive Organs

A variation of erk1 and erk2 gene expression was detected in female yak reproduction organs
during different stages of the reproductive cycle. In the ovary, the erk1 gene expression was significantly
higher in the luteal phase (p < 0.05) and gestation period (p < 0.01) than the follicular phase. Similar to
erk1, the mRNA level of erk2 was also higher in the luteal phase compared with the follicular phase
and gestation period (p < 0.05), but no significant difference existed between gestation period and
follicular phase (p > 0.05). In the oviduct, the level of the erk1 gene expression was highest in the luteal
phase, which was significantly different with that in the follicular phase and gestation period (p < 0.05).
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However, the erk2 gene expression was extremely higher in the follicular phase than in the luteal phase
(p < 0.05) and gestation period (p < 0.01). In the uterus, the erk1 gene expression was extremely higher
in the luteal phase and gestation period than in the follicular phase (p < 0.05), although no significant
difference was found between the luteal phase and gestation period. Similarly, the level of erk2 gene
expression was also higher in the luteal phase and gestation period than that in the follicular phase
(p < 0.05) (Figure 1).

Figure 1. Expression of extracellular signal-regulated kinase (ERK)1 and ERK2 mRNA in female
reproductive organs at different stages. In a certain reproductive organ, the difference of the same
protein between a and b or b and c is significant (0.05 > p > 0.01), and the difference of the same protein
between a and c is extremely significant (p < 0.01).

3.2. ERK1 and ERK2 Protein Expression in the Female Yak’s Reproductive Organs

Both ERK1 and ERK2 proteins were detected using the western blotting technique.
The characteristics of ERK1 and ERK2 protein expression in the female yak’s reproductive organs
at different reproductive statuses were similar as their mRNA expression. In ovaries, the level of
ERK1 protein expression was nearly twofold of β-actin during the gestation period, while it only
approximated one-half of β-actin in the follicular phase. The difference between these two stages was
extremely significant (p < 0.01). The expression of ERK2 was higher in the luteal phase than that in the
follicular phase and gestation period (p < 0.05). A little higher ERK2 expression was also found in
the gestation period compared with the follicular phase, although there was no significant difference
between these two groups (p > 0.05). In the oviduct, the level of ERK1 protein expression was highest
in the luteal phase, which was significantly different with that in the follicular phase and gestation
period (p < 0.01). However, ERK2 protein expression was extremely higher, in both the follicular phase
and luteal phase, than that in the gestation period (p < 0.01). In the uterus, both ERK1 and ERK2
protein expressions were extremely higher in the luteal phase and gestation period, compared with the
follicular phase (p < 0.01), although the difference between the luteal phase and gestation period was
not significant (Figure 2).
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Figure 2. The western blot bands and expression analysis of ERK1, ERK2, and β-Actin proteins; 1, 2, 3:
ovary; 4, 5, 6: oviduct; 7, 8, 9: uterus; 1, 4, 7: follicular phase; 2, 5, 8: luteal phase; 3, 6, 9: gestation
period. Note: In certain reproductive organs, the difference of the same protein between a and b or b
and c is significant (0.05 > p > 0.01), and the difference of the same protein between a and c is extremely
significant (p < 0.01).

3.3. Immunolocalization of ERK1/2 Proteins in the Female Yak’s Reproductive Organs

Immunohistochemical analysis revealed a light to dense positive reaction accumulation of signals
for ERK1/2 proteins in the female yak’s reproductive organs under different reproductive statuses.
In the ovary, ERK1/2 proteins were mainly expressed in surface epithelium, follicular granulosa cells,
ovarian stroma, vascular endothelium, and corpus luteum. In particular, in the corpus luteum of the
gestation period, most granular luteal cells were stained into strong brown, while membranous luteal
cells were not stained. However, the overall signal intensity of ERK1/2 proteins in the ovary of the
luteal phase was less pronounced compared with that of the follicular phase and gestation period
(Figure 3A–C). In the oviduct, the positive accumulations of signals for ERK1/2 proteins localized
moderately in villous epithelial cells, and some dispersed villous stromal cells. The intensity of ERK1/2
proteins expression was slightly higher in the oviduct of the luteal phase and the follicular phase
compared with that of the gestation period (Figure 3E–G). In the uterus, the main compartments of
ERK1/2 protein expressions were endometrial luminal epithelium, glandular epithelium, endometrial
stroma, and vascular endothelium. In addition, ERK1/2 protein signals also moderately appeared in
the myometrium of the luteal phase and gestation period. The signal intensity of ERK1/2 proteins in
the uterus of luteal phase and gestation period was obviously higher than that of the follicular phase
(Figure 3I–K).
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Figure 3. Immunolocalization of ERK1/2 proteins (brown stained regions) in the female yak’s
ovary (A,B,C), oviduct (E–G), and uterus (I,J,K) during the follicular phase (A,E,I), luteal phase (B,F,J),
and gestation period (C,G,K). (A) ERK1/2 appeared in follicular granulosa cells (thin arrow), ovarian
stroma cells (arrowhead), vascular endothelium (thick arrow), and surface epithelium (white thick
arrow) of the ovary during the follicular phase. (B) ERK1/2 proteins moderately expressed in vascular
endothelium (thick arrow), vascular endothelium (thick arrow), and follicular granulosa cells (thin
arrow) of the ovary during the luteal phase. (C) Most of granular luteal cells (thin arrow) were stained
into strong brown, while membranous luteal cells (white thick arrow) in corpus luteum of gestation
period. (D) Negative control, ovary tissue sections were incubated with an equivalent non-immune
IgG agent instead of a rabbit polyclonal antibody to ERK1/2. (E,F,G). The positive reaction of ERK1/2
proteins moderately localized in villous epithelial cells (thin arrow) and some dispersed villous stromal
cells (arrowhead) of the oviduct. The intensity of ERK1/2 proteins expression was slight higher in the
luteal phase (F) and follicular phase (E) compared with that of the gestation period (F). (H) Negative
control of oviduct sections. (I,J,K) The main compartments of the ERK1/2 protein expression were
endometrial epithelium (thin arrow), glandular epithelium (thick arrow), endometrial stroma cells
(arrowhead), and vascular endothelium (white thick arrow) of the uterus. The signal intensity of
ERK1/2 proteins in the uterus of the luteal phase (J) and gestation period (K) was obviously higher than
that of the follicular phase (I). (L) Negative control of the uterus section. FL: follicle, BC: blood capillary,
OS: ovarian stroma, CL: corpus luteum, VE: villous epithelium, VS: villous stroma, UG: uterine gland,
ES: endometrial stroma, MM: myometrium.
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4. Discussion

The present study described the expression of ERK1 and ERK2 proteins and mRNA in female
reproductive organs of the adult yak during different the stage of the reproductive cycle based on
RT-PCR, western blot, and immunohistochemistry analysis. The results showed that both the intensity
and distribution of ERK1 and ERK2 expression in the ovary, oviduct, and uterus varied with the stage
of the reproductive cycle. In general, the expression of ERK1 and ERK2 proteins and mRNA was most
pronounced in the ovary of the luteal phase and gestation period, the oviduct of the luteal phase and
the uterus of the gestation period. The histological appearance and physiological process of the main
reproductive organs also varies with the different reproductive stages [43].

In the ovary, the results of the present study indicated that both the ERK1 and ERK2
proteins and mRNA were highly expressed during the luteal phase and gestation period, and the
immunohistochemical analysis revealed an intense distribution of the ERK1/2 protein in follicular
granulosa cells and corpus luteum cells. It is well know that the ovary is a highly organized composite
of oocytes, granulosa cells, stromal cells, and sometimes corpus luteum cells whose interaction induce
development of follicles, ovulation, formation of corpus luteum, and luteolysis during different
stages of the reproductive cycle; many factors involved in the regulation mechanism of the ovary’s
physiological process. The classical point of view believes that the development of the ovary is mainly
regulated by the hypothalamic-pituitary-ovarian axis. Therefore, various reproductive hormones play
a very important role as external signals. Recently, studies have focused on the role and pathway of
intra-ovarian signaling cascades in regulating ovary development [44]. As we discuss in the present
study, ERK1/2 is one of the important intra-ovarian regulators of ovary development in mammals.
The ERK1/2 pathway is intensively studied in follicle development of mice and other mammal
species [45–48]. It has been reported that ERK1/2, and some other protein kinases, impact the cumulus
expansion and oocyte maturation of porcine cumulus oocyte complexes (COCs) by inducing the
expression of both the epidermal growth factor (EGF)-like factor and its protease [49]. Using cultured
primary rat granulosa, Wayne et al. proved that follicle-stimulating hormone (FSH) and luteinizing
hormone (LH) control granulosa cell function and differentiation by activating Ras protein, and some
downstream kinases, especially MEK1 and ERK1/2 [50]. On the contrary, the experiment conducted on
gene knockout mice and pharmacologically inhibited materials also demonstrated a pivotal role of
the ERK1/2 pathway in ovulatory processes [51–53]. Most recently, by injection of pharmacological
inhibitor (PD0325901) of ERK1/2 into the pre-ovulatory dominant follicle, Yasmin et al. found that four
of five cows failed to ovulate, and 285 differentially expressed genes were identified from granulosa
cells of drug treated follicles. Based on the analysis of the differentially expressed genes, they further
affirmed a significant role of ERK1/2 in mediating LH induced gene expression in ovulating follicles,
and the physiological process of ovulation dependent on proper ERK1/2 signaling in bovine [25]. Ryan
et al. also found that the level of ERK signal proteins was different between dominant and subordinate
follicles early in the stage of dominant follicle selection in cows [26]. However, there is no report
about the expression of ERK1/2 in the ovary of the yak. The mass emergence of the ERK1/2 protein
in follicular granulosa cells, demonstrated by the present study, probably means that the follicular
development and further ovulation is a physiological process dependent on the regulation of ERK1/2.

Our study also demonstrates an intense expression of ERK1/2 in corpus luteum of the luteal phase
and gestation period. It is well known that corpus luteum is a transient endocrine tissue that is derived
from a pre-ovulatory follicle (Graffian follicle). It plays a significant role in controlling the reproductive
cycle of mammals. The degeneration of corpus luteum, in case of un-pregnancy, is a key event for
the initiation of a new reproductive cycle, re-ovulation, and obtaining the next chance of conception.
On the contrary, the prolongation of the luteal function is also essential for the development of the
embryo and maintenance of pregnancy relationship [54]. Generally, prostaglandin F2α (PGF2α), as an
extra-ovarian physiological luteolysin derived from uterus, is the key factor inducing the degeneration
of the corpus luteum. It is well recognized that apoptosis is the main mechanism of PGF2α induced
regression of corpus luteum in bovine and other mammals [54]. As an important regulatory factor
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of apoptosis and proliferation of many types of cells, ERK1/2 is also involved in the mechanism of
regression and functional maintenance of corpus luteum. For example, Maekawa et al. have found that
human chorionic gonadotrophin (hCG) increased the StAR gene (coding histone modification enzymes)
expression in granulosa cells through the ERK1/2 mediated signal pathway in the physiological process
of follicular luteinization [55]. This is one of a few reports about the role of ERK1/2 in luteal formation.
Strikingly, numerous research indicates that ERK1/2 is related to the regression of corpus luteum. Based
on the experiment performed on Sprague-Dawley rats, Choi et al. found that PGF2α inducted luteal
cell autophagy was accompanied with the activation of ERK1/2 during corpus luteum regression,
and it is not regulated by the mammalian target of rapamycin (mTOR) signal [27]. Qi L et al. also
proved that prostaglandin F (PGF) treatment increased ERK1/2 and signal transducers and activators
of transcription 3 (STAT3) phosphorylation, and this is a probable molecular mechanism of luteal
regression in pseudopregnant rats [56]. A similar conclusion was obtained by Chen, who demonstrated
that ERK1/2 signaling cascade can be activated by other molecular mechanisms in bovine luteal cells [57].

In addition, many different stimuli can induce the change of intracellular signal transduction.
To analyze the change of intracellular mitogen-activated protein kinase (MAPK) signaling cascade
induced by stress-related signaling events. Rueda et al. detected the phosphorylation level of main
MAPK members in cultured luteal cells. They found that both jun-n-terminal kinase (JNK) and
p38MAPK were highly phosphorylated after UV treatment, but the phosphorylation of ERK1 and
ERK2 was low. In addition, all of these changes were related to a high apoptosis rate of in vitro
cultured luteal cells. Based on these experimental results, they believed that stress signals induced
regression of corpus luteum, perhaps mediated by the activation of MAPK cascade [58]. As we have
mentioned above, the yak is a kind of livestock living in a very harsh environment. In particular,
the gestation period of the female yak is mainly spent in winter and spring, when low temperature,
hypoxia, and nutrition deficiency threaten them at all times. The high expression of ERK1/2 in corpus
luteum perhaps is a mechanism to maintain the luteal function and pregnancy; thus, yaks developed a
prominent adaptability to the rigorous natural environment.

In the oviduct, our present study has also found a more intense expression of both ERK1 protein
and mRNA in the luteal phase compared with the follicular phase and gestation period of the female
yak reproductive cycle. Further immunolocalization analysis indicated that ERK1/2 proteins mainly
localized in villous epithelial cells. As we all know, the mammalian oviduct is a convoluted tube
bridging the ovary and the uterus in the reproductive process of mammals. It also provides a suitable
place for fertilization and development of preimplantation embryos. The function of the ovary and
uterus in reproductive activities is always an important issue attracting great attention, and has widely
been investigated for a long times. However, it seems that we neglect the importance of the oviduct in
reproduction, and relative information about the oviduct is insufficiently. Recently, some researchers
begin to focus on the important role of the oviduct, both in natural fertilization and in pre-implantation
embryo development. The correct biophysical function, such as a moderate and rhythmic smooth
muscle contraction, ensures the transportation of the gametes and zygote in the oviduct. Meanwhile,
a suitable biochemical component of the oviduct content provides an adapt circumstance for the
development of the preimplantation embryo. On the contrary, the incorrect function of the oviduct may
be the result in infertility, or deficiency of the embryonal development [59,60]. The oviduct content,
also named as oviduct fluid, consists of proteins secreted by the secretory cells of the oviduct epithelium
and other plasma-derived constituents [61,62]. Therefore, a normal function of this epithelium and its
secretions is a basic requirement for successful fertilization and establishment of pregnancy. Recently,
numerous genes and proteins were identified involving in the regulation of oviduct functions, using
transcriptomic and proteomic techniques [63]. For instance, Cerny et al. performed a transcriptome
analysis of bovine oviduct epithelial cells, and they found that a large number of genes differentially
expressed during different estrus stages [64]. In line with these observations, significant differences of
the profile of the gene and protein expression in the oviduct, between different estrus cycle stages,
have also been reported in ewes [65], bovine [66], pigs [67,68], and humans [69,70]. For example,
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in spontaneous estrous ewes, a total of 280 proteins were identified in the oviduct, and 64 proteins
upregulated during estrus, while 17 proteins were upregulated in the luteal phase [65]. However, there
is no report about the expression of ERK1 and ERK2 in the oviduct of the mammalian species.

The result obtained from the oviduct of different stages of the yak’s reproductive cycle in the
present study suggests that, as an intracellular signal transduction pathway, ERK1/2 plays a significant
role in regulating the secretory activity of the oviduct epithelium, and provides an optimal oviduct
microenvironment for oocyte fertilization and embryo development before implantation.

In the uterus, we also observed a more strong expression of ERK1 and ERK2 during the luteal
phase and gestation period. The positive reaction of the ERK1/2 proteins were located strongly in the
endometrial epithelium cells, stroma cells, and moderately in the uterine smooth muscle cells. In the
follicular phase, under the stimulation of high concentrations of FSH and LH, follicular recruitment and
abundant E2 secretion take place in the ovary, but the endometrium thickness and P4 level are minimal.
In the same times, numerous of endometrial epithelium cells undergo degeneration and necrosis [71,72].
After ovulation (luteal phase), a new corpus luteum begins to develop and produces a large amount of
progesterone. Then, the differentiation and proliferation of the endometrial epithelium cells take place
under the stimulation of progesterone, to make preparation for embryo implantation [71,72].

The essential role of P4 and E2 in regulating endometrial differentiation, growth, and receptivity to
implantation during primate menstrual cycle has been widely recognized [73–76]. Numbers of reports
also demonstrated that MAPK signaling pathways are activated in the uterus during the process of
embryos implantation in the rat [75,77] and human [78]. Sayem’s experiment indicated that in female
rats, thyroxin treatment increased the expression of ERK1/2 proteins in uterine stroma, which could
help the uterine to adopt the implantation of embryos [79]. However, most of the materials are obtained
from the estrus cycle or early gestation period (before embryo implantation). A few researchers also
pay attention to the role of ERK in the uterus during the whole gestation period. For example, Welshet
al. proved that estrogenic actions were mediated by the estrogen receptor α via activating ERK signals
in human myometrium during pregnancy [80].

According to the analysis above, we consider that the expression of ERK1 and ERK2 in yak’s
endometrial glandular and luminal epithelial cells and uterine smooth muscle cells during the luteal phase
and gestation period may play an important role in glandular secretion, and maintain an appropriate
muscle tension of the uterus. This is essential for embryo implantation and subsequent development.

5. Conclusions

The present study firstly demonstrates the wide expression of ERK1 and ERK2 proteins and
mRNA in female reproductive organs of the adult yak. The intensity of ERK1 and ERK2 proteins and
their mRNA expression in the yak’s ovary, oviduct, and uterus varies with the stage of the reproductive
cycle. The variation character of ERK1 and ERK 2 expression in the yak’s main reproductive organs
during different stages implies that they play an important role in the regulation of reproductive
functions under different physiological situations.
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Simple Summary: The study was carried out on growing pigs fed with different dietary treatments
based on different grinding intensities and compactions of the same diet. Chewing acts are
associated with salivary production and different extents of saliva fluidity also depend on the
specific glycoconjugate content. Therefore, in order to have information about the modifications
induced by different feed physical forms in the pig mandibular gland, the glycohistochemical profile
and the presence of aquaporin 5, a channel protein modulating the saliva fluidity, were investigated.
In addition, to have wider information about the apelinergic system function, presence and localization
of both apelin and its receptor were studied. Findings suggest that the different mechanical stimuli in
the mouth linked to different feed physical forms likely allow one to diverse physiological behavior
of the pig mandibular gland. The intense chewing activity linked to the highest feed compaction and
hardness promotes an increase in pig mandibular gland secretion. In addition, saliva becomes more
fluid and richer in acid glycoconjugates in order to better lubricate the bolus and protect the mouth
mucosae. The apelinergic system is likely involved in the above modifications enhancing both the
fluidity and the quantity of serous saliva by the pig mandibular gland.

Abstract: A study was performed on the mandibular gland obtained from growing pigs enrolled in
a wide research project aiming to test the effects of different feed physical forms on animal health,
production and welfare. We used 48 pigs fed for four weeks with different dietary treatments based
on different grinding intensities and compactions of the same diet, namely coarsely ground meal
(CM), finely ground pelleted (FP) and coarsely ground pelleted (CP) diets. Samples were analyzed by
conventional histochemistry to identify the glycohistochemical profile and by immunohistochemistry
to localize aquaporin 5, apelin and apelin receptor. Statistical elaborations were performed using the
Stats R-package, version 3.5.3. Pig mandibular gland adenomere increased both the quantity and
acidity of produced glycoconjugates from CM to FP and CP diets. This probably calls forth higher
watery saliva, thus promoting a better feed softening facilitating the amalgamation of the bolus.
Mandibular gland increased aquaporin 5 positivity in the CP diet, supporting the hypothesis of an
augmented demand for water. Based on apelin/receptor localization, it was hypothesized that in
pig mandibular gland the apelinergic system likely performs an endocrine control on the demilunes
activity and a paracrine control on ducts, facilitating the production of a more fluid saliva.

Keywords: pig; mandibular gland; feed physical form; apelin; aquaporin 5; complex carbohydrates
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1. Introduction

A number of scientific investigations have established that the feed physical form can have an
impact on the morphological characteristics and functional activity of the gastrointestinal tracts as well
as on associated organs, especially salivary glands of domestic animals [1,2]. In addition, different
levels of moisture content in the diet appear involved and may be reasonably expected if liquid or
dry diets are provided. In particular, in laboratory animals, a diet with increasing dry matter content
is capable of stimulating a progressively more intense chewing activity, with a consistent increase
in the absolute fresh weight of mandibular glands (MG). On the contrary, wet to liquid diets were
observed to be associated with a reduced organ weight [3–6]. Such morphological changes are also
often associated with qualitative changes in the saliva composition that can be related to different
functionalities of the gland, as a result of more or less intense chewing activity [7,8].

More recently, a series of studies involving food-producing animals, especially pigs, were carried
out to explore the dietary modulation of salivary gland morpho-functional traits. The findings reported
in the literature showed that diets with different moisture contents, thus with different physical
characteristics requiring different chewing activity to allow the softening and swallowing of the bolus,
are able to determine morphological modifications of the MG in these animals, whereas parotid glands
appeared not to be involved [4–8]. Such effects are also associated with variations in the expression of
some molecules likely involved in the functional control of the gland itself, such as leptin production
and the expression of its receptor, as well as the expression of endocannabinoid receptors [1,2].

Apelin, likewise leptin, is an adipokine produced predominantly, but not exclusively, by the
adipose tissue and binding to the specific G-protein-coupled receptors for endogenous ligands.
The apelinergic system is a complex system including the peptide apelin (APLN) and its related
receptor (APLNR) [9]. APLN and APLNR are extensively expressed in many tissues either in human
and different animal species, both laboratory and farm ones [10–15]. The literature regarding APLN
is scanty and the presence and distribution of the apelinergic system in the salivary glands of the
different animal species is not available to date, even though the presence of APLN in human saliva
has been recently demonstrated [16]. So far, our work meant to provide additional insights regarding
the APLN system in the MG of the pig in view of the effect of different feed physical forms of one
same diet. It was, therefore, considered to explore the presence and distribution of the apelinergic
system in the MG of growing pigs and its variation as a consequence of more or less intense chewing
of the feed, stimulating a consistent effect of the functional activity of the MG. It is well known
that chewing acts are associated with salivary production and that different extents of saliva fluidity
also depend on the specific glycoconjugate content [17,18]. Therefore, in order to have additional
information about the modifications induced in MG functions of the pig in view of different feed
physical forms, MG’s glycohistochemical profile was investigated. In fact, complex carbohydrates
composing the saliva are able to call forth different amounts of water into the saliva, depending on their
chemical functional groups. To support this, we also investigated the presence of aquaporin 5 (AQP5),
a water protein channel modulating the water amount in saliva production [19–21]. AQP5 pertains to
Mammalian aquaporins (AQPs), a class of integral membrane proteins facilitating the rapid and passive
moving of water [22]. AQPs have a sequence of about 270 amino acids that form two hemichannels
derived by six helical domains spanning the lipid bilayer and resulting in an hourglass-shaped channel
for water [23–25]. Some of the AQPs are mainly water selective, but there are some AQPs, named
aquaglyceroporins, that also transport glycerol, urea and neutral solutes [26,27]. Mandibular gland
represents a good organ model being a mixed exocrine gland, whose ademomeres are constituted by
a mucous acinar preterminal portion and a serous demilunar portion.
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This study is aimed to investigate the influence of different feed physical forms in growing pig’s
mandibular gland analyzing the glycohistochemical profile, the presence of AQP5 and localizing the
apelinergic system components.

2. Materials and Methods

2.1. Dietary Treatments and Sampling Collection

The project was approved by the Ethics Committee on Animal Welfare of the Hannover District
Government in accordance with the German legislation on animal welfare.

The experiment was conducted using 48 castrated male growing pigs (German Landrace x Large
White on Duroc sires) which received a control diet, namely coarsely ground meal diet (CM, dMEAN,
0.88 mm). Raw ingredients were differently processed to obtain pelleted feeds, in particular, finely ground
pelleted diet (FP, dMEAN, 0.46 mm); coarsely ground pelleted diet (CP, dMEAN, 0.84 mm) [1].
Feed components and chemical composition are reported in Supplementary Table S1.

The initial total number of animals was divided into three groups of 16 animals and each
group received one of the three diets, i.e., CM, FP and CP, from a six-week age for four weeks. [1].
The numerousness of animals for each group was calculated and considered optimal for a significance
level of 0.05, a test power of 0.8 and an effect size of 1. Animals were fed ad libitum and had free
access to water. At the end of the trial the animals were euthanized according to the European Union
regulation on the protection of animals at the time of slaughter (Council Regulation EC No. 1099/2009).

The MG specimens were immediately removed and fixed in buffered formaldehyde (2.5% v/v) for
24 h at room temperature and subsequently processed for embedding in paraffin, following routine
tissue preparation procedures [28,29].

2.2. Immuno- and Glycohistochemical Treatments

The immunohistochemical reactions were visualized on 5 μm sections, collected on
poly-L-lysine-coated glass slides. Briefly, sections, dewaxed and brought to water, were microwaved
for 15 min in 10 mM citric acid (pH 6.0) for antigen retrieval. All subsequent steps were carried out in
a moist chamber at room temperature (RT), to prevent the evaporation of reagents; while, to prevent
non-specific binding of primary antibody and before using the primary antibody, the sections properly
cooled were preincubated with the normal serum for 30 min. Subsequently, once the excess of reagent
has been removed from the sections, they were incubated, overnight at RT, each with one of the primary
antibodies: rabbit polyclonal antibody anti-APLN (1:100, NBP2-31176, Novus Biologicals, Littleton,
CO, USA), mouse monoclonal antibody anti-APLNR (1:100, sc-517300, Santa Cruz Biotechnology,
Santa Cruz, CA, USA), and rabbit polyclonal antibody anti-AQP5 (1:100, AQP-005, Alomone Labs,
Jerusalem 9104201, Israel). The specificity of each primary antibody used, verified by blasting the full
protein sequences with corresponding swine ones, is shown in Table S2.

The next day, after washing in PBS, the sections were incubated at RT for 30 min with the
corresponding secondary antibody and subsequently processed for 30 min using the avidin–biotin
complex (ABC KIT, PK-6100, Vector Laboratories, Burlingame, CA, USA) and the DAB (SK-4100, Vector
Laboratories, Burlingame, CA, USA) as the chromogen. The corresponding secondary biotinylated
antibodies were: horse anti-rabbit (1:200, BP-1100, Vector Laboratories, Burlingame, CA, USA) and
horse anti-mouse IgG antibodies (1:200, BP-2000, Vector Laboratories, Burlingame, CA, USA). At the
end of the immunoreaction, the sections were rinsed in PBS, counterstained or not with hematoxylin,
dehydrated and mounted in Eukitt.

As positive controls sheep abomasum was used for both APLN and APLNR [14], while sheep
MG was used for AQP5 [30]. Sections in which the primary antibodies were omitted or substituted
with preimmune gamma globulin were used as controls of non-specific staining.
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Carbohydrate characterization was performed on 5 μm sections by staining with periodic
acid–Schiff (PAS, evidencing vicinal diols), Alcian blue (AB) pH 2.5 (evidencing acid groups), AB/PAS,
AB pH 1 (evidencing sulfated groups), AB pH 0.5 (evidencing highly sulfated groups) [31].

All tissue analyses were carried out on coded slides using a light microscope (Nikon Eclipse E800,
Nikon Corporation, Tokyo, Japan) connected to a digital camera (Dxm 1200 Nikon digital camera).
Images were processed using an image analysis system (Lucia, Laboratory Imaging Ltd., Prague, Czech
Republic). The settings for image capture were standardized by subtracting the background signals
obtained from the marched tissue sections which had not reacted with the primary antibodies and
which were used as immunohistochemical controls.

For each animal, three independent observers, unaware of the treatments carried out, evaluated
five microscopic fields of each experimental group and the intensity of the staining was graded in
arbitrary units as follows: negative (–), weak (±), moderate (+), strong (++) and very strong (+++).

Variations in the intensity of immunopositivity for APLN, APLNR and AQP5 were observed
among different groups of animals, probably reflecting the expression of the corresponding
antigens. Even if the immunohistochemical technique shows a prevalently qualitative nature [32],
a semiquantitative evaluation of immunopositivity was performed using the same scale applied to
conventional glycohistochemistry.

2.3. Statistical Analyses

To test the null hypothesis of no difference among different experimental groups for each immune-
and glycohistochemical treatment, we performed one-way ANOVAs if the variables satisfied conditions
for parametric tests (normality was tested using the Shapiro–Wilk test); homogeneity of variance was
ANOVA/Kruskal–Wallis test. We ran pairwise comparisons using the independent samples t-test or
Wilcoxon–Mann–Whitney test to identify which groups were significantly different from each other.
To test the null hypothesis that the location shift between groups is equal to 0, we performed two
Wilcoxon signed-rank tests between the serial treatments AB pH 2.5 vs. AB pH 1 and AB pH 1 vs.
AB pH 0.5. In both the analyses, a Holm correction for multiple comparisons was used to avoid type
I error.

Statistical elaborations were performed using the R version 3.5.3 (R Core Team 2019,
Vienna, Austria), the stats R-package, version 3.5.3 (shapiro.test, aov, kruskal.test, t.test, wilcox.test,
Vienna, Austria), and the car R-package, version 3.0-2 (leveneTest function, Vienna, Austria) [33].

3. Results

3.1. Immunohistochemistry

The immunohistochemistry showed APLN binding sites at the duct cell level in the pig mandibular
gland for the three diet groups. In particular, the moderate APLN reactivity observed in CM diet (Figure 1
CM) was slightly decreased in both FP and CP diets showing a similar reactivity (Figure 1 FP, CP).

 
Figure 1. Pig mandibular gland. Apelin (APLN) binding sites at duct (*) level in coarsely ground meal
(CM), finely ground pelleted (FP) and coarsely ground pelleted (CP) groups.
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With regards to APLNR reactivity in the pig mandibular gland, in the CM diet, only a weak
positivity was observed in ductal cells (Figure 2 CM). In FP and CP diets, a moderate reactivity to
APLNR appeared in the mandibular gland demilunes and ducts. In addition, in both FP and CP
samples, at duct level, it was possible to observe a few cells strongly APLNR reactive (Figure 2 FP, CP).
In addition, the morphological observation of the different diet samples seemed to suggest an increase
in demilune size.

 

Figure 2. Pig mandibular gland. APLNR binding sites at duct (*) and demilune (↑) level in CM, FP and
CP groups. In FP and CP samples, some cells (arrowhead) have a higher reactivity than others.

As for the other immunohistochemical treatments, pig mandibular acini did not react to AQP5
antibody. On the contrary, demilunes showed a weak positivity in CM and FP samples, which became
strong in the CP diet samples. Additionally, in the CP diet, a slight AQP5 positivity was seen in the
ducts, above all at cell coat level (Figure 3).

 

Figure 3. Pig mandibular gland. AQP5 binding sites at duct (*) and demilune (↑) level in CM, FP and
CP groups.

Sample reactivities to immunohistochemical treatments are summarized in Table 1.

Table 1. Sample reaction intensity expressed in arbitrary units toward immunohistochemical targets.

Antigen Secretory Structures
Diet Groups

CM FP CP

APLN
Acini − − −

Demilunes − − −
Ducts + ±/+ ±/+

APLNR

Acini − − −
Demilunes − + +

Ducts a ± + +

Ducts b − ++ ++

APQ5
Acini − − −

Demilunes ± ± +
Ducts − − ±

CM: coarse meal diet; FP: fine pellet diet; CP: coarse pellet diet. a Epithelial lining; b epithelial more reactive cells.
APLN = Apelin; APLNR = Apelin Receptor; AQP5 = Aquaporin 5. Intensity of the staining: – = negative, ± =weak,
+ =moderate, ++ = strong.
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Sheep abomasum and MG, used as positive controls, showed a binding pattern for APLN, APLNR
and AQP5 (Figure S1), while staining was completely absent in the control sections where the primary
antibodies were omitted and in sections incubated with normal rabbit IgG (Figure S2).

3.2. Glycohistochemistry

Glycohistochemical treatments evidenced a higher production of complex carbohydrates by the
pig mandibular acini in FP and CP diets with respect to CM. In addition, comparing the reactivity of
AB pH 2.5, AB pH1 and AB pH 0.5 among the three diets showed an increased production of acid
glycoconjugates, particularly in the CP diet where acinar cells showed a weak positivity also to AB pH
0.5 (Figure 4).

 
Figure 4. Pig mandibular gland. CP group shows mucous acini strongly reactive to Alcian Blue (AB)
pH 2.5 (a), moderately positive to AB pH 1 (b) and weakly stained with AB pH 0.5 (c).

Sample reactivities to glycohistochemical treatments are summarized in Table 2.

Table 2. Sample reaction intensity expressed in arbitrary units toward glycohistochemical treatments.

Glycohistochemical Treatments Secretory Structures
Diet Groups

CM FP CP

AB pH2.5
Acini +/++ ++ ++

Demilunes −/± ±/+ ±
Ducts − − −

AB pH1
Acini ±/+ ±/+ ±/+

Demilunes − − −
Ducts − − −

AB pH0.5
Acini − − −/±

Demilunes − − −
Ducts − − −

PAS
Acini ++ ++ +++

Demilunes ± ± ±
Ducts − − −

AB/PAS
Acini B+/R++ B++/R++ B+++/R++

Demilunes B+/R± B±/R± B+/R±
Ducts − − −

CM: coarse meal diet; FP: fine pellet diet; CP: coarse pellet diet. B = blue; R = red. AB = Alcian Blue; PAS = Periodic
Acid Schiff.

3.3. Statistical Analysis

The significance of differences among the diet groups for each immuno- and glycohistochemical
treatment are shown in Table 3.
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Table 3. Statistical significance of differences (p ≤ 0.01) for each histochemical treatment among different
experimental treatments, as performed by one-way ANOVA and Kruskal–Wallis tests and respective
pairwise comparisons, as performed by independent samples t-test and Wilcoxon–Mann–Whitney
tests. P-values were adjusted for multiple testing using the Holm correction.

Histochemical
Treatments

ANOVA/Kruskal–Wallis
Test

t-test/Wilcoxon–Mann–Whitney Test

P CM vs. FP P FP vs. CP
P CM vs.

CP

APLN
Acini − − − −

Demilunes − − − −
Ducts 4.26 × 10−11 1.76 × 10−7 1.00 1.76 × 10−7

APLNR

Acini − − − −
Demilunes 1.92 × 10−6 5.50 × 10−6 1.00 5.50 × 10−6

Ducts a <10−16 8.36 × 10−13 1.00 1.61 × 10−12

Ducts b 1.60 × 10−6 5.50 × 10−6 1.00 5.50 × 10−6

APQ5
Acini − − − −

Demilunes 3.16 × 10−6 1.00 1.92 × 10−5 1.92 × 10−5

Ducts 6.57 × 10−9 − 5.50 × 10−6 5.50 × 10−6

AB pH2.5
Acini 3.16 × 10−6 1.92 × 10−5 1.00 1.92 × 10−5

Demilunes 2.33 × 10−8 1.80 × 10−5 1.90 × 10−5 1.92 × 10−5

Ducts − − − −

AB pH1
Acini 1.00 − − −

Demilunes − − − −
Ducts − − − −

AB pH0.5
Acini 6.12 × 10−9 − 5.28 × 10−6 5.28 × 10−6

Demilunes − − − −
Ducts − − − −

PAS
Acini <10−16 1.00 <10−16 <10−16

Demilunes 1.00 − − −
Ducts − − − −

AB/AS
Acini <10−16 1.08 × 10−13 4.08 × 10−14 <10−16

Demilunes 1.03 × 10−12 1.24 × 10−9 1.05 × 10−10 1.00
Ducts − − − −

CM: coarse meal diet; FP: fine pellet diet; CP: coarse pellet diet. a Epithelial lining; b epithelial more reactive cells.
APLN = Apelin; APLNR = Apelin Receptor; AQP5 = Aquaporin 5; AB = Alcian Blue; PAS = Periodic Acid Schiff.

The significance of the differences among the serial treatments AB pH 2.5, AB pH 1 and AB pH
0.5 for the three diet groups are shown in Table 4.

Table 4. Statistical significance of differences (p ≤ 0.01) among different pH AB serial treatments
as performed by Wilcoxon signed-rank tests. P-values were adjusted for multiple testing using the
Holm correction.

Diet Groups Secretory Structures
Wilcoxon Signed-Rank Test

AB pH 2.5 vs. AB pH 1 AB pH 1 vs. AB pH 0.5

CM
Acini 0.0035 0.0035

Demilunes 0.0035 −
Ducts − −

FP
Acini 0.0035 0.0035

Demilunes 0.0035 −
Ducts − −

CP
Acini 0.0035 0.0035

Demilunes 0.0035 −
Ducts − −

CM: coarse meal diet; FP: fine pellet diet; CP: coarse pellet diet. AB = Alcian Blue
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Glycohistochemical evidence allows one to hypothesize that secretory structures of pig MG
produce the complex carbohydrate types listed, in descending semi-quantitative order, in Table 5.

Table 5. Kinds of glycoconjugates produced by the pig mandibular gland (MG) secretory structures,
listed in descending order as also evidenced by a differentiated style.

Secretory
Structures

CM FP CP

Acini

Hyaluronic acid and/or
Chondroitin-like GAGs

Chondroitin sulfate
A/B/C-like GAGs

Hyaluronic acid and/or
Chondroitin-like GAGs

Chondroitin sulfate
A/B/C-like GAGs

Hyaluronic acid and/or
Chondroitin-like GAGs

Chondroitin sulfate
A/B/C-like GAGs
Heparin and/or

heparan-sulfate-like GAGs

Demilunes Neutral and acid
glycoproteins

Neutral and acid
glycoproteins Acid glycoproteins

CM: coarse meal diet; FP: fine pellet diet; CP: coarse pellet diet. GAGs = Glycosaminoglycans.

4. Discussion

The glycohistochemical and immunohistochemical investigations were carried out on the MG
obtained from pigs fed with different dietary treatments based on different grinding intensities and
compactions of the same diet [1]. Animals were enrolled in a wide research project, running in the
Institute of Animal Nutrition of the University of Hannover, aiming to test the effects of different feed
of physical forms on the health, production and welfare of pigs. This research extends the knowledge
about the diet modifications on pig welfare [31,34] and could be useful for further investigation also
related to diet and farm income relationships [35].

Our findings allow considering that the different feed physical form is capable of inducing
morphological and functional modification of the MG, on the basis of presence and distribution of
molecules differently modulating the saliva composition.

The different compaction of the diet can reasonably produce different perception extents of the
physical form of the bolus, with consequent different voluntary chewing and adaptation of salivary
production. In response to the feed physical form, demilunes of pig MG increase in size and the acidity
of produced glycoproteins change in view of CM vs. FP vs. CP diets. Acinar cells increase their
production of hyaluronic acid-/chondroitin-like Glycosaminoglycans (GAGs) in FP and CP groups;
in addition, in the MG of pigs fed with the CP diet a low amount of heparin/heparan-sulfate-like GAGs
production is stimulated. Additional production of complex carbohydrates observed in MG from pigs
of FP and CP groups is able to call forth higher watery saliva, thus promoting a better feed softening
facilitating the formation and amalgamation of the bolus. A handful of evidence pointed out that the
increased glycoconjugate production, especially when they are highly acid, allows drawing a large
amount of water in many organ tissues and in different animal species [36–41]. In addition, complex
carbohydrates could envelope pathogenic bacteria, viruses and parasites acting as hapten-like binding
sites, preventing their attachment to the mucosae potentially damaged by the harder feed [34,42,43].

Pig MG demilunes are weakly reactive to AQP5 in CM and FP diet but increase their positivity in
the CP diet samples. The latter also shows AQP5 binding sites in the ducts. This evidence further
supports the hypothesis of an augmented demand for water in the mouth. It was stated that AQP5 in
the salivary glands is probably involved in providing for a suitable amount of fluid to be secreted [20,44];
in addition, its expression can be affected by feed and environmental modification, in particular at
serous adenomere level [30].

APLN binding sites observed in ducts of MG from the pigs fed with the CM diet decrease their
reactivity in MG of samples from FP and CP dietary groups. On the contrary, such structures increased
their reactivity to APLNR from CM to FP and CP samples. In addition, in the two last groups, there was
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a strong positivity for APLNR in some cells. Demilunes also showed binding sites for APLNR in FP
and CP diet samples. Comparing the specific APLN and APLNR localization and the differences in the
binding sites reactivity among the CM, FP and CP diet samples, it is likely to hypothesize that in pig
MG the apelinergic system performs an endocrine control on the demilunes activity facilitating the
production of a more fluid saliva. In addition, pig MG ducts seem to be affected by a paracrine control
by the apelinergic system, which could allow an inhibition in the water absorption, enhancing the
saliva water content.

According to the above considerations, the literature states that adipokines can act through
endocrine action as well as paracrine and autocrine ones. The interaction of those mechanisms has
already been described in a wide range of physiological and physio-pathological processes in different
animal species [45–47]. A paracrine action for apelin was already suggested for sheep uterus [15] and
mammary gland [14] where the molecule aimed at regulating the gland secretive action. Up to now the
apelin action on salivary glands has not yet been described. However, the role of this adipokine on the
gastroenteric apparatus is well known and numerous studies suggest a role for apelin in both exocrine
and endocrine functions [48–50]. Apelin performs important functions in the pancreas, an organ that
shows, as its exocrine parenchyma regards, similar anatomical structures and physiological functions
with salivary glands [51]. Particularly, apelin injected intravenously decreased pancreatic juice volume,
protein and trypsin outputs in a dose-dependent manner while intraduodenal administration of apelin
increases pancreatic protein and trypsin secretion [52].

Finally, in pig mandibular gland it was stated that different feed physical forms affect the expression
of both the leptinergic system and cannabinoid type 1 and 2 receptors [1,2], as now observed for the
apelinergic system.

5. Conclusions

In conclusion, obtained data suggest that the diverse feed physical forms, performing differentiated
mechanical stimuli in the mouth, likely allow a different physiological behavior of pig MG. The intense
chewing activity linked to the highest feed compaction and hardness promotes an increase in pig
MG secretion; in addition, saliva becomes more fluid and richer in acid glycoconjugates in order to
better lubricate the bolus and protect the mouth mucosae. The apelinergic system is likely involved
in the above modifications enhancing both the fluidity and the quantity of serous saliva by the pig
mandibular gland.
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Simple Summary: The progress of civilization has provided people with virtually unlimited access
to food products. However, while the pace of life has increased, the consumption of products with
high levels of acrylamide (e.g., chips, corn flakes or coffee) has also increased. The gastrointestinal
tract is the first-exposure site for noxious substances ingested with food and it is also often the first
defence mechanism. Changes in the expression of neuroactive substances in the intramural neurons
of the enteric nervous system (ENS) are a common preclinical symptom of the harmful effect of
pathological factors on the body. Using the double immunofluorescence staining method, it was
established that supplementation with low and high doses of acrylamide resulted in alterations
of the porcine stomach neuron phenotype, which was reflected in an increased number of the
cocaine- and amphetamine-regulated transcript (CART)-, vesicular acetylcholine transporter (VAChT)-,
and neuronal isoform of nitric oxide synthase (nNOS)-immunoreactive neurons. The recorded changes
revealed that even low doses of acrylamide influence the nervous structures located in the porcine
gastric wall. This may result from the neurotoxicity of acrylamide or from the response of the ENS
to acrylamide-induced inflammation and suggests an important role of the ENS in protecting the
gastrointestinal tract during acrylamide intoxication.

Abstract: Acrylamide is found in food products manufactured with high-temperature processing,
and exposure to acrylamide contained in food products may cause a potential risk to human health.
The aim of this investigation was to demonstrate the changes in the population of CART-, nNOS-, and
VAChT-immunoreactive enteric neurons in the porcine stomach in response to supplementation of low
and high acrylamide doses. The study was carried out with 15 Danish landrace gilts divided into three
experimental groups: the control group—animals were administered empty gelatine capsules; the
low-dose group—animals were administrated a tolerable daily intake (TDI) dose (0.5 μg/kg of body
weight (b.w.)/day) of acrylamide capsules, and the high-dose group—animals were administrated
high-dose (ten times higher than TDI: 5 μg/kg b.w./day) acrylamide capsules for 28 days. Using the
double immunofluorescence staining method, it was established that supplementation with low and
high doses of acrylamide resulted in alterations of the porcine stomach neuron phenotype, which
was reflected in an increased number of CART-, VAChT-, and nNOS-immunoreactive neurons. These
changes were accompanied by an increased density of CART-, VAChT-, and nNOS-positive fibres. The
results suggest that the enteric nervous system plays an important role in protecting the gastrointestinal
tract during acrylamide intoxication.

Keywords: acrylamide; stomach; enteric nervous system; CART; VAChT; nNOS; pig
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1. Introduction

The oesophageal, gastric, and intestinal wall encompasses a dense network of nerve cells called
the enteric nervous system (ENS) [1]. These neurons are organised in the enteric ganglions that are
interlinked with a dense network of fibres and are thereby arranged in the plexuses. It is known
that in the porcine stomach and in other large animals, as well as in humans, there are two plexuses:
the myenteric plexus, situated between the circular and the longitudinal muscular layer, and the
submucous plexus located between the tunica muscularis and lamina propria of the mucosa. In the
small and large intestines, there are two submucous plexuses: the outer submucous plexus (OSP),
located on the inner side of the circular muscular layer, and the inner submucous plexus (ISP),
situated near the tunica muscularis in the intestinal mucosa [2–4]. It has been demonstrated that the
ENS neurons control numerous physiological functions of the gastrointestinal tract (GIT), such as the
secretion of digestive fluids, gastric and intestinal motility, and the absorption of nutrients, which
are predominantly regulated independently of the central nervous system (CNS) [5]. Each ENS
neuron synthesises and secretes a variety of neuroactive substances which are involved in both
controlling the physiological functions and in protecting the neurons against the harmful effects of
many irritant factors [2,5]. The physiological function of the cocaine- and amphetamine-regulated
transcript (CART) in the GIT has not yet been fully elucidated. However, it has been shown that
CART enhances gastric acid secretion, causes an inhibitory effect on gastric emptying, and stimulates
peristalsis in the colon [6]. The presence of CART in enteric neurons in the porcine stomach, small
intestine, and descending colon was described in previous studies [2,7,8]. In contrast, a neuronal
isoform of nitric oxide synthase (nNOS) is an enzyme that catalyses the production of nitric oxide
(NO) from L-arginine and is considered the major marker of nitrergic neurons. NO is a gaseous
inhibitory neurotransmitter. It has a vasodilatory effect, controls the mesenteric blood flow, inhibits
intestinal hormone and digestive fluid secretion, and demonstrates a protective effect on the gastric
mucosa [9]. Nitric oxide as a non-adrenergic, non-cholinergic inhibitory neurotransmitter detected in
different part of the porcine GIT, such as the stomach, duodenum, jejunum, ileum, and descending
colon [10–12]. In turn, vesicular acetylcholine transporter (VAChT) is believed to be the major marker
of cholinergic neurons. It stimulates the secretion of digestive enzymes and intestinal hormones
and has a stimulating effect on the gastrointestinal motility [13]. Previous reports confirmed that
VACHT-containing cholinergic neurons constitute a significant population of ENS neurons in the
porcine GIT. Their presence was noted in the stomach and small intestines [14,15].

Furthermore, numerous studies have demonstrated that the ENS neurons exhibit
neuronal plasticity. This kind of plasticity is defined as the adaptation to changes in the external
and internal environment, encompassing functional changes, such as a change in the number and
transmission of synaptic connections, modification of intracellular signalling cascades, regulation
of gene expression, and changes in neurotransmitter secretion [5,16]. Previous studies in animal
models and in humans have shown that different pathological conditions in the gastrointestinal
tract (inflammation, gastric ulcers, treatment with nonsteroidal anti-inflammatory drugs (NSAIDs),
diabetes mellitus, mycotoxins in feed or bisphenol-A intoxication) changed the neurochemical profile
of the enteric neurons and had a significant effect on modifying the number of CART-, nNOS- or
VAChT-immunoreactive neurons [2,7,10,11,17–19].

Acrylamide (ACM) (an α, β-unsaturated reactive monomer) is used in many industrial branches,
such as polyacrylamide production, the manufacturing of beauty products, glues, paper, and
polyacrylamide gels [20]. ACM is known to have carcinogenic and genotoxic properties, a harmful effect
on reproduction, and is said to be neurotoxic [20,21]. Among the many adverse effects of acrylamide,
only its neurotoxic effects have been documented in humans [21]. However, only after discovering
that ACM is found in food products manufactured with high-temperature processing was a series of
studies conducted to investigate food-related exposure as a potential risk to human health [22]. ACM is
synthesized in the Maillard reaction between L-asparagine and reducing sugars. A very high level of
acrylamide is found in potato chips, French fries, corn flakes, crackers, and coffee, all food products

140



Animals 2020, 10, 555

which are very popular among young consumers [23]. Epidemiological studies have demonstrated
that the average acrylamide intake in adults varies between 0.3 and 0.8 μg/kg body weight (b.w.) per
day [24]. The maximum safe intake levels have not yet been determined for acrylamide found in
food products. Despite numerous studies and confirmation that the gastrointestinal tract is the main
absorption route of ACM, little is known about its effect on the ENS neurons.

The aim of this study was to demonstrate the changes in the population of CART-, nNOS-, and
VAChT-immunoreactive enteric neurons in the porcine stomach in response to supplementation of
low and high acrylamide doses. The study was conducted on pigs which (as an omnivorous species)
have similar anatomy and physiological processes to humans [25]. For years, pigs have been used in
biomedical research, especially in studies investigating the gastrointestinal system [26].

2. Materials and Methods

The study was carried out with 15 Danish landrace gilts with an approximate body weight
of 15 kg, originating from a farm. The animals were kept in common pens suitable for their age,
were provided water ad libitum, and were fed a commercial pig feed mixture. After a one-week
acclimatization period, the gilts were divided into three experimental groups: 1. control group (C
group, n = 5): the animals were administered empty gelatine capsules; 2. low-dose group (LD group,
n = 5): the animals were administrated a tolerable daily intake (TDI) dose (0.5 μg/kg b.w./day) of
acrylamide (>99%; Sigma–Aldrich, Poznań, Poland) capsules; 3. high-dose group (HD group, n = 5):
the animals were administrated high-dose (ten times higher than TDI: 5 μg/kg b.w./day) acrylamide
capsules. All experimental procedures were approved by the Local Ethical Committee for Experiments
on Animals in Olsztyn (Approval No. 11/2017). In each group, the animals were administered
the specific capsules with morning feeding for four weeks. After a 28-day treatment, all gilts were
euthanized with a lethal anaesthetic injection (sodium pentobarbital, Morbital, Biowet Puławy, Puławy,
Poland), and stomach samples from the cardia, corpus, and pylorus region (Figure 1) were immediately
collected and fixed by immersion in a 4% buffered solution of paraformaldehyde (pH = 7.4) for 1 h and
then placed in a phosphate buffer solution (PBS, pH 7.4) for three days (the buffer was changed daily).
Finally, samples were placed into an 18% buffered solution of sucrose (pH 7.4) for two weeks.

The illustration shows the porcine stomach with marked fragments collected for further study.
Frozen sections (14 μm thick) from the collected stomach samples were then processed with the

double immunofluorescent staining method (as described previously by Palus et al. [27]). On day 1,
the sections were dried at room temperature, rinsed three times in PBS (10 min), and blocked with the
blocking mixture (10% horse serum, 0.1% bovine serum albumin in 0.1 M PBS, 1% Triton X-100, 0.05%
thimerosal, and 0.01% sodium azide) for 1 h, rinsed again three times in PBS (10 min). The primary
antibody solution was then added (Table 1), and the sections were incubated overnight in a humid
chamber. On day 2, the sections were rinsed three times in PBS (10 min) and incubated with the
secondary antibody solution (Table 1) for one hour, and after three rinsing steps in PBS (10 min),
the tissue sections were immersed in a glycerol solution and covered with a coverslip. As a negative
control, the following tests were used: pre-absorption for antisera with appropriate antigens and an
omission and replacement test. No fluorescence was observed in any of the tests.

After staining, the sections were examined with an Olympus BX51 fluorescent microscope.
To determine the number of individual neuron populations, a minimum of 500 PGP 9.5-positive
neurons were analysed for each of the investigated neuroactive substances in both types of the plexuses
(myenteric and submucous), and the number of PGP 9.5-positive neurons was assumed as 100%.
The sections were separated by a distance of at least 200 μm to avoid counting the same neurons.
To estimate the density of nerve fibres immunoreactive to CART, nNOS, and VAChT in the circular
muscle layer (CML) and the submucosal/mucosal layer (S/ML), an arbitrary scale was used, in which
(-) indicated a lack of fibres immunoreactive to CART, nNOS or VACHT, and (+++) indicated a dense
network of nerve fibres. The results were statistically processed with Statistica 12 software (StatSoft
Inc., Tulsa, OK, USA) and were expressed as the mean ± standard error of the mean (SEM). Statistically
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significant differences were evaluated with one-way analysis of variance (ANOVA) with Dunnett’s test
(* p < 0.05, ** p < 0.01, *** p < 0.001).

Figure 1. The porcine stomach.

Table 1. List of immunoreagents used in the present study.

Antigen Host Species Code Dilution Manufacturer/Supplier

Primary antibodies

PGP 9.5 Mouse 7863-2004 1:1000 Bio-Rad, Hercules, CA, USA

CART Rabbit H-003-61 1:16000 Phoenix Pharmaceuticals, Burlingame, CA, USA

VAChT Rabbit H-V007 1:2000 Phoenix Pharmaceuticals, Burlingame, CA, USA

nNOS Rabbit AB5380 1:2000 Sigma–Aldrich, Saint Louis, MO, USA

Secondary antibodies

Alexa Fluor 488 nm donkey anti-mouse IgG A21202 1:1000 Thermo Fisher Scientific, Waltham, MA, USA

Alexa Fluor 546 nm goat anti-rabbit IgG A11010 1:1000 Thermo Fisher Scientific, Waltham, MA, USA

PGP 9.5-protein gene product 9.5, CART- the cocaine- and amphetamine-regulated transcript, nNOS- the neuronal
isoform of nitric oxide synthase, the cocaine vesicular acetylcholine transporter (VAChT).

3. Results

3.1. Myenteric Plexus

In the myenteric plexus, the administration of acrylamide increased the CART-, VAChT-, and
nNOS-immunoreactive (IR) neuronal populations in all investigated stomach fragments (Figure 2).
For CART, the major changes were found in the cardia, i.e., an increase from 22.72 ± 1.45% to
38.75 ± 1.18% and to 50.73 ± 2.61% in the LD and HD groups, respectively (Figure 2A, Figure 3A–C).
In the stomach corpus region, the changes were also significant for low-dose and high-dose acrylamide
supplementation (an increase from 29.86 ± 1.35% to 34.45 ± 0.72% and 49.80 ± 2.47%, respectively)
(Figure 2B, Figure 3D–F). The smallest changes were demonstrated in the pylorus, where the number
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of CART-immunoreactive (CART-IR) neurons increased only in the HD group (from 15.15 ± 0.80% to
26.16 ± 1.39%) (Figure 2C, Figure 3G,I). In contrast, for VAChT, the greatest changes were found in the
pylorus, where the number of VAChT-IR neurons increased from 23.41 ± 1.11% in the control group to
26.32 ± 0.69% in the LD group and 30.08 ± 1.23% in the HD group (Figure 2C, Figure 4G–I). In the
corpus, the changes were statistically significant in both experimental groups (an increase from 18.10 ±
1.01% to 22.73 ± 0.86% and 29.42 ± 0.87%) (Figure 2B, Figure 4D–F), whereas in the cardia, a substantial
increase in the VAChT-IR neuronal population (from 13.01 ± 0.87% to 19.23 ± 1.23%) was only found
in the HD group (Figure 2A, Figure 4A,C). In the nNOS case, the greatest changes were demonstrated
in the cardia, where the number of nNOS- immunoreactive (NOS-IR) neurons increased from 35.27 ±
1.85% to 43.69 ± 1.47% in the LD group and to 58.21 ± 1.04% in the HD group (Figure 2A, Figure 5A–C).
A slightly smaller alteration was recorded in the pylorus: from 17.16 ± 1.53% in the control group to
22.89 ± 1.06% and to 36.03 ± 1.23% in the experimental groups (Figure 2C, Figure 5G–I). The smallest
increase was detected in the corpus, as statistically significant differences were demonstrated only in
the group supplemented with high acrylamide doses (an increase from 21.38 ± 1.10% to 33.36 ± 1.06%)
(Figure 2D, Figure 5D,F).

Figure 2. Acrylamide-induced changes in number of stomach enteric neurons immunoreactive to
the cocaine- and amphetamine-regulated transcript (CART), the vesicular acetylcholine transporter
(VAChT) and the neuronal isoform of nitric oxide synthase (nNOS). Enteric neurons immunoreactive to
CART, VAChT, and nNOS in the myenteric plexuses (MP) of cardia (A), corpus (B), and pylorus (C)
and in the submucous plexuses (SP) of corpus (D) in animals from the control (grey bar), LD (lined bar),
and HD (black bar) groups. * p < 0.05,** p < 0.01,*** p < 0.001 indicate differences in the expression of
particular substance studied in comparison to the control animals.
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Figure 3. CART-immunoreactive neurons in the porcine stomach. The pictures show the cocaine-
and amphetamine-regulated transcript (CART)-immunoreactive intramural neurons in the wall of
the porcine stomach in the control group and in animals receiving low and high doses of acrylamide.
(A)—myenteric neurons immunoreactive to protein gene-product 9.5 (PGP 9.5), used as a pan-neuronal
marker, and CART in the cardia of control animals; (B)—myenteric neurons immunoreactive to PGP 9.5
and CART in the cardia of animals from LD group; (C)—myenteric neurons immunoreactive to PGP 9.5
and CART in the cardia of animals from HD group; (D)—myenteric neurons immunoreactive to PGP
9.5 and CART in the corpus of control animals; (E)—myenteric neurons immunoreactive to PGP 9.5 and
CART in the corpus of animals from LD group; (F)—myenteric neurons immunoreactive to PGP 9.5
and CART in the corpus of animals from HD group; (G)—myenteric neurons immunoreactive to PGP
9.5 and CART in the pylorus of control animals; (H)—myenteric neurons immunoreactive to PGP 9.5
and CART in the pylorus of animals from LD group; (I)—myenteric neurons immunoreactive to PGP
9.5 and CART in the pylorus of animals from HD group; (J)—submucous neurons immunoreactive to
PGP 9.5 and CART in the corpus of control animals; (K)—submucous neurons immunoreactive to PGP
9.5 and CART in the corpus of animals from LD group; (L)—submucous neurons immunoreactive to
PGP 9.5 and CART in the corpus of animals from HD group.
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Figure 4. VAChT-immunoreactive neurons in the porcine stomach. The pictures show the vesicular
acetylcholine transporter (VAChT)-immunoreactive intramural neurons in the wall of the porcine
stomach in the control group and in animals receiving low and high doses of acrylamide. (A)—myenteric
neurons immunoreactive to protein gene-product 9.5 (PGP 9.5), used as a pan-neuronal marker,
and VAChT in the cardia of control animals; (B)—myenteric neurons immunoreactive to PGP 9.5 and
VAChT in the cardia of animals from LD group; (C)—myenteric neurons immunoreactive to PGP 9.5 and
VAChT in the cardia of animals from HD group; (D)—myenteric neurons immunoreactive to PGP 9.5
and VAChT in the corpus of control animals; (E)—myenteric neurons immunoreactive to PGP 9.5 and
VAChT in the corpus of animals from LD group; (F)—myenteric neurons immunoreactive to PGP 9.5
and VAChT in the corpus of animals from HD group; (G)—myenteric neurons immunoreactive to PGP
9.5 and VAChT in the pylorus of control animals; (H)—myenteric neurons immunoreactive to PGP 9.5
and VAChT in the pylorus of animals from LD group; (I)—myenteric neurons immunoreactive to PGP
9.5 and VAChT in the pylorus of animals from HD group; (J)—submucous neurons immunoreactive to
PGP 9.5 and VAChT in the corpus of control animals; (K)—submucous neurons immunoreactive to PGP
9.5 and VAChT in the corpus of animals from LD group; (L)—submucous neurons immunoreactive to
PGP 9.5 and VAChT in the corpus of animals from HD group.
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Figure 5. nNOS-immunoreactive neurons in the porcine stomach. The pictures show the neuronal
isoform of nitric oxide synthase (nNOS)- immunoreactive intramural neurons in the wall of the
porcine stomach in the control group and in animals receiving low and high doses of acrylamide.
(A)—myenteric neurons immunoreactive to protein gene-product 9.5 (PGP 9.5), used as a pan-neuronal
marker, and nNOS in the cardia of control animals; (B)—myenteric neurons immunoreactive to PGP 9.5
and nNOS in the cardia of animals from LD group; (C)—myenteric neurons immunoreactive to PGP 9.5
and nNOS in the cardia of animals from HD group; (D)—myenteric neurons immunoreactive to PGP
9.5 and nNOS in the corpus of control animals; (E)—myenteric neurons immunoreactive to PGP 9.5 and
nNOS in the corpus of animals from LD group; (F)—myenteric neurons immunoreactive to PGP 9.5
and nNOS in the corpus of animals from HD group; (G)—myenteric neurons immunoreactive to PGP
9.5 and nNOS in the pylorus of control animals; (H)—myenteric neurons immunoreactive to PGP 9.5
and nNOS in the pylorus of animals from LD group; (I)—myenteric neurons immunoreactive to PGP
9.5 and nNOS in the pylorus of animals from HD group; (J)—submucous neurons immunoreactive to
PGP 9.5 and nNOS in the corpus of control animals; (K)—submucous neurons immunoreactive to PGP
9.5 and nNOS in the corpus of animals from LD group; (L)—submucous neurons immunoreactive to
PGP 9.5 and nNOS in the corpus of animals from HD group.
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3.2. Submucous Plexus

Acrylamide also induced a substantial change in the CART-, VACHT-, and nNOS-IR neuronal
populations in the submucous plexuses in the stomach corpus (Figure 2). For CART, a highly significant
increase in the number of CART-IR neurons was found in the LD group (from 4.32 ± 0.53% to
7.52 ± 0.36%) and HD group (to 7.76 ± 0.42%) (Figure 2D, Figure 3J–L). An increase in the VAChT-IR
neurons was also recorded in both experimental groups: from 50.05 ± 1.83% to 58.81 ± 1.38% and to
69.39 ± 1.95%, respectively (Figure 2D, Figure 4J–L). While for nNOS, a statistically significant increase
in the nNOS-IR neurons was shown only in the HD group (from 18.64 ± 1.96% to 26.87 ± 1.37%)
(Figure 2D, Figure 5J,L). In the submucous plexuses of the cardia and pylorus region, no neurons
immunoreactive to the investigated neuroactive substances were found.

3.3. Nerve Fibres

CART-, VAChT-, and nNOS-immunoreactive nervous fibres were detected in both the circular
muscle layer (CML) and the submucosal/mucosal layer (S/ML) in all investigated gastric regions (Table 2).
In the CML, a dense network of CART-IR nerve fibres was demonstrated in the cardia (++), corpus
(+++) (Figure 6A) and pylorus (++). Fibres with slightly smaller density were found in the S/ML (+/++)
(Figure 7A), although few varicose VACHT (+) and nNOS (+) fibres were detected in the control group
or in the CLM (Figure 6D,G) and the S/ML (Figure 7D,G). The VACHT- and nNOS-immunoreactive fibre
density was comparable in all investigated gastric regions (cardia, corpus, and pylorus). Acrylamide
produced a substantial increase in the CART-, VAChT-, and nNOS-immunoreactive fibre density in both
the CML (Figure 6B,C,E,F,H,I) and S/ML (Figure 7B,C,E,F,H,I). The greatest changes were demonstrated
in the HD acrylamide group; however, even in the LD group, changes were also noticeable (Table 2).

Table 2. Density of nerve fibres immunoreactive to the cocaine- and amphetamine-regulated transcript
(CART), the vesicular acetylcholine transporter (VAChT) and the neuronal isoform of nitric oxide
synthase (nNOS) in the stomach wall.

Part of the Stomach

Cardia Corpus Pylorus

C
Group

LD
Group

HD
Group

C
Group

LD
Group

HD
Group

C
Group

LD
Group

HD
Group

CART

CML ++ ++ +++ +++ +++ ++++ ++ ++ +++

S/ML + + ++ + ++ +++ ++ ++ +++

VACHT

CML + + ++ + + ++ + ++ ++

S/ML + + + + ++ ++ + ++ ++

nNOS

CML + + ++ + ++ ++ + ++ +++

S/ML + + ++ + + ++ + ++ ++

CML-the circular muscle layer, S/ML-the submucous/mucous layer.
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Figure 6. Nerve fibres in the circular muscle layer. The pictures show nerve fibres immunoreactive
to the the cocaine- and amphetamine-regulated transcript (CART), the vesicular acetylcholine
transporter (VAChT) and the neuronal isoform of nitric oxide synthase (nNOS) in the circular
muscle layer (CML) in the porcine stomach in the control group and in animals receiving low
and high doses of acrylamide. (A)—CART-immunoreactive nerve fibres in the CML in the corpus
of control animals; (B)—CART-immunoreactive nerve fibres in the CML in the corpus of animals
from LD group; (C)—CART-immunoreactive nerve fibres in the CML in the corpus of animals
from HD group; (D)—VAChT-immunoreactive nerve fibres in the CML in the pylorus of control
animals, (E)—VAChT-immunoreactive nerve fibres in the CML in the pylorus of animals from LD
group, (F)—VAChT-immunoreactive nerve fibres in the CML in the pylorus of animals from HD
group, (G)—nNOS-immunoreactive nerve fibres in the CML in the pylorus of control animals,
(H)—nNOS-immunoreactive nerve fibres in the CML in the pylorus of animals from LD group,
(I)—nNOS-immunoreactive nerve fibres in the CML in the pylorus of animals from HD group.
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Figure 7. Nerve fibres in the submucous/mucous layer. The pictures show nerve fibres immunoreactive
to the the cocaine- and amphetamine-regulated transcript (CART), the vesicular acetylcholine transporter
(VAChT) and the neuronal isoform of nitric oxide synthase (nNOS in the submucous/mucous
layer (S/ML) in the porcine stomach in the control group and in animals receiving low and high
doses of acrylamide. (A)—CART-immunoreactive nerve fibres in the S/ML in the corpus of
control animals; (B)—CART-immunoreactive nerve fibres in the S/ML in the corpus of animals
from LD group; (C)—CART-immunoreactive nerve fibres in the S/ML in the corpus of animals
from HD group; (D)—VAChT-immunoreactive nerve fibres in the S/ML in the corpus of control
animals, (E)—VAChT-immunoreactive nerve fibres in the S/ML in the corpus of animals from LD
group, (F)—VAChT-immunoreactive nerve fibres in the S/ML in the corpus of animals from HD
group, (G)—nNOS-immunoreactive nerve fibres in the S/ML in the pylorus of control animals,
(H)—nNOS-immunoreactive nerve fibres in the S/ML in the pylorus of animals from LD group,
(I)—nNOS-immunoreactive nerve fibres in the S/ML in the pylorus of animals from HD group.

4. Discussion

The progress of civilization and the development of industry have provided people with virtually
unlimited access to food products. However, while the pace of life has increased, the consumption of
products with high levels of acrylamide is also on the rise. The gastrointestinal tract is the first-exposure
site to noxious substances ingested with food, and it is also often the first defence mechanism. Changes
in the expression of neuroactive substances in the intramural neurons of the ENS are a common
preclinical symptom of the harmful effect of pathological factors on the body. The investigation showed
that the supplementation of both low and high doses of acrylamide had a substantial effect on the
population of the enteric CART-, VAChT-, and nNOS-immunoreactive neurons and the fibre density in
the porcine stomach. The degree of these changes was variable, depending on the specific stomach
region and the type of investigated plexus. Nevertheless, the findings may also indicate that the
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alimentary exposure to acrylamide causes significant alterations in the neurochemical phenotype of
the enteric neurons and is therefore not neutral in the body.

Acrylamide is categorised as a neurotoxic compound, with toxic effects on the central nervous
system (CNS) and peripheral nervous system (PNS), both in laboratory animals and in humans [28].
The reported symptoms of acrylamide exposure include limb numbness, muscle weakness or ataxia,
and they most probably result from an inhibition of the kinesin-based fast axonal transport and
alterations in the neurotransmitter levels [29–31]. Acrylamide binds with protein receptors rich in
cysteine that are involved in the presynaptic release of the neurotransmitters, membrane reuptake,
and vesicular nerve conduction, which results in disturbed synaptic transmission [32]. It has also
been demonstrated that acrylamide causes damage to nerve ends and Purkinje cells, as well as axonal
oedema [33]. In acrylamide intoxication, an increase in dopamine expression has also been shown in
the rat striatum [34]. Furthermore, acrylamide results in a reduction of enzymatic and non-enzymatic
antioxidants and in lipid peroxidation, which leads to nerve cell apoptosis, and the latter phenomenon
is involved in the pathogenesis of many neurodegenerative diseases [35,36]. This has also been
demonstrated in some studies on acrylamide-induced reactive gliosis, presenting with a potentiated
synthesis of free radicals and stimulating amino acids and proinflammatory cytokines in the glial cells,
which results in neuronal death [35]. Previous studies have not elucidated how acrylamide impacts
the enteric neurons. However, the above-mentioned studies on different parts of the nervous system
may indicate that these findings are a result of neurotoxicity.

Changes in neurotransmitter expression in the enteric neurons are a result of adaptation to irritants
to which the cell is exposed, and it should accommodate the neurons to survive under variable,
often unfavourable conditions. Previous studies investigating the ENS have shown that many of
the neuroactive substances synthesized by these neurons have neuroprotective properties [11,16,18].
Undoubtedly, CART is one of them. In the investigation, the reported increase in the CART-IR neuron
population is consistent with previous studies that demonstrated an elevated CART expression in the
enteric neurons due to mycotoxin intoxication, neuron damage, diabetes or hypertension [2,7,37,38].
The severity of these alterations was determined by the section of the gastrointestinal (GI) tract and the
given pathology. The neuroprotective effect of CART has been also evidenced in in vitro mice studies
since it found increased survival of neurons in a CART-supplemented myenteric neuron culture [39].
Acetylcholine (ACh) is also an important endogenous neurotransmitter, and its neuroprotective effects
have been demonstrated in both the central and peripheral nervous systems [40,41]. Recent studies have
found that the population of neurons immunoreactive to VAChT (a marker of the cholinergic neurons)
in the enteric neuronal population increased during irinotecan treatment [42]. The elevated number
of VAChT-immunoreactive neurons reported in the presented investigation is also consistent with
previous studies that demonstrated an elevation of acetylcholinesterase (AChE) levels in the peripheral
cholinergic neurons during acrylamide intoxication [43]. Interestingly, VAChT is also believed to
be an excellent morphological indicator to investigate the regenerative process of motor neuron
endings [44]. In turn, nNOS may present a two-pronged effect, depending on the site of a pathological
process in the GI tract and the nature of the noxious stimulus. An elevated number of intramural
nNOS-immunoreactive neurons has been reported in many GI dysfunctions, such as hyperacidity
of the stomach and naproxen treatment [12,18]. Furthermore, it has been shown that the levels of
transcription factors involved in protecting the myenteric neurons against ischaemia–reperfusion
injury increased, and the survival of the rat myenteric neurons in an nNOS-supplemented culture
was elevated, which provides evidence of the neuroprotective effect of NO [45,46]. There are also
reports on the reduced expression of nNOS in enteric neurons, for example, in diabetes or Crohn
disease [10,47]. However, they prove the above-mentioned bidirectionality of NO effects in response to
different neurotoxic stimuli.

Although the neurotoxicity of acrylamide has been well discussed, it cannot be precluded that the
changes in the neurochemical phenotype of the stomach enteric neurons, reported in the present study,
may result from a response to inflammation. It has been shown that acrylamide has proinflammatory
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properties. There is some evidence that acrylamide increases interleukin-6 (Il-6) and tumour necrosis
factor α (TNF-α) levels in the blood serum via overproduction of reactive oxygen species (ROS) and
therefore leads to neuroinflammation [35]. Previous studies conducted by the authors have also
demonstrated that supplementation with acrylamide results in local ileitis with such symptoms as
the increased synthesis of proinflammatory cytokines by gut-associated lymphoid tissue (GALT)
(Interleukin 1β (IL-1β), IL-6, TNF-α) [48]. The authors’ findings correlate with the previous studies in
which an elevated number of CART-, VAChT-, and nNOS-IR neurons was detected in the course of
different inflammatory GIT conditions. In particular, an increased immunoreactivity to CART in the
ENS structures was recorded in ulcerative colitis and experimentally induced colitis in pigs [38,49].
It has been proven that the cholinergic system is involved in the immune response mechanisms by
stimulating the nicotine receptors and thereby leading to a reduction in the inflammatory response
in the CNS [50]. Additionally, it decreases lipid peroxidation by removing reactive oxygen species
(ROS) [51]. A direct inhibitory effect of ACh on the synthesis of proinflammatory cytokines by
macrophages has been demonstrated [52]. NO is known for its anti-inflammatory and proinflammatory
properties in the gastrointestinal tract. The outcome depends on the type of inflammation and its site.
Nevertheless, it has been shown that NO is involved in protecting the gastric mucosa against damage,
supporting ulcer healing, and increasing cytokine synthesis in the mucosa [53–55]. Considering these
data, it may be speculated that the investigated neuroactive substances are involved in controlling
acrylamide-induced inflammation in the porcine stomach.

It is also acknowledged that despite the lack of data on the toxic mechanism of acrylamide in the
ENS structures, the demonstrated changes may result from an elevated synthesis of the investigated
neuroactive substances on its different stages, such as transcription, translation or modification of
the activity of enzymes involved in this synthesis, or these changes may be a consequence of the
inhibition of axonal transport or slowed degradation of neurotransmitters. However, the reported
increased density of the CART-, VAChT-, and nNOS-positive fibres associated with the elevated
number of neurons, which are immunoreactive to the investigated substances, supports the increased
synthesis scenario.

5. Conclusions

To conclude, the discussed investigation has demonstrated that supplementation with low
and high doses of acrylamide resulted in alterations of the porcine stomach neuron phenotype,
which was reflected in an increased number of CART-, VAChT-, and nNOS-immunoreactive neurons.
These changes were accompanied by an increased density of CART-, VAChT-, and nNOS-positive fibres.
The recorded changes revealed that even low doses of acrylamide influenced the nervous structures
located in the porcine gastric wall. This may result from the neurotoxicity of acrylamide or from the
response of the ENS to acrylamide-induced inflammation. The authors’ studies also suggest that the
ENS plays an important role in protecting the gastrointestinal tract during acrylamide intoxication.
Considering the role of the pig as an important model in biomedical research, these results may become
a topic of further toxicological and clinical studies on reducing the harmful effects of acrylamide found
in food products in the body.

Author Contributions: Conceptualization, K.P.; Investigation, K.P., M.B.; Methodology, K.P.; Writing—original
draft, K.P.; Writing—review & editing, J.C. All authors have read and agreed to the published version of
this manuscript.

Funding: This study was funded by the KNOW (Leading National Research Centre) Scientific Consortium
“Healthy Animal–Safe Food”, the Ministry of Science and Higher Education, No. 05-1/KNOW2/2015, and the
University of Warmia and Mazury in Olsztyn (statutory research) grant No 15.610.003-300. The project was
financially co-supported by Minister of Science and Higher Education in the range of the program entitled
“Regional lnitiative of Excellence” for the years 2019-2022, Project No. 010/RID/2018/19, amount of funding
12.000.000 PLN.

Acknowledgments: The authors wish to express their deep thanks to mgr. Andrzej Pobiedziński, for his skillful
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Simple Summary: The endocannabinoid system (ECS) has opened the door to novel therapeutical
approaches targeting cancer, pain, anxiety, stress, and inflammatory diseases. The ECS is ubiqui-
tously expressed in almost all members of Animalia, but its precise localization outside the central
nervous system is still under investigation. In this study, the localization of the main and related
cannabinoid receptors in the myenteric plexus of the porcine ileum was immunohistochemically
analyzed. The myenteric plexus neurons were found to be positive for cannabinoid receptor 1 (CB1R)
and the cannabinoid-related receptors transient potential vanilloid receptor 1 (TRPV1), transient
potential ankyrin receptor 1 (TRPA1), and serotonin receptor 5-HT1a (5-HT1aR). In addition, the ECS
receptors were also located on nerve fibers, the tunica muscularis, and the endothelium. The wide
distribution of cannabinoid and cannabinoid-related receptors in the myenteric plexus provides
the anatomical basis for additional investigation, suggesting the possible role of the ECS in treating
pathological conditions in livestock.

Abstract: An important piece of evidence has shown that molecules acting on cannabinoid receptors
influence gastrointestinal motility and induce beneficial effects on gastrointestinal inflammation and
visceral pain. The aim of this investigation was to immunohistochemically localize the distribution
of canonical cannabinoid receptor type 1 (CB1R) and type 2 (CB2R) and the cannabinoid-related
receptors transient potential vanilloid receptor 1 (TRPV1), transient potential ankyrin receptor 1
(TRPA1), and serotonin receptor 5-HT1a (5-HT1aR) in the myenteric plexus (MP) of pig ileum.
CB1R, TRPV1, TRPA1, and 5-HT1aR were expressed, with different intensities in the cytoplasm of
MP neurons. For each receptor, the proportions of the immunoreactive neurons were evaluated
using the anti-HuC/HuD antibody. These receptors were also localized on nerve fibers (CB1R,
TRPA1), smooth muscle cells of tunica muscularis (CB1R, 5-HT1aR), and endothelial cells of blood
vessels (TRPV1, TRPA1, 5-HT1aR). The nerve varicosities were also found to be immunoreactive
for both TRPV1 and 5-HT1aR. No immunoreactivity was documented for CB2R. Cannabinoid and
cannabinoid-related receptors herein investigated showed a wide distribution in the enteric neurons
and nerve fibers of the pig MP. These results could provide an anatomical basis for additional research,
supporting the therapeutic use of cannabinoid receptor agonists in relieving motility disorders in
porcine enteropathies.

Keywords: CB1R; CB2R; TRPV1; TRPA1; 5-HT1aR; endocannabinoid system; immunohistochemistry;
pig; enteric nervous system
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1. Introduction

The network of sensory neurons, motor neurons, interneurons, and glial cells embed-
ded in the gut walls is called the enteric nervous system (ENS) [1]. The ENS is responsible
for controlling various functions of the gastrointestinal tract (GIT) such as motility, ab-
sorption, and secretion in physiological and pathological conditions [2]. There is a strict
interaction between the ENS and the central nervous system (CNS), with a bidirectional
information flow between these two systems; however, the ENS can control digestive
functions independently of the CNS [3]. The ENS also cooperates with the immune and
endocrine systems by adapting nutrient absorption depending on the condition of the gut,
thereby preserving mucosal barrier functionality [3].

The endocannabinoid system (ECS) is constituted of three fundamental components:
receptors, signaling molecules, and the enzymes responsible for ligand biosynthesis and
degradation. It typically comprises the prototypical cannabinoid receptors types 1 and
2 (CB1R and CB2R), endocannabinoids anandamide (AEA) and 2-arachidonylglycerol
(2-AG), and the enzymes involved in their biosynthesis and degradation [4–7]. The ECS is
typically localized at the CNS level [8]. CB1R was proven to be the most widely expressed
receptor protein from the G protein-coupled receptors (GPCRs) family in the brain, mainly
in the basal ganglia, hippocampus, olfactory bulb, and cerebellum [9]. In contrast, CB2R
is mainly expressed in immune tissues such as the microglia, leukocytes, and cells of
macrophage lineage [10,11]. The broad localization of the CB1R in the CNS represents a
limit to its potential as a pharmacological target for CNS pathologies due to the undesired
psychotropic side effects related to its activation from agonists and antagonists [12]. On
the other hand, CB2R may constitute a promising pharmacological target for inflammatory
disorders, thanks to its anti-inflammatory properties [13]. It has recently been clarified that
the localization of the ECS is not limited only to the CNS since it was found ubiquitously
expressed throughout the body, serving a multiplicity of physiological roles including
the regulation of gastrointestinal functions [14,15]. In particular, the ECS is supposed to
regulate gastrointestinal secretion and motility via the ENS [16]. Various studies have
suggested a possible implication of CB1R and CB2R in inflammatory bowel disease (IBD),
exerting a protective effect, thus suggesting the potential of pharmacological agents capable
of targeting and modulating these pathways [15,17,18]. Moreover, additional cannabinoid-
related receptors and endocannabinoid-like molecules may also be involved. In particular,
among the secondary receptors belonging to the ECS are found G-protein coupled receptors
(GPRs), transient receptor potential (TRP) channels, serotonin (5-HT) receptors, and nuclear
peroxisome proliferator-activated receptors (PPARs) [19]. In particular, TRP channels are
sensitive to harmful stimuli, pungent compounds, acid, temperature, and inflammation
mediators, qualifying these receptors as being suitable candidates and novel targets for
gastrointestinal pain [20].

Concerning the endocannabinoid-like mediators, growing interest is driven by palmi-
toylethanolamide (PEA) and cannabidiol (CBD) [6,21]. Growing research regarding this
topic indicates that activation of the cannabinoid and cannabinoid-related receptors, me-
diated by endogenous or plant-derived cannabinoids, may influence GIT motility and
secretion, with a reduction in inflammation and visceral pain [17,22–27].

To the authors’ knowledge, only a few studies have described the presence of the ECS
in the porcine GIT, limited to the mucosa [28] or, in the ENS, only to CB1R [29]. For this
reason, the aim of this study was to immunohistochemically characterize the distribution of
the canonical cannabinoid receptors CB1R and CB2R, and the cannabinoid-related receptors
TRP vanilloid 1 (TRPV1), TRP ankyrin 1 (TRPA1), and 5-HT1a serotonin receptor (5-HT1aR)
in the myenteric plexus (MP) of the pig ileum.
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2. Materials and Methods

2.1. Animals

Intestinal tissues were collected from six pigs at the slaughterhouse. All animals were
7-month-old genetic hybrids (Landrace × Large White). The animals did not have a history
of gastrointestinal disorders and did not show gross alterations of the gastrointestinal wall.

Italian legislation (D. Lgs. n. 26/2014), according to Directive 2010/63/EU of the Eu-
ropean Parliament and the Council of 22/09/2010 regarding the protection of animals used
for scientific purposes, does not require any approval by the appropriate authorities or
ethics committees since this research did not influence any therapeutic decisions.

2.2. Tissue Collection

The ileum was harvested within 30 min from the animals’ deaths and was longitu-
dinally opened along the mesenteric border. The tissues were then washed in phosphate-
buffered saline (PBS), fixed, and processed to obtain longitudinal (2.0 cm × 0.5 cm) and
tangential cryosections (2.0 cm × 1.0 cm), which were later processed for immunohisto-
chemistry, as previously described [30].

2.3. Immunofluorescence

After hydration in PBS, the cryosections were processed for immunostaining. To
prevent non-specific bindings, the cryosections were incubated in a solution containing
20% normal donkey serum (Colorado Serum Co., Denver, CO, USA), 0.5% Triton X-100
(Sigma Aldrich, Milan, Italy, Europe), and bovine serum albumin (1%) in PBS for 1 h at room
temperature (RT). The cryosections were then incubated in a humid chamber overnight at
RT, and single or double immunostaining was carried out. In the single immunostaining,
the cryosections were incubated with only one of the primary antibodies (Table 1) directed
against the cannabinoid and cannabinoid-related receptors. For double immunostaining,
the cryosections were incubated with a cocktail of primary antibodies (Table 1). Since
double immunostaining was carried out to identify the enteric neurons, the cryosections
were co-incubated with one of the anti-cannabinoid receptors or anti-cannabinoid-related
antibodies and the anti-HuC/HuD antibody. All the primary antibodies were diluted in
1.8% NaCl in 0.01 M PBS containing 0.1% sodium azide. After washing the cryosections in
PBS (3 × 10 min), they were incubated for 1 h at RT in a humid chamber with the secondary
antisera (Table 2) diluted in PBS. The cryosections were then washed in PBS (3 × 10 min)
and mounted in buffered glycerol at pH 8.6 with 4′,6-diamidino-2-phenylindole (DAPI)
(Santa Cruz Biotechnology, Santa Cruz, CA, USA).

Table 1. The primary antibodies used in the study.

Primary Antibodies Host Code Dilution Source

CB1R Rabbit ab23703 1:100 Abcam
CB2R Rabbit ab45942 1:200 Abcam
CB2R Mouse sc-293188 1:50 Santa Cruz

TRPV1 Rabbit ACC-030 1:200 Alomone
TRPA1 Rabbit ab58844 1:100 Abcam

5-HT1aR Rabbit ab85615 1:100 Abcam
HuC/HuD Mouse A21271 1:200 Life Technologies

Table 2. The secondary antibodies used in the study.

Secondary Antibodies Host Code Dilution Source

Anti-rabbit 488 Donkey A-21206 1:1000 Thermo Fisher
Anti-rabbit 594 Donkey ab150076 1:1000 Abcam
Anti-mouse 594 Donkey A-21203 1:500 Thermo Fisher
Anti-mouse 488 Donkey A-21202 1:500 Thermo Fisher
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The proportion of neurons that were HuC/HuD immunoreactive and that were
also immunoreactive for CB1R, CB2R, TRPV1, TRPA1, and 5-HT1aR was determined
by examining fluorescently labelled, double-stained preparations. The neurons were
first identified by the presence of a fluorophore labeling one antigen (HuC/HuD), and
the microscope filter was subsequently switched to determine whether or not the neuron
expressed a second antigen (CB1R, CB2R, TRPV1, TRPA1, and 5-HT1aR), identified with a
different-colored fluorophore. In doing so, the proportion of neurons labeled for pairs of
antigens was determined.

A minimum of one hundred HuC/HuD immunoreactive MP neurons was counted
for each marker expressed by nerve cell bodies. Data were collected from preparations
obtained from at least three animals (n = 5). The percentages of immunoreactive neurons
were expressed as mean ± standard deviation.

2.4. Specificity of the Primary Antibodies

CB1R, the synthetic peptide MSVSTDTSAEAL, corresponding to carboxy-terminal
amino acids 461-472 of human CB1R, was used as an immunogen to obtain the anti-CB1R
antiserum. The homology between the full amino acid sequences of the pig (F1S0E6) and
the human (P21554) CB1R was 97.9% (https://blast.ncbi.nlm.nih.gov/Blast.cgi); correspon-
dence with the specific sequence of the immunogen was 100%. Therefore, the antibody
anti-CB1R should also recognize the same receptor in pig. Since this antibody is human
specific, it was applied on a submucosal wholemount preparation of human descending
colon as a positive control, having previously obtained donor consent. The wholemount
preparation was prepared and analyzed using pre-validated immunohistochemical proto-
cols [31].

CB2R, the synthetic peptide conjugated to keyhole limpet hemocyanin (KLH) derived
from within residues 200–300 of rat CB2, was used as an immunogen to obtain the rabbit
ant-CB2R antibody (ab45942). The homology between the full amino acid sequences of
pig (I3LUS5) and rat CB2R (Q9QZN9) was 76.3%; the correspondence with the specific
sequence of the immunogen was 76%. The amino acid sequence 302–360 of CB2 of human
origin (P34972) was used as an immunogen to obtain the mouse anti-CB2R antibody (sc-
293188). The homology between the full amino acid sequences of pig and human CB2R
was 81.9%.

TRPV1, the peptide (C)EDAEVFK DSMVPGEK, corresponding to residues 824–838 of
rat TRPV1, was used as an immunogen to obtain the anti-TRPV1 antibody. The homology
between the full amino acid sequences of pig (A0A4X1UCR0) and rat (O35433) TRPV1 was
84.52% (https://blast.ncbi.nlm.nih.gov/Blast.cgi), and the correspondence with the specific
sequence of the immunogen was 93%. However, this antibody was tested on the porcine
nervous system (dorsal root ganglia) using western blot (Wb) analysis [32].

TRPA1, the synthetic peptide CEKQHELIKLIIQKME, corresponding to amino acids
1060-1075 of rat TRPA1, was used as an immunogen to obtain the anti-TRPA1 antibody.
The alignment of the immunogen sequence with the target protein in the pig was 93%
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). It is plausible that the antibody anti-rat TRPA1
should also recognize the same receptor in the pig.

5-HT1aR, the synthetic peptide, corresponding to amino acids 100–200 (conjugated to
keyhole limpet hemocyanin) of rat 5-HT1aR, was used as an immunogen to obtain the anti-
5-HT1aR antibody. The alignment of the immunogen with the target protein sequence
in the pig was 100% (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Therefore, the antibody
anti-rat 5-HT1aR should also recognize the same receptor in pig.

The suppliers of the anti-CB2R, -TRPV1, -TRPA1, and -5-HT1aR antibodies employed
in the present study stated that they were rat specific; thus, for comparison purposes,
the anti-CB2R and -TRPV1 antibodies were applied on the positive control tissues, in
particular on wholemount preparations of rat ileum (authorization no. 112/2018-PR of
12 February 2018). Data related to the anti-TRPA1 and 5-HT1aR antibodies have recently
been published [33].
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2.5. Specificity of the Secondary Antibodies

The specificity of the secondary antibodies (Table 2) was tested by the absence of
signal after the exclusion of the primary antibody on pig intestinal tissues.

2.6. Fluorescence Microscopy

Cryosections and wholemount preparations were examined by the same observer
(Dr. R. Chiocchetti) using a Nikon Eclipse Ni microscope (Nikon Instruments Europe BV,
Amsterdam, The Netherlands) equipped with the appropriate filter cubes to differentiate
the fluorochromes used. The images were recorded using a Nikon DS-Qi1Nc digital camera
and NIS Elements software BR 4.20.01 (Nikon Instruments Europe BV, Amsterdam, Nether-
lands). Enteric neuron counts were carried out at 40× magnification. Slight adjustments to
contrast and brightness were made using Corel Photo Paint whereas the figure panels were
prepared using Corel Draw (Corel Photo Paint and Corel Draw, Ottawa, ON, Canada).

3. Results

3.1. CB1R Immunoreactivity

Weak-to-moderate granular and diffuse CB1R immunoreactivity (CB1R-IR) was expressed
by the cytoplasm of the MP neurons; the brightest CB1R immunoreactive neurons showed large
dimensions and a smooth outline (Figure 1a–c). The percentages of HuC/HuD immunore-
active neurons co-expressing CB1R-IR was 57 ± 19% (377/713 cells counted, n = 5). Nerve
fibers within the MP ganglia, distributed in the interganglionic strands and scattered
within the muscular layers, showed weak CB1R-IR. Weak CB1R-IR was also observed in
the smooth muscle cells of the tunica muscularis (longitudinal muscle layer, LML > circular
muscle layer, CML) (data not shown).

 

Figure 1. CB1 receptor immunoreactivity in the myenteric plexus of the pig ileum: (a) HuC/HuD immunoreactive neurons,
(b) CB1 receptor immunoreactivity, (c) merge image. The open stars indicate HuC/HuD immunoreactive neurons co-
expressing weak-to-moderate CB1 receptor immunoreactivity. The white stars indicate HuC/HuD immunoreactive neurons,
which were CB1 negative. Scale bar: 50 μm.

Moderate CB1R-IR was expressed by the cytoplasm of the submucosal plexus neurons
of the human colon (Figure S1).

3.2. CB2R Immunoreactivity

No immunolabeling was observed in the porcine MP with either of the anti-CB2
receptor antibodies. In the rat ileum, MP neurons expressed weak-to-moderate CB2R-IR
(Figure S2).

3.3. TRPV1 Immunoreactivity

Moderate-to-bright granular TRPV1-IR was expressed by the cytoplasm of the majority
of the MP neurons (71 ± 14%; 462/602 cells counted, n = 5). The TRPV1 immunolabelling,
which was mainly confined to the cell bodies of neurons showing a smooth outline, was
more intense in neurons of large dimensions (Figure 2a–c) whereas it was very faint or
undetectable in neurons of small dimensions. However, TRPV1 immunoreactive nerve
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processes arising from large neurons were also visible (Figure 2d–f). Few TRPV1 im-
munoreactive nerve fibers were seen in the MP ganglia, in the interganglionic nerve strands
and within the muscular layers; nevertheless, bright and small TRPV1 immunoreactive
varicosities were seen in the neuropil of the ganglia and around some MP neurons. In one
subject, TRPV1 was also brightly expressed by the enteric glial cells (Figure 2g–i). Mod-
erate TRPV1-IR was expressed by the endothelial cells of thin blood vessels (capillaries)
distributed in the tunica muscularis (data not shown). In the rat ileum, MP and enteric glial
cells (EGCs) expressed TRPV1-IR (EGCs > neurons) (Figure S3).

 

Figure 2. TRPV1 immunoreactivity in the myenteric plexus of the pig ileum: (a) HuC/HuD
immunoreactive neurons, (b) TRPV1 immunoreactivity, (c) merge image. The open stars indi-
cate the HuC/HuD immunoreactive neurons co-expressing moderate TRPV1 immunoreactivity.
The white stars indicate HuC/HuD immunoreactive neurons, which were TRPV1 negative. The ar-
rows indicate the TRPV1 immunoreactive varicosities encircling the neuronal cell bodies. (d)
HuC/HuD immunoreactive neurons, (e) TRPV1 immunoreactivity, (f) merge image. The stars
indicate the HuC/HuD immunoreactive neurons co-expressing moderate-to-bright TRPV1 im-
munoreactivity. The arrows indicate TRPV1 immunoreactive neuronal processes. (g) HuC/HuD
immunoreactive neurons, (h) TRPV1 immunoreactivity, (i) merge image. The stars indicate two
HuC/HuD immunoreactive myenteric plexus neurons co-expressing weak and diffuse TRPV1 im-
munoreactivity; the arrows indicate two perineuronal enteric glial cells expressing bright TRPV1
immunoreactivity. Scale bar: 50 μm.

3.4. TRPA1 Immunoreactivity

Diffuse and moderate cytoplasmic TRPA1-IR was shown by a large percentage of MP
neurons (66 ± 23%; 336/527 cells counted, n = 5) and was brighter in the cytoplasm of
large neurons (Figure 3a–c). Nerve fibers within the ganglia and those distributed along
the nerve strands and musculature showed moderate TRPA1-IR (data not shown). Bright
TRPA1-IR was displayed by the endothelial cells of the blood vessels (Figure 3d–f).
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Figure 3. TRPA1 immunoreactivity in the myenteric plexus and blood vessels of the tunica muscularis
of the pig ileum: (a) HuC/HuD immunoreactive neurons, (b) TRPA1 immunoreactivity, (c) merge
image. The open stars indicate HuC/HuD immunoreactive neurons co-expressing moderate-to-
bright TRPA1 immunoreactivity. The white stars indicate HuC/HuD immunoreactive neurons, which
were TRPA1 negative. The arrows indicate a TRPA1 immunoreactive neuronal process. (d) Dapi
stained nuclei of endothelial cells and vascular smooth muscle cells, (e) TRPA1 immunoreactivity,
(f) merge image. The open arrows indicate the Dapi stained nuclei of endothelial cells expressing
bright TRPA1 immunoreactivity. The white arrow indicates the elongated Dapi stained nucleus of
one smooth muscle cell of the arterial tunica media. Scale bar: 50 μm.

Transient potential ankyrin receptor 1 immunoreactivity was also expressed by the MP
neurons in the ileum of a control rat [33].

3.5. 5-HT1aR Immunoreactivity

Weak and diffuse 5-HT1aR immunolabelling was expressed by approximately half
the MP neurons (51 ± 6%; 345/682 cells counted, n = 5) (Figure 4a–c). In general, neurons
of large dimensions showed brighter immunofluorescence. The 5-HT1aR-IR was expressed
by nerve varicosities. Weak 5-HT1aR-IR was displayed by the smooth muscle cells of
the blood vessels and the tunica muscularis (data not shown).

 

Figure 4. 5-HT1a receptor immunoreactivity in the myenteric plexus of the pig ileum: (a) HuC/HuD immunoreactive
neurons, (b) 5-HT1a receptor immunoreactivity, (c) merge image. The open stars indicate HuC/HuD immunoreactive
neurons co-expressing weak 5-HT1a receptor immunoreactivity. The white stars indicate the HuC/HuD immunoreactive
neurons, which were 5-HT1a receptor negative. The arrows indicate 5-HT1a receptor immunoreactive varicosities encircling
the neuronal cell bodies. Scale bar: 50 μm.
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The 5-HT1aR was also expressed by MP neurons in the rat ileum [33].
The results of the cellular distribution and intensity of immunolabeling in the pig

ileum are summarized in semiquantitative Table 3.

Table 3. Semiquantitative evaluation of the density of CB1R, CB2R, TRPV1, TRPA1, and 5-HT1aR
immunoreactivity in different cellular elements (myenteric plexus neurons, nerve fibers, enteric glial
cells, tunica muscularis, and blood vessels) of the pig ileum.

Receptors MP Neurons Nerve Fibers EGCs Tunica Muscularis Blood Vessels

CB1R C +/++ + − + −
CB2R − − − − −

TRPV1 ++/+++ +/++ −/+++ − E ++
TRPA1 C ++ ++ − − E +++

5-HT1aR C + − − + SMC +
The immunoreactive cells were graded as: −, negative; +, weakly stained, ++, moderately stained and +++,
brightly stained. C: cytoplasmic; E: endothelium; EGCs: enteric glial cells; M: membrane; MP: myenteric plexus;
SMCs: vascular smooth muscle cells.

4. Discussion

In the GIT, cannabinoid receptors regulate motility, secretion, emesis, food intake, and
inflammation [15,17,24,26]. In this paper, the authors focused their attention on the presence
of the ECS in the ileal MP of pigs, with particular emphasis on both the cannabinoid
receptors, namely CB1R and CB2R, and the cannabinoid-related receptors TRPV1, TRPA1,
and 5-HT1aR by carrying out immunohistochemical analysis.

The observation of the CB1R in the MP neurons and nerve fibers in the porcine ileum is
consistent with the findings of Kulkarni-Narla and Brown [29]. The expression of CB1R-IR
in the enteric neurons has been observed in many other species such as rodents, ferrets,
dogs, cats, and humans [33–37]. Previous studies regarding various species including pigs
have indicated that CB1R immunoreactive neurons show a cholinergic phenotype, exerting
an inhibitory effect on MP cholinergic neurotransmission [29,38–41].

The evaluation of the proportion of myenteric CB1R immunoreactive neurons of
the pig is not comparable with other data available in the literature. However, the per-
centage of CB1R immunoreactive neurons (57 ± 19%) observed in the present study was
similar to the percentage of cholinergic neurons observed in the guinea-pig (approximately
80%; [42]), but was greater than the proportions of the ChAT-IR neurons counted in other
species such as horses (64%; [43]), sheep (62%; [44]) or pigs (58%; [45]). In effect, Brehmer
and colleagues [45] observed that there was a subclass of enteric cholinergic neurons, which
could be identified only by the use of the antibody directed against the peripheral form of
ChAT (i.e., pChAT). Thus, the percentage of cholinergic neurons of the pig ileum should
be greater than that identified only with the anti-ChAT antibody. However, the great
percentage of CB1R immunoreactive neurons observed in the present study indicated
that this receptor might also be expressed by other neuronal subpopulations as well as by
the cholinergic neurons. The influence on intestinal motility and contractility mediated
by cannabinoids might be confirmed by the presence of CB1R on the smooth muscle cells,
suggesting a direct muscular mechanism of cannabinoids [41].

CB2R is mainly expressed in immune tissues and cells of macrophage lineage [11].
The lack of immunoreactivity to the CB2R in enteric neurons is in line with the results
obtained in the MP of dogs and cats [33,37] in contrast with rats (present study) and
mice [25]. In the pig ileum, the lack of results could also depend on the low homology
between the full amino acid sequences of pig and rat CB2R (76%), and pig and human
CB2R (81.9%), original immunogens of the antibodies employed in the present study.

Transient potential vanilloid receptor 1 is a non-selective cation channel expressed
by peptidergic and non-peptidergic nociceptors in rodents and large mammals [32,46,47];
TRPV1-IR was observed in the MP neurons of the pig (and rat) ileum, according to Poonya-
choti et al. [48], who indicated that the majority of TRPV1 immunoreactive neurons were
cholinergic. The expression of TRPV1-IR in the intramural neurons is a matter of debate.
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In fact, there are numerous investigations reporting TRPV1-IR expressed by extrinsic sen-
sory neurons [49–56]. However, there are publications supporting the expression of TRPV1
immunolabelling in intramural neurons of different mammalian species [29,35,48,53,56–59]
as has been shown in the present study. In addition, functional studies have supported
the existence of enteric TRPV1 immunoreactive neurons in mice [60] and pigs [61].

The use of different anti-TRPV1 antibodies seems to be the reason for the discrepancy
in the expression of TRPV1. In fact, Buckinx and colleagues [62] found that different distri-
bution patterns of TRPV1 in the ENS were due to the antibodies discriminating between
different modulated forms of TRPV1, which influence the recognition of the intracellular
forms of TRPV1.

The large percentages of CB1R and TRPV1immunoreactive neurons, which we found
in the porcine MP ileum, allowed us to speculate that CB1R and TRPV1 may co-exist on
the same subclass of cholinergic neurons as substantiated by functional and immunohisto-
chemical studies [35,63]. Double labeling of CB1R with TRPV1 (and the other receptors)
was not examined due to incompatibility of the species in which the antisera were raised.

The expression of TRPV1 by enteric neurons could constitute a target for the devel-
opment of new therapies against nociceptive and inflammatory intestinal stimuli [48].
Moreover, TRPV1 seems to be involved in protection against pathogenic bacteria such as
Salmonella enterica, releasing the calcitonin gene-related peptide (CGRP), which regulates
the number of microfold (M) cells and the levels of segmented filamentous bacteria that
fight pathogen colonization [64].

The expression of TRPV1-IR in EGCs might be involved in their differentiation/
maturation as suggested by Yamamoto et al. [65], or might be upregulated in different
conditions of gut homeostasis/physiology as observed in the porcine tissues. The local-
ization of TRPV1 on endothelial cells of the capillaries in the tunica muscularis suggested
a modulation of vasocontraction and vasorelaxation in an endothelium-dependent man-
ner, supporting the therapeutic potential of TRPV1 as a target for improving vascular
functionality [66].

Transient potential ankyrin receptor 1 has been successfully found in the GIT neu-
ronal [33,60,67] and non-neuronal cells [33,68,69] in which the receptor can detect specific
food chemicals such as cinnamaldehyde, allyl isothiocyanate (AITC), allicin, and thy-
mol [70,71]. In the present study, TRPA1 was observed in the enteric neurons as described
in the MP neurons of rodents [33,67]. Moreover, functional investigations have indicated
that TRPA1 may regulate gastrointestinal motility by means of the 5-HT release from
enterochromaffin cells [72]. However, the localization of TRPA1 in the enteric neurons
indicated that it could directly modulate intestinal contraction/motility, as suggested by
Sandor et al. [73]. In addition, localization on the endothelial cells of the blood vessels sug-
gested a role in controlling vasodilatation and vasoconstriction, as for TRPV1. The ability of
botanicals to act on TRPA1 in the GIT seemed to modulate the majority of its functionality.
In fact, AITC modulated the gastrointestinal contractions in mice [60,74], guinea-pigs [72],
and dogs [75], and inhibited colonic transit [67] via TRPA1 activation. Moreover, AITC was
also capable of inducing blood vessel dilatation due to the activation of TRPA1, as reported
by Earley et al. [76,77] and Sullivan et al. [78]. It is possible to assume that the use of
botanicals capable of modulating TRPA1 and/or TRPV1 could also play a role in reducing
or controlling inflammatory stimuli. In fact, Blackshaw et al. [79] suggested that TRPA1-IR
expressed by intramural neurons might not contribute to normal ENS functions, exerting
its role only during inflammation or injury, or in response to exogenous agonism.

In the porcine ENS, 5-HT has been found in MP neurons of the pig colon [80] and
perineuronal varicosities of the ileum [81]. Given the variety and the complexity of the ef-
fects that 5-HT exerts in the gut, it is not surprising that there is more than one type of
enteric neuronal 5-HT receptor [82]. Many of the effects of CBD are mediated through 5-HT
receptor activation in the CNS and peripheral nervous system, which regulate neuronal
excitability and neurotransmitter release. Of the 5-HT receptors, CBD acts as an agonist on
the 5-HT1aR, as a partial agonist on the 5-HT2aR, and as an antagonist on the 5-HT3R [5,83].
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The full agonism of CBD at the 5-HT1aR is responsible for the anxiolytic/antidepressant
and analgesic effects of CBD in animals [84–86].

In the present study, 5-HT1aR-IR was observed in the MP neurons and smooth muscle
cells of the tunica muscularis in line with Youn et al. [87] and Delesalle et al. [88], who
observed 5-HT1aR-IR in the MP neurons and tunica muscularis of the guinea-pig stomach
and muscular smooth muscle cells of the equine jejunum, respectively. Electrophysiological
studies have indicated that the 5-HT1aR is primarily involved in the presynaptic inhibition
of transmitter release [89]. The location of 5-HT1aR-IR in varicosities around the MP
neurons observed in the present study supported the idea that the receptor might be
involved in the 5-HT mediated inhibition of cholinergic neurotransmission. The expression
of 5-HT1aR-IR in approximately 50% of the MP neurons also suggested that some of
the cells capable of producing the 5-HT1aR were cholinergic. The expression of the 5-
HT1aR in the vascular smooth muscle cells of the pig ileum observed in the present
study may support the direct action of 5-HT on the vascular smooth muscle. In pigs,
direct vascular smooth muscle relaxation may be the predominant mechanism involved in
the vasodilatation action of serotonin [90].

The localization of cannabinoid and cannabinoid-related receptors in the MP of pigs
implied a possible role of phytocannabinoids and botanicals in the control and support of
various gastrointestinal activities. For example, CBD has been found to act as an agonist
on the 5-HT1aR, exerting a neuroprotective effect by modulating oxidative stress and
inflammation [91]. Thymol also seemed to be capable of modulating the expression of
the ECS in the porcine GIT [28], representing a therapeutic approach to several gastroin-
testinal diseases. Additional investigation is required to obtain a better understanding of
the localization of the ECS receptors in the GIT of pigs including other tracts, receptors,
and phenotypes of the enteric neurons in an attempt to overcome the limitations posed by
the absence of specific antibodies for pigs.

5. Conclusions

In conclusion, the data in the present study highlighted the expression of cannabinoid
(CB1R and CB2R) and cannabinoid-related receptors (TRPV1, TRPA1, and 5-HT1aR) not
only in the MP neurons and enteric glial cells, but also on the smooth muscle cells and
the blood vessels of the porcine ileum. These morphological findings could be of particular
relevance for future functional, pre-clinical, and clinical studies assessing the effects of
cannabinoids in pigs in order to manage the hypermotility associated with gastrointestinal
inflammatory diseases and pain. In fact, this could justify the use of phytocannabinoids
or natural molecules capable of modulating the ECS in the diet of pigs. By modulating
the activation of cannabinoid and cannabinoid-related receptors, it seems possible to
regulate gastrointestinal functionality at different levels. Of particular interest, TRPV1
can interfere with pathogen proliferation and, together with TRPA1, could play a role in
reducing the inflammation that occurs during weaning.
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Simple Summary: Placental dysfunction associated with maternal obesity has been demonstrated to
be a possible detrimental determinant for a reproductive disorder in human and animals such as pigs.
Moreover, there exists a substantial amount of evidence supporting that mitochondrial dysfunction
associated with obesity contributes to dysfunction of highly metabolic tissues, including adipose,
skeletal muscle and placenta. Despite previous reports have demonstrated that back-fat thickness of
sows is associated with placental dysfunction, the influences of excessive back-fat on mitochondrial
structure and function in porcine placenta still remain elusive. In this study, animal (Landrace) and
cell in vitro model (pig placental trophoblasts) were employed to evaluate mitochondrial alterations
in the placentas of sows with different back-fat depth. We revealed that excessive back-fat of
sows is associated with placental mitochondrial abnormalities corresponding to decreased ATP
production and impaired mitochondrial respiration in the placenta. Together, our findings develop
the understanding about the impact of excessive back-fat induced oxidative stress on mitochondrial
alterations in the pig placenta, which may contribute to generate some strategies in future to improve
sow reproduction.

Abstract: The aim of this study was to determine the effect of excessive back-fat (BF) of sows
on placental oxidative stress, ATP generation, mitochondrial alterations in content and structure,
and mitochondrial function in isolated trophoblasts. Placental tissue was collected by vaginal
delivery from BFI (15–20 mm, n = 10) and BFII (21–27 mm, n = 10) sows formed according to BF
at mating. Our results demonstrated that excessive back-fat contributed to augmented oxidative
stress in term placenta, as evidenced by excessive production of ROS, elevated protein carbonylation,
and reduced SOD, GSH-PX, and CAT activities (p < 0.05). Indicative of mitochondrial dysfunction,
reduced mitochondrial respiration in cultured trophoblasts was linked to decreased ATP generation,
lower mitochondrial Complex I activity and reduced expression of electron transport chain subunits
in placenta of BFII sows (p < 0.05). Meanwhile, we observed negative alterations in mitochondrial
biogenesis and structure in the placenta from BFII group (p < 0.05). Finally, our in vitro studies
showed lipid-induced ROS production resulted in mitochondrial alterations in trophoblasts, and these
effects were blocked by antioxidant treatment. Together, these data reveal that excessive back-fat
aggravates mitochondrial injury induced by increased oxidative stress in pig term placenta, which
may have detrimental consequences on placental function and therefore impaired fetal growth
and development.

Keywords: NF-κB; mitochondria; oxidative stress; back-fat; placenta; pig
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1. Introduction

Pregnancy complicated by maternal obesity is associated with an abnormal intrauterine
milieu characterized by increased lipid accumulation, augmented oxidative stress, and significant
inflammation within the placenta [1,2], resulting in placental dysfunction and therefore the poor
pregnancy outcomes in human beings and animals such as pig [3,4]. Excessive lipid accumulation has
been shown to induce cellular dysfunction through the over production of reactive oxygen species
(ROS), mitochondrial dysfunction, and the activation of inflammation in highly metabolic tissues like
adipose and skeletal muscle [5,6]. As an extremely metabolically active fetal tissue, the placenta is also
susceptible to obesity-associated lipotoxicity [1,7]. Recently, lipotoxicity has been demonstrated to
inhibit placental development and induce placental dysfunction evidenced by dysregulation of lipid
metabolism and transport in the human or pig full-term placenta [8–10].

As a significant marker of placental lipotoxicity, oxidative stress can be increased in pregnancy
complicated by maternal obesity resulting in placental oxidative injure [11]. In addition, mitochondria,
a key energy source for placental function, are also the major source of ROS under physiologic conditions.
However, mitochondrial function itself can be compromised by severe or prolonged oxidative stress [12].
Excessive ROS can damage lipids, proteins, and nucleic acids within the mitochondria, leading to
changes in mitochondrial structure and function [13]. Several studies have shown that increased
metabolic activity of placental mitochondria and the reduced antioxidant scavenging power may
be responsible for increased ROS generation and lower mitochondrial respiration in pregnancies
complicated by maternal obesity or diabetes, resulting in detrimental consequences on placental
function and therefore fetal developmet [14,15]. Thus, mitochondrial dysfunction and over generation
of superoxide could be part of a vicious cycle and can be considered as a potential mechanism of
placental dysfunction involved in obese pregnancy. Although several studies reveal that excessive
back-fat of sows is associated with placental dysfunction [4,16], it is not currently known whether
increased back-fat is coupled with changes in mitochondrial structure and function in the pig placenta.

In this study, we addressed the hypothesis that increased back-fat affect mitochondrial structure
and function in porcine placenta. Thus, the purpose of this study was to investigate the effect of
excessive back-fat of sows on placental ROS production, mitochondrial biogenesis, mitochondrial
respiration, and mitochondria alterations in density and structure. In addition, we assessed the role
of lipid-induced oxidative stress in the development of mitochondrial abnormalities in pig placental
trophoblast cells in vitro and found that lipid-induced ROS production resulted in mitochondrial
alterations in trophoblasts. Consistent with our hypothesis, we demonstrated that excessive back-fat
resulted in increased ROS production, reduced mitochondrial biogenesis, impaired mitochondrial
respiration, and mitochondrial abnormalities in content and structure in pig full-term placenta,
suggesting excessive back-fat of sows may promote placental mitochondrial dysfunction that is
associated with impaired placental function and fetal development.

2. Materials and Methods

2.1. Animal Model and Dietary Management

All animal procedures involved in this study were specifically approved by the Laboratory
Animal Care and Use Committee of Nan Jing Agricultural University (SYXK2015-0072, 6 September
2015). A total of 20 lean breed sows (Landrace) were investigated in the present study. All the
sows were multiparous with same parity (Parity = 2) and inseminated with pooled semen doses
containing 3–4 billion sperm cells to produce purebred litters. After the weaning period with a corn
soybean diet (3200 Kal/kg of metabolizable energy, 18% of crude protein and 0.9% lysine), the females
were dichotomized based on BF (back-fat thickness) at mating into BFI (15–20 mm, n = 10) and BFII
(21–27 mm, n = 10) as described previously [17]. All the sows were housed together in passively
ventilated collective pens with concrete slatted floors at the Research Farm of Nan Jing Agricultural
University. During pregnancy, a standard grain-based diet (89.9% of dry matter, 14.5% of crude protein,
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3300 Kcal/kg of metabolizable energy) was offered per day, divided over two meals with ad libitum
access to water. The amount of food offered to each sows was adjusted to 1.9, 2.2, 2.4, and 2.9 kg of feed
per day at 0–30, 31–60, 61–90, and 90–110 days of gestation (day 0 = day of insemination), respectively,
based on the data from the National Research Council (NRC) (2012).

2.2. Data Collection and Sampling

Sows in this study were weighted and measured for back-fat thickness at mating (2 to 3 days before
insemination) and at farrowing, respectively, by the research team with the help of farm personnel.
Back-fat depth (BF) was determined by A-mode ultrasonography (Renco, Rockledge, FL, USA) as
previously described [18]. Briefly, the probe was placed in a point at the right side of the animal
located at 4 cm from the midline and transversal to the head of the last rib as determined by palpation.
At day 105 of pregnancy, maternal blood (overnight fasting) was collected into 5-mL sterile heparinized
vacuum tubes (Greiner, Frickenhausen, German). Immediately after recovery, blood samples were
centrifuged at 3500× g for 15 min, and the plasma was separated and stored at −80 ◦C for further
analysis. After removal of fetal amnion, placental villous tissues, obtained from vaginal delivery, were
rinsed thoroughly in cold Phosphate-buffered saline (PBS) solution before further processing. Placental
samples were then cut into approximately 5-cm2 pieces and flash-frozen in liquid nitrogen and stored
at −80 ◦C until further processing. For each pregnancy, piglets born alive and stillborn were counted
and individually weighed within 12 h after birth, and the placentas were also weighed for measuring
placental efficiency as a ratio of litter weight to placental weight as previously described [10].

2.3. Cell Culture and Drug Treatment

Porcine placental trophoblast cells (cytotrophoblasts) were isolated from fresh porcine full-term
placentas, as previously described [19]. Briefly, placental tissue, obtained from vaginal delivery,
was separated from the visible blood vessels as well as connective tissues, thoroughly washed with
cold PBS containing 100 U/mL penicillin (Invitrogen, Carlsbad, CA, USA) and 100 μg/mL streptomycin
(Invitrogen, Carlsbad, CA, USA), and then excised and cut into 1–3 mm3 pieces. The tissue fragments
were digested three times at 37 ◦C for 30 min with continuous shaking, followed by filtration through
a 70 μm cell strainer. The digestion medium was composed of Ham’s F12/Dulbecco’s Modified Eagle
Medium (DMEM/F12) (HyClone, Logan, UT, USA), 0.125% (W/V) trypsin (Gibco, Grand Island, NY,
USA), 20 U/mL DNase I (Roche, Basel, Switzerland), and 0.1% BSA (Amresco, Solon, OH, USA).
The cell suspension of all three digestions was centrifuged at 1000× g for 10 min to collect the cell
pellet. Pellets were then resuspended in DMEM/F12 and deposited on top of a discontinuous 35% and
45% (V/V) Percoll (Pharmacia, London, UK) gradient solution, and centrifuged at 2000× g for 20 min.
Villous cytotrophoblasts were collected from the appropriate layers, and cultured in DMEM/F12
supplemented with 10% FBS (HyClone, Logan, UT, USA), 1% (V/V) Insulin–Transferrin–Selenium
(ITS; Sigma, Saint Louis, MO, USA), 10 ng/mL of epidermal growth factor (EGF; Invitrogen, Carlsbad,
CA, USA), 100 U/mL penicillin, and 100 μg/mL streptomycin at 37 ◦C under 5% CO2 as previously
reported [19,20]. The purity of preparations of cytotrophoblasts isolated from full-term placentas was
evaluated by flow cytometry as previously described [20], using FITC fluorescein-labeled antibody
against cytokeratin-7 (Santa Cruz Tech, Dallas, CA, USA) as a specific marker of trophoblast cells.

In order to induce oxidative stress in cytotrophoblasts in vitro, cells were treated with 400 μM
Fatty Acid (FA) Supplement containing 2 mol of linoleic acid and 2 mol of oleic acid per mole of
albumin (L9655; Sigma-Aldrich, St. Louis, MO, USA) in triplicate as previously described [19,21].
Treatment media without fatty acids was added with bovine serum albumin (FA free) to maintain the
same osmolarity. In cell experiments in vitro, cells were treated with 400 μM FA or 2 mM Vitamin
E (VE) (oxidative stress inhibitor; MCE, Shanghai, China) for the amount of time specified in the
individual figures.
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2.4. Plasma Assay

The concentrations of triglyceride (TG) and nonesterified fatty acids (NEFA) in plasma samples
were determined by using Beckman AU5811 analyzer (Beckman-Coulter, Inc.250S.Kraemer Boulevard
Brea, CA, USA) as previously reported [8]. A commercially available porcine specific ELISA kit
(RD SYSTEMS, Minneapolis, MN, USA) and an Amplex Red hydrogen peroxide assay kit (Invitrogen,
Carlsbad, CA, USA) were utilized to measure plasma leptin and hydrogen peroxide (H2O2) content,
respectively, according to the manufacturer’s instructions as previously described [5,17]. All blood
samples were determined in duplicate in single assay. The minimum detection limit was 3.2 pg/dL,
0.1 pmol/L, 0.2 ng/mL, and 0.2 pmol/L for TG, NEFA, Leptin, and H2O2, respectively. For Leptin and
H2O2 analysis, within-assay coefficient of variation (CV) was acceptable when less than 5%.

2.5. Oxidative Stress Assessment

Reactive oxygen species production was detected using a cell-permeable non fluorescent probe 2’,
7’- dichlorofluorescin diacetate (DCFH-DA) (KeyGen BioTECH, Nanjing, China). For visualization
and quantification of ROS generation in placental villous tissue, flash-frozen villous tissue sections
(7 μm) from 7 placentas in each group were incubated with 10 μM DCFH-DA for 20 min at 37 ◦C,
and staining was performed as previously described [22]. Quantification of the fluorescence intensity
from dichlorofluorescein (DCF) was performed using the Image J software (NIH Image). For the
intracellular level of ROS test, villous cytotrophoblasts were treated with fatty acid (400 μM) or without
fatty acid for 48 h. Cells were then harvested, washed with cold PBS, and subjected to DCFH-DA
staining in binding buffer at 37 ◦C for 30 min. Stained cells were analyzed using flow cytometry or a
spectrophotometer by measuring DCF fluorescence- activated cell sorting or the fluorescence intensity
of DCF at an excitation wavelength of 488 nm and emission wavelength of 530 nm according to the
manufacturer’s protocol as previously reported [23].

For the key oxidative enzyme activity detection, placental tissue (100 mg) was homogenized
in ice-cold cell and tissue lysis buffer (Beyotime Biotechnology, Nanjing, China) using T18 digital
ULTRA-TURRAX Package disperser (IKA, Shanghai, China). The homogenate was centrifuged at
10,000× g for 10 min at 4 ◦C. Then total antioxidant capacity (TAC), superoxide dismutase (SOD)
activity, glutathione peroxidase (GSH-PX) activity and catalase (CAT) activity measurements were
performed using the commercially available kits from Jiangcheng Bioengineering Institute (Nanjing,
China) as previously described [24]. For reduced glutathione (GSH)/oxidative glutathione (GSSG)
ratio measurement, the GSH and GSSG Assay Kit (KeyGen BioTECH, Nanjing, China) was used as
previously reported [23].

2.6. Mitochondrial Analysis

For mitochondrial biogenesis assessment, mitochondrial DNA (mtDNA) copy number was
detected by real-time PCR, using the 2−ΔΔCt method as previously described [25]. Total genomic
DNA was isolated from placenta of BFI and BFII sows (n = 10 from each group) or cytotrophoblasts
treated with fatty acid (400 μM) or not for 48 h in vitro (n = 3 from each group), using TIANamp
Genomic DNA Kit (TIANGEN BIOTECH, Beijing, China). A pair of primers (Table S1) for ND1 and
Cyclophilin-A were used to amplify a mitochondrial and nuclear DNA fragment, respectively. Citrate
synthase (CS) activity was determined in villous tissue or cytotrophoblasts using a commercial kit
from Sigma (CS0720; Shanghai, China) according to the manufacturer’s protocol. Placental tissues
(200 mg) or cells were homogenized or solubilized in ice-cold extraction buffer, and the homogenate
or cell lysate was centrifuged at 16,000× g for 20 min at 4 ◦C. Then CS activity was measured in the
supernatant by a spectrophotometer method as previously reported [14].

Fluorescent probe JC-1 (KeyGen BioTECH, Nanjing, China) was used to estimate mitochondrial
membrane potential (ΔΨm) as previously described [17,23]. Cytotrophoblasts were harvested, washed
with cold PBS, and incubated at 37 ◦C for 15 min with 5 μg/mL JC-1. After incubation, cells were
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analyzed by fluorescence- activated cell sorting using flow cytometry. The stained cells with high
mitochondrial membrane potential showed red fluorescence and were present in the upper right (UR)
quadrant of the FACS histogram.

For mitochondrial complexes activity and ATP production rate measurement, mitochondria was
isolated from placental villous tissue or cell homogenate using Mitochondria Isolation Kit (KeyGen
BioTECH, Nanjing, China) as previously described [17]. Briefly, placental samples (200 mg) or
cytotrophoblasts were homogenized in ice-cold isolation buffer. The homogenate was centrifuged at
1200× g for 5 min at 4 ◦C. The pellet was discarded, supernatant collected and centrifuged at 7000× g
for 10 min at 4 ◦C. The resulting supernatant was discarded, and the pellet re-suspended in the ice-cold
suspension buffer and centrifuged at 9500× g for 5 min at 4 ◦C. The mitochondria was collected in the
sediments. The activities of mitochondrial complexes were determined in isolated mitochondria using
the MitoCheck Complex I and II/III Activity Assay Kits (Cayman Chemical Company, Ann Arbor, MI,
USA) as previously reported [23]. The mitochondrial ATP production rate was measure using ENLITEN
ATP Assay System (Promega; Madison, WI, USA) with 1420 Multilabel Counter (PerkinElmer; Fremont,
CA, USA) according to the manufacturer’s instruction.

Mitochondrial respiration of the cultured cytotrophoblasts was measured using a Seahorse
XF24 analyzer (Seahorse Biosciences, Shanghai, China) as previously described [26]. Briefly, cells,
2 × 106 total, were suspended in 2 mL DMEM/F12 culture medium and transferred into the chamber,
which was maintained at 37 ◦C. After equilibration and stirring, basal respiration was measured
as the average oxygen consumption from four baseline oxygen consumption rates (OCR) readings,
and mitochondrial respiratory parameters were calculated from OCR readings following sequential
injection of oligomycin (1 μM) and p-trifluoromethoxy carbonyl cyanide phenylhydrazone (FCCP, 2
μM), respectively. OCR was normalized to total cellular protein. Protein concentration was determined
using Pierce BCA Protein Assay Kit (Thermo Scientific, Waltham, MA, USA).

2.7. Transmission Electron Microscopy

To characterize alterations in the mitochondrial structure and density, placental tissue (small
pieces) or cytotrophoblast cultures was fixed in 30 mg/L glutaraldehyde overnight at 4 ◦C, postfixed
in 1% Osmium tetroxide for 1 h at 4 ◦C, dehydrated, and embedded in Epon-812. The tissue or cell
pellet was then cut using an RMC/MTX ultramicrotome (Boeckeler, Tucson, AZ, USA), and ultrathin
sections (50 nm) were mounted on copper grids, contrasted with 8% uranyl acetate and lead citrate,
and observed with a JEM-1400 Plus transmission electron microscopy (Jeol LTD, Tokyo, Japan). Image
analysis was performed using the Image-ProPlus6.0 software from Media Cybernetics (Rockville,
MD, USA).

2.8. Real-Time Quantitative PCR Analysis

Total RNA was extracted from placental tissue (n = 10 from each group) or cultured cells (n = 3
from each group) with the High Pure RNA tissue kit (Omega Bio-Tek, Norcross, GA, USA) and 500 ng
of total RNA was reverse transcribed using PrimeScript RT Master Mix Kit (TaKaRa, Tokyo, Japan).
Primers (Table S1) were synthesized by Invitrogen (Shanghai, China). Quantitative PCR was conducted
on the Step One Plus Real-Time PCR System (ABI, Waltham, MA, USA) with the following program:
95 ◦C for 30 s, 95 ◦C for 5 s, 60 ◦C for 30 s, 95 ◦C for 15 s, 60 ◦C for 1 min, and 95 ◦C for 15 s, with 40 cycles
of steps 2 and 3. Amplification was performed in 25 μL reaction system containing specific primers
(Table S1) and SYBR Premix Ex Taq II (TaKaRa, Tokyo, Japan). Relative gene expression was calculated
using the comparative Ct method with the formula 2-ΔΔCt [27]. The two reference genes GAPDH and
HPRT1 were used. The geometric mean of relative gene expression was calculated and used for further
analysis as previously reported [28].
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2.9. Protein Carbonylation and Western Blotting Analysis

Protein carbonyl derivatives (a marker of oxidative stress) were detected using OxiSelect
Protein Carbonyl Immunoblot Kit (Cell Biolabs, San Diego, CA, USA) as previously reported [5].
Briefly, after the derivatization of the protein sample on PVDF with dinitrophenylhydrazine (DNPH)
following the manufacturer’s instructions, the blot was developed using a standard immunoblot
protocol. Total protein from cultured trophoblast cells was extracted using cell lysis buffer (Beyotime
Biotechnology, Nanjing, China) by procedures as previously described [29]. Mitochondrial fractions for
Western blotting were obtained from placental villous tissue using Mitochondrial Protein Extraction Kit
(KeyGen BioTECH, Nanjing, China) and suspended in lysis buffer supplemented with a protease and
phosphatase inhibitor cocktail (Sigma, Saint Louis, MO, USA). Protein samples (50 μg) were separated
by SDS-PAGE and transferred to PVDF membrane (Bio-Rad Laboratories, Hercules, CA, USA). After
blocking in 5% fat-free milk for 1 h at room temperature, the membranes were incubated with rabbit
anti-Mark4 (4834, dilution 1:1000, Cell Signaling Technology, Danvers, MA, USA), AMPK (5831, dilution
1:1000, Cell Signaling Technology), Phospho-AMPK (2535, dilution 1:1000, Cell Signaling Technology),
Phospho-NF-κB (3033, dilution 1:1000, Cell Signaling Technology), GAPDH (2118, dilution 1:1000,
Cell Signaling Technology), NF-κB (ab90532, dilution 1:1000, Abcam Biotechnology, Cambridge, MA,
USA), ATP5α (ab245580, dilution 1:2000, Abcam Biotechnology) and Phospho-Mark4 (SAB4504258,
dilution 1:500, Sigma, Saint Louis, MO, USA) antibody, or Mouse anti- NDUFB8 (ab110242, dilution
1:1000, Abcam Biotechnology), SDHB (ab14714, dilution 1:2000, Abcam Biotechnology), and UQCRC2
(ab14745, dilution 1:2000, Abcam Biotechnology) antibody overnight at 4 ◦C, followed by incubation
with Goat anti- mouse or rabbit IgG horseradish peroxidase (HRP)-conjugated secondary antibodies
(HAF007 and HAF008, dilution 1:2000, RD SYSTEMS, Minneapolis, USA) for 1 h at room temperature.
Proteins were visualized using the LumiGLO Reagent and Peroxide system (Cell Signaling Technology,
Danvers, USA), and then the blots were quantified using Bio-Rad ChemiDoc imaging system (Bio-Rad
Laboratories, Hercules, USA). Band density was normalized according to the GAPDH content.

2.10. Statistical Analysis

Statistical analyses were conducted using SPSS Statistics 20.0 software (IBM SPSS, Armonk, NY,
USA). Data obtained from sows and placentas were analyzed as a completely randomized design.
Each sow and her litter were considered as an experimental unit. Statistical differences between groups
were evaluated using Independent-Samples T Test. For all cell culture experiments, data were obtained
from at least three independent experiments. Statistical differences among individual means were
analyzed using One-way ANOVA for comparisons among groups, followed by Duncan test. Results
were expressed as means ± SEM. A p-value < 0.05 was considered statistically significant, and very
significant was indicated when p < 0.01.

3. Results

3.1. Characteristics of the Studied Sows

BFII sows had markedly greater body weight (BW) and BF than BFI sows (p < 0.05), at mating
(BW: 173.18 ± 0.52 vs. 167.70 ± 0.30 kg; BF: 24.11 ± 0.33 vs. 16.51 ± 0.21 mm) and at farrowing (BW:
221.22 ± 0.43 vs. 214.38 ± 0.28 kg; BF: 25.09 ± 0.31 vs. 18.63 ± 0.18 mm), respectively (Table 1). The litter
size, litter live size, litter weight and placental efficiency were lower in BFII sows than those in BFI
group (p < 0.05), whereas both groups were similar in terms of birth weight and placental weight.
Consistent with increased adiposity, there were 47% and 76% increases (p < 0.05) in TG and NEFA
levels in maternal plasma from BFII sows, respectively, compared to the BFI group (Table 1). Excessive
back-fat was also associated with higher leptin levels (p < 0.05) in maternal plasma. Concurrently,
we observed increased H2O2 levels in BFII sows compared with BFI group (p < 0.05).
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Table 1. Characteristics of pregnancies for sows studied †.

BFI (15–20 mm, n = 10) BFII (21–27 mm, n = 10)

Parity 2 2

BF at mating, mm 16.51 ± 0.21 a 24.11 ± 0.33 b

BW at mating, kg 167.70 ± 0.30 a 173.18 ± 0.52 b

BF at farrowing, mm 18.63 ± 0.18 a 25.09 ± 0.31 b

BW at farrowing, kg 214.38 ± 0.28 a 221.22 ± 0.43 b

TG *, mg/dL 21.15 ± 2.14 a 31.18 ± 1.36 b

NEFA *, mmol/L 0.21 ± 0.04 a 0.37 ± 0.03 b

Leptin *, ng/mL 13.13 ± 1.20 a 20.02 ± 2.31 b

H2O2 *, μM/L 66.20 ± 3.71 a 89.32 ± 3.01 b

Litter size # 14.83 ± 0.31 a 12.88 ± 0.53 b

Litter live size 12.75 ± 0.35 a 11.23 ± 0.86 b

Placental weight, kg 3.22 ± 0.19 3.38 ± 0.25
Birth weight ‡, kg 1.42 ± 0.05 1.38 ± 0.23
Litter weight, kg 18.04 ± 0.23 a 15.42 ± 0.75 b

Placental efficiency § 5.59 ± 0.16 a 4.61 ± 0.22 b

BF, Back-fat thickness; BW, Body weight; TG, triglyceride; NEFA, non-esterified fatty acid; †: Results are expressed
as means ± SEM. Means within the same row with different superscripts mean significant difference (p < 0.05);
*: A value measured in maternal plasma; #: The number of live-born and stillborn piglets in litter; ‡: Birth weight of
born alive and stillborn piglets; §: A ratio of litter weight to placental weight.

3.2. Excessive Back-Fat is Associated with Increased Placental Oxidative Stress

Considering BFII sows had higher plasma H2O2 levels (an indicator of systemic oxidative stress),
we investigated the impact of excessive back-fat on oxidative stress in the placenta of sows. Oxidant
status alterations in BFII placenta were marked by higher production of ROS assessed by DCF staining,
decreased placental TAC and elevated protein carbonylation (a marker of protein oxidation), compared
to the BFI group (p < 0.05, Figure 1A–D). The mRNA level of uncoupling protein 2 (UCP2, a marker of
increased mitochondrial ROS production) was induced in the placenta of BFII sows, but the mRNA
expression of genes associated with antioxidant system, including glutathione peroxidase (GPx) and
catalase (CAT), was decreased in BFII group compared with BFI group (p < 0.05, Figure 1E), without
a significant change in superoxide dismutase 2 (SOD2). Consistent with increased oxidative stress,
the antioxidant enzyme activities of superoxide dismutase, glutathione peroxidase and catalase were
decreased in BFII group (p < 0.05, Figure 1F). In addition, in the placenta of BFII sows, a decrease
(p < 0.05) was noted in glutathione (GSH)/oxidative glutathione (GSSG) ratio compared to values
obtained with placentas from BFI sows (Figure 1G). Thus, we concluded excessive back-fat was
associated with increased oxidative stress in the full-term pig placenta.
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Figure 1. Increased oxidative stress in placentas with increasing back-fat. Representative visualization
(a) and quantification (n = 7 in each group) (b) of dichlorofluorescein (DCF) in cryosections of placenta.
Scale bar: 50 μm; (c) Total antioxidant capacity (TAC) was measured in term placentas from BFI and
BFII sows (n = 10/group). TAC was normalized to total protein level and expressed as nM TAC per
mg protein; (d) Representative immunoblots showing total protein carbonylation in placentas of BFI
and BFII sows; (e) mRNA levels of oxidant stress-related genes determined by real-time RT-PCR in
placentas from BFI and BFII sows (n = 10/group); (f) Placental antioxidant status was estimated by SOD,
GSH-PX, and CAT (n = 10/group); (g) Relative content of GSH/GSSG in placentas from BFI and BFII
sows (n = 10/group). Results were expressed as fold change versus the BFI sow set to 1 unit. Values are
expressed as mean ± SEM. * p < 0.05 compared with the BFI group. DCF: dichlorofluorescein; SOD:
superoxide dismutase; GSH-PX: glutathione peroxidase; CAT: catalase; GSH: reduced glutathione;
GSSG: oxidative glutathione; BF: back-fat thickness.

3.3. Effect of Excessive Back-Fat on Placenta Mitochondrial Oxidative Respiration

Because ROS is mainly generated from mitochondria, we subsequently tested whether an increase
in production of ROS is associated with mitochondrial dysfunction in placenta of BFII sows. We initially
evaluated mitochondrial function by detecting the levels of ATP in placental tissue. As illustrated in
Figure 2A, the ATP content was lower (68% decrease, p < 0.05) in the BFII placentas compared with BFI
group. To determine whether changes in placental ATP levels are related to altered mitochondrial
respiration, we next investigated the effects of excessive back-fat on mitochondrial function in vitro
using cultured cytotrophoblasts (Figure 2B). Cytotrophoblasts from BFII sows cultured in fatty
acid demonstrated a significant decrease in basal mitochondrial oxygen consumption, ATP-coupled
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respiration, maximal respiration and spare capacity compared with cells from BFI group (p < 0.05,
Figure 2B), suggesting that mitochondrial function was compromised in the placenta of sows with
excessive back-fat. Consistent with reduced mitochondrial oxidative respiration, the activity of
mitochondrial Complex I was also decreased in BFII group (p < 0.05; Figure 2C), whereas there was no
difference in coupled mitochondrial Complex II/III activity (Figure 2D). To explore the mechanism
that may account for the reduction in placental mitochondrial respiration with increasing back-fat,
we utilized a immunoblot approach to measure changes in protein expression of the mitochondrial
electron transport complexes. As shown in Figure 2E,F, the expression levels of subunits of complexes I
(NDUFB8), II (SDHB), III (UQCRC2), and V (ATP5α) were significantly reduced (p < 0.05) in placentas
of BFII sows compared with BFI sows.

 

 

 

Figure 2. Impairment of placental mitochondrial oxidative respiration in sow with increased back-fat.
(a) Mitochondrial ATP production in placental tissue from BFI and BFII sows. ATP levels were
normalized to total protein level of villous tissue extract; (b) Mitochondrial respiratory parameters
were measured in cytotrophoblast cultures isolated from placentas of BFI and BFII sows. Before
assessment of mitochondrial respiration, cytotrophoblasts were incubated with 400 μM NEFA for
24 h. Oxygen consumption rate (OCR) measurements were normalized to total protein content (pmol
O2/μg protein); (c and d) Placental mitochondrial complexes I (c) and combined II/III (d) activity in
BFI and BFII sows; (e) Representative immunoblot analysis of mitochondrial complexes I (NDUFB8),
II (SDHB), III (UQCRC2) and V (ATP5α) in placental mitochondrial fractions from BFI and BFII sows;
(f) Densitometric analysis of corresponding proteins in E by normalization to GAPDH as an internal
control. Results are expressed as mean ± SEM. * p < 0.05 compared with the BFI group. n = 10 in
each group. BF: back-fat thickness; NEFA: non-esterified fatty acid; Basal: basal respiration; ATP:
ATP-coupled respiration; Max: maximal respiration; Spare: spare capacity.
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3.4. Effect of Excessive Back-Fat on Placental Mitochondrial Content

We next investigated the effects of excessive back-fat on placenta mitochondrial density. As shown
in Figure 3A, the ratio of mtDNA to nuclear DNA in the placenta was significantly more decreased in
the BFII sows than in the BFI sows (p < 0.05). In agreement, mitochondrial content estimated by citrate
synthase (CS) activity showed a significant reduction in placentas of BFII sows (p < 0.05) compared
with BFI group (Figure 3B). Using transmission electron microscopy, we found that the amount of
mitochondria in placental villi was lower in the BFII sows (32% decrease, p < 0.05) than in the BFI group
(Figure 3C,D). Consistent with reduced mitochondrial DNA (mtDNA) copy number and CS activity,
the mRNA levels of mitochondria-encoded genes, including ATP6, ND1, COX3, and CYTB, were lower
in placenta of BFII sows (p < 0.05, Figure 3E), whereas the mRNA content of several nuclear-encoded
mitochondrial genes, including ACADM and CS, was increased in the placenta of BFII sows (p < 0.05)
compared with BFI group (Figure 3F), without a significant change in CTP1b and COX6c. To clarify
the mechanisms implicated in the reduction of mitochondrial density in the placenta of BFII sows,
we measured the mRNA levels of genes involved mitochondrial biogenesis. As illustrated in Figure 3G,
the mRNA expression of PGC1α, PGC1β, nuclear respiratory factor 1 (NRF1), and mitochondrial
transcription factor A (TFAM) was lower in the placenta of BFII sows than that of BFI sows (p < 0.05).

Figure 3. Cont.
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Figure 3. Decreased mitochondrial density in the placenta of sow with excessive back-fat. Mitochondrial
biogenesis was estimated by bothmtDNA copy number (a) and CS activity (b) in the placenta from
BFI and BFII sows (n = 10/group); (c) Mitochondrial density assessed by electron microscopy in the
placentas of BFI and BFII sows. Original magnification, 25,000×; (d) Quantification of mitochondrial
number per image area in whole placental villous tissue from 7-BFI and 7-BFII sows (analysis of
10 random images per placenta). (e–g) The relative mRNA level of various mitochondria-encoded genes
(e), nuclear-encoded mitochondrial genes (f), and mitochondrial biogenesis genes (g) was determined
by quantitative RT-PCR in placentas from BFI and BFII sows (n = 10/group). Results were normalized
by the mean value for the BFI sow set to 1 unit. Values are expressed as mean ± SEM. * p < 0.05
compared with the BFI group. BF: back-fat thickness; mtDNA: mitochondrial DNA; CS: citrate synthase;
Red arrow: mitochondria.

3.5. Alteration of Mitochondrial Ultrastructure in the Placenta of Sows with Excessive Back-Fat

In addition to the observed reduction in mitochondrial content, the transmission electron
microscopy analysis revealed marked alterations in mitochondrial morphology in the placenta of BFII
sows. As shown in Figure 4A,C, the area of mitochondria was decreased (43% reduction, p < 0.05)
in placenta from BFII sows compared to BFI group. Higher magnification (100,000×) demonstrated
swelling of mitochondria associated with an increased number of disarrayed cristae and a decreased
electron density of the matrix in the placenta of BFII sows (Figure 4B). Concerning mitochondrial
morphology regulation, we investigated the mRNA content of genes associated with mitochondrial
fission and fusion, including Dynamin 1 (Drp1), mitofusin 1 (Mfn1), mitofusin 2 (Mfn2), and optic
atrophy type 1 (OPA1), which play a key role in this process [30]. As illustrated in Figure 4D, excessive
back-fat induced an increase (p < 0.05) in Drp1 (regulating mitochondrial fission) mRNA level in
placenta, whereas reduced mRNA expression of Mfn1 (regulating mitochondrial fusion) was observed
in the placenta from BFII sows (p < 0.05). Both Mfn2 and OPA1 (regulating mitochondrial fusion)
expression were not affected by excessive back-fat.
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Figure 4. Alterations in the mitochondrial structure of placenta of sow challenged with excessive
back-fat. (a and b) Transmission electron microscopy images at original magnifications of 25,000× (a)
and 100,000× (b) in placental mitochondria from BFI and BFII sows; (c) Quantification of mitochondria
area in the placental villi sections from 7-BFI and 7-BFII sows (analysis of 10 random images per
placenta). Results were normalized by the mean value for the BFI sow set to 1 unit; (d) mRNA levels of
mitochondrial fission- and fusion-related regulators, determined by quantitative RT-PCR, in placentas
from BFI and BFII sows (n = 10/group). Values are expressed as mean ± SEM. * p < 0.05 compared with
the BFI group. BF: back-fat thickness; Red arrow: mitochondria.

3.6. ROS Induce Mitochondrial Alterations and Dysfunction in Cultured Cytotrophoblasts

Since exposure to lipid oversupply leads to increased mitochondrial ROS production in a variety
of peripheral tissues, we examined the effects of high lipid level on ROS production and mitochondrial
density and functions in pig placental trophoblasts. ROS production was markedly induced by fatty
acid (400 μM) treatment for 48 h (DCF: 48.5% in NEFA vs. 25.14% in BSA), and the addition of VE
(2 mM) blocked this effect (p < 0.05, Figure 5A). Incubation with fatty acid also decreased ATP content
(Figure 5B), CS activity (Figure 5C), and mtDNA level (Figure 5D). Furthermore, the mRNA levels
of Mfn1, PGC1α, and genes implicated in mtDNA replication and repair, including gamma DNA
polymerase subunit 1 (POLG1) and 2 (POLG2) and single-strand DNA binding protein 1 (SSBP1),
were decreased in cytotrophoblasts treated with fatty acid for 48 h (Figure 5E). Concurrently, JC-1
fluorescent staining analysis showed mitochondrial membrane potential, which represented the
oxidative respiration level, was reduced in fatty acid treatment (UR: 56.59% in NEFA vs. 89.89% in
control, Figure S1A). The addition of VE counteracted all these effects, which indicated that ROS
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contributed to the observed mitochondrial alterations and dysfunction in cultured cytotrophoblasts
(Figure 5B–E and Figure S1A). Transmission electron microscopy study nicely illustrated that the
addition of fatty acid for 48 h negatively altered mitochondrial structure in cytotrophoblasts compared
with control cells (Figure S1B).
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Figure 5. ROS-induced mitochondrial alterations in pig primary trophoblast cells challenged with
400 μM NEFA. (a) ROS generation, measured by DCF production using flow cytometry or a
spectrophotometer (n = 3), respectively, in cytotrophoblasts isolated from placenta of BFI sows.
Before assessment of ROS production, cells were incubated with 400 μM NEFA in the presence
or absence of 2 mM VE for 48 h. Value in scale bar depicts the percentage of DCF-positive cells;
(b) Mitochondrial ATP production in cytotrophoblasts incubated with 400 μM NEFA in the presence or
absence of 2 mM VE for 48 h (n = 3). ATP levels were normalized to total protein level of whole cell
lysates extract; (c and d) Mitochondrial biogenesis was assessed by both citrate synthase activity (c) and
mtDNA copy number (d) in cytotrophoblasts incubated with 400 μM NEFA in the presence or absence
of 2 mM VE for 48 h (n = 3); (e) Relative mRNA expression of genes implicated in mitochondrial
biogenesis and mtDNA replication (n = 3). Results were expressed as fold change relative to the
values of untreated cells (BSA treatment) set to 1 unit. Values are expressed as mean ± SEM. * p < 0.05;
** p < 0.01 compared with the control group. ROS: reactive oxygen species; DCF: dichlorofluorescein;
VE: Vitamin E; mtDNA: mitochondrial DNA; BSA: bovine serum albumin; NEFA: non-esterified fatty
acid; Control: BSA group.

In order to further reveal the mechanisms of ROS induced mitochondrial alterations in
cytotrophoblasts, western blot analysis of key regulators of mitochondrial function was performed.
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As shown in Figure S1, microtubule affinity regulating kinase 4 (Mark4), phos-Mark4 (Thr 214),
and phos- NF-κB (Ser536) were up-regulated (p < 0.05) in cytotrophoblasts incubated with fatty acid
for 48 h, compared to control cells (Figure S1C). In contrast, the expression of phos-AMPK (Thr 172)
was decreased in fatty acid treatment compared with control group (p < 0.05, Figure S1D). Moreover,
the addition of VE alleviated these effects (Figure S1D). The protein content of AMPK and NF-κB was
not affected by the addition of fatty acid (Figure S1C,D).

4. Discussion

As a mitochondrial rich organ, the placenta is essential for the normal growth and development of
fetus. Thus, abnormalities in mitochondria may have detrimental consequences on placental function
and therefore fetal growth and development. Indeed, cumulative evidence strongly suggests that
alterations in mitochondrial respiration function and enzymatic activity of mitochondrial complexes
in the human placenta are associated with pregnancy loss complicated by maternal obesity [14,31].
However, whether these changes are correlated with excessive back-fat of sows during pregnancy is not
clear. Here, we investigated the influences of excessive back-fat on the amount, structure, and function
of mitochondria in the porcine placenta. Our data indicate that mitochondrial defects were evident in
term placenta from BFII sows. Furthermore, we found that increased oxidative stress in pig placenta
due to excessive back-fat is probably one of the major determinants of mitochondrial alterations. This is
supported by data showing that (a) an increase in ROS production occurred specifically in the placenta
of BFII sows; (b) excessive ROS production was also associated with mitochondrial abnormalities in
placenta from BFII sows; (c) incubation of cultured trophoblast cells with high lipid concentration
induced ROS production and altered mitochondrial density and functions; and (d) these effects were
alleviated by antioxidant treatment. Together, these findings suggest excessive back-fat aggravates a
lipotoxic placental milieu (summarized in Figure 6) that induces oxidative stress and mitochondrial
dysfunction in the full-term pig placenta.

High Low

Mark4

p-NF- B

p- AMPK
Mitochondrial 

dysfunction

Maternal obesity

ROS

Dyslipidemia

Impaired placental 
function

Mito.membrane
potential(High)
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Figure 6. A schematic diagram depicts a causative role of obesity-induced oxidative stress
in mitochondrial injury and placental dysfunction. Excessive back-fat aggravates dyslipidemia
(lipotoxicity), which induces oxidative stress and mitochondrial dysfunction in the full-term pig
placenta. Increased back-fat promotes mitochondrial oxidative injury by activating Mark4 and NF-κB
and reducing AMPK activation. ↑: up-regulation of gene expression. ↓: down-regulation of gene
expression. Arrows indicates a positive regulation. Interactions depicted are based on studies
performed in various tissues (in some cases placenta) and have been previously published. ROS:
reactive oxygen species.
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In this study, excessive back-fat of sows was associated with increased plasma lipid and leptin
levels, which indicated that the BFII sows had the trend for a higher adiposity than BFI sows. These
metabolic alterations were associated with increased systemic (elevated plasma H2O2 level) and
placenta (high levels of placental protein carbonylation and GSSG) oxidative stress from BFII sows
compared to BFI sows, probably because of an increase in placental ROS production and a reduction
in antioxidant defenses (decreased activities of SOD, GSH-PX, and CAT) in placenta of BFII sows.
Furthermore, these disturbances were associated with mitochondrial changes in term placenta of sows
with excessive back-fat. There was a significant decrease in placental ATP content associated with
reduced expression levels of subunits encoding the complexes of mitochondrial electron transport
chain (complexes I, II, III, and V), indicating a mitochondrial dysfunction in the placenta from BFII sows
compared with BFI group. This observation agrees with previous reports in obese placenta of human
model [14,15]. Since placenta is an extremely metabolically active tissue with rich energy-producing
mitochondria, it is conceivable that mitochondrial abnormalities in ATP production may be not able
to support placental substantially large energy requirements, therefore negatively affecting placental
function and fetal development [14]. Consistent with this notion, a reduction in litter weight and
placental efficiency was observed in BFII sows, which suggested that the placentas from BFII sows
failed to support proper fetal development. Although a significant difference in birth weight between
BFII and BFI groups was not observed, it is noted that a sexually dimorphic adaptation of the placenta
may contribute to the differences in fetal growth and survival responding to the adverse intrauterine
environment [32]. Recently, it has been demonstrated that pro-inflammatory cytokine production in
placenta and the effect of inflammation on placental mitochondrial function exist a sexually dimorphic
response [33]. Hence, the possibility that a sexual dimorphism may contribute to the lack of difference
in the data cannot be completely ruled out. Further studies to assess the consequence of sexual
dimorphic responses in placental mitochondrial energetics and function during porcine pregnancy
associated with excessive back-fat are warranted.

To further explore the effect of excessive back-fat on placental mitochondrial respiration, we
utilized an in vitro model of pig trophoblast cell culture. It is important that isolated trophoblasts can
retain their in vivo phenotype in culture without the influence of the other different cells types (e.g.,
immunocytes and vascular cells) in whole placenta on the results of mitochondrial energy metabolism.
Consistent with previous studies in human placenta and other tissues [5,15], we found a reduction in
mitochondrial oxidative respiration with increased back-fat. The decreased mitochondrial maximum
respiration and spare respiratory capacity reveals that cytotrophoblasts from placenta of BFII sows have
a compromised cellular ability to meet energetic needs, and such a decrease in energetic metabolism
may render them more susceptible to cellular stressors like lipids and ROS [34]. Measurement of
activities of the mitochondrial respiratory complexes is commonly used as markers of mitochondrial
function [35]. Consistent with reduced mitochondrial respiration, we observed that there was a
significant decrease in mitochondrial complex I activity in term placenta of BFII sows compared to
BFI group. As complex I of the mitochondrial respiratory chain is particularly prone to damage by
oxidative stress [36], its reduction in activity associated with increased back-fat may be explained
by a significant increase in ROS production that was also seen in the placenta of BFII sows. Indeed,
increased local concentrations of ROS near the electron transport chain components are believed to
be potentially high, making the mitochondrial respiratory complexes themselves likely targets of
ROS impairment [13]. However, the activity of coupled complexes II and III was not significantly
different between BFII and BFI sows. In contrast to our findings, Hastie et al. (2014) found a significant
increase in the activity of placental combined complexes II and III associated with maternal obesity [14].
Differences in placental mitochondria collection may explain the discrepancy in our results. Of note,
the mitochondrial inner membrane contains significantly higher complex I than any of the other
complexes [36]. Thus, damage to mitochondrial complex II and III would have lesser impact on
mitochondrial respiration than damage to complex I.
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There is currently growing amounts of evidence showing that, as well as mitochondrial function,
mitochondrial content is also altered in the human term placenta associated with maternal obesity [14,15].
Consistent with our expectation, we found that there was a significant decrease in mitochondrial
number associated with a reduction in mtDNA content and CS activity (quantitative indexes of
mitochondrial content) in placenta from BFII sows compared with BFI sows. These findings were
further confirmed by reduced expression levels of mitochondria-encoded genes (ATP6, ND1, COX3,
and CYTB) rather than increased mRNA contents of nuclear-encoded mitochondrial genes (ACADM
and CS), which suggested that the control of mitochondrial biogenesis is altered in the placenta
of BFII sows. Mitochondrial biogenesis is controlled by multiple transcription factors including
PGC-1α, PGC-1β, NRF1, TFAM, TFB1M, and TFB2M [30]. Several studies have linked mitochondrial
biogenesis transcription factors to placental mitochondrial content or pathology [37,38]. In agreement,
we found that PGC-1α, PGC-1β, and downstream targets of PGC-1α, such as NRF1 and TFAM
were down-regulated in term placenta of BFII sows compared to BFI group. Furthermore, a striking
phenotype of placenta in BFII sows resided in the structural abnormalities of the mitochondria,
as revealed by electron microscopy. A number of mitochondria appeared swollen, with fewer cristae,
and the inner or outer membranes were sometimes disrupted in the placenta of sows with excessive
back-fat. It should be noted that the regulation of mitochondrial dynamic network (maintaining normal
mitochondrial structure) occurs through mitochondrial biogenesis and continuous cycles of fission and
fusion [39]. In this trial, we observed, however, there was a significant decrease in the mitochondrial
fusion regulator (Mfn1) associated with increased expression of Drp1, a protein participating in the
mitochondrial fission, which suggested that aggravated mitochondrial fission as a mechanism may
contribute to decreased placental mitochondrial content in BFII sows, potentially by disruption of
mitochondrial structures [40]. Although our data pointed out that excessive back-fat was associated
with mitochondrial alterations in the porcine placenta, further experiments are needed to determine
the mediators of placental mitochondrial dysfunction.

To confirm the implication of oxidative stress in placental mitochondrial alterations associated
with excessive back-fat, our in vitro data in cultured placental trophoblast cells demonstrated that
treatment with high fatty acid concentration induced ROS production and mitochondrial damage in
cytotrophoblasts, in agreement with previous reports that elevated lipids can induce cellular dysfunction
through the activation of inflammation and the overproduction of ROS causing mitochondrial
dysfunction in various models [6,41]. Although we were not able to determine whether ROS
production is the only factor contributing to mitochondrial dysfunction, it is noticed that oxidative
stress induced by lipid resulted in a decrease in the amount of mtDNA and CS activity in cultured
cytotrophoblasts, mitochondrial abnormalities in function (reduced ATP production and mitochondrial
membrane potential) and structure (mitochondrial swelling and disruption), and a concomitant
reduction in expression of genes associated with mitochondrial biogenesis (PGC-1α and Mfn1) and
mtDNA replication (POLG1, POLG2, and SSBP1), and these effects were reversed by antioxidant
treatment, supporting a critical role of ROS in mediating mitochondrial alterations in placenta of sows
with excessive back-fat. In addition, obese pregnancy has been previously linked to a heightened
inflammatory state in placenta of human beings and animals such as pigs, with significant increases in
pro-inflammatory cytokines such as TNFα, IL-6, and IL-8, which may impair mitochondrial function
through activation of NF-κB signaling pathway [33]. To further estimate the mechanism of ROS-induced
mitochondrial dysfunction in the term placenta of BFII sows, we initially investigated the status of
activation of inflammatory NF-κB signaling in in vitro model of pig trophoblast cells challenged with
high lipid. Consistently, we found that elevated lipid promoted the activation of NF-κB associated
with increased ROS and impaired mitochondrial function and structure in cytotrophoblasts. Moreover,
our previous studies showed that excessive back-fat is associated with increased activation of Mark4
and reduced activity and expression of AMPK in pig term placenta, indicating a potential mechanism
for increased placental inflammation and oxidative stress [8,17]. In this trial, increased activation of
microtubule affinity-regulating kinase 4 (Mark4) and reduced activation of AMPK were also observed in
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cultured trophoblast cells treated with high fatty acid, and addition of vitamin E alleviated these effects,
suggesting that Mark4 and AMPK may be involved in regulation of ROS-mediated mitochondrial
abnormalities in pig placenta induced by increased back-fat. In agreement with this conclusion,
it has been shown that Mark4 promotes mitochondrial oxidative injury and adipose inflammation via
activating NF-κB signal pathway [23]. Furthermore, studies have identified that AMPK activation
could prevent inflammatory signaling pathways [1] and increases the expression of genes involved
in mitochondrial function in human or mice skeletal muscle [42,43]. However, the precise molecular
mechanisms by which these regulators improve or impair mitochondrial function in porcine placenta
associated with excessive back-fat need to be further studied.

5. Conclusions

In summary, the present study demonstrates that excessive back-fat incites placental mitochondrial
alterations that correspond with reduced ATP content and mitochondrial dysfunction in the pig full-term
placenta. Moreover, augmented mitochondrial abnormalities may be attributed to increased placental
oxidative stress in conditions associated with elevated maternal circulating lipids such as excessive
back-fat during pregnancy of sows, and increased NF-κB signaling may contribute to ROS-mediated
mitochondrial dysfunction in pig placenta induced by increased back-fat. Thus, our results suggest that
excessive back-fat-induced oxidative stress and subsequent mitochondrial dysfunction has potential as a
causal mechanism to impact pig placental function and therefore impair fetal growth and development.
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Simple Summary: Uterine inflammation is a very frequent pathology in domestic animals leading to
disturbances in reproductive processes and causing significant economic losses. The uterus possesses
nerves from either the autonomic or sensory part of the peripheral nervous system. Most of the
uterus-projecting neurons are localized in the caudal mesenteric ganglion. These neurons synthesize
and release numerous biologically active substances in the uterus, which regulate uterine functions.
The effect of inflammation on uterine innervation is poorly recognized. This study showed that
Escherichia coli-induced uterine inflammation in pig led to a reduction in the total population of uterine
neurons in the caudal mesenteric ganglion, and in the populations of these cells in the dorsal and
central areas of this ganglion. In the caudal mesenteric ganglion of gilts after intrauterine bacterial
injection, the population of uterine neurons presenting positive staining for dopamine-β-hydroxylase
(an enzyme participating in noradrenaline synthesis) and negative staining for galanin, as well as
the population of uterine neurons presenting negative staining for dopamine-β-hydroxylase but
positive staining for neuropeptide Y, were decreased. In these gilts, there were increased numbers of
uterine neurons which, besides dopamine-β-hydroxylase, also expressed neuropeptide Y, galanin
and vasoactive intestinal peptide. The above changes suggest that inflammation of the gilt uterus
may affect the function(s) of this organ by its action on the neurons of the caudal mesenteric ganglion.

Abstract: This study analyzed the influence of uterine inflammation on the neurochemical
characteristics of the gilt caudal mesenteric ganglion (CaMG) uterus-supplying neurons. The
horns of uteri were injected with retrograde tracer Fast Blue on day 17 of the first studied estrous cycle.
Twenty-eight days later (the expected day 3 of the third studied estrous cycle), either saline or Escherichia
coli suspension were administered into each uterine horn. Only the laparotomy was done in the control
gilts. After 8 days, the CaMGs and uteri were harvested. The infected gilts presented a severe acute
endometritis. In the CaMGs, the populations of uterine perikarya possessing dopamine-β-hydroxylase
(DβH) and/or neuropeptide Y (NPY), somatostatin (SOM), galanin (GAL) and vasoactive intestinal
polypeptide (VIP) were analyzed using the double immunofluorescence method. In the CaMG,
bacterial injection decreased the total number of the perikarya (Fast Blue-positive), the small and
large perikarya populations in the dorsal and central regions, and the small and large perikarya
populations coded DβH+/GAL- and DβH-/NPY+. After bacterial treatment, there was an increase in
the numbers of small and large perikarya coded DβH+/NPY+, small perikarya coded DβH+/GAL+
and DβH+/SOM- and large perikarya coded DβH+/VIP+. To summarize, uterine inflammation
influences the neurochemical characteristics of the CaMG uterus-supplying neurons, which may be
important for pathologically changed organ functions.

Keywords: uterus; inflammation; sympathetic innervation; caudal mesenteric ganglion; chemical
plasticity; gilt
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1. Introduction

Uterine inflammatory process is a very common condition in domestic animals, which leads to
economic losses. Although this disorder may occur in females which have not yet given birth (after
natural mating, insemination), uterine inflammation takes place predominantly after parturition as a
result of disturbances in uterine involution and/or immunological reaction. Metritis/endometritis is
evoked for the most part by bacteria [1–4]. Situations such as difficult labor, fetal membrane retention
and uterine contractility disturbances are conducive to the origin of this pathology. Mild uterine
inflammation does not cause any serious deviations in the estrous cycle course. In turn, in more
advanced cases of inflammation, an inflammatory exudate (mucopurulent) is present in the uterine
cavity. The myometrium of animals, especially cows, loses its ability to contract [5]. During uterine
inflammation, the production and release of cytokines [6–9], prostaglandin (PG)F2α, PGE2 [2,10],
PGI2 [11], leukotrienes (LT)B4 and LTC4 [12], as well as nitric oxide [13] are markedly increased.

The uterus in pigs is innervated by nerves from either the autonomic or sensory part of the
peripheral nervous system. In the pig, most of the uterus-projecting neurons (further referred to as
uterine neurons or uterine perikarya), indicated by fluorescent retrograde neuronal tracer Fast Blue
(FB), exist in the caudal mesenteric ganglion (CaMG), where they form the “uterine region”. The vast
majority of all uterine perikarya in the CaMG are noradrenergic. These structures possess enzymes
that synthetize noradrenaline (NA): tyrosine hydroxylase (TH) and dopamine-β-hydroxylase (DβH).
However, other neurotransmitters such as galanin (GAL), neuropeptide Y (NPY), vasoactive intestinal
polypeptide (VIP) and somatostatin (SOM) are also expressed in those perikarya. Moreover, in the
sow, these neurotransmitters are present in the nerve fibers in the area of CaMG [14,15] and in the
uterus, under luminal epithelium, near the blood vessels, endometrial glands and myocytes of the
myometrium [16,17]. It is known that NA, acting through α- and/or β-adrenergic receptors, controls
the contractile activity of the uterus [18,19] and PGs production in endometrial and myometrial cells
under physiological conditions [20,21]. NPY, via its receptor subtype 1, stimulates the contractility
of myometrium [22] and uterine arteries [23,24]. Similarly, GAL [25] and VIP [26] affect uterine
contractility, while SOM regulates endometrial cell proliferation and motility [27].

Data are scarce on the relationship between uterine inflammation and morphology, as well as
on the immunochemical characteristics of neurons projecting to the uterus. In rats, the inflammation
of the uterus evoked abnormal behavior associated with visceral pain [28] and upregulated the
uterine substance P (SP)-positive perikarya numbers in the dorsal root ganglia (DRGs) [29]. Due to its
embryological, anatomical and physiological similarities to humans, the pig is a valuable species in
biomedical research, also for the study of uterine function [30,31]. One published study conducted on
pigs, describing the influence of uterine inflammation on the innervation of the uterus, indicated that in
gilts, Escherichia coli (E. coli)-induced inflammatory state changes the morphological and neurochemical
characteristics of the DRG neurons supplying the uterus [32]. In addition, it was found that there was a
reduction in the total population of nerve fibers in the inflamed porcine uterus, including DβH-positive
around inflamed uterine structures [33]. Based on these findings, it is hypothesized that the uterine
inflammatory state affects the neurochemical characteristics of the uterine neurons in CaMG. To test
this hypothesis, the effect of uterine inflammation was examined on (1) the total number of uterine
perikarya and their size and localization, and on (2) the uterine perikaryal cell count containing DβH
and/or NPY, SOM, GAL or VIP in the gilt CaMG.

2. Materials and Methods

2.1. Animals

The experiment was performed taking into account the principles of animal care (National Institute
of Health publication No. 86–23, revised in 1985) and the specifics of national law concerning animal
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protection. The Local Ethics Committee of the University of Warmia and Mazury in Olsztyn approved
all procedures and granted consent (no. 65/2015).

This research was carried out on 11 gilts (crossbred Large White × Landrace) at the age of 7–8
months and body weight (BW) of approximately 90–120 kg. By using a tester boar, behavioral estrus
was estimated. In all studied gilts, disruption in reproductive state did not occur, vaginal discharges
were not revealed, and the second estrous cycle was regular. The gilts were kept in laboratory conditions
(Faculty of Veterinary Medicine, University of Warmia and Mazury, Olsztyn, Poland). They were
maintained in individual pens with an area of about 5 m2 under the following conditions: natural
daylight—14.5 ± 1.5 h, night—9.5 ± 1.5 h and temperature 18 ± 2 ◦C. The pigs were fed with commercial
diets according to their nutritional requirements and had access to water. After transport, the pigs
were divided (randomly) into three groups: Escherichia coli (E. coli group, n = 4), the saline (SAL group,
n = 3)-treated gilts and control (CON control, n = 4) gilts—subjected to “sham” operation (details are
below). The study was started after three days (adaptive period). During the experiment, the animals
were not medically treated.

2.2. Experimental Procedures

The experimental procedure was previously described [32]. On day 17 of the first studied estrous
cycle (day 0 of the study), before surgery, the gilts were pre-medicated with atropine (0.05 mg/kg,
administered intramuscularly (i.m.); Atropinum sulf. WZF, Warszawskie Zakłady Farmaceutyczne
Polfa S.A., Warsaw, Poland), azaperone (2 mg/kg BW, administered i.m. Stresnil, Janssen Pharmaceutica,
Beerse, Belgium) and ketamine hydrochloride (10 mg/kg BW, administered intravenously (i.v.);
Ketamina, Biowet, Puławy, Poland). General anesthesia was reached with ketamine hydrochloride
and prolonged by the application of supplementary doses of this medicine (1 mg/kg BW every 5 min,
administered i.v.). After laparotomy, the uterine horns were injected with Fast Blue (FB, 5% aqua
solution, EMS-CHEMIE, GmbH, Gross-Umstadt, Germany) to indicate the cell bodies of neurons
projecting to the uterus. FB was administered using a Hamilton syringe with a 26-gauge needle into the
wall of each uterine horn in paracervical, middle and paraoviductal portions. In each part (ring about 2
cm wide), 13 FB injections were done (volume of each injection—2 μL, total volume per place—26 μL).
The needle of the Hamilton syringe was kept in each place for 1 min following injection to limit the
leakage of FB outside the uterine tissue. Next, the place of injection was rinsed using isotonic saline
and wiped with gauze.

Twenty-eight days later (the necessary period for FB to achieve the external sources of innervation
of the uterus in pigs), on the expected day 3 of the third studied estrous cycle, the gilts were anaesthetized
(as explained above). In gilts, after laparotomy was done, either 50 mL of E. coli suspension (E. coli
group; 1 mL of suspension containing 109 colony-forming units, strain O25:K23/a/:H1; National
Veterinary Research Institute, Department of Microbiology, Puławy, Poland), or 50 mL of saline solution
(SAL group) were administered into both uterine horns. In the gilts of the CON group, only laparotomy
was carried out. After 8 days (the expected day 11 of the third studied estrous cycle), euthanasia of gilts
was performed using an overdose of ketamine hydrochloride (administered i.v.) and the gilts were
transcardially perfused via the ascending aorta with 4% buffered paraformaldehyde (pH 7.4). Next,
the bilateral CaMGs were obtained from gilts of all groups. The ganglia were post-fixed by immersion
in the same fixative for 10 min, then washed with 0.1 M PB (pH 7.4) for two days and stored at 4 ◦C in
an 18% buffered sucrose solution (pH 7.4), with natrium azide (0.001%). Later, the CaMGs were kept
at −80 ◦C until further examination. For the microscopic study, the fragments of uterine horns were
fixed in 4% paraformaldehyde solution (pH 7.4) for 24 h, and the tissues were then washed in 0.1 M
phosphate-buffered saline (PBS, pH 7.4) and embedded in paraffin. The findings of the histological
assessment of uteri were published previously [32].
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2.3. Immunohistochemical Analysis

Serial cryostat sections (with a thickness of 10 μm, Frigocut, Reichert-Jung, Nussloch, Germany)
of the CaMG were placed on chrome alum-coated slides. The presence of FB-positive perikarya was
checked in serial sections of the bilateral CaMGs using an Olympus BX51 microscope (Olympus,
Warsaw, Poland), equipped for epi-illumination fluorescence microscopy (V1 module: excitation filter
330−385 nm, barrier filter 420 nm). Sections with FB-positive perikarya were used for double-labeling
immunofluorescence to determine DβH and/or NPY, SOM, GAL and VIP immunoreactivity [34]. The
sections were dried (at 32 ◦C, 45 min), rinsed in a phosphate buffer with 0.8% sodium chloride and
0.02% potassium chloride (PBS, 3 × 10 min) and incubated in 10% normal goat serum in PBS with
0.3% Triton X-100 (Sigma, Saint Louis, MO, USA) and 1% bovine serum albumin (BSA; Sigma, USA)
for 20 min. Next, the sections were incubated overnight (at 4 ◦C) with primary antibodies diluted in
PBS containing 0.3% Triton X-100 and 1% BSA, raised against DβH (rabbit polyclonal, Cat. # AB1585,
Merck Millipore, Kenilworth, NJ, USA, 1:500) and/or NPY (mouse monoclonal, Cat. # ABS 028-08-02,
ThermoFisher Scientific, Waltham, MA, USA, 1:1000), SOM (rat monoclonal, Cat # 8330-0009, AbD
Serotec, Kidlington, UK, 1:60), GAL (guinea pig polyclonal, Cat. # T-50-36, Penisula, San Carlos, CA,
USA, 1:800) or VIP (mouse polyclonal, Cat # 9535-0504, BioGene Ltd., Huntingdon, UK, 1:2000). On the
next day, the sections were rinsed (PBS, 5 × 15 min) and incubated with secondary antibodies (in PBS
with 0.25% BSA and 0.1% Triton X-100) for 4 h (Alexa Fluor 488 nm donkey anti-rabbit, Cat # A21206,
Alexa Fluor 546 nm donkey anti-mouse, Cat # A10036, Alexa Fluor 546 nm donkey anti-rat, Cat #
A11081 and Alexa Fluor 546 nm donkey anti-guinea pig, Cat # A11074, all from ThermoFisher Scientific,
Waltham, MA, USA, and diluted 1:1000) to visualize the following antibody combinations: DβH/NPY,
DβH/SOM, DβH/GAL and DβH/VIP. After that, the sections were rinsed (PBS, 3 × 5 min) and covered
with a polyethylene glycol/glycerin solution with 1,4-diazabicyclo[2.2.2]octane (DABCO, Sigma, USA).
To control for immunofluorescence specificity, standard tests (pre-absorption for the applied antisera
with the respective antigen at a content of 20–50 μg antigen/mL diluted antiserum, exclusion of
primary or secondary antisera and replacement by non-immune sera of all the primary antisera
used) were conducted. The specificity of retrograde tracing was examined by the use of the various
tests presented previously [32]. FB-positive and double-immunostained perikarya were investigated
and photographed with the appropriate filter sets for fluorescein isothiocyanate (FITC, B1 module,
excitation filter 450–480 nm, barrier filter 515 nm) and CY3 (G1 module excitation filter 510–550 nm,
barrier filter 590 nm). DβH-, NPY-, SOM-, GAL-, VIP-immunoreactive and/or all FB-positive perikarya
were calculated in every fourth section of the bilateral CaMGs. CaMG uterine perikarya profiles with a
visible nucleus were only scored to avoid double counting. The perikarya distribution was determined
for particular regions of CaMG, taking into account the method reported previously [34]. In brief,
the cranial region of the CaMG constitutes an area corresponding to I splanchnic lumbar nerve and
intermesenteric nerve, the dorsal region forms the area corresponding to II and III splanchnic nerves,
the caudal region composes the area corresponding to IV splanchnic lumbar nerve and hypogastric
nerve and the ventral region constitutes the area corresponding to caudal colonic nerves. In addition,
the perikarya were classified as small (with a diameter of 23 ± 10 μm) or large (with a diameter of 51
± 17 μm) [34], using Cell F Imaging Software (Olympus, PL). The perikarya sizes were estimated by
measurements of their long and short axis. The average value of the perikaryon diameter was assigned
by the use of the equation d =

√
l × k, where d equals the diameter of a circle with a surface area which

is the most similar to the surface area of an ellipsoidal figure with a long axis (l) and a short axis (k) [35].
By adding the small and large perikaryal cell count from all areas of the CaMG, the total population
of perikarya for each studied group was determined. The images were captured by a digital camera
connected to a PC and analyzed with AnalySIS software (version 3.02, Soft Imaging System, Münster,
Germany).
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2.4. Statistical Analysis

Data obtained from the CaMGs of gilts from the CON, SAL and E. coli groups were averaged per
one CaMG, region, small perikarya, large perikarya and perikarya, with individual neurochemical
characteristics for each group. Data concerning neurochemical characteristics were expressed as
percentages of the total population of small or large uterine perikarya stained for two substances in
each group, accepted as 100%. Statistical significances (mean ± standard error of the mean (SEM))
were estimated by a one-way analysis of variance (ANOVA) followed by the Bonferroni test (Statistica
13 software, StatSoft Inc., Tulsa, OK, USA). Differences were evaluated as significant if the probability
was p < 0.05. Before the experiment, a statistical power calculation was not performed. The number
of gilts in the studied group was based on the earlier studies, in which 3 to 4 animals were used for
neuro-immunofluorescence experiments.

3. Results

3.1. The Population and Localization of the CaMG Uterine Perikarya

In the E. coli group, the total number of FB-positive uterine perikarya (small and large perikarya
combined) was lower (p < 0.01) compared to the CON and SAL groups (70 ± 24.2 versus 228 ± 45.3, 245
± 35.1, respectively). In the E. coli group, a reduction (p < 0.01) in the number of small perikarya was
found in relation to the CON and SAL groups (45.5 ± 14.3 versus 137.9 ± 18.4, 146 ± 21.4, respectively).
In the gilts, after intrauterine infusion of bacteria, the number of large perikarya was also lower (p <
0.05) than in the CON and SAL groups (30.8 ± 6.5 versus 95 ± 25.1, 102 ± 16.8, respectively).

In relation to the CON and SAL groups, in the E. coli group, the numbers of small perikarya was
lower in the cranial (p < 0.01), caudal (p < 0.001), dorsal (CON—p < 0.05, SAL—p < 0.01) and central (p
< 0.01) ganglional areas (Figure 1A). The populations of large perikarya in the dorsal (p < 0.05), ventral
(p < 0.01) and central (p < 0.01) CaMG areas of the bacterial-treated gilts were reduced compared to
other groups (Figure 1B).

Figure 1. Small (A) and large (B) perikaryal cell count (mean ± standard error of the mean (SEM)) in
the different regions of the caudal mesenteric ganglion (CaMG) projecting to the uterus of gilts from
the control (CON) (white bars), saline (SAL) (grey bars) and E. coli (black bars) groups. Different letters
(a, b, c) show differences (p < 0.05–0.001) among the particular regions within the CON, SAL and E.
coli groups; * p < 0.05, ** p < 0.01 and *** p < 0.001 show differences between all groups in the same
ganglion region.
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3.2. The Populations of the CaMG Uterine Perikarya Expressing DβH, NPY, SOM, GAL and VIP

In the E. coli group, the numbers of small (CON—p < 0.05, SAL—p < 0.001) and large (p <
0.001) perikarya presenting positive staining for DβH and NPY increased, while the numbers of these
perikarya presenting negative staining for DβH and positive staining for NPY were reduced (p <
0.05) in relation to other groups. The population of large perikarya presenting negative staining for
DβH and NPY after intrauterine bacterial infusion was also lower (p < 0.05) than in the CON group
(Figure 2A, Figure 3A–H). The number of small perikarya expressing DβH but not SOM increased in
the E. coli group in relation to the CON (p < 0.01) and SAL (p < 0.001) groups. The numbers of small
and large uterine perikarya presenting negative staining for DβH and SOM were reduced compared to
the CON (p < 0.01) and SAL (p < 0.001) groups (Figure 2B, Figure 3I–P). Intrauterine injections of E.
coli increased (p < 0.001) the number of small perikarya expressing DβH and GAL compared to other
groups. In turn, in the E. coli group, the numbers of small (CON—p < 0.05, SAL—p < 0.01) and large (p
< 0.05) perikarya presenting positive staining for DβH and negative for GAL and the number of small
perikarya with negative staining for DβH and GAL (p < 0.05) were reduced compared to other groups
(Figure 2C, Figure 4A–H). The population of large perikarya presenting positive staining for DβH
and VIP was higher after intrauterine bacterial treatment than in the CON (p < 0.05) and SAL (p <
0.01) groups. The small (CON—p < 0.001, SAL—p < 0.01) and large (CON—p < 0.01, SAL—p < 0.001)
perikarya populations without positive staining for DβH and VIP were reduced compared to other
groups (Figure 2D, Figure 4I–P). The numbers of uterine perikarya expressing DβH and/or NPY, SOM,
GAL or VIP as well as those without these substances within the gilt CaMG from the CON, SAL and E.
coli groups are given in Figure 2A–D.
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Figure 2. The populations (expressed as percentages, mean ± SEM) of small and large uterine perikarya
expressing dopamine-β-hydroxylase (DβH) and/or neuropeptide Y (NPY) (A), DβH and/or somatostatin
(SOM) (B), DβH and/or galanin (GAL) (C) and DβH and/or vasoactive intestinal polypeptide (VIP) (D)
as well as those without these substances in the CaMG of gilts from the CON (white bars), SAL (grey
bars) and E. coli (black bars) groups. Data are expressed as percentages of the total population of small
or large uterine perikarya stained for two substances in each group, accepted as 100%. Different letters
(a, b, c, d) show differences (p < 0.01, p < 0.001) among the particular populations of uterine perikarya
within the CON, SAL and E. coli groups; * p < 0.05, ** p < 0.01 and *** p < 0.001 show differences
between all groups for the same population of uterine perikarya.
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Figure 3. Micrographs demonstrating the presence of DβH (B, F, J, N), NPY (C, G) and SOM (K, O) in
the CaMG uterine perikarya of gilts from the CON (A–D), SAL (I–L) and E. coli (E–H, M–P) groups.
The arrowhead indicates: Fast Blue (FB)-positive perikaryon, perikaryon presenting positive staining
for DβH and NPY and perikaryon presenting positive staining for DβH. The double arrow indicates
FB-positive uterine perikaryon expressing DβH and NPY. The arrow indicates FB-positive uterine
perikaryon expressing DβH. The photographs (D, H, L, P) were made by digital superimposition
of three color channels: FB-positive (blue), DβH-positive (green) and NPY- or SOM-positive (red).
One large uterine perikaryon DβH and NPY immunoreactive is visible in the gilt of the CON group
(A–D). In the CaMG of E. coli group, an elevation in the population of large perikarya containing these
substances is observed (E–H). One small perikaryon expressing DβH, but not SOM, is present in the
ganglion of the SAL group (I–L). In the E. coli group, two small perikarya expressing DβH, but not
SOM, are observed in the CaMG (M–P).
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Figure 4. Micrographs demonstrating the presence DβH (B, F, J, N), GAL (C, G) and VIP (K, O) in
the CaMG uterine perikarya of gilts from the CON (A–D), SAL (I–L) and E. coli (E–H, M–P) groups.
The arrowhead indicates: FB-positive perikaryon, perikaryon presenting positive staining for DβH
and perikaryon presenting positive staining for DβH and VIP. The arrow indicates FB-positive uterine
perikaryon expressing DβH. The double arrow indicates FB-positive uterine perikaryon expressing
DβH and VIP. The photographs (D, H, L P) were made by digital superimposition of three color
channels: FB-positive (blue), DβH-positive (green) and GAL- or VIP-positive (red). In the CaMG
from the CON group, two small uterine perikarya containing DβH but not GAL are visible (A–D).
Following intrauterine bacterial injection, a drop in the number of small perikarya expressing DβH
but immunonegative to GAL is present (E–H). In the CaMG of gilt from the SAL group, one large
perikaryon reactive to DβH and VIP is visible (I–L). In the gilt of the E. coli group, an augmentation in
the number of large perikarya occurs (M–P).

4. Discussion

This study, for the first time, showed how the inflammation of the uterus alters the neurochemical
characteristics of the CaMG’s uterine perikarya. The results of the histopathological assessment of pig
uteri used in the current experiment were presented previously. In the E. coli-treated uteri, severe acute
endometritis was revealed [32]. In the CaMG of gilts from the CON and SAL groups, the total number,
size and localization of uterine perikarya, and the numbers of these structures expressing DβH and/or
NPY, SOM, GAL or VIP were similar. This shows that administration of saline into the uterus did not
significantly change the neurochemical features of the examined perikarya.

The current study revealed that after intrauterine infusion of bacteria in the gilt, the total population
of uterine perikarya in CaMG was reduced. Uterine inflammation also led to a decrease in the total
population of uterine perikarya in the DRGs of animals examined in the current experiment [32].
Although in the present study the steroid levels in peripheral blood of gilts were not determined, it
is possible that they may influence the uterine perikarya populations in the E. coli group. In pigs
and cows with an inflamed uterus, the level of 17β-estradiol (E2) was decreased, and in pigs, the
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androstenedione level was also augmented [10,36–38]. A drop in the total number of CaMG uterine
perikarya in pigs with uterine inflammation may be a consequence of a decreased level of E2 and an
elevated level of androgens. The neuroprotective properties of estrogen are connected with their ability
to activate various membrane-associated intracellular signaling pathways and nuclear receptors for
estrogen (ERs) and to induce growth factors’ production, as well as their antioxidant actions [39,40].
Moreover, ERs are expressed in rat uterine perikarya in the DRGs [41] and porcine ovary perikarya in
the CaMG [42]. The drop in CaMG of ovarian neurons and an augmentation in the set of these cells
with androgen receptors (ARs) after long-term testosterone (T) administration in gilts was reported [43].
In addition, androgens have the ability to decrease growth factor production in different tissues [44,45].
It is possible that the reduced survival of uterine perikarya in the CaMG revealed in the present study
may also be a consequence of increased synthesis and the release of inflammatory factors in the course
of uterine inflammation. This is supported by reports that show elevated levels of pro-inflammatory
cytokines (tumor necrosis factor α (TNF-α), interleukin 1 β), as well as PGF2α, LTB4 and LTC4 in
peripheral blood of females with an inflamed uterus [7,9,10,12] and the presence of TNF-α, LTB4 and
LTC4 receptors in the perikarya within DRG [46–48]. It is known that pro-inflammatory cytokines
participate in neuron death by toxic free radical generation [49]. The loss of both small and large
perikarya in the CaMG after intrauterine E. coli administration may be associated with a similar content
of the ERs and/or ARs [42,43], as well as receptors for inflammatory mediators [46–48]. However, the
exact mechanism of steroid hormone- and inflammatory factor-dependent drop in the neuronal CaMG
number needs further studies.

The current study found a decrease in the gilt CaMG populations of small and large uterine
perikarya following intrauterine injection of bacteria. In addition, in the DRGs of gilts used in the
current study, uterine inflammation led to a drop in the population of small uterine perikarya [32].
Although in the present experiment the effect of the inflammatory process on the dynamic changes in
perikarya size has not been determined, the revealed changes in the numbers of small and large uterine
perikarya may result from their atrophy or hypertrophy, although this hypothesis needs confirmation.
The small and large uterine perikarya were found in all examined areas of the CaMG of gilts from the
CON, SAL and E. coli groups. In the CaMG of gilts after intrauterine bacterial injection, the numbers
of small and large perikarya were reduced in the dorsal and central regions. In addition, uterine
inflammation decreased the numbers of small perikarya in the cranial and caudal regions and the
number of large perikarya in the ventral region. Previously, it was mentioned that the changes in
populations of uterine perikarya inside the particular DRGs of gilts with uterine inflammation were
not related to distinct regions [32]. Partly compatible to the current findings is another study, which
reported a drop in ovarian perikarya (small, large) in particular areas of the CaMG of E2-injected
gilts [42] and a reduction of small ovarian perikarya in these ganglia of T-injected gilts [43].

In the CaMG of gilts after intrauterine bacterial treatment, a rise was found in the number of small
and large uterine perikarya expressing DβH and NPY, the number of small uterine perikarya presenting
positive staining for DβH and GAL, the number of small uterine perikarya immunoreactive to DβH but
immunonegative to SOM and the number of large uterine perikarya with positive staining for DβH and
VIP. In contrast, a decrease was noted in the number of small and large uterine perikarya expressing
DβH but not GAL, in the number of small and large uterine perikarya immunonegative to DβH, but
immunoreactive to NPY, as well as in the number of uterine perikarya presenting negative staining for
the studied substances (except for small uterine perikarya immunonegative to DβH and NPY and large
uterine perikarya immunonegative to DβH and GAL). Similarly, expression of GAL was increased in the
uterine perikarya in the Th10-S4 DRGs of gilts with uterine inflammation used in the present study [32]
and in the colon-projecting neurons in the CaMG of pigs with colitis [50]. A drop in the populations of
ovarian perikarya possessing DβH, but not GAL, also took place in the porcine CaMG after long-term
exposure to E2 [42] and T [43]. Contrary to the current study, a drop in the TH, NPY and VIP expression
in the colon-projecting neuronal cells in CaMG-led colitis [50] and a reduction in the numbers of ovarian
perikarya with positive staining for DβH and NPY and immunoreactive to DβH, but not to SOM,
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was revealed in the CaMG after E2 [42] and T [43] administration. The alterations in neurochemical
characteristics of the CaMG neurons in gilts after intrauterine E. coli injection may be connected with
the hormonal state and inflammatory factors having pro-/anti-inflammatory effects. It was reported
that receptors for steroid hormones are present in ganglia neurons supplying the reproductive organs
in females [41–43,51]. The localization of multiple receptors for PGE2 [52], LTs [46] and TNF-α [47] was
found in the DRG neurons. Although co-expression of steroid hormones and inflammatory mediators’
receptors with particular neurotransmitters in the sympathetic ganglia perikarya have not yet been
specified, it cannot be excluded that the differences found depend on the neurochemical characteristics
of neurons and their size. This may result from varied density and cellular distribution of receptors
for steroid hormones and inflammatory factors in the examined populations of neurons. E2 acting
by particular ERs-type in cellular line PC12, elevated or reduced transcriptional activity of the TH
gene—catecholamine synthesizing enzyme [53]. Moreover, increased synthesis of SP and calcitonin
gene-related peptide in rat uterine cervix-related DRG neurons is under the influence of the E2-ERs
system [54]. Further experiments should be carried out to recognize the co-localization of receptors for
steroids and inflammatory mediators with particular neurotransmitters in the CaMG uterine perikarya
as well as receptor bases of these substances’ influence on neurochemical characteristics.

In the E. coli group, as found in the current experiment, there was a rise in the number of the CaMG
uterine perikarya, which expressed NA, NPY, GAL or VIP, but not SOM. In contrast, a reduction in the
populations of noradrenergic and non-noradrenergic perikarya occurred. It is proposed that these
alterations may lead to disruptions in a diversity of uterine-sympathetic and non-sympathetic activities.
It was revealed that NA exerts an effect on the contractility in healthy [18,19] and inflamed [11]
porcine uterus. Similarly, under physiological conditions, NPY, GAL and VIP regulate this uterine
activity [22,25,26]. Thus, it is possible that the above-mentioned neurotransmitters may be involved in
the elimination of the exudate from the uterus with inflammation. Additionally, NA is able to affect
uterine PGs synthesis [20,21], while NPY modulates the uterine blood supply [23,24]. Neuroprotective
GAL function in the inflamed uterus may also be possible [55]. Moreover, this study revealed that the
inflammatory uterine process led to changes in the uterine small and large perikaryal cell populations,
which were partially dependent on their neurochemical features. This may suggest a different action
of small and large uterine perikarya on the function of an inflamed uterus.

5. Conclusions

It was found that E. coli-induced inflammatory state of the uterus in the pig causes changes
in spatial and neurochemical organization patterns of the CaMG neurons innervating the uterus.
Alterations in the noradrenergic and non-noradrenergic uterine neuronal populations suggest that
inflammation of the uterus may affect the function(s) of this organ by acting on the CaMG uterine
neurons. However, further studies are needed to identify the mechanism of the effect of inflammation
on uterine innervation. These findings confirm the use of the pig as an appropriate model for the
research of the inflammatory states of the reproductive system as well as the importance of the
inflammatory process as modulators of neuronal plasticity. Finally, the alterations in the expression of
neurotransmitters in the CaMG uterine neurons during uterine inflammation can be used to develop
neurotransmitter analogues that restore normal uterine function.
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Simple Summary: Squamous cell carcinoma (SCC) is one of the most common cancers in horses,
and it can arise at any site on the skin and mucosae. Recent studies associated equine papillomavirus
type 2 (EcPV2) infections with this type of cancers of the oral tract and genitals. Larynx and
pharynx are frequently recognized as sites of SCC. In humans, squamous cell carcinoma of the
larynx (SCCL) is a common cancer associated with papilloma virus (PV) infection and epithelial to
mesenchymal transition (EMT). EMT can occur under different biological conditions, upon the same
programmed changes: embryogenesis and organ development fibrosis, wound healing, and cancer
metastases. This work reports for the first time in a SCCL of a horse a wide immunohistochemical EMT
characterization, by analyzing main epithelial markers (E-cadherin, β-catenin, and pan-cytokeratin
AE3/AE1), main mesenchymal markers (N-cadherin and vimentin), and the main EMT-related
transcription factors (TWIST-1, ZEB-1, and HIF-1α). This work illustrates an example of tumor cell
adaptation during the metastatic process in the equine SCCL, taking also into consideration the
potential influence provided by EcPV2 oncoproteins on the EMT process.

Abstract: Squamous cell carcinoma (SCC) is one of the most frequent tumors of skin and
muco-cutaneous junctions in the horse. Equine papillomavirus type 2 (EcPV2) has been detected in
equine SCC of the oral tract and genitals, and recently also in the larynx. As human squamous cell
carcinoma of the larynx (SCCL), it is strongly etiologically associated with high-risk papillomavirus
(h-HPV) infection. This study focuses on tumor cells behavior in a naturally occurring tumor that can
undergo the so-called epithelial to mesenchymal transition (EMT). A SCCL in a horse was investigated
by immunohistochemistry using antibodies against E-cadherin, pan-cytokeratin AE3/AE1, β-catenin,
N-cadherin, vimentin, ZEB-1, TWIST, and HIF-1α. EcPV2 DNA detection and expression of oncogenes
in SCC were investigated. A cadherin switch and an intermediate filaments rearrangement within
primary site tumor cells together with the expression of the EMT-related transcription factors TWIST-1,
ZEB-1, and HIF-1α were observed. DNA obtained from the tumor showed EcPV2 positivity, with
E2 gene disruption and E6 gene dysregulation. The results suggest that equine SCCL might be a
valuable model for studying EMT and the potential interactions between EcPV2 oncoproteins and the
EMT process in SCCL.

Animals 2020, 10, 2318; doi:10.3390/ani10122318 www.mdpi.com/journal/animals
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1. Introduction

In horses and other equids, squamous cell carcinoma (SCC) is the most common malignant skin
neoplasia, and accounts for 7–37% of equine skin lesions [1]. SCC can arise at any site on the skin
and mucosa. However, non-pigmented skin and muco-cutaneous junctions have been reported to
be preferential SCC sites [2,3]. Larynx and pharynx are reported to be sites of SCC development in
horses. Equine oral SCC is invasive and lymph node metastases were reported in 30% of horses with
oral SCC [4]. The longest survival time reported in 11 horses with laryngeal SCC was 4 months [4].
Squamous cell carcinoma of the larynx (SCCL) is the sixth most common human cancer and has
strong etiologic association with smoking [5] and also with high-risk human papillomavirus (h-HPV)
infection [6]. Indeed, about 26.6% of patients with SCCL are h-HPV positive. Particularly, h-HPV16 is
the most common type (19.8%). Interestingly, equine papillomavirus type 2 (EcPV2) also has been
recently associated with SCC of the penis, vulva, and stomach [7–10], as well as it has been recently
detected in equine SCCL [11]. These data suggest that the horse is a good spontaneous animal model
for studying the pathogenic mechanisms of this tumor in humans.

The transition of epithelial cells to a mesenchymal phenotype, the so-called epithelial to
mesenchymal transition (EMT), can occur under different biological conditions, following the same
programmed changes: embryogenesis and organ development [12], fibrosis [13], wound healing [14],
and cancer metastases [15]. This process is characterized by decreased expression of the typical epithelial
proteins (i.e., E-cadherin and cytokeratin) and, due to a prompt activation of the so-called “master genes
regulators” (i.e., TWIST, ZEB, SNAIL1, SLUG), a mesenchymal phenotype is gradually acquired [16].
Epithelial cells loosen cell-to-cell adhesion structures, modulate their polarity, and rearrange their
cytoskeleton, with intermediate filaments typically switching from cytokeratins to vimentin [17].
Moreover, in cells undergoing EMT, a cadherin switch takes place and is characterized by decreased
E-cadherin and transiently increased N-cadherin expression [18–20]. Extensive studies focused on this
event and proposed to use it for diagnostic, prognostic, and even therapeutic approaches [21]. To the
authors’ knowledge, the current work reports, for the first time, a wide immunohistochemical EMT
characterization in a SCCL of a horse, by analyzing main epithelial markers (E-cadherin, β-catenin,
and cytokeratin), main mesenchymal markers (N-cadherin and vimentin), and the main EMT-related
transcription factors (TWIST-1, ZEB-1, and HIF-1α). Therefore, naturally occurring tumors in domestic
and farm animals represent a unique opportunity to study cancer in vivo [14]. The authors present
these results from an equine SCCL in order to: (1) provide preliminary results for setting future
studies on the equine species as suitable model to study EMT in human cancers, not only for penile
carcinomas [14], but also for other mucosal carcinoma such as oral carcinoma, thus opening new
perspectives for future studies in this field; (2) provide hints for future studies in horses regarding the
potential interaction between EcPV oncoproteins and the EMT process.

2. Materials and Methods

2.1. Post-Mortem Analysis

The horse was euthanized due to poor clinical conditions and necropsy was immediately performed
and followed by proper tissue sampling for histopathological evaluation.
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2.2. Histolopathological Evaluation

Collected organ specimens were formalin-fixed (10% v/v, pH 7.4) and paraffin-embedded (Bio-Plast
56–58 ◦C, Bio-Optica, Milano, Italy). Samples were routinely processed, and 5-μm thick sections were
stained using Mayer’s hematoxylin and eosin (HE).

2.3. Immunohistochemistry

The primary antibodies were titrated according to the manufacturer’s recommendations. Among
the antibodies employed in this study, only vimentin and TWIST-1 are reported by the manufacturer as
validated against equine tissues. The other antibodies are validated against either canine (E-cadherin,
β-catenin, ZEB-1, HIF-1α, vimentin, and TWIST-1) or bovine (N-cadherin, pan-cytokeratin AE1/AE3)
tissues. Therefore, different tissues (i.e., digestive tract, heart, kidney, and skin) were sampled from
another horse which was unrelated to the study and did not present significant histopathological
findings. In addition, heart and skin were sampled from a cow without significant histopathological
findings, and digestive tract, kidney, and skin from a dog without significant histopathological
findings. The canine and bovine tissues were examined together with the equine tissues, in order to
obtain a preliminary evaluation of the antibody cross-reactivity on the equine species. Only those
primary antibodies exhibiting cross-reactivity with the expected target tissue from the control canine
or bovine tissues, compared to the equine tissues, were employed against the horse neoplastic tissue,
namely the antibodies against E-cadherin, β-catenin, ZEB-1, HIF-1α, vimentin, TWIST-1, N-cadherin,
and pan-cytokeratin AE1/AE3. Once that cross-reactivity was confirmed, the tumor samples from the
horse were always examined together with the appropriate controls (canine or bovine tissues and
the equine counterpart). Immunohistochemistry was performed as previously described [22] with
minor modifications. Briefly, after dewaxing–rehydration, tissue sections were exposed to antigen
retrieval; then, sections were cooled at room temperature for 20 min before being soaked into 3% H2O2

for 12 min. Slides were rinsed twice in PBS, pH 7.4, followed by serum blocking with normal goat or
rabbit serum. Incubation with primary antibody was carried out overnight at 4 ◦C. After being washed
twice in PBS, pH 7.4, the slides were incubated for 30 min with a biotinylated goat anti-rabbit, or a goat
anti-mouse, or a rabbit anti-goat IgG antibody. Afterwards, an avidin–biotin complex (ABC) peroxidase
kit (Vectastain, Elite, ABC-Kit PK-6100, Vector Labs, Burlingame, CA, USA) and 3′3′-diaminobenzidine
(DAB) system (DAB-Kit-SK4100, Vector Labs) were used for the detection of antigen–antibody reactions.
Nuclei were counterstained with Mayer’s hematoxylin. For negative controls, the primary antibodies
were replaced by rabbit or goat serum, or Balb/c ascitic fluid at corresponding concentrations. Antibody
details and positive controls are reported in Table 1. EMT markers expression was qualitatively
analyzed in each whole section.

Table 1. Details of the antibodies used for immunostaining, including primary antibody, host species,
clonality, epitope retrieval method, blocking serum, dilution of primary antibody, secondary antibody,
and positive control.

Target Antigen
Antibody
Details/Clone

Blocking
Serum

Heat Induced
Epitope Retrieval
(HIER)

Primary
Antibody
Dilution

Secondary Antibody
(1:200)

Positive
Control

E-cadherin

Monoclonal mouse
anti-human, IgG2a,
clone 36/E-Cadherin
BD 610181
(BD transduction
laboratories)

Goat

Microwave 400 W,
3 cycles,
5 min. each,
sodium citrate
buffer, pH 6.0

1:100
biotinylated goat
anti-mouse IgG
(BA-1000-Vector Labs)

Horse, skin
Dog, skin

Pan-ckytokeratin
AE3/AE1

Monoclonal mouse
anti-human IgG1
SC-81714
(Santa Cruz
Biotechnology)

Goat

Microwave 400 W,
3 cycles,
5 min. each,
sodium citrate
buffer, pH 6.0

1:100
biotinylated goat
anti-mouse IgG
(BA-1000-Vector Labs)

Horse, skin
Cow, skin
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Table 1. Cont.

Target Antigen
Antibody
Details/Clone

Blocking
Serum

Heat Induced
Epitope Retrieval
(HIER)

Primary
Antibody
Dilution

Secondary Antibody
(1:200)

Positive
Control

β-catenin

Polyclonal goat
anti-human, IgG,
AB0095-200
(Sicgen)

Rabbit

Microwave 400 W,
3 cycles,
5 min. each,
sodium citrate
buffer, pH 6.0

1:3000
biotinylated rabbit
anti-goat IgG
(BA-1000-Vector Labs)

Horse,
intestine
Dog, intestine

N-cadherin

Polyclonal rabbit
anti-human, IgG,
22018-1-AP
(Proteintech)

Goat

Microwave 400 W,
3 cycles,
5 min. each,
sodium citrate
buffer, pH 6.0

1:3000
biotinylated goat
anti-rabbit IgG
(BA-1000-Vector Labs)

Horse, heart
Cow, heart

Vimentin

Monoclonal mouse
anti-human IgG1,
Clone V9
(Dako)

Goat

Microwave 400 W,
3 cycles,
5 min. each,
sodium citrate
buffer, pH 6.0

1:100
biotinylated goat
anti-mouse IgG
(BA-1000-Vector Labs)

Horse, heart
(vessels)

ZEB-1

Polyclonal rabbit
anti-human, IgG,
LS-C31478
(LSBio)

Goat

Microwave 400 W,
3 cycles,
5 min. each,
sodium citrate
buffer, pH 6.0

1:200
biotinylated goat
anti-rabbit IgG
(BA-1000-Vector Labs)

Horse, kidney
Dog, kidney

TWIST-1

Polyclonal rabbit
anti-human, IgG,
Orb329955
(Biorbyt)

Goat

Microwave 400 W,
3 cycles,
5 min. each,
sodium citrate
buffer, pH 6.0

1:800
biotinylated goat
anti-rabbit IgG
(BA-1000-Vector Labs)

Horse, kidney

HIF-1α

Polyclonal rabbit
anti-human, IgG,
NB100-449
(NovusBio)

Goat

Microwave 400 W,
3 cycles,
5 min. each,
sodium citrate
buffer, pH 6.0

1:1000
biotinylated goat
anti-rabbit IgG
(BA-1000-Vector Labs)

Horse, kidney
Dog, kidney

2.4. Detection of EcPV2 and Evaluation of Oncogene Expression

DNA and RNA extraction was performed to check EcPV2 presence and expression of oncogenes
in SCCL. One sample of kidney obtained from a healthy horse was used as negative control. To prevent
cross-contamination, a different blade was used for each sample. Four sections (5 μm) were obtained
from FFPE samples for total acid nucleic extraction, which was performed using an AllPrep DNA
FFPE Kit (Qiagen, Hilden, Germany) and an AllPrep RNA FFPE Kit (Qiagen, Hilden) in accordance
with the manufacturer’s instructions.

During extraction, samples were treated with DNase (RNase-Free DNase set, Qiagen). To evaluate
DNA amplifiability, β-actin gene amplification was performed [7]; then, EcPV2-L1 DNA presence was
tested using a Real-Time protocol previously described [7]. Briefly, TaqMan® probe-based real-time
PCR (CustomProbe 2× qPCR Master Mix, Canvax, Cordoba, Spain, cat. E0339) was performed using
a CFX96™ Real-Time System (Bio-Rad, Rome, Italy). The reaction mix had a final concentration
of 1× TaqMan® master mix, 200 nM probe, 100 nM each primer combination, and 200 ng of DNA.
Reverse transcription (RT) was performed using a SuperScript™ IV VILO™Master Mix with ezDNase™
Enzyme (Invitrogen, ThermoFisher Scientific (Waltham, MA, USA), cat. 11766050) according to the
manufacturer’s instructions; cDNA was used to check gene expression by TaqMan® probe-based
real-time PCR (CustomProbe 2× qPCR Master Mix, Canvax, Spain, cat. E0339) performed using a
CFX96™ Real-Time System (Bio-Rad, Paris, France). The PCR mix (25 μL) had a final concentration of
1× TaqMan® master mix, 200 nM probe, 100 nM each primer combination, and 5 μL of template (cDNA
or DNA and RNA used as negative control to exclude possible contamination by genomic DNA).
The thermal profile used for amplification was the following: 95 ◦C for 10 min, followed by 40 cycles
at 95 ◦C for 15 s, and 60 ◦C for 60 s for annealing/extension and detection of the fluorescence signal.
The fluorescence threshold limit was set automatically. Moreover, the expression of E2, E6, and L1
genes was evaluated by RT-real-time PCR using primers and probes (Table 2) and a protocol described
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by Porcellato and co-workers [7]. Briefly, RT was performed using a SuperScript™ IV VILO™Master
Mix (Invitrogen, ThermoFisher Scientific) according to the manufacturer’s instructions. The cDNA was
used to check gene expression: 5 μL of template were added to 20 μL of PCR mix at a final concentration
of 1×master mix (iTaq Universal Probes Supermix, Bio-Rad, Italy), 200 nM probe, and 100 nM each
primer combination. RNA was used as control to exclude possible contamination by EcPV2 genomic
DNA. Nuclease-free water was used as negative control. Each sample was tested in triplicate.

Table 2. Primer set and probes for real-time PCR and RT-real-time PCR.

Gene Primers
Accession
Number

Amplicon
(Base Pairs)

Ec-PV2-E2 For: 5’-AAAAGGGAGGGTACGTTGTC-3’
Rev: 5’-CCTGGTAGTAGACATGCTGC-3’ NC_012123.1 90

Ec-PV2-E6 For: 5’-CGTTGGCCTTCTTTGCATCT-3’
Rev: 5’-AGGTTCAGGTCTGCTGTGTT-3’ NC_012123.1 81

Ec-PV2-L1 For: 5’-TTGTCCAGGAGAGGGGTTAG-3’
Rev: 5’-TGCCTTCCTTTTCTTGGTGG-3’ NC_012123.1 81

pEc-PV2-E2 FAM-GCCAAGACAGCCACGACGCCAT-TAMRA NC_012123.1 22
pEc-PV2-E6 FAM-CCGTGTGGCTATGCTGATGACATTTGG-TAMRA NC_012123.1 27
pEc-PV2-L1 FAM-CGTCCAGCACCTTCGACCACCA-TAMRA NC_012123.1 22

3. Results

3.1. Post-Mortem and Microscopical Analysis

A 17-year-old female, 550 Kg, Maremmano Horse was referred with severe clinical signs due
to a dorso-cranial dislocation of the epiglottis which caused the reduction of 70% of the laryngeal
lumen, diagnosed by an endoscopic exam, performed under sedation with butorphanol combined
with detomidine [23]. The animal was humanely euthanized due to the poor condition. Necropsy
revealed a locally expansive, multilobular, white-yellowish, firm mass localized at the base of the
larynx. The lesion was partially ulcerated, with irregular margins and central necrotic areas (Figure 1).
The neoplasia expanded to the nearby tissues and regional lymph nodes were markedly enlarged.
Microscopically, the laryngeal tumor was completely effacing the submucosa, non-encapsulated,
densely cellular, and poorly demarcated. Neoplastic cells were variably arranged in anastomosing
bands and chords occasionally forming lobules embedded in a moderate amount of fibrous collagen
stroma. Neoplastic cells were large, variably from polygonal to spindle-shaped with indistinct cell
borders and an intermediate to high nuclear/cytoplasmic ratio (Figure 2). The cytoplasm was moderate
and eosinophilic nuclei were large, round to oval, with vesicular chromatin and 1 or 2 round, basophilic
nucleoli. Anisocytosis and anisokaryosis were high, and mitoses ranged from 0–2 per HPF (400×).
Multifocally, there were wide areas of coagulative necrosis within the tumor. A moderate amount
of small mature lymphocytes and plasma cells were found within and surrounding the tumor area.
Remarkably, scattered tumor cells displayed a more prominent spindled shape. Interestingly, the
regional lymph node was 80% effaced by necrotic and metastatic events (Figure 2). Numerous neoplastic
cells with a morphology and histological pattern similar to those in the laryngeal tumor were found
among resident lymphoid cells. Given this aggressive behavior of the neoplasia and this particular
phenotypical change in morphology of the neoplastic cells which were variably from polygonal to
elongated, an immunohistochemical panel for the EMT phenomenon was performed.

3.2. Cadherin Switch and Intermediate Filaments Rearrangements Suggest an EMT Phenomenon in Equine
Laryngeal Squamous Cell Carcinomas

Immunohistochemical analysis of primary site tumor cells revealed an increased number of cells
with cytoplasmic E-cadherin expression rather than membranous, together with a gradual overall loss
of cells expressing this adhesion molecule moving towards the invasive front of the tumor (Figure 3).
Interestingly, the number of cells expressing N-cadherin resulted to be increased within primary site
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tumor cells, even though it was expressed at nuclear level instead of being membranous (Figure 3).
Interestingly, moving from the tumor center towards the invasive front, a decreased number of cells
expressing cytokeratin was observed, while scattered neoplastic cells with a prominent mesenchymal
morpholgy acquired cytoplasmic vimentin expression (Figure 3). Noteworthy, numerous neoplastic
cells were scattered throughout the tumor area and expressed the EMT-related transcription factors
TWIST-1, ZEB-1, and HIF-1α (Figure 4). In addition, β-catenin was found to be frequently expressed at
a nuclear level, or (less frequently) cytoplasmically, rather than being membraneous (Figure 3). On the
other hand, immunohistochemical analysis of the regional lymph node (medial retropharingeal lymph
node) revealed a multifocal strong cytokeratin expression together with a more frequent membranous
E-cadherin immunolabeling (Figure 5). Neoplastic cells did not express vimentin within the lymph
nodes, but still expressed N-cadherin at nuclear level (Figure 5). Moreover, we detected a slight
decrease of the number of neoplastic cells expressing the EMT-related transcription factors (TWIST-1,
ZEB-1, and HIF-1α) and nuclear β-catenin (Figures 5 and 6). These findings demonstrate that the
morphological changes and the aggressive behavior are most likely due to the EMT process activated
within these tumor cells. Considering that the current literature suggests an emerging role for EcPV2
in several equine squamous cell carcinomas [11] and given that a correlation between SSCL and
h-HPV infection [6] was demonstrated also in humans, we investigated whether, also in this case,
the papillomavirus infection played a role, making the equine species a promising model for this type
of tumor.

 

Figure 1. Cutting surface from the laryngeal region of the horse tumor sampled during the post-mortem
analysis. A white to yellowish multilobular mass, located at the basis of the larynx, is partially ulcerated
and shows multifocal central necrotic areas.
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Figure 2. Overview of the histological findings of the squamous cell carcinoma of the larynx (A–D)
and lymph node metastasis (E,F). (A): Neoplastic cells embedded in a moderate amount of fibrous
collagen stroma are completely effacing the submucosa; of note, the multifocal necrotic areas within
the tumor (4×, haematoxilyn–eosin, H&E). (B): neoplastic cells are variably arranged in anastomosing
bands and chords occasionally forming lobules (10×, haematoxilyn–eosin, H&E). (C): Arborizing
chords of variably differentiated squamous cells filling the submucosa and invading the nearby
tissue (20×, haematoxilyn–eosin, H&E). (D): highly pleomorphic cell population with elongated,
spindled cells often present in the invasive front of the tumor (40×, haematoxilyn–eosin, H&E).
(E): few hyperplastic lymphoid follicles on the right with numerous invasive metastatic cells on the left
(4×, haematoxilyn–eosin, H&E). (F): normal activated lymph node architecture scattered within the
metastatic organ (4×, haematoxilyn–eosin, H&E).
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Figure 3. Overview of the immunohistochemical characterization of structural and adhesion molecules
(A–E) of the laryngeal squamous cell carcinoma that supports an Epithelial to Mesenchymal transition
(EMT) within the tumor. (A) immunohistochemistry for pan-cytokeratin AE1/AE3 displays a gradual
cytoplasmic loss (insert) of this epithelial marker within neoplastic cells (10×). (B): Immunohistochemistry
for vimentin reveals multifocal neoplastic cells characterized by elongated shape with a diffuse cytoplasmic
expression (insert) of this mesenchymal marker (10×). (C): Immunohistochemistry displays a severe
loss of membranous E-cadherin expression comparing the normal/dysplastic epithelium with the tumor
cells invading the underlying tissue (10×). (D): A high number of nuclear N-cadherin immunolabeled
neoplastic cells are present within the tumor (10×). (E): Immunohistochemistry reveals a moderate number
of β-catenin cytoplasmic immunolabeled neoplastic cells together with numerous neoplastic cells also
showing nuclear immunolabeling (10×).
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Figure 4. Overview of the immunohistochemical characterization of transcription factors (A–C) of
the laryngeal squamous cell carcinoma that supports an Epithelial to Mesenchymal Transition (EMT)
within the tumor. Immunohistochemical analysis reveals numerous nuclear immunolabeled neoplastic
cells expressing HIF-1α (A, insert, 10×), TWIST-1 (B, insert, 10×), and ZEB-1 (C, insert, 10×) within the
laryngeal squamous cell carcinoma.

Figure 5. Overview of the immunohistochemical characterization of structural and adhesion molecules
(A–E) of the metastatic lymph node that supports a Mesenchymal to Epithelial Transition (MET) within
the tumor cells. (A) immunohistochemistry for pan-cytokeratin AE1/AE3 within the metastatic lymph
node reveals a diffuse cytoplasmic (insert) immunolabeling in numerous metastatic neoplastic cells
surrounded by resident lymphoid cells (4×). (B): Immunohistochemistry for vimentin reveals no positive
immunolabeled metastatic neoplastic cells (insert) surrounded by positive stromal resident cells (4×).
(C): Immunohistochemistry displays a gradual re-acquisition of membranous E-cadherin expression
(insert) in metastatic neoplastic cells (10×). (D): A moderate number of nuclear N-cadherin immunolabeled
neoplastic cells are present in the metastatic lymph node (4×). (E): Immunohistochemistry reveals a
moderate number of β-catenin immunolabeled metastatic neoplastic cells showing either a cytoplasmic or
a nuclear expression (10×).
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Figure 6. Overview of the immunohistochemical characterization of transcription factors (A–C) of
the metastatic lymph node that supports a Mesenchymal to Epithelial Transition (MET) within the
tumor cells. Immunohistochemical analysis reveals a moderate number of nuclearly immunolabeled
metastatic neoplastic cells expressing HIF-1α (A, insert, 10×), TWIST-1 (B, insert, 10×), and ZEB-1
(C, insert, 10×) within the metastatic lymph node.

3.3. EcPV2 Detection Suggests a Potential Role in Equine Laryngeal Squamous Cell Carcinomas

DNA obtained from the tumor sample was amplifiable (Table 2) and it showed positivity for
EcPV2 L1 (Table 2), with a mean Cq of 22.5 ± 0.17, obtained as mean of three replicates. The negative
sample was amplifiable, but negative for EcPV2. Regarding gene expression, only the E6 gene was
expressed (Table 3), with a mean Cq of 30.4 ± 0.24.

Table 3. Results of equine papillomavirus type 2 (EcPV2) detection and expression.

Sample ID Type of Sample
RT-PCR RT-qPCR

B2M L1 E2 E6

1 Epiglottis tumor 21.1 ± 0.62 26.5 ± 0.17 >40 30.4 ± 0.24
2 Kidney negative sample 21.6 ± 0.27 - >40 >40

Data are expressed as mean Cq (quantitation cycle)± SD (standard deviation) of 3 replicates; B2M=beta-2-microglobulin.

4. Discussion

Based on the current findings, a laryngeal squamous cell carcinoma with a regional lymph node
metastasis was diagnosed. The wide immunohistochemical panel used in the current study allowed
us to detect a gradual decreased number of cells expressing epithelial markers within the primary
tumor site invasive front, together with a gradual increased number of cells expressing mesenchymal
markers and key transcription factors for the EMT process. On the other hand, lymph node metastasis
revealed a moderate switch in markers expression compared to the primary carcinoma site that might
suggest a partial/incomplete mesenchymal to epithelial transition (MET) process. Specifically, lowered
numbers of cells expressing E-cadherin and cytokeratin were detected among primary site cancer
cells together with aberrant N-cadherin expression and a moderate number of cells immunolabeled
for vimentin. These findings were further supported by numerous cells displaying nuclear staining
for TWIST-1, ZEB-1, β-catenin, and HIF-1α. In contrast, the metastatic lymph node displayed a
partial reversion of the aforementioned epithelial and mesenchymal markers, thus suggesting an MET
process. It is well reported that TWIST-1 is considered as the main regulator of EMT [24,25] and is
up-regulated in a large number of malignant tumors determining the onset of the metastatic process,
via promoting invasiveness in both spontaneous and experimental models [25,26]. Noteworthy, the
tumor in the present study had both a high number of cells expressing TWIST-1 and a very low
number of cells expressing membranous E-cadherin or, interestingly, the cells exhibited cytoplasmic
internalization of the protein. This aberrant cytoplasmic expression has been recently related in
equine penile carcinoma to a more aggressive behavior due to AKT/MAPK pathway activation [27,28].
Interestingly, the decreased number of cells expressing E-cadherin (E-cadherin loss) was replaced
by the increased number of cells expressing nuclear N-cadherin. The aforementioned results might
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be in line with a study on human nasopharyngeal carcinoma by Luo and colleagues, reporting a
correlation between nuclear N-cadherin and a poorer prognosis [29]. Another aberrant localization
found in the current case is represented by β-catenin in both primary and metastatic sites. Normally,
the membranous E-cadherin/β-catenin complex maintains the intercellular tight junction and minor
free β-catenin cytoplasmic molecules are controlled by multiprotein complexes, while on the other
hand, nuclear localization of β-catenin is essential for the progression of various human cancers, such as
nasopharyngeal carcinoma, via transcriptional upregulation of downstream genes [30]. These findings
are in line with the low number of cells expressing β-catenin at a cytoplasmic level, compared to the
higher number of cells expressing β-catenin at a nuclear level found in this study. It is well documented
that solid tumors generally have a hypoxic microenvironment [31]. Previous studies suggested that
moderate hypoxic conditions might trigger an EMT process via HIF-1α, leading different human cancer
cells to significantly increase their invasiveness [32]. Noteworthy, Yang and colleagues demonstrated
that HIF-1α directly binds to the hypoxia response element (HRE) in the TWIST promoter, regulating
the expression of this transcription factor [33]. These results seem to be in agreement with the HIF-1α
expression found in this study. However, all the results regarding the EMT process obtained at a
protein level in the present study by immunohistochemistry will need to be further confirmed also at a
genetic level in future studies aimed at increasing the knowledge on these aspects by focusing also on
the possible role of some microRNA (miRNA) families. The molecular analysis which demonstrated
the presence of EcPV2 and its oncogene expression is in agreement with previous studies [11,34,35].
In particular, our data showed E6 but not E2 expression. The lack of E2 expression suggests virus
genome integration and loss or disruption of the E2 gene. This can cause deregulation of E6 expression
and, in turn, the increase of this event triggers cancer progression [36]. Moreover, a previous study
in humans demonstrated a role for E6 in innate immune gene repression [36]. It is also important to
consider the potential role of papillomavirus oncoproteins in triggering the EMT process. Interestingly,
Liu and colleagues reported that E6 and E7 oncoproteins enhance the expression of HIF-1α, as well as
of ZEB-1, SNAIL-1, SLUG, and TWIST-1 in non-small cell lung cancer (NSCLC) cells, thus promoting
the EMT process [37]. Recently, a study using human lung samples confirmed the E7 oncoprotein role
in promoting EMT in human lung cancers, reporting correlations with E7 and E-cadherin, N-cadherin,
and TGF-β expression [38]. According to the authors, the findings of the present work about EcPV
oncoproteins and the EMT-related transcription factors and structural/adhesion proteins are in line
with the literature and might represent a promising starting point to be further investigated.

5. Conclusions

In conclusion, this interesting case of equine metastatic SCCL provides an example of tumor cell
adaptation during the metastatic process in the equine species, taking also into account the possible
influence of EcPV2 oncoproteins on the EMT process. This is an opportunity to propose the equine
species in future studies for evaluation of the potential interactions between EcPV2 oncoproteins and
the EMT process both in human and animal cancers, thus opening new study perspectives in this field.

Author Contributions: Conceptualization: F.A., E.R., and B.P.; Data curation: F.A., F.G., E.R., and B.P.; Formal
Analysis: F.A., F.G., E.R., M.A., and F.L.; Investigation: F.A., E.R., and B.P.; Methodology: F.A. and E.R.; Project
administration: E.R. and B.P.; Supervision: A.C. and B.P.; Visualization: F.A., E.R., L.F., and B.P.; Writing—original
draft: F.A., F.G., E.R., A.C., L.F., B.P., M.A., and F.L.; Writing—review & editing: F.A., F.G., E.R., A.C., L.F., B.P.,
M.A., F.L., and D.M. All authors have read and agreed to the published version of the manuscript.

Funding: The study was funded by the Italian Ministry of Health (Grant IZS PLV 15/18 RC).

Acknowledgments: The authors are grateful to Laura Pecorari and to Francesca Altomare for the precious collaboration.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sykora, S.; Brandt, S. Papillomavirus infection and squamous cell carcinoma in horses. Vet. J. 2017, 223,
48–54. [CrossRef]

213



Animals 2020, 10, 2318

2. Scott, D.W.; Miller, W.H.J. Squamous cell carcinoma. In Equine Dermatology, 1st ed.; W.B. Saunders: St. Louis,
MO, USA, 2003; pp. 707–712.

3. Van den Top, J.G.; de Heer, N.; Klein, W.R.; Ensink, J.M. Penile and preputial squamous cell carcinoma in the
horse: A retrospective study of treatment of 77 affected horses. Equine Vet. J. 2008, 40, 533–537. [PubMed]

4. Jones, D.L. Squamous cell carcinoma of the larynx and pharynx in horses. Cornell Vet. 1994, 84, 15–24.
5. Schultz, P. Vocal fold cancer. Eur. Ann. Otorhinolaryngol. Head Neck Dis. 2011, 128, 301–308. [CrossRef] [PubMed]
6. Li, X.; Gao, L.; Li, H.; Gao, J.; Yang, Y.; Zhou, F.; Gao, C.; Li, M.; Jin, Q. Human papillomavirus infection and

laryngeal cancer risk: A systematic review and meta-analysis. J. Infect. Dis. 2013, 207, 479–488. [CrossRef]
[PubMed]

7. Porcellato, I.; Modesto, P.; Cappelli, K.; Varello, K.; Peletto, S.; Brachelente, C.; Martini, I.; Mechelli, L.;
Ferrari, A.; Ghelardi, A.; et al. Equus caballus papillomavirus type 2 (EcPV2) in co-occurring vulvar and
gastric lesions of a pony. Res. Vet. Sci. 2020, 132, 137–161. [CrossRef] [PubMed]

8. Porcellato, I.; Mecocci, S.; Mechelli, L.; Cappelli, K.; Brachelente, C.; Pepe, M.; Orlandi, M.; Gialletti, R.;
Passeri, B.; Ferrari, A.; et al. Equine Penile Squamous Cell Carcinomas as a Model for Human Disease:
A Preliminary Investigation on Tumor Immune Microenvironment. Cells 2020, 9, 2364. [CrossRef] [PubMed]

9. Alloway, E.; Linder, K.; May, S.; Rose, T.; DeLay, J.; Bender, S.; Tucker, A.; Luff, J. A Subset of Equine Gastric
Squamous Cell Carcinomas Is Associated With Equus Caballus Papillomavirus–2 Infection. Vet. Path. 2020,
57, 427–431. [CrossRef]

10. Torres, S.M.F.; Koch, S.N. Papillomavirus-associated diseases. Vet. Clin. N. Am. Equine Pract. 2013, 29,
643–655. [CrossRef]

11. Hibi, H.; Hatama, S.; Obata, A.; Shibahara, T.; Kadota, K. Laryngeal squamous cell carcinoma and papilloma
associated with Equus caballus papillomavirus 2 in a horse. J. Vet. Med. Sci. 2019, 81, 1029–1033. [CrossRef]

12. Micalizzi, D.S.; Farabaugh, S.M.; Ford, H.L. Epithelial-mesenchymal transition in cancer: Parallels between
normal development and tumor progression. J. Mammary Gland Biol. Neoplasia 2010, 15, 117–134. [CrossRef]
[PubMed]

13. Thiery, J.P.; Acloque, H.; Huang, R.Y.J.; Nieto, M.A. Review article: Epithelial-mesenchymal transitions in
development and disease. Cell 2009, 139, 871–890. [CrossRef] [PubMed]

14. Bonnet, A.S.; Willis, C.; Pittaway, R.; Smith, K.; Mair, T.; Priestnall, S.L. Molecular carcinogenesis in equine
penile cancer: A potential animal model for human penile cancer. In Urologic Oncology: Seminars and Original
Investigations; Elsevier: Amsterdam, The Netherlands, 2018; Volume 36, pp. 532.e9–532.e18.

15. Lamouille, S.; Xu, J.; Derynck, R. Molecular mechanisms of epithelial–mesenchymal transition. Nat. Rev.
Mol. Cell. Biol. 2014, 15, 178–196. [CrossRef] [PubMed]

16. Chang, H.; Liu, Y.; Xue, M.; Liu, H.; Du, S.; Zhang, L.; Wang, P. Synergistic action of master transcription
factors controls epithelial-to-mesenchymal transition. Nucleic Acids Res. 2016, 44, 2514–2527. [CrossRef]
[PubMed]

17. Savagner, P. The epithelial–mesenchymal transition (EMT) phenomenon. Ann. Oncol. 2010, 21, 89–92. [CrossRef]
18. Mani, S.A.; Guo, W.; Liao, M.J.; Eaton, E.N.; Ayyanan, A.; Zhou, A.Y.; Brooks, M.; Reinhard, F.; Zhang, C.C.;

Shipitsin, M.; et al. The epithelial-mesenchymal transition generates cells with properties of stem cells. Cell
2008, 133, 704–715. [CrossRef]

19. Wheelock, M.J.; Shintani, Y.; Maeda, M.; Fukumoto, Y.; Johnson, K.R. Cadherin switching. J. Cell. Sci. 2008,
121, 727–735. [CrossRef]

20. O’Connor, J.W.; Gomez, E.W. Biomechanics of TGFβ-induced epithelial-mesenchymal transition: Implications
for fibrosis and cancer. Clin. Transl. Med. 2014, 3, 23. [CrossRef]

21. Santamaria, P.G.; Moreno-Bueno, G.; Portillo, F.; Cano, A. EMT: Present and future in clinical oncology.
Mol. Oncol. 2017, 11, 718–738. [CrossRef]

22. Armando, F.; Gambini, M.; Corradi, A.; Becker, K.; Marek, K.; Pfankuche, V.M.; Mergani, A.E.; Brogden, G.;
de Buhr, N.; von Köckritz-Blickwede, M.; et al. Mesenchymal to epithelial transition driven by canine
distemper virus infection of canine histiocytic sarcoma cells contributes to a reduced cell motility in vitro.
J. Cell. Mol. Med. 2020, 24, 9332–9348. [CrossRef]

23. Leonardi, F.; Costa, G.L.; Dubau, M.; Sabbioni, A.; Simonazzi, B.; Angelone, M. Effects of intravenous
romifidine, detomidine, detomidine combined with butorphanol, and xylazine on tear production in horses.
Equine Vet. Educ. 2018, 32, 53–57. [CrossRef]

214



Animals 2020, 10, 2318

24. Kalluri, R.; Weinberg, R.A. The basics of epithelial-mesenchymal transition. J. Clin. Investig. 2009, 119,
1420–1428. [CrossRef] [PubMed]

25. Grzegrzolka, J.; Biala, M.; Wojtyra, P.; Kobierzycki, C.; Olbromski, M.; Gomulkiewicz, A.; Piotrowska, A.;
Rys, J.; Podhorska-Okolow, M.; Dziegiel, P. Expression of EMT markers SLUG and TWIST in breast cancer.
Anticancer Res. 2015, 35, 3961–3968. [PubMed]

26. Armando, F.; Ferrari, L.; Arcari, M.L.; Azzali, G.; Dallatana, D.; Ferrari, M.; Lombardi, G.; Zanfabro, M.; Di
Lecce, R.; Lunghi, P.; et al. Endocanalicular transendothelial crossing (ETC): A novel intravasation mode
used by HEK-EBNA293-VEGF-D cells during the metastatic process in a xenograft model. PLoS ONE 2020,
15, e0239932. [CrossRef]

27. Rodriguez, F.J.; Lewis-Tuffin, L.J.; Anastasiadis, P.Z. E-cadherin’s dark side: Possible role in tumor progression.
Biochim. Biophys. Acta 2012, 1826, 23–31. [CrossRef]

28. Kourtidis, A.; Lu, R.; Pence, L.J.; Anastasiadis, P.Z. A central role for cadherin signaling in cancer. Exp. Cell Res.
2017, 358, 78–85. [CrossRef]

29. Luo, W.R.; Wu, A.B.; Fang, W.Y.; Li, S.Y.; Yao, K.T. Nuclear expression of N-cadherin correlates with poor
prognosis of nasopharyngeal carcinoma. Histopathology 2012, 61, 237–246. [CrossRef]

30. Wang, W.; Wen, Q.; Luo, J.; Chu, S.; Chen, L.; Xu, L.; Zang, H.; Alnemah, M.M.; Li, J.; Zhou, J.; et al.
Suppression of β-catenin nuclear translocation by CGP57380 decelerates poor progression and potentiates
radiation-induced apoptosis in nasopharyngeal carcinoma. Theranostics 2017, 7, 2134–2149. [CrossRef]

31. Marie-Egyptienne, D.T.; Lohse, I.; Hill, R.P. Cancer stem cells, the epithelial to mesenchymal transition (EMT)
and radioresistance: Potential role of hypoxia. Cancer Lett. 2013, 341, 63–72. [CrossRef]

32. Cannito, S.; Novo, E.; Compagnone, A.; Valfrè di Bonzo, L.; Busletta, C.; Zamara, E.; Paternostro, C.; Povero, D.;
Bandino, A.; Bozzo, F.; et al. Redox mechanisms switch on hypoxia-dependent epithelial-mesenchymal
transition in cancer cells. Carcinogenesis 2008, 29, 2267–2278. [CrossRef]

33. Yang, M.H.; Wu, M.Z.; Chiou, S.H.; Chen, P.M.; Chang, S.Y.; Liu, C.J.; Teng, S.C.; Wu, K.J. Direct regulation of
TWIST by HIF-1alpha promotes metastasis. Nat. Cell. Biol. 2008, 10, 295–305. [CrossRef] [PubMed]

34. Greenwood, S.; Chow-Lockerbie, B.; Epp, T.; Knight, C.; Wachoski-Dark, G.; MacDonald-Dickinson, V.;
Wobeser, B. Prevalence and Prognostic Impact of Equus caballus Papillomavirus Type 2 Infection in Equine
Squamous Cell Carcinomas in Western Canadian Horses. Vet. Path. 2020, 57, 623–631. [CrossRef]

35. Knight, C.G.; Munday, J.S.; Rosa, B.V.; Kiupel, M. Persistent, widespread papilloma formation on the penis
of a horse: A novel presentation of equine papillomavirus type 2 infection. Vet. Dermatol. 2011, 22, 570–574.
[CrossRef] [PubMed]

36. Evans, M.R.; James, C.D.; Bristol, M.L.; Nulton, T.J.; Wang, X.; Kaur, N.; White, E.A.; Windle, B.; Morgan, I.M.
Human papillomavirus 16 E2 regulates keratinocyte gene expression relevant to cancer and the viral life
cycle. J. Virol. 2019, 93, e01918–e01941. [CrossRef] [PubMed]

37. Liu, J.; Huang, B.; Xiu, Z.; Zhou, Z.; Liu, J.; Li, X.; Tang, X. PI3K/Akt/HIF-1α signaling pathway mediates
HPV-16 oncoprotein-induced expression of EMT-related transcription factors in non-small cell lung cancer
cells. J. Cancer 2018, 9, 3456–3466. [CrossRef] [PubMed]

38. Rezaei, M.; Mostafaei, S.; Aghaei, A.; Hosseini, N.; Darabi, H.; Nouri, M.; Etemadi, A.; Neill, A.O.; Nahand, J.S.;
Mirzaei, H.; et al. The association between HPV gene expression, inflammatory agents and cellular genes
involved in EMT in lung cancer tissue. BMC Cancer 2020, 20, 916. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

215





animals

Article

Productive and Physiological Response of Male
Rabbits to Dietary Supplementation with Thyme
Essential Oil

Ahmed A. A. Abdel-Wareth 1 and Abdallah E. Metwally 2,*

1 Department of Animal and Poultry Production, Faculty of Agriculture, South Valley University, Qena 83523,
Egypt; a_bkr1@yahoo.com

2 Department of Nutrition and Clinical Nutrition, Faculty of Veterinary Medicine, Zagazig University,
Zagazig 44511, Egypt

* Correspondence: abdallah.metwally75@gmail.com; Tel.: +201009599211

Received: 16 September 2020; Accepted: 8 October 2020; Published: 10 October 2020

Simple Summary: The present study was carried out to compare the potential effects of the levels
of thyme essential oil on the productive performance and serum metabolic profile of male rabbits.
Rabbits were assigned to five dietary treatments including a basal diet as a negative control, a basal
diet supplemented with an antibiotic as a positive control, and a basal diet supplemented with 60,
120, or 180 mg/kg of thyme essential oil. The main results showed that the levels of thyme essential
oil contributed to the improvement of productive and the physiological response compared with the
negative and positive control of male rabbits.

Abstract: The present study aimed at assessing the efficiency of thyme essential oil (TEO) as an
alternative to antibiotics for improving the productive performance and serum metabolic profile of
male rabbits. A total of one hundred and fifty 70-day-old male Californian rabbits were assigned to
five dietary treatments, including a basal diet as a negative control (NC), a basal diet supplemented
with an antibiotic as a positive control (PC), and a basal diet supplemented with 60, 120, or 180 mg/kg
of TEO. The experiment period lasted for 60 days. Supplementation of TEO levels significantly
(p < 0.01) increased daily body weight gain and improved feed conversion ratio of male Californian
rabbits compared to NC and PC groups. Similarly, the TEO remarkably enhanced the semen
characteristics of rabbits compared to NC and PC groups. Supplementation of TEO significantly
decreased aspartate transaminase, alanine transaminase, urea, and creatinine compared with NC
and PC groups. Supplementation with TEO increased serum testosterone concentration compared
to NC and PC treatments. Our data demonstrate that TEO levels up to 180 mg/kg can play a major
role as an alternative to dietary antibiotics, in improving the productive performance, semen quality,
testosterone levels, and the kidney and liver functions in California male rabbits.

Keywords: blood biochemistry; performances; rabbits; semen quality; thyme essential oil

1. Introduction

Recently, the rabbit industry has played a major role in meeting the increasing requirements of
animal protein for human consumption and is becoming an important source of the national economies
in Egypt [1,2]. Rabbit meat is characterized by a high protein and low fat and cholesterol content [1].
These nutritional qualities are of great value to the meat industry and consumers. A ban on antibiotic
growth promoters by several countries and the menace of antibiotic-resistant bacteria have forced
researchers to look for alternatives for improving efficiency in animal production [2,3]. Due to this ban,
much research has been conducted in order to explore the use of phytogenic substances as alternate
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feed additives in animal nutrition [4,5]. Phytogenic substances are generally considered safe and are
frequently utilized in the food and feed industries [6].

The effects the phytogenic substances have on the intestinal, antioxidant status, and antimicrobial
activity are considered essential for the biological activities. Moreover, the thyme essential oil
(TEO), as a phytogenic feed additive, can influence the rabbit performance and welfare positively [7].
Thyme (Thymus vulgaris) is an aromatic plant that belongs to the Lamiaceae family, and great attention
has been paid to its pharmaceutical and therapeutic effects. Furthermore, supplementation of dietary
thyme extract at 0.5 g/kg significantly improved gut integrity and antioxidant status of rabbits [8]
mainly because of the thyme active components. However, other studies have not observed any effect
of the dietary inclusion of thyme on growth development [9] or the carcass of young rabbits [10].
The main components of TEO are thymol, carvacrol, γ-terpinene, p-cymene, β-myrcene, linalool,
and terpinen-4-ol [1,11]. These active components had the best oxidative status [12] and may reduce
serum cholesterol [13], which could improve the reproductive performance of rabbits. El-Ratel et al. [14]
reported that oral administration of phytobiotics improved the liver function of rabbits compared to
the control. Similarly, supplementation of 2.5% of thyme leaves to rabbit diets remarkably enhanced
kidney function by decreasing urea and creatinine levels [15]. However, no information is available
regarding the effects of TEO, as alternatives to dietary antibiotic growth promoters, on the performance,
semen quality, kidney and liver functions, and testosterone levels in male rabbits. To explore the effects
of TEO on the productive and physiological status of male rabbits, we investigated the efficiency of
TEO as an alternative to antibiotics for improving the productive performance, testosterone levels,
and liver and kidney functions of male rabbits.

2. Materials and Methods

2.1. Animals and Housing

A total of one hundred and fifty, 70-day-old male Californian rabbits, weighing 1250 ± 30 g,
were utilized in this study. The rabbits were acquired from a Breeding Agricultural Research Centre,
Faculty of Agriculture, South Valley University, Egypt. The Institutional Animal Care and Use
Committee of University of South Valley University approved the experimental protocol used in this
study in accordance with the guidelines of the Egyptian Research Ethics Committee and the guidelines
in the Guide for the Care and Use of Laboratory Animals (2011). All procedures in the current
study were in accordance with the European Union Directive 2010/63/EU regarding the protection of
animals utilized in experimentation. Rabbits were housed separately in cages (one animal per cage) of
galvanized wire net (width × length × height: 60 cm × 60 cm × 40 cm), equipped with an automatic
drinker and a manual feeder. Farm temperature was maintained at 23 ◦C, and the rabbits were exposed
to a cycle of 16 h of light and 8 h of darkness during the experimental period. Fresh tap water was
available ad libitum via stainless steel nipples located inside each cage. The study was performed
following the ARRIVE guidelines for the reporting of animal experiments [16]. Rabbits were housed
under the same managerial, hygienic, and housing conditions during the whole experimental period.
The health condition of all the rabbits was closely monitored through daily health checks. After the
experimentation, all the remaining animals were released.

2.2. Experimental Diets and Growth Performance

The male Californian rabbits were assigned to five dietary treatment groups of 30 rabbits each.
Dietary treatments included a basal diet as a negative control (NC), a basal diet supplemented with
a 500 mg/kg oxytetracycline antibiotic as a positive control (PC), and a basal diet supplemented
with 60, 120, or 180 mg/kg of TEO. The experiment period lasted for 60 days. Table 1 presents the
experimental ration ingredients and chemical composition. The diets were formulated to contain
adequate levels of nutrients for rabbits as per the National Research Council (NRC) [17]. Rabbits were
individually identified, and their body weight (BW) values were recorded at day 0 (70 days old),
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mid-experiment (100 days old), and end of the experiment (130 days old). Daily body weight gain
(DBWG) was calculated for each period per pen. Additionally, the feed consumption for each pen
between weighing was determined through the measurement of feed residue on the same day as the
rabbits were weighed. Feed conversion ratio (FCR) was calculated as feed per gain based on the weight
of feed consumed divided by DBWG per pen. Besides, mortality was observed daily during the entire
experimental period.

Table 1. Ingredients and chemical compositions (as-fed basis) of the control diet fed to rabbits
throughout the experiment period.

Ingredients % Chemical Analysis %

Yellow maize grain 32.00 Dry matter 91.40
Wheat bran 20.00 Ash 9.80

Soybean meal (44% CP) 18.00 Crude protein 17.00
Wheat straw 12.00 Crude fiber 12.60
Lucerne hay 5.00 Fat-ether extract 2.90

Rice bran 5.00 Digestible energy (MJ/kg) 9.42
Linseed straw 2.80 Calcium 1.30

Sunflower meal 2.50 Phosphorus 0.86
Limestone 2.00 Lysine 0.60

Sodium chloride 0.30 Methionine 0.41
Vitamin–mineral premix 1 0.30

dl-Methionine 0.10
1 Per kg of ration: vitamin A, 10.000 IU; vitamin D3, 900 IU; vitamin E, 50.0 mg; vitamin K, 2.0 mg; vitamin B1,
2.0 mg; folic acid, 5.0 mg; pantothenic acid, 20.0 mg; vitamin B6, 2.0 mg; choline, 1200 mg; vitamin B12, 0.01 mg;
niacin, 50 mg; biotin, 0.2 mg; Cu, 0.1 mg; Fe, 75.0 mg; Mn, 8.5 mg; Zn, 70 mg.

2.3. Chemical Analysis

The feed was analyzed for moisture by oven drying (method no. 930.15), ash by incineration
(method no. 942.05), protein by Kjeldahl (method no. 984.13), ether extract by Soxhlet fat analysis
(method no. 920.39), and calcium and phosphorus (Ca and P; method no. 999.10) as described by the
AOAC International [18]. Lysine and, after performic acid oxidation in 6 M HCl for 24 h at 100 ◦C under
an N atmosphere, and methionine were determined as methionine sulfone after cold performic acid
oxidation overnight and hydrolyzing with 7.5 N HCl at 110 ◦C (procedure 4.1.11; alternative 1; AOAC,
2000) [18] for 24 h, followed by analysis using an amino acid analyzer (Hitachi L-8800, Tokyo, Japan).

The gross energy (GE) contents of the diet and feces were measured using an adiabatic bomb
calorimeter (Parr Instrument Company, Moline, IL, USA). A digestibility trial was conducted using
thirty 100-day-old male Californian rabbits to determine the dry matter (DM) and digestible energy
(DE) of the basal diet according to Perez et al. [19]. Rabbits were housed in individual metabolism
cages (measuring width × length × height to be 50 cm × 60 cm × 40 cm). A 10-day adaptation period
was followed by continuous feces collection for 5 consecutive days (collection period). Samples of
daily feces of each rabbit were taken and oven dried at 60 ◦C for 48 h, then was ground and stored
for proximate chemical analysis. Chemical analyses for the digestibility trial (DM and GE of diets
and feces) were conducted at the Animal Nutrition Laboratory, Faculty of Agriculture, South Valley
University, Egypt. The DE refers to GE intake minus energy lost in feces according to Hall et al. [20].

Analysis of the chemical composition of hydrodistilled TEO (Table 2) was conducted using a
gas chromatography–mass spectrometry (GC/MS) system as per Abozid and Asker [21]. The TEO
was purchased from El Hawag Natural Oils Company, Cairo, Egypt. The TEO was extracted by
hydrodistillation in a Clevenger-type apparatus for three hours. The TEO was analyzed at the
Department of Medicinal and Aromatic Plants Research, National Research Centre, Egypt, by gas
chromatography (Delsi 121C gas chromatograph). Constituents were identified by GC/MS, using a
Sigma 300 apparatus attached to an HP 5970 300 mass spectrometer.
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Table 2. Major chemical compounds of hydrodistilled thyme essential oil (TEO) as detected by gas
chromatography–mass spectrophotometer (GC-MS).

Chemical Compounds Rt. % Mol. Weight (gm/mol) Chemical Formula

p-Cymene 6.99 23.59 134.218 C10H14
B-linalool 9.61 0.74 154.25 C10H18

Carvone (carvacrol) 15.70 9.80 150.22 C10H14
Anethole 17.49 2.50 148.2 C10H12
Thymol 17.70 39.45 150.22 C10H14

Carvacrol 18.09 2.07 150.217 C10H14
trans-Caryophyllene 22.46 0.98 204.36 C15H24

γ-Terpinene 25.14 12.49 136.23 C10H16
Aromadenrene 34.84 2.12 204.35 C15H24

Ledol 48.66 2.24 222.358 C15H26

2.4. Semen Collection and Assay

Fifteen male rabbits from each group were selected for semen characterization, including volume of
each ejaculate, sperm livability, sperm motility, abnormal sperm, and sperm forward motility of sexually
mature rabbits (130 days of age), which were assessed as described previously by Abdel-Wareth et al. [4]
and El-Desoky et al. [22].

Assessments of live, dead, and abnormal sperms were performed by counting 200 sperm cells
using an Eosin–Nigrosin staining mixture. Complete or partial, purple-stained sperm cells were
considered nonviable, whereas nonstained sperm cells were considered viable. Percentages of motile
sperms on a warm stage showing progressive forward movement were visually calculated in several
microscopic fields under 100×magnification using light microscope.

2.5. Blood Biochemical Assay

At the end of the experimental period, rabbits were fasted 12 h prior to blood sampling. The treated
animals were anesthetized by intramuscular injection of ketamine and xylazine, and then 5 mL of
blood was withdrawn from one of the external ear veins. Blood samples were centrifuged at 3000 rpm
for 15 min, where the serum was collected and stored at −20 ◦C until assayed for biochemical
analysis. Serum testosterone concentrations were measured by immunoassay using commercial
kits (Monobind, Inc., Lake Forest, CA 92630, USA). Liver enzymes, alanine transaminase (ALT)
and aspartate transaminase (AST); the kidney function markers, creatinine and urea, concentrations,
were also measured using standard diagnostic kits (Monobind, Inc., Lake Forest, CA 92630, USA).

2.6. Statistical Analysis

The statistical analysis was conducted by ANOVA followed by Duncan’s test using SAS
software [23]. The cage was the experimental unit for each parameter. The significance effects
were declared at p < 0.05. Orthogonal polynomial contrasts were also utilized for determining the
linear and quadratic effects of levels of TEO inclusion considering only negative control (0 mg/kg TEO)
as a control, whereas positive control was not included in this analysis. Significance was declared at
p ≤ 0.05.

3. Results

3.1. Growth Performance

Table 3 presents the effects of TEO levels, as an alternative to dietary antibiotics, on growth
performance. The BW significantly increased (p < 0.001) with the increasing levels of TEO
supplementations at 100 and 130 days of age. There was no significant difference on initial BW
at 70 days of age among treatments. Furthermore, the TEO supplementations at 60, 120, 180 mg/kg
increased DBWG and improved FCR of male Californian rabbits compared to the PC and NC groups
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during the periods of 70–100, 100–130, and 70–130 days of age. The highest DBWG and most efficient
FCR were found in the 180 mg, 120 mg, and 60 mg TEO groups, then the PC and NC. The weakest
performance was recorded for the NC group compared with PC and TEO groups. In terms of the daily
feed intake (DFI), the highest DFI was observed (p < 0.001) in 180 and 120 mg TEO supplementations
compared with 60 mg TEO, NC, and PC groups during the periods of 70–100 and 70–130 days of age.

Table 3. Effects of thyme essential oil on the productive performance of male rabbits.

Items
Treatments (T)

SEM 3
p Value

NC 1 PC 2 60 mg 120 mg 180 mg T 4 Lin 5 Quad 6

Body weight, g
70 d 1255 1259 1258 1249 1253 6 0.614 0.882 0.263
100 d 1700 d 1751 c 1807 b 1819 a 1835 a 14 <0.001 0.003 0.303
130 d 2288 d 2354 c 2428 b 2441 a 2469 a 21 <0.001 <0.001 0.053

Daily body weight gain, g
70–100 d 14.85 d 16.40 c 18.33 b 19.02 ab 19.41 a 0.22 <0.001 <0.001 < 0.001
100–130 d 19.59 20.10 20.67 20.71 21.14 0.38 0.076 0.006 0.640
70–130 d 17.22 b 18.25 b 19.50 a 19.87 a 20.28 a 0.25 <0.001 <0.001 0.033

Daily feed intake, g
70–100 d 54.46 c 55.43 c 57.64 b 58.61 ab 59.65 a 0.51 <0.001 <0.001 0.574

100–130 d 65.20 62.77 63.04 64.48 64.71 0.64 0.053 0.719 0.013
70–130 d 59.83 c 59.10 c 60.34 bc 61.54 ab 62.18 a 0.43 <0.001 <0.001 0.110

Feed conversion ratio
70–100 d 3.67 a 3.38 b 3.15 c 3.08 c 3.07 c 0.048 0.001 <0.001 <0.001
100–130 d 3.33 a 3.13 b 3.05 b 3.12 b 3.06 b 0.056 0.014 0.006 0.046
70–130 d 3.48 a 3.24 b 3.09 c 3.09 c 3.07 c 0.042 0.001 <0.001 0.002

a–d Means within a row with different superscripts differ significantly at p < 0.05. 1 NC: basal diet as a negative
control. 2 PC: a basal diet was supplemented with an antibiotic as a positive control. 3 SEM: standard error of means.
4 T: NC, PC, and thyme essential oil treatments. 5,6 Lin and Quad: linear and quadratic responses, respectively,
to thyme essential oil inclusion level considering NC (0 mg/kg thyme essential oil) as a control; PC was not included
in this analysis.

On the other hand, the supplemented TEO groups did not affect DFI (p ≥ 0.05) compared to
control groups during the period of 70–100 days of age.

3.2. Semen Characteristics

Table 4 displays the effects of TEO on semen characteristics. Results demonstrated that TEO
increased the sperm livability, sperm motility, and ejaculate volume compared with PC and NC groups
at the end of treatments. Abnormal sperm was reduced (p < 0.01) as TEO increased, compared to PC
and NC groups. Moreover, supplementation of TEO up to 180 mg/kg to male rabbit diets remarkably
increased (p < 0.001) sperm forward motility% and sperm livability% in comparison with control
groups. However, no significant difference was observed in the semen pH values between treatments.
Overall, the PC (oxytetracycline) exhibited a significant increase in semen quality compared to NC.

3.3. Blood Biochemical Constituents

The effects of dietary supplemental TEO on blood serum constituents of male rabbits are shown
in Figures 1–3. Rabbits fed the diets supplemented with TEO at 60, 120, and 180 mg/kg had
significantly (p < 0.001) reduced serum urea and creatinine compared to PC and NC groups. Moreover,
supplementation of TEO to diets of male rabbits significantly (p < 0.05) reduced the activity of
serum ALT and AST in comparison with PC and NC groups. Furthermore, male rabbits fed diets
supplemented with the TEO up to 180 mg/kg exhibited the highest improvement in serum testosterone
concentrations (p < 0.05) compared to PC and NC groups.
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Table 4. Effects of thyme essential oil on semen quality of male rabbits at 130 days of age.

Items
Treatments (T)

SEM 1
p Value

NC 1 PC 2 60 mg 120 mg 180 mg T 4 Lin 5 Quad 6

Semen quality

Semen volume, ml 0.52 d 0.56 c 0.61 b 0.64 a 0.65 a 0.09 0.001 0.001 0.004
Abnormal sperm, % 16.7 a 15.4 ab 12.6 bc 11.9 cd 11.2 d 0.41 0.001 0.001 0.432

Live sperm, % 75.0 d 75.4 d 79.2 c 81.6 b 83.6 a 0.63 0.001 0.001 0.458
Semen pH, value 7.11 7.09 7.10 7.11 7.10 0.03 0.990 0.965 0.853

Forward motility, % 55.1 c 55.3 c 65.7 b 69.5 a 70.8 a 0.57 0.001 0.001 0.056
a–d Means within a row with different superscripts differ significantly at p < 0.05. 1 NC: basal diet as a negative
control. 2 PC: a basal diet supplemented with an antibiotic as a positive control. 3 SEM: standard error of means.
4 T: NC, PC, and thyme essential oil treatments. 5,6 Lin and Quad: linear and quadratic responses, respectively,
to thyme essential oil inclusion level considering NC (0 mg/kg thyme essential oil) as a control; PC was not included
in this analysis.

Figure 1. Testosterone ng/mL of male rabbits in response to dietary treatments including a basal diet
(NC), a basal diet supplemented with a 500 mg/kg oxytetracycline antibiotic (PC), and a basal diet
supplemented with 60, 120, or 180 mg/kg of TEO at 130 days of age. a–c Means within a row with
different superscripts differ significantly at p < 0.05.

Figure 2. Liver enzyme (alanine transaminase (ALT) and aspartate transaminase (AST)) levels of male
rabbits in response to dietary treatments including a basal diet (NC), a basal diet supplemented with a
500 mg/kg oxytetracycline antibiotic (PC), and a basal diet supplemented with 60, 120, or 180 mg/kg
of TEO at 130 days of age. a–e Means within a row with different superscripts differ significantly at
p < 0.05.
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Figure 3. Serum creatinine mg/dl and urea mg/dl of male rabbits in response to dietary treatments
including a basal diet (NC), a basal diet supplemented with a 500 mg/kg oxytetracycline antibiotic (PC),
and a basal diet supplemented with 60, 120, or 180 mg/kg of TEO at 130 days of age. a–d Means within
a row with different superscripts differ significantly at p < 0.05.

4. Discussion

It is extremely difficult to compare the studies that applied different essential oils because the
results will be based on numerous factors, including essential composition, doses, extract methods
and application, animal age, and housing conditions. The TEO feed additive, as an alternative to
dietary antibiotics, is highly safe and could be utilized for improving the productive and reproductive
performance of rabbits. The effects the phytogenic substances have on the intestinal health, antioxidant
status, and antimicrobial activity are considered essential for the biological activities; however,
studies lack the determination of active components, and their mechanisms are still not clear [24–26].
Therefore, more studies under standardization are required to explore the mechanisms of TEO on rabbit
production and reproduction. In the present study, the main active component of TEO was thymol
which constitutes 40% of its analyzed composition. The composition of TEO used in the present study
was consistent with that reported in the literature [1,11]. TEO levels caused the highest DFI and the
lowest FCR which could be associated with the ability of TEO to improve nutrient absorption. In the
current study, it is observed that dietary TEO enhanced the productive performance associated with
the present active component, thymol. The current study demonstrated that DBWG and FCR were
improved in rabbits fed a control diet supplemented with TEO up to 180 mg/kg compared to PC and NC
groups. These improvements may be because the active compounds (thymol and carvacrol) stimulated
digestive enzymes, thus leading to the improvement in nutrient digestibility [5,27]. Thymol stimulates
the appetite, and the secretion of endogenous digestive enzymes and nutrient absorption mainly
because thymol could protect the microvilli [28]. Supplementation of TEO with olive oil enhanced the
growth performance of male Californian rabbits under high-temperature environments [1]. Similarly,
oral administration of aqueous thyme extract with 50 mg/kg BW improved (p < 0.001) BWG, FI,
and FCR of rabbits compared to the control [29].

The TEO levels significantly increased the reproductive performance of male rabbits at the
end of the treatments period (Table 4). Interestingly, the improvements in the reproductive
performance of male rabbits were in parallel with those of testosterone concentration (Figure 1).
Ruiz-Olvera et al. [30] demonstrated that semen volume and sperm motility are associated with serum
testosterone concentrations. Supplementation of thyme aqueous extracts significantly increased the
semen quality of rabbits [31]. In addition, semen volume, sperm motility, sperm concentration,
and sperm livability significantly increased (p < 0.05) in rabbits received aqueous thyme extract with
50 mg/kg compared to the control [29].
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Blood biochemical analysis reflects internal organ integrity. In this direction, this study indicated
that TEO did not cause obvious damage to any of the internal organs, including the kidney, liver,
and heart. These obtained results can be confirmed by liver and kidney function. In the current
study, supplementation of TEO to male rabbits significantly reduced serum urea, creatinine, and ALT
and AST activities and increased serum testosterone levels compared to PC and NC groups, but the
values were within the normal physiological range [14,16,29–31]. These results agree with those of
El-Ratel et al. [14], where it is reported that the activity of AST and ALT of rabbits was remarkably
enhanced by oral administration of phytogenic additives (5 or 10 mg allicin/BW) compared to the
control. Supplementation of 2.5% of thyme leaves to rabbit diets significantly decreased urea and
creatinine [15]. Similarly, Abdel-Gabbar et al. [31] demonstrated that thyme extracts at 100 mg/kg
induced significant (p < 0.001) reduction in creatinine and urea as well as ALT and AST of rabbits
compared to the control group. However, Dieumou et al. [32] reported that the administration
of garlic and ginger oils via stomach tube in four doses, 0 (control), 10 mg/kg/day, 20 mg/kg/day,
and 40 mg/kg/day, showed no clear variations recorded in ALT, AST and serum creatinine features
due to ginger treatments. Shanoon et al. [33] indicated that there were no obvious differences in serum
ALT, AST and blood creatinine features, indicating that none of the examined three dosages of the oil
administered to birds was harmful. In addition, Herve et al. [34] found that the serum features of AST
or ALT clearly decreased with 100 or 150 mg/kg BW of ginger roots oil when compared to control data,
without any harmful outcomes on feed uptake and BW profits.

Therefore, the effect of TEO on the productive and reproductive performance of rabbits is better
known. It increased both productive and reproductive performance and the liver and kidney functions,
as observed in the current study.

5. Conclusions

Considering the above findings, the levels of TEO up to 180 mg/kg can play a major role in
enhancing productive performance, semen quality, testosterone levels, and kidney and liver functions
in California male rabbits.
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Simple Summary: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is responsible for
the pandemic COVID-19. The virus infects human cells by binding of the virus spike to the cell
receptor ACE2. Some studies suggest that dogs, cats and other animal species could be infected
by SARS-CoV-2, while very limited data are available on lagomorphs. There are several occasions
where rabbits and other lagomorphs are in close contact with humans. To investigate the interaction
between SARS-CoV-2 spikes and ACE2 of lagomorphs, predictive computer-based models were
used in this study. The structure of ACE2 of lagomorphs was obtained on the basis of the amino
acid sequences computationally. The interaction with the model of SARS-CoV-2 spikes was studied
and described in depth on the basis of the complex human ACE2-SARS-CoV-2 published before.
The interaction among SARS-CoV-2 spikes and ACE2 of other companion or laboratory animals is
also described for comparative purposes. The results predict that ACE2 of lagomorphs are likely to
bind SARS-CoV-2 spikes and suggest that further studies would be justified to confirm these results
and to evaluate the risks to humans being in close contact with lagomorphs, such as veterinarians,
farmers, slaughterhouse workers, butchers or pet owners.

Abstract: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is responsible for the pandemic
COVID-19. The virus infects human cells by binding of the virus spike to the cell receptor ACE2.
The crystal structure of SARS-CoV-2 spikes in complex with human ACE2 has recently been solved,
and the main amino acid residues involved in the virus–receptor complex have been detected.
To investigate the affinity of ACE2 of lagomorphs to the SARS-CoV-2 spike, ACE2 sequences from
rabbits and American pikas were compared with human ACE2 and with ACE2 from mammals
with different susceptibility to the virus. Models of the complex formed by SARS-CoV-2 spike
and ACE2 from lagomorphs and from other mammals were created for comparative studies.
ACE2 of lagomorphs showed fewer substitutions than human ACE2 in residues involved in the
ACE2-SARS-CoV-2 spike complex, similar to cats. Analysis of the binding interface of the simulated
complexes ACE2-SARS-CoV-2 spike showed high affinity of the ACE2 of lagomorphs to the viral
spike protein. These findings suggest that the spike of SARS-CoV-2 could bind the ACE2 receptor of
lagomorphs, and future studies should investigate the role of lagomorphs in SARS-CoV-2 epidemiology.
Furthermore, the risks to humans coming into close contacts with these animals should be evaluated.

Keywords: SARS-CoV-2; ACE2; lagomorphs; virus–receptor complex; in silico

1. Introduction

Since its discovery in China, Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has
been spreading rapidly worldwide, causing the Coronavirus Disease 2019 (COVID-19) pandemic [1].

Animals 2020, 10, 1460; doi:10.3390/ani10091460 www.mdpi.com/journal/animals
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SARS-CoV-2 belongs to the genus Betacoronavirus and shows very high sequence similarity to bat
Rhinolophus affinis coronavirus RaTG13 in the whole genome (93.7% amino acid similarity) [2] and to
the Guangdong pangolin coronaviruses in the receptor-binding domain (RBD) [3,4]. RBD is part of
the C-terminal domain of the S1 subunit in the SARS-CoV-2 spike protein (S), which interacts with
the human angiotensin-converting enzyme 2 (hACE2) receptor [5,6]. The structure of SARS-CoV-2
spike has been investigated by cryo-electron microscopy, and high affinity for hACE2 was found [7].
Priming of coronavirus spike proteins by host cell proteases is essential for viral entry into cells.
For example, the cellular serine protease TMPRSS2 is employed by SARS-CoV-2 for the priming of the
spike protein [8]. Host protease processing acts as a species barrier, and the addition of exogenous
protease to cell cultures may facilitate coronaviruses cell entry. However, the viral spike does not enter
the cells, regardless of protease addition, if the receptor is absent or incompatible [9]. Despite other
entry mechanisms and potential receptors are under investigations [10,11], the angiotensin-converting
enzyme 2 (ACE2) is considered the main receptor for SARS-CoV2 so far. ACE2 protein is abundantly
expressed not only in different cells of the human respiratory tract, but also in many other cells in
several organs [12]. hACE2 is also the receptor of the other Betacoronavirus SARS-CoV, which caused
the severe acute respiratory syndrome (SARS) epidemic in 26 countries in 2002–2003 [13].

The crystal structure of SARS-CoV-2 RBD in complex with its receptor hACE2 has been solved
(PBD ID 6LZG, PDB 6M17) [6,14]. Despite the overall similarity between the complexes SARS-CoV-RBD
and SARS-CoV-2-RBD, several sequence variations and conformational deviations were found in their
respective interfaces with ACE2 [14]. Furthermore, the SARS-CoV-2-RBD binding interface has more
residues than SARS-RBD (21 versus 17) that directly interact with hACE2, forming more Van der Waals
contacts and H-bonds and consequently forming a stronger binding [6]. The specific binding with its
receptor determines the host range of a virus. Investigating animal species susceptibility to SARS-CoV-2
is helpful for evaluating the risks of transmission between humans and animals and to prevent further
spread of the epidemic, although entry and post-entry barriers may limit the virus replication. Studies
based on experimental infections in animals require high-level biosafety facilities and pose ethical
issues and legislative concerns. Preliminary screening of potential susceptible animal species is useful
before planning in vitro and in vivo experiments. The animal host range of SARS-CoV-2 has been
predicted by sequence analysis and structure simulation studies [15,16]; however, not all key residues
at the SARS-CoV-2-ACE2 interface, but rather only a limited number of them, have been considered in
these studies. Evidence of SARS-CoV-2 infection in animals was reviewed while this article was under
revision [17,18]. Lagomorphs may act as an important wildlife reservoir for zoonotic viruses. In vitro
and in vivo studies on interaction between SARS-CoV-2 and ACE2 of lagomorphs are lacking, despite
the common use of these animals in laboratories, as pets, for food production or for hunting.

In this study, the ACE2 sequences of lagomorphs were investigated and the binding interfaces
of the complexes SARS-CoV-2-ACE2 of lagomorphs were predicted in comparison with humans.
In addition, comparison was carried out with SARS-CoV-2-ACE2 models of some mammals which
showed different degrees of susceptibility to the virus in recent studies.

2. Materials and Methods

2.1. Sequence Analysis

ACE2 sequences from lagomorphs available in databases (rabbit Oryctolagus cuniculus
XP_002719891 and American pika Ochotona princeps XP_004597549.2) were downloaded.
These sequences were compared with ACE2 sequences from other companion mammals
showing different degrees of susceptibility to SARS-CoV-2 as dogs (Canis lupus familiaris
NP_001158732.1), cats (Felis catus XP_023104564.1), ferrets (Mustela putorius furo NP_001297119.1),
Chinese hamsters (Cricetulus griseus XP_003503283.1), golden Syrian hamsters (Mesocricetus auratus
XP_005074266.1) [16–23]. Sequences of mice (Mus musculus NP_081562.2) and brown rats (Rattus
norvegicus NP_001012006.1) were also considered because recent structural studies suggest that mouse
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and rat ACE2 are likely poor receptors for SARS-CoV-2 [5,16]. Sequence of the human ACE2 was used
as reference sequence (NP_001358344.1).

Pairwise alignment of amino acid sequences was achieved using computer program MUSCLE
(https://www.ebi.ac.uk/Tools/msa/muscle/). Sequences were edited with BioEdit software version
7.2 [24]. ACE2 phylogenetic tree was inferred with the software MEGA version 10.1 [25]. The estimated
best-fitting substitution model was Jones-Taylor-Thornton with gamma-distributed rates among sites.
Then the maximum likelihood method with bootstrap values based on 1000 repetitions was used.
Pairwise distances between the sequences were calculated with the software MEGA version 10.1.

2.2. Structure Simulation of the Complex SARS-CoV-2-RBD-ACE2

The 3D structure of the SARS-CoV-2-RBD-ACE2 complex for each animal species was simulated by
homology modelling using SWISS-MODEL [26]. The structure of SARS-CoV-2 spike RBD complexed
with its receptor ACE2 was used as template (PDB ID: 6LZG) [6]. The obtained structures were
analyzed by Chimera software version 1.14 [27].

Prediction of binding affinity and different types of intermolecular interactions was carried out
with the web server PRODIGY (PROtein binDIng enerGY prediction) (https://bianca.science.uu.nl/
prodigy/) [28,29]. This web application predicts the binding affinity (BA, expressed as Gibbs free
energy ΔG; the lower the value is, the stronger the predicted BA is), counts the number of interfacial
contacts (ICs) made at the interface of a protein–protein complex within a 5.5 Å distance threshold,
and classifies them according to the polar/nonpolar/charged character of the interacting amino acids.
This information is then combined with properties on the Non-Interacting Surface (NIS), which can
influence the BA [28,30].

3. Results

3.1. Sequence Analysis

Amino acid sequence alignment of ACE2 molecules from humans, dogs, cats, rabbits, American
pikas, Chinese hamsters, golden Syrian hamsters, mice, brown rat, and ferret showed changes in many
residues all along the 807 aa sequences. Phylogenetic and pair distance analysis showed that whole
ACE2 sequences of rabbits and cats were respectively the first and the second sequences more related
with hACE2, while American pikas ACE2 was the most dissimilar to hACE2 (Figure 1 and Table 1).
However, not all ACE2 amino acids are involved in the complex with SARS-CoV-2-RBD, being only
22 residues involved in the binding with SARS-CoV-2-RBD [6]. The positions of the key residues
involved in the binding with SARS-CoV-2-RBD are reported in the first row of Table 2. A few changes
were found among these 22 ACE2 residues in different animal species (Table 2). When only these
residues were considered, Chinese hamster and golden Syrian hamster ACE2 were the closest to hACE2
sequence, followed by cats, rabbits and pikas, while mouse and rat ACE2 were the most dissimilar
to hACE2 (Table 2, Supplementary Table S1). Among the 22 residues involved in the binding with
SARS-CoV-2-RBD [6], ACE2 of Chinese hamsters and golden Syrian hamsters showed only 2 changes
(H34Q and M82N). ACE2 of rabbits, American pikas, cats and dogs showed 4 changes, ACE2 of ferrets
showed seven changes, and ACE2 of mice and rats showed eight changes. Most changes among
sequences from different animal species were found at ACE residues Q24, D30 H34 and M82 (Table 2).
The effect of a change in the sequence can be favorable, unfavorable or neutral. The consequences of
changes in key residues of the ACE2 sequences were predicted by structure simulations.
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Figure 1. Phylogenetic analysis of the ACE2 sequences of lagomorphs and of other mammals.
Human ACE2 sequence was used as reference sequence. The phylogenetic analysis was performed
with a maximum likelihood (ML) method using the Jones-Taylor-Thornton model with a gamma
distribution and with bootstrap values based on 1000. The tree scale is reported on the bottom left.
The tree was visualized by the online tool ETE Toolkit (www.etetoolkit.org).

Table 1. Estimates of evolutionary divergence between sequences. The whole 807 amino acid long
sequences of ACE2were considered. The number of amino acid substitutions per site between sequences
are shown. Analyses were conducted using the JTT matrix-based model. The rate variation among
sites was modeled with a gamma distribution (shape parameter = 5).

ACE2 Sequence 1 2 3 4 5 6 7 8 9

1 NP_001358344.1_Homo_sapiens -
2 XP_023104564.1_Felis_catus 0.170 -
3 NP_001158732.1_Canis_lupus_familiaris 0.188 0.105 -
4 XP_002719891.1_Oryctolagus_cuniculus 0.164 0.179 0.187 -
5 XP_004597549.2_Ochotona_princeps 0.219 0.224 0.220 0.126 -
6 XP_003503283.1_Cricetulus_griseus 0.174 0.195 0.198 0.149 0.178 -
7 XP_005074266.1_Mesocricetus_auratus 0.172 0.200 0.204 0.147 0.175 0.029 -
8 NP_081562.2_Mus_musculus 0.204 0.213 0.219 0.183 0.205 0.114 0.109 -
9 NP_001012006.1_Rattus_norvegicus 0.201 0.219 0.229 0.183 0.210 0.118 0.112 0.103 -

10 NP_001297119.1_Mustela_putorius_furo 0.199 0.115 0.112 0.195 0.232 0.201 0.206 0.216 0.235

Table 2. Alignment of ACE2 sequences and comparison among residues involved in the contact with
SARS-CoV-2 RBD. Points mean that the amino acid is identical to the corresponding amino acid in the
hACE2 sequence.

ACE2
Amino Acid Position

19 24 27 28 30 31 34 35 37 38 41

Homo sapiens S Q T F D K H E E D Y
Felis catus . L . . E . . . . E .

Canis lupus familiaris . L . . E . Y . . E .
Oryctolagus cuniculus . L . . E . Q . . . .

Ochotona princeps . L . . . . Q . . . .
Cricetulus griseus . . . . . . Q . . . .

Mesocricetus auratus . . . . . . Q . . . .
Mus musculus . N . . N N Q . . . .

Rattus norvegicus . K S . N . Q . . . .
Mustela putorius furio . L . E . Y . . E .

ACE2
Amino Acid Position

42 45 79 82 83 330 353 354 355 357 393

Homo sapiens Q L L M Y N K G D R R
Felis catus . . . T . . . . . . .

Canis lupus familiaris . . . T . . . . . . .
Oryctolagus cuniculus . . . T . . . . . . .

Ochotona princeps . . . T . . . D . . .
Cricetulus griseus . . . N . . . . . . .

Mesocricetus auratus . . . N . . . . . . .
Mus musculus . . T S F . H . . . .

Rattus norvegicus . . I N F . H . . . .
Mustela putorius furio . . H T . . . R . . .
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3.2. Structure Simulation of the Complex SARS-CoV-2-RBD-ACE2

The structure of the protein complex between SARS-CoV-2-RBD and ACE2 of cats, dogs, rabbits,
American pikas, Chinese hamsters, golden Syrian hamsters, mice, rats and ferrets were predicted by
using the whole sequence of ACE2 (Figures 2–4 and Figure S1).

The positions of the ACE2 residues involved in the complex with SARS-CoV-2-RBD in animals
were the same as the ACE2 residues involved in the complex with SARS-CoV-2-RBD in humans
(listed in the first column of Table S2). The number of contacts predicted by both Chimera and
PRODIGY between ACE2 and SARS-CoV-2-RBD was higher in all animals, apart from mice and
rats, than in humans (Figure 2). In particular, the total number of the three strongest types of
contacts charged-charged, charged-polar and charged-nonpolar in animal ACE2 complexes with spike
SARS-CoV-2-RBD was similar to humans except for mice, which showed the lowest number (n = 18),
and ferrets, which showed the highest number (n = 43). Thus, the number of contacts predicted
between SARS-CoV-2-RBD and ACE2 of animal species proved to be more susceptible to the virus
infection was higher than in animals proved to be less susceptible to the virus infection. This difference
is evident in particular when only the three strongest type of contacts are considered. Predicted
interactions between ACE2 and spike SARS-CoV-2-RBD showed that BAs expressed as Gibbs free
energy values in rabbits and American pikas were similar to humans (Figure 2).

All the animal species included in the study showed similar BAs calculated by the PRODIGY
method, suggesting that the spike protein of SARS-CoV-2 could have similar affinity for ACE2 of
mammals. However, the lowest BA value was obtained in mice, which is considered a species with low
susceptibility to SARS-CoV-2 infection [31]. Further investigations are required to evaluate whether the
BAs values obtained by the PRODIGY method could be useful for predicting the interaction between
spike SARS-CoV-2-RBD and ACE2 of different animals species.

 
Figure 2. Interfacial contacts (ICs) (axis Y) observed in the ACE2-SARS-CoV-2 predicted complex in
humans (Hs), cats (Fc), dogs (Clf), rabbit (Oc), pika (Op), Chinese hamster (Cg), golden Syrian hamster
(Ma), ferrets (Mpf), mouse (Mm), rat (Rn) (axis X) by PRODIGY. Predicted protein–protein complex
binding affinity expressed as Gibbs free energy (ΔG; kcal mol-1) for each complex is reported in red on
the top of each column.

The predicted key residues involved in ACE2-SARS-CoV-2-RBD complex formation in animals
and the predicted distances are reported in the Supplementary Table S2. In our models, Q24 hACE
was changed in all but Chinese and golden Syrian hamster ACE2 and all Q24L, Q24N and Q24K
changes corresponded to a longer predicted distance with viral N487 (Table 2 and Supplementary
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Table S2). Similarly, D30N changes corresponded to lack of interaction with viral K417 in mice and
rats, and in general D30E changes corresponded to a longer distance with viral K417 in cats, dogs and
ferrets, but a shorter distance in rabbits. Shorter distance between ACE2 and spike SARS-CoV-2-RBD
residues was found when H34Q substitution was present, while the change H34Y detected in dogs
and ferrets corresponded to a longer distance. A longer distance was found also between Y449 and the
changed residue D38E in cats, dogs and ferrets. Residue M82 was changed in all animals examined.
The distance between viral F486 and T82 was shorter than M82, while the distance between viral F486
and N82 or S82 was longer than M82 (Supplementary Table S2).

Figure 3. Predicted complex (A) between rabbit ACE2 (yellow) and spike SARS-CoV-2-RBD (green).
The main amino acid interactions included in black rectangles are further reported in (B) and (C).
Spike SARS-CoV-2-RBD residues are colored blue and ACE2 residues are colored orange. Purple
rectangles highlight changed amino acids in comparison with the hACE2 sequence. Differences among
hACE and rabbit ACE2 residues involved in the complex with SARS-CoV-2-RBD are shown in (D).
hACE is colored white and its residues are colored grey, rabbit ACE2 is colored yellow and its residues
are colored orange, SARS-CoV-2-RBD is colored green and its residues are colored blue.

232



Animals 2020, 10, 1460

 

Figure 4. Predicted complex (A) between American pika ACE2 (pink) and SARS-CoV-2-RBD (green).
The main amino acid interactions included in black rectangles are further reported in (B) and (C).
SARS-CoV-2 residues are colored blue and ACE2 residues are colored cyan. Purple rectangles highlight
changed amino acids in comparison with the hACE2 sequence. Differences among hACE and American
pika ACE2 residues involved in the complex with SARS-CoV-2-RBD are shown in (D). hACE is colored
white and its residues are colored grey, American pika ACE2 is colored pink and its residues are colored
cyan, SARS-CoV-2 is colored green and its residues are colored blue.

The predicted structures of the protein complexes ACE2-SARS-CoV-2-RBD in rabbits and pikas
showed that the four changes present in the respective ACE2 sequences do not affect significantly the
binding between amino acids in ACE2 and in SARS-CoV-2-RBD in comparison with humans (Figures 3
and 4). Indeed, some contacts between SARS-CoV-2-RBD and ACE2 of rabbits or American pikas were
closer than those observed between SARS-CoV-2-RBD and hACE2, suggesting that changes in the
ACE2 sequences could result in closer binding. Sequence studies should not be limited at detecting
changes in the ACE2 sequences, but the consequences of these changes on the virus-receptor complex
should be evaluated.

4. Discussion

SARS-CoV-2 is responsible for a pandemic and, in the absence of a vaccine, the only measures
for prevention of COVID-19 mostly consist of avoiding direct and indirect contact between infected
and susceptible humans. SARS-CoV-2 originated from bats, and pangolins have been proposed
as intermediate hosts [3,4]. To assess the susceptibility of different animal species to SARS-CoV-2
is important not only for epidemiological purposes, but also for risk evaluation and management.
Different animals are kept as pets and live in close contact with humans. Since from the first cases of
COVID-19, pet owners have been asking scientists whether animals can spread the virus to people.
The risk of human-to-animal transmission of SARS-CoV-2 and then the risk of animal-to-human
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transmission need to be investigated. In vivo studies by experimental infection of candidate animal
hosts have many limitations due to ethical, legal and safety issues. Furthermore, experimental
infections to assess the susceptibility of animals to SARS-CoV-2 are limited by the limited availability
of high-level biosafety facilities and trained workers. Predictive models are helpful to identify the
animal species that are more likely infectable by the virus. Furthermore, interpretation of data obtained
by predictive models together with results obtained by in vitro and in vivo studies can suggest the key
amino acid residues that play a role in the virus–receptor interaction. In this study, the most recent
knowledge about the complex SARS-CoV-2-RBD-hACE2 [6] was used to predict the susceptibility of
lagomorph animals in comparison with other mammals showing different degree of susceptibility to
the virus by in silico, in vitro or in vivo investigations [16–23,32].

The complex structure between spike SARS-CoV-2-RBD and hACE2 includes strong polar contacts
among key residues [6]. SARS-CoV-2-RBD residue A475 interacts with hACE2 residue S19, N487 with
Q24, E484 with K31, and Y453 with H34. Residue K417 contributes ionic interactions with hACE2
D30. Several residues (G446, Y449, G496, Q498, T500, and G502) in the viral bulged loops are in
close proximity with hACE2 amino acids D38, Y41, Q42, K353, and D355, forming a concentration of
H-bonds. Further virus–receptor contacts include SARS-CoV-2-RBD Y489 and F486 packing against
hACE2 residues F28, L79, M82, and Y83, forming a small patch of hydrophobic interactions at the
interface [6]. Changes in these residues could interfere with the optimal binding between viral RBD
and ACE2.

Despite the genetic variability of animal ACE2 sequences, the spike SARS-CoV-2-RBD is predicted
to bind very conserved residues among animals. A lower number of changes in the ACE2 residues
involved in the receptor-virus complex was detected in Chinese hamsters and in golden Syrian
hamsters in comparison with humans, as reported recently [32]. The only two changes were M82N,
corresponding to a longer distance with the viral residue F486, and H34Q, corresponding to a closer
contact with the viral amino acid Y453 (Supplementary Table S2). Recent experiments have shown that
golden Syrian hamsters are susceptible to SARS-CoV-2 infection, and they developed clinical signs
and lesions and infected naïve contact hamsters housed in the same cage in a 1:1 ratio with infected
hamsters [19]. High viral titer was found in the lungs, and the virus was also found in the intestine.
These findings suggest that SARS-CoV-2 infection in golden Syrian hamsters occurs despite the M82N
and H34Q changes.

American pikas showed two changes at the same positions as golden Syrian hamsters in ACE2.
In addition to the same H34Q substitution of golden Syrian hamsters, American pikas have a change
at M82T, which shows closer contact with F486 than humans and hamsters (Supplementary Table S2).
The same M82T substitution is also present in cats, dogs and ferrets, but not in rats and mice. American
pika ACE2 also has the favorable change G354D, and thus a total of three out of four changes result
in closer contacts with their viral residues. The fourth substitution in American pika ACE2 is Q24L,
which together with M82T is present also in cats, dogs and ferrets, but not in rats and mice.

Recent SARS-CoV-2 experimental infections in cats showed that the virus can replicate efficiently,
younger cats are more permissive, and airborne viral transmission between cats may occur [20].
Cats and rabbits share three out of four changes in the SARS-CoV-2 spike-contacting regions of ACE2.
The fourth change in rabbit is H34Q, which corresponds to a shorter distance between Q34 and Y453 in
all animals having this substitution. In comparison, the fourth change in cats is D38E, corresponding to a
longer distance between E38 and the viral amino acid Y449. Furthermore, the predicted protein–protein
complex ΔG in rabbits is the same as in humans. These findings suggest that SARS-CoV-2-RBD could
bind ACE2 receptor of rabbits and American pikas similarly to in humans, although these findings
need to be confirmed.

Experimental studies also showed that SARS-CoV-2 can replicate in the upper respiratory tract
of ferrets for up to eight days, but not in the lungs or in other organs. Dogs were found to have low
susceptibility to SARS-CoV-2 because the virus was found only sporadically in rectal swabs and not
in the respiratory tract [20]. Dogs and cats have the same amino acid differences in the SARS-CoV-2
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spike-contacting regions of ACE2, but dogs have the extra change H34Y, which is absent in cats.
This substitution corresponds to a longer distance between Y34 and viral Y453 and could interfere
with efficient virus binding. H34Y change is also present in ferrets, which showed less efficient viral
replication than cats [20].

As observed about SARS-CoV [33] and SARS-CoV-2 [31], mice and rats are not ideal model
animals for studying SARS-CoV-2. Although based on the analysis of a small number of residues,
some studies have suggested that mice and efficiently rats could not bind SARS-CoV-2 RBD [5,15,16].
In particular, mouse or rat ACE2 contains an asparagine at the 30 position and a histidine at the 353
position, which does not fit into the virus–receptor interaction as well as aspartate or a lysine do,
respectively. Furthermore, three changes are present at positions L79, M82 and Y83, which together
with F28 form a small patch of hydrophobic interactions at the interface. These findings, in addition to
the low number of the interfacial contacts and the number of charged-charged, charged-polar and
charged-nonpolar contacts found in this study, support the hypothesis that ACE2 of mice and rats
are not optimal receptors for SARS-CoV-2. Experimental infection of wild type mice and of hACE2
transgenic mice confirmed that human ACE2 is required to establish an effective infection [31].

5. Conclusions

In conclusion, the simulated complexes ACE2-SARS-CoV-2-RBD showed high affinity of ACE2 of
lagomorphs to the viral spike protein, suggesting that lagomorphs could be susceptible to SARS-CoV-2.
There are several occasions where rabbits can be in close contact with humans. For example, rabbits are
reared and used for food in many countries, and thus farmers, slaughterhouse workers, veterinarians,
butchers, etc. could be exposed to the virus. Furthermore, different species of rabbits are kept as pet
animals and the risk for veterinarians should be evaluated when they examinate rabbits living with
symptomatic or asymptomatic SARS-CoV-2-infected rabbit owners. The recent finding of the potential
for pangolins as the zoonotic reservoir of SARS-CoV-2-like coronaviruses raises the question of the
role of wildlife in the epidemiology of the virus. Pikas distribution varies greatly based on species.
Two species live in North America, the rest range throughout Asia. Pikas are wild animals, they are not
usually kept as pets but are housed in zoos. Some pika species are at risk of extinction due to attempts
to capture them and to breed them in captivity. Other lagomorphs are wild animals. Unfortunately,
only two sequences of ACE2 of lagomorphs (Oryctolagus cuniculus and Ochotona princeps) are available
in GenBank so far. Future studies should be aimed at sequencing ACE2 protein from different species
of lagomorphs. In silico predictions are helpful to detect the animal species having receptors with
highest affinity for the virus and to predict favorable and unfavorable virus–receptor interactions.
Predicted positive interactions should be confirmed by in vitro and in vivo studies because replication
of viruses in species other than their natural hosts can be limited by entry and post-entry barriers.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/10/9/1460/s1,
Table S1: Estimates of Evolutionary Divergence between Sequences. Only 22 residues corresponding to the sites
of contact between SARS-CoV-2 RBD and ACE2 were considered. The number of amino acid substitutions per
site from between sequences are shown. Analyses were conducted using the JTT matrix-based model. The rate
variation among sites was modeled with a gamma distribution (shape parameter = 5); Table S2: Predicted
distances among residues involved in contacts between ACE2 and SARS-CoV-2 calculated by Chimera software.
Data are reported only for residues showing substitutions. The lowest distance is reported when an ACE2 residue
shows more than one contact with the same SARS-CoV-2 residue; Figure S1: Structure simulation of the complex
SARS CoV-2-ACE2 of cats (A), dogs (B), Chinese hamsters (C), golden Syrian hamsters (D), mice (E), rats (F) and
ferrets (G).
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Simple Summary: Environmental light regulates a wide range of phenomena in almost all organisms
on Earth. Daily and seasonal changes in the photoperiod duration are the most important factors
controlling the secretion of melatonin (MLT), a pineal hormone that affects many physiological
processes in birds. The results of previous studies on the effect of MLT on the productivity and
health of poultry have been promising. However, there are very few studies on the daily profiles of
plasma MLT concentrations in domestic birds; therefore, we decided to examine plasma MLT levels
in 10-week-old domestic turkeys exposed to different light conditions. The results demonstrated that
plasma MLT concentration in turkeys kept under a 12 h light: 12 h dark cycle showed a prominent
diurnal rhythm. Night-time light exposure caused a rapid decrease in plasma MLT concentrations.
The housing of turkeys in continuous dim red light revealed endogenously generated diurnal rhythm
of MLT secretion. The rhythm of the plasma MLT level in a reversed cycle of 12 h dark: 12 h light
adapted quickly to the new lighting condition.

Abstract: The aim of this study was to characterize the diurnal rhythm of plasma melatonin (MLT)
concentration and its regulation by light and endogenous oscillators in 10-week-old domestic turkeys.
Three experiments were performed to examine (i) the course of daily changes in plasma MLT
concentration in turkeys kept under a 12 h light: 12 h dark (12L:12D) cycle; (ii) the influence of
night-time light exposure lasting 0.5, 1, 2, or 3 h on the plasma MLT level; and (iii) the occurrence
of circadian fluctuations in plasma MLT levels in birds kept under continuous dim red light and
the ability of turkeys to adapt their pineal secretory activity to a reversed light-dark cycle (12D:12L).
The plasma MLT concentration was measured with a direct radioimmunoassay. The plasma MLT
concentration in turkeys kept under a 12L:12D cycle changed significantly in a daily rhythm. It was low
during the photophase and increased stepwise after the onset of darkness to achieve the maximal level
in the middle of the scotophase. Next, it decreased during the second half of the night. The difference
between the lowest level of MLT and the highest level was approximately 18-fold. The exposure of
turkeys to light during the scotophase caused a rapid, large decrease in plasma MLT concentration.
The plasma MLT concentration decreased approximately 3- and 10-fold after 0.5 and 1 h of light
exposure, respectively, and reached the day-time level after 2 h of exposure. In turkeys kept under
continuous darkness, the plasma MLT level was approximately 2.5-fold higher at 02:00 h than at
14:00 h. In birds kept under 12D:12L, the plasma MLT level was significantly higher at 14:00 h than at
02:00 h. The results showed that plasma MLT concentrations in 10-week-old turkeys have a prominent
diurnal rhythm, which is endogenously generated and strongly influenced by environmental light.

Keywords: domestic turkey; pineal; melatonin; plasma; rhythm
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1. Introduction

Environmental light regulates a wide range of physiological processes in almost all organisms on
Earth. The daily and seasonal changes in the photoperiod duration are the most important factors
controlling melatonin (MLT) secretion by the pineal gland. Day-night rhythmic MLT secretion regulates
in birds, among others, the diurnal rhythm of locomotor activity and feed intake [1–4]; body weight [2];
reproductive system functions [2,5–8]; immune system activity [9–12]; seasonal singing, migration,
and spatial orientation during flight [8,13]; thermal homeostasis [14–16]; and energy metabolism [1,17].
MLT is also an important component of the antioxidative defense system [18]. The influence of the pineal
organ and its hormone on the productivity and health of poultry has been previously studied, mainly for
chickens and turkeys, with promising results. MLT supplementation and/or properly set lighting
schedules resulted in a reduction in the incidence of sudden death syndrome [19], activity-related heat
production [16,17], and isolation distress [20], in chickens. The better use of feed [2], the influence on
growth of the ovaries and egg production [2,5], the improvement of male reproduction [21], and the
acceleration of development of the cellular and humoral immune responses [10,11] have been described
as the effects of such treatment in turkeys.

In the face of a growing number of studies proving the significant role of the pineal gland and its
chief hormone in poultry farming, there are very few studies focusing on the profiles of plasma MLT
concentration in domestic birds [18,22–28]. In most cases, the published data involve very young birds
aged 2–4 weeks. Liou et al. [24] described significant differences in the nocturnal patterns of plasma
MLT between chicks and laying hens. The peak of plasma MLT in laying chicken was broader than
that in chicks, which was considered to be essential for the regulation of oviposition.

The aim of our study was to determine in 10-week-old turkeys: 1) the course of the diurnal
rhythm of plasma MLT concentration under a 12 h light: 12 h dark (12L:12D) cycle; 2) the influence
of night-time light exposure on the plasma MLT level; 3) the occurrence of circadian fluctuations in
plasma MLT levels in birds kept under a continuous dim red light; and 4) the ability of turkeys to
adapt their pineal secretory activity to a reversed light-dark cycle. The data presented in this article
show that the domestic turkey distinguishes among poultry species by the very high-amplitude of the
diurnal rhythm of plasma MLT level.

2. Materials and Methods

2.1. Chemicals

Antimelatonin antibody R/R/19540-16876 was provided by Dr. Jean-Pierre Ravault (Institut
National De La Recherche Agronomique, France). 2-[125I]-iodomelatonin was purchased from Perkin
Elmer (USA), gelatin was obtained from Merck (Germany), and the other reagents were obtained from
Sigma (USA).

2.2. Animals and Materials

Female turkeys (Meleagris gallopavo gallopavo var. domesticus) were kept under a cycle of 12-h
photophase (from 07:00 h to 19:00 h) and 12-h scotophase, starting from the 6th week of their
postembryonic life. During the photophase, full-spectrum fluorescent lamps provided light with an
intensity of 100 lx at the floor level and during the scotophase the turkeys were kept in red light with
an intensity of 3 lx. Dim red light was used as an alternative for darkness, because it enables one to
perform animal euthanasia and blood sample collection during scotophase without changes in light
condition. Moreover, dim red light was necessary for maintenance of animals kept in continuous
darkness in Experiment III. The animals had free access to standard food and water.

2.3. Experiments

Three experiments were performed to determine the diurnal profile of the plasma MLT
concentration in turkeys kept under a 12L:12D cycle (Experiment I), changes in the plasma MLT
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level in response to light exposure at night (Experiment II), and the circadian or diurnal variations
in the hormone levels in the plasma of turkeys kept in continuous darkness or under a reversed
dark-light cycle (12D:12L) (Experiment III). All experimental procedures on animals were performed in
accordance with Polish and European Union laws (Approval of the Local Ethics Committee in Olsztyn
for project KBN 6 PO6K 023 21).

2.3.1. Experiment I

The experiment was performed in two replicates. Forty-two turkeys reared under a 12L:12D
cycle between the ages of 6 and 10 weeks were used in each replicate. The birds were euthanized at
08:00, 10:00, 12:00, 14:00, 16:00, and 18:00 h (three individuals per time-point, n = 6 from two replicates)
and at 20:00, 22:00, 24:00, 02:00, 04:00, and 06:00 h (four individuals per time-point, n = 8 from two
replicates). Blood samples were collected to measure the plasma MLT concentrations. Plasma samples
were frozen at −20 ◦C until subsequent MLT assay.

2.3.2. Experiment II

The experiment was performed in two replicates on 24 turkeys in each replicate. Ten-week old
birds were divided into two equal groups: control and experimental group. At 01:00 h, the birds
from the experimental group were exposed to fluorescent light with an intensity of 100 lx, while the
control animals were kept under dim red light. Turkeys in both groups were killed at 01:30, 02:00,
03:00, and 04:00 h (three individuals per time-point from each group, n = 6 from two replicates), and
blood samples were collected for MLT assay.

2.3.3. Experiment III

Three groups of birds, housed between 6 and 9 weeks of age under the 12L:12D cycle, were placed
in separate rooms. During the next week, they were kept as follows: group I, in a normal light-dark
cycle (12L:12D); group II, in a continuous dim red light with intensity below 3 lux (0L:24D); and group
III, in a reversed dark-light cycle with a photophase from 19:00 h to 07:00 h and a scotophase from
07:00 h to 19:00h. After 7 days, the turkeys from each group were killed at 14:00 h and 02:00 h (five
individuals per time-point from each group) and blood samples were collected.

2.4. Melatonin Radioimmunoassay

MLT concentration in the plasma samples was measured by a direct radioimmunoassay [25–29]
with rabbit R/R/19540-16876 antiserum [30] and 125I-melatonin used as a tracer. Antiserum
R/R/19540-16876 (200 μL), diluted 1:15000 in assay buffer (tricine, 0.1 M; sodium chloride, 9 g/L;
gelatin 1 g/L), was added to a 100 μL sample or standard (0–1000 pg/mL prepared in charcoal-stripped
turkey plasma). The mixture was incubated at room temperature for 30 min and then 100 μL
of 125I-melatonin, diluted in the assay buffer to approximately 10000 cpm in 0.1 mL, was added.
After overnight incubation at 4 ◦C, the antibody-bound melatonin was separated from the free fraction
by incubation with 250 μL dextran-coated charcoal (1.2 g Norit A and 60 mg dextran in 100 mL of
assay buffer) for 15 min at 4 ◦C. After centrifugation (3000× g, 20 min at 4 ◦C), the radioactivity of
350 μL of supernatant was measured using the liquid scintillation method. The concentration of MLT
in samples was determined using ImmunoFit EIA/RIA ver. 3.0A software (Beckman, Pasadena, CA,
USA). The sensitivity of the assay was 4 pg/mL. Intra- and interassay coefficients of variation were
below 10%.

The assay was validated by running the samples containing different amounts of exogenous MLT
and the night-time samples diluted with charcoal-stripped turkey plasma. MLT added to samples of
turkey plasma was quantitatively recovered (97–105%, R = 0.998–0.999). The samples diluted with
charcoal-stripped plasma gave a displacement parallel to that of the standard curve.

241



Animals 2020, 10, 678

2.5. Statistical Analysis

The data were analyzed using a one-way analysis of variance followed by Duncan’s test
(Experiment I) or by t-test (Experiments II and III) using the Statistica 10.0 (StatSoft, Tulsa, OK,
USA) software program. A value of p ≤ 0.05 was considered significant.

3. Results

3.1. Experiment I

The plasma MLT concentration changed during a diurnal cycle and was significantly higher
between 20:00 h and 06:00 h than between 08:00 h and 18:00 h (Figure 1). The lowest level of MLT
(7.9 ± 1.9 pg/mL) was measured at 14:00 h; however, there were no significant differences between the
investigated time-points of the photophase. The MLT concentration increased stepwise during the first
half of the scotophase, reaching a maximum value of 145.1 ± 8.4 pg/mL at 02:00 h, and then decreased.
At 06:00 h, the mean MLT level was approximately 3-fold lower than that at 04:00 h.

 

Figure 1. Experiment I. Concentration (mean, and standard error of the mean, SEM) of melatonin in
plasma of 10-week-old turkeys kept under a 12L:12D cycle. Values flagged with different letters are
significantly different. Black horizontal bar: period of darkness.

3.2. Experiment II

The mean plasma MLT concentrations in turkeys kept in darkness (group I) at 01:30, 02:00, 03:00,
and 04:00 h varied between 120 and 150 pg/mL. The light exposure (group II) caused a rapid decrease
in plasma MLT concentration (Figure 2). The MLT concentration was more than 3-fold lower after
30-min of light exposure (at 01:30 h) and approximately 10-fold lower after 60-min of light exposure (at
02:00 h) compared to the corresponding controls. The plasma MLT concentration after 2 and 3 h of
light exposure decreased to approximately 10 pg/mL.
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Figure 2. Experiment II. Concentration (mean and SEM) of melatonin in blood plasma in control
(group I) and light-exposed (group II) turkeys at 01:30, 02:00. 03:00, and 04:00 h. The exposition
of birds from group II started at 01:00 h. Values flagged with “*” differed significantly from the
corresponding controls.

3.3. Experiment III

The mean plasma MLT concentration in turkeys kept under a 12L:12D cycle (group I) was
significantly higher at 02:00 h than at 14:00 h (Figure 3). In contrast, the hormone level was significantly
higher at 14:00 h than at 02:00 h in the birds kept under a reversed 12D:12L cycle (group II). The mean
plasma MLT concentration of turkeys kept in the continuous dim red light (group III) was significantly
higher (approximately 2.5-fold) at 02:00 h than at 14:00 h.

 

Figure 3. Experiment III. Concentration (mean and SEM) of melatonin in the blood plasma in
10-week-old turkeys kept under 12L:12D cycle (group I), 12D:12D cycle (group II), and continuous dim
red light (group III) measured at 14:00 h and 02:00 h. Values significantly different between samples
taken at 14:00 h and 02:00 h within each group were flagged with “*”.
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4. Discussion

The obtained results showed that the plasma MLT concentration in 10-week-old turkeys,
housed under a 12L:12D cycle, changed in a distinct diurnal rhythm. The MLT concentration
was low during the photophase and increased stepwise after the onset of darkness to achieve a maximal
level in the middle of the scotophase. Then, it decreased during the second half of the night. The profile
of plasma MLT concentration in turkeys resembles type B of Reiter’s classification based on studies
performed in mammals [31]. The maximal concentration of MLT, noted at 02:00 h, was approximately
18-fold higher than the minimal concentration at 14:00 h (Experiment I). The amplitude of day-night
changes in plasma MLT concentration in 10-week-old turkeys was markedly higher than that in other
domestic birds, especially when compared to chickens [18,22,24] and ducks [25]. Plasma MLT in
chickens was 3–5 fold higher at night than during the day [18,22,24]. It is worth to note that both
species—the turkey and the chicken—belong to the same avian family. The amplitude of day-night
changes in plasma MLT in ducks reported by Zawilska et al. [25] was 11-fold.

Our results differ slightly from those reported by Zawilska et al. [27,28] in younger turkeys,
in which MLT concentrations measured during both photophase and scotophase were higher and the
ratio between the minimum and maximum MLT concentrations was lower than in the present study.
These differences suggest that the diurnal profile of plasma MLT concentration undergoes changes
during the postembryonic development of the turkey.

The daily profile of plasma MLT concentration described in the present study was similar to
the diurnal cycle of MLT secretion in previous in vitro studies that were performed on the pineal
organs of turkeys at a similar age [32,33]. However, the ratio between the maximum and minimum
concentrations of MLT in the plasma was significantly lower than the amplitude of the MLT rhythm
reported in the superfusion culture (18-fold in vivo vs. 40-fold in vitro). This difference may have
several sources. First, the MLT level in the plasma is not only a result of the secretory activity of the
pineal organ but is also, to some extent, a result of the absorption of MLT into the blood stream from
the gastrointestinal tract [34,35] or other sites including the retina [36]. A significant share of the pool
of the hormone circulating in the blood during the day-time may have MLT adsorbed from the seeds
of cereals that are the main component of the feed for turkeys [37,38]. Studies performed on chickens
and pigs revealed that MLT from the feed significantly affected the plasma levels of the hormone
during the day [34,35]. In turn, the increase in secretory activity of the pineal organ at night makes the
percentage of MLT originating from nonpineal sources very small. Second, plasma MLT concentrations
are influenced by the intensity of the metabolism of this hormone in the liver [39,40]. Third, the pineal
organ in culture is deprived of neuronal and hormonal regulatory factors and its activity may also be
affected by artificial in vitro conditions.

The exposure of turkeys to light during the scotophase caused a rapid decrease in plasma
MLT concentration. Our study revealed that 30 and 60 min after light exposure, the plasma MLT
concentrations were less than 4 and 1.5 times higher than the level occurring during the day, respectively.
Two-hour exposure to light caused a decrease in the plasma MLT concentration close to the day-time
level. The light-evoked decrease in vivo was significantly higher than that observed in similar in vitro
experiments [32,33]. Results of the in vitro studies showed that even 3-h exposure to light did not
decrease the MLT secretion to the level characteristic of the light phase of the cycle. The obtained
data strongly suggested that light affects the pineal gland in two ways: directly on photosensitive
pinealocytes and indirectly through the retina and adrenergic innervation. The stronger inhibitory
effect of light in the in vivo experiments than in the in vitro experiments was probably the result of
the inhibitory effect of norepinephrine released from the sympathetic fibers during light exposure.
This explanation is supported by the data from in vitro experiments showing a stronger effect of
norepinephrine than light on MLT secretion during the scotophase [32].

The experiment that housed the birds under continuous dim red light showed that the rhythm
of plasma MLT concentration in the domestic turkey was generated endogenously. After 7 days in
such conditions, the concentration of this hormone was still approximately 2.5-fold higher during

244



Animals 2020, 10, 678

the subjective night than during the subjective day. The lower amplitude of circadian fluctuations of
plasma MLT concentrations resulted both from higher levels during the day-time and lower levels
during the night-time. Similar data were obtained from younger turkeys, in which the circadian
rhythm of MLT secretion persisted for 7 days under continuous dim red light and had an amplitude
that was 50–80% lower than the rhythm in the 12L:12D cycle [27,41]. The circadian rhythm of MLT
secretion with gradually decreasing amplitude was also observed in the superfusion culture of the
turkey pineal organs for 5 days in continuous darkness [33]. However, the amplitude of this rhythm
was very low starting from the third day of culture. The longer persistence of circadian MLT rhythm
in vivo than in vitro suggests that the circadian oscillators that are located outside the pineal organ,
that is, in the suprachiasmatic nucleus and retina, retain their activity without external photic time
cues for a longer period than the pineal oscillator and influence pineal activity. In hens kept under
continuous darkness, the circadian rhythm of plasma MLT persisted for 3 days without a decrease
in the amplitude [22]. However, it decreased quickly in birds, in which sympathetic innervation of
the pineal gland was interrupted [22,42]. In the superfusion culture, the circadian rhythm of MLT
secretion persisted longer in the experiments with the turkey pineal organs than the chicken pineal
organ [22,32,33,43]. In contrast, the circadian rhythm of MLT secretion from the pineal glands of
Japanese quail cultured in constant darkness was very weak or completely abolished [44]. However,
the Japanese quail is the only known exception among birds investigated to date in which the pineal
oscillator does not play a significant role in the circadian pacemaking system [45]. It is worth noting
that circadian rhythms in birds are controlled not only by light but also by other factors acting especially
on peripheral oscillators located in other sites than pineal gland, the retina, and the suprachiasmatic
nucleus. For example, it has been proven that different feeding regimes significantly affected mRNA
expression of circadian clock genes in the liver, jejunum, and kidney [46–48].

After 7 days of housing of 10-week-old turkeys under a reversed dark-light cycle (12D:12L),
the diurnal rhythm of the plasma MLT concentration was adapted to the new lighting conditions.
In an in vitro experiment, turkey pinealocytes entrained their secretory activity to such changes on the
second day of culture [32,33]. The adaptation of the chicken pinealocytes to the 12D:12L cycle was
observed on the third day of culture [43].

Our results showed that the turkey pineal organ not only secrets MLT in a daily rhythm with very
high amplitude but also responds quickly and precisely to changes in light conditions. These findings
have important practical aspects, considering the significance of the domestic turkey as meat-producing
animal. Schwean-Lardner et al. [49] exposed turkeys to different cycles with varying periods of darkness
and studied body weight, feed efficiency, skeletal disorders, mortality, mobility, and ocular measures,
in birds. Most of these factors achieved their best results in cycles with the shortest days. Only feed
efficiency was higher in cycles with longer days. MLT extends many variable effects on the organism,
which are related to the wide distribution of its receptors in the brain and other organs: the heart,
arteries, adrenal gland, kidney, lung, liver, gallbladder, small intestine, adipocytes, ovaries, uterus,
breast, prostate, and skin [50]. The pineal hormone may also act intracellularly by binding to calmodulin
and Z retinoid nuclear receptors. MLT is one of the most powerful natural antioxidants acting by direct
chelation of oxygen and nitrogen reactive species and by mobilization of the intracellular antioxidant
enzymatic system [50].

5. Conclusions

In summary, in the present study, we found that 10-week-old turkeys manifest the prominent
diurnal rhythm of the plasma MLT concentration, which is endogenously generated and strongly
controlled by light. Turkeys are thus a very good avian model for further in vivo studies on the
mechanisms regulating MLT secretion from the pineal gland.
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Simple Summary: Over the years, aquaculture moved to organic production given the rising
interest of consumers towards healthy and ecologically friendly food. Among the cultured
species, European sea bass (Dicentrarchus labrax) is one of the leading farmed fish products in the
Mediterranean area and thus one of the most economically important. For these reasons, further
investigations on the effects of organic feeding on this species are of primary interest. In the
present study, European sea bass were fed two different diets, organic and conventional, and
growing performances, oxidative stress, and contaminant markers were determined. Although
conventional diet gave the best results in terms of production, groups fed with the organic one
also showed a positive growth trend and importantly no negative effects on fish welfare were
observed, demonstrating the feasibility of this diet. This work represents an insight into the
emerging aquaculture organic production.

Abstract: In the present study European sea bass (Dicentrarchus labrax) subjected to two different
diets (organic vs. conventional) were evaluated in terms of growing performances, oxidative stress,
and contaminant markers. Growing performances were evaluated using biometric measures
and condition factor (K), whereas insulin-like growth factor (IGF-I and IGF-II) levels were
assessed trough Real-Time PCR analysis. For oxidative stress, immunohistochemical staining
for 8-hydroxy-2′-deoxyguanosine (8-OHdG) and 4-hydroxy-2-nonenal (HNE) was performed,
whereas total glutathione (GSH) in blood serum was determined by an enzymatic method
adapted. Cytochrome P4501A (CYP1A) and melanomacrophage centers (MMCs) were evaluated
as contaminant markers trough immunohistochemical and histochemical approaches, respectively.
The growing performances showed a positive trend in both groups but a greater productivity in
conventional fed fish compared to the organic ones. A significant higher expression of MMCs was
observed in organic vs. conventional diet fed fish. Fillet analysis showed a higher MUFA content
and a lower PUFAs n-6 content in organically fed sea bass indicating that diets with a content in fatty
acids closer to that of wild fish will definitely affect the fatty acid profile of the fish flesh. On the
other hand, the diet composition did not seem to affect neither the oxidative stress parameters (GSH,
8-OHdG, HNE) nor the CYP1A expression.
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1. Introduction

In recent years, the development of organic production responds to a growing consumer request
for a high degree of food safety, high nutritional value, sustainable production and eco-environmental
attention [1,2]. One of the main topic of the European Commission (EC) organic farming regulation
(N.889/2008) [3] is the feed formulations that aim to ensure fish and consumer health and high quality
final product with a low environmental impact. Several studies showed the importance of the diet for
the optimum growing performances of fishes [4–6].

Growth in vertebrates depends on a regulatory network in which the growth hormone
(GH)-insulin-like growth factor (IGF)-I axis plays a key role in growth regulation together with
insulin, thyroid hormones and sex steroids [7]. While IGF-I mRNA is expressed mainly in liver of
adult fish, as in mammals and non-mammalian vertebrates [8–10], IGF-II is proved to be ubiquitously
expressed, working essentially as a growth factor [11–14].

Food composition is also considered an important factor in preserving welfare, growth,
development, and reproduction of the fish. An important role among all the nutrients is certainly
played by the Highly Unsaturated Fatty Acids (HUFAs) [15–17], the deficiency of which causes a
decreased growth rate and a weakening of immune function. Under farming conditions, the fish are
often subjected to unavoidable stressors such as manipulation, size grading, stocking density, fasting,
transport, conditions of pre-slaughter and slaughter techniques that could affect health status [18–20].

Oxidative stress is considered one of the major upstream components of the signaling cascade
involved in many cellular functions [21]. Under conditions of oxidative stress, many effects of
cellular dysfunction such as oxidation of proteins, polyunsaturated fatty acids (PUFAs) and DNA are
mediated. 4-hydroxy-2-nonenal (HNE) is the most abundant and toxic α,β-unsaturated aldehyde,
which originates from the β-cleavage of hydroperoxides from ω-6 PUFAs. It is mainly involved in
the inhibition of protein and DNA synthesis and is also considered a potent mutagenic agent [22].
DNA damage may be due to modification of bases, such as the oxidation of deoxyguanosine (dG) to
form 8-hydroxy-2′-deoxyguanosine (8-OHdG). If not repaired, this damage can lead to an incorrect
pairing between adenine (A) and 8-OHdG, rather than cytosine (C), causing a G:C to T:A transverse
mutation [23,24].

High dietary levels of lipids and vitamins likely influence the oxidative status as pointed out by
several studies that show a protective effect of such diets [25,26]. In order to prevent oxidation-induced
lesions and mortalities, there must be effective antioxidant systems involving compounds such as
glutathione (GSH). Total GSH is used as an indicator of oxidative stress due to its action against ROS
or molecules such as benzoates and others.

Due to the presence of fish meal and fish oil, commercially marine feed could represent a source
of persistent organic pollutants and heavy metals such as mercury, cadmium and arsenic [27,28].
The assessment of the Cytochrome P4501A (CYP1A) in fish represents an environmental biomarker
since CYP1A is involved in the biotransformation of a variety of aquatic contaminants such as oil
compounds, dioxins, PCBs, and PAHs [29–31]. Beyond the liver, which represents the main site
of CYP1A expression in fish, the epithelia of organs in direct contact with the environment (gills,
intestine and kidney) and the vascular endothelia exhibit a remarkable CYP1A expression as well.
Nowadays, melanomacrophage centers’ (MMCs) evaluation is often used as a reliable indicator of
pollutant exposure, in particular heavy metals [32–35] indicating sub-lethal effects [36]. MMCs are
groups of pigments containing cells located within the tissues of cold-blooded vertebrates. In fish,
MMCs located primarily in the spleen, kidney, and liver [37] can increase after chemical pollutant
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exposure but also as a result of diseases [38,39] such as chronic inflammatory lesions, ovarian atresia,
and changes induced by starvation [40].

The present study was conducted in a commercial farm during the productive season in order to
evaluate the potential of organic feeding in European sea bass aquaculture in terms of growth, welfare
and product quality. Growth and welfare have been investigated by measure of biometric parameters,
growth factor expression, and oxidative stress indicators while fillet composition and contaminant
markers have been evaluated to test the effect on the product quality. Tissue microarray technology has
been applied to optimize the histological analysis. Although skin coloration might allow to distinguish
organically vs. conventionally-produced sea bass [41], this study gives new insights into organic sea
bass aquaculture.

2. Materials and Methods

2.1. Rearing Conditions

European sea bass (initial body weight 62.7 ± 4.0 g) were reared at the “Centro Ittico Valle Bonello”
(Porto Tolle, RO, Italy) in a period of the year ranging from April to November into two separated
300 m3 outdoor ponds (50 × 6 × 1 m), one for organic and one for conventional feeding trial. All fish
had been previously fed a conventional diet and at the start of the trial, fish were moved from the
pre-fattening tanks and randomly distributed to the fattening ponds. One of the pond received the
conventional diet, the other one was fed with the organic diet. During the trial, fish in the two ponds
were fed two times per day by an automatic system and at a rate in the range of 1–2% live weight
which was adjusted according to changes in water temperature Figure 1.

Figure 1. Variations in weight of sea bass over an 18-month period (mean ± SE) reared under
conventional and organic aquaculture. Different letters indicate significant differences in samplings
within the same feeding system (organic or conventional; p < 0.05). Asterisk indicates significant
differences between feeding systems (organic vs. conventional) within the same sampling (p < 0.05).

In all the ponds, stocking density was the same (initial stocking density: 2 kg/m3; 10,000 fish
per pond), as all the other parameters (water temperature and photoperiod, both environmental).
The dissolved oxygen was kept at normoxic conditions for European sea bass (>7.5 mg/L) as
recommended by EFSA (European Food Safety Authority) [40] and ranged from 8 to 12 mg/L
in both ponds. Fish of the two groups were fed with different types of diet, one certified organic and
one conventional Table 1. Overall mortality at the end of the trial in both the ponds was 15% and final
densities were 12 and 14 kg/m3 for organic and conventional groups, respectively.
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Table 1. Proximate composition (% as-fed) and fatty acid profile (% total fatty acids methyl esters) of
the diets.

Rearing System (R) Organic Conventional

Proximate composition
Water (%) 7.10 6.32

Ether extract (%) 20.3 17.2
Crude protein (%) 40.7 44.5

Crude fibre (%) 0.73 1.18
Ash (%) 12.3 7.73

Fatty acid profile
C14:0 5.03 3.05
C15:0 0.37 0.23
C16:0 13.1 12.3
C17:0 0.35 0.32
C18:0 2.50 3.82
C20:0 0.21 0.28

Other SFAs 0.77 0.53
Total SFAs 22.4 20.6
C16:1n-7 3.90 3.03
C18:1n-7 3.93 3.99
C18:1n-9 18.5 21.3
C20:1n-9 2.76 0.84
C22:1n-9 0.71 0.13
C22:1n-11 8.08 0.62
C24:1n-9 0.46 0.19

Other MUFAs 0.81 0.35
Total MUFAs 39.0 30.4

C18:3n-3 2.92 4.96
C18:4n-3 5.82 0.79
C20:5n-3 4.47 5.96
C22:5n-3 0.91 0.74
C22:6n-3 5.90 3.10

PUFAs n-3 20.0 15.6
C18: 2n-6 13.3 29.3
C20:4n-6 0.24 0.31

PUFAs n-6 13.5 29.6
Ratio of n-3 to n-6 PUFAs 1.48 0.53

Other PUFAs 1.00 0.67
Total PUFAs 34.5 45.8

Unknown FAs 4.15 3.21

FAs: fatty acids; SFAs: Saturated FAs; MUFAs: monounsaturated FAs; PUFAs: polyunsaturated FAs.

2.2. Animal Sampling and Samples Preparation

Fish were monitored for 18 months until they reached the commercial size. Bimonthly, 20 fishes
per pond were rapidly netted and immediately after capture, put into iced brackish water and brought
to the near laboratory facilities. A big net was used to guarantee a representative sampling and all the
sampled animals were subjected to the same procedure that had taken no more than 10 min. Animals
were then euthanized with an overdose of anesthetic (MS222, 500 ppm), immediately bled from the
caudal vein, and the following organs were collected: liver, spleen, gut, and head kidney. Samples
for histology were immediately fixed in 4% paraformaldehyde prepared in phosphate-buffered saline
while liver tissue sampled also for molecular analyses, was immediately fixed in trizol and processed
as described below. Serum was isolated by allowing the blood to clot overnight at +4 ◦C and standard
centrifugation then conserved at −20 ◦C until analysis. During each sampling, biometric measures
(weight, total and standard lengths) were recorded and Fulton’s condition factor (K) was calculated
(K = fish weight/fish total length 3) [42]. All animals were treated as requested by EFSA guidelines [43].
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2.3. Histochemistry

Tissue samples were washed in phosphate-buffered saline (PBS), dehydrated through a graded
series of ethanol and embedded in paraffin. Serial sections were cut at a thickness of 4μm. Haematoxylin
and eosin (H & E) staining and Schmorl’s reaction, used to evaluate MMCs for count (see below), were
performed as described in Bancroft and Gamble [44].

2.4. Tissue Microarray

The array was built using paraffin liver and gut donor blocks of the 200 sampled fishes. Trained
technologists using the Beecher TMA instrument (Beecher Instruments, Sun Prairie, WI) removed
1 core of 0.6 mm per donor blocks and transferred it into a recipient block. Cores were arranged in
sectors, each containing 4 rows with 10 cores per row following a previously drawn, preset unequivocal
plot. Positive and negative control samples were included in each array. Serial 4 μm thick sections
were cut.

2.5. Immunohistochemistry

Immunohistochemical staining for 8-OHdG, HNE, and CYP1A was performed using the automated
immunostainer Benchmark Ultra Ventana as described in Pascoli et al. [34]. Immunoreactive scoring
for 8-OHdG and HNE was done by counting positive nuclei in 100 cells. Samples stained with CYP1A
were evaluated for the presence and distribution of immunopositivity, and a grade from negative (−)
to strong (++) was assigned to the intensity of the reaction.

2.6. Melanomacrophage Centers (MMCs) Count

Serial sections of spleen were stained with H & E sequential stain to ascertain structural details,
and with Schmorl’s reaction (as described above) to detect the melanomacrophage centers (MMCs).
Microscopic quantitative assessment of MMCs was made through a computerized image analyzer
system (Olympus CellB, Japan) on sections of spleen since it is the organ which exhibited the highest
number of MMCs, as also reported in literature [45]. This quantitative assessment proceeded as follows:
(1) Each haul was represented by 3 sections from each spleen. (2) Three fields from each spleen section
were analyzed and the amount of MMCs was recorded.

2.7. Glutathione (GSH)

Total GSH in blood serum was determined by an enzymatic recycling method adapted for
microtitre plate reader [46]. Initially, a standard curve is prepared by diluting GSH Standard stock
solution with TF-E (0.1 M phosphate buffer, 0.6 mM EDTA); then in decreasing concentrations of
standard solution (SS) thus obtained, are added precise amount of TF-E. Subsequently, two reagents
are prepared, the Reaction Solution (RS) and the Reductase. Respectively, for the RS 8.3 mg of NADPH
are dissolved in 1 mL of distilled water, to which are then added 0.04 TF-E and 600 μL 5.5‘-ditiobis-2-
nitrobenzoic acid (DTNB). For Reductase preparation, 15 μL of the commercial reductase solution
(Glutathione Reductase, 205 units/mg protein, Sigma-Aldrich) is diluted with 53.4 μL of ammonium
sulphate 3.6 M (Sigma a-4915, MW132.1), then 65 μL of the obtained solution is diluted with 3835 μL
of TF-E. A 96 multiwell plate is loaded with 30 μL of TF-E (blank), the standard curve (30 μL of the
various points, in descending order) and samples, 15 μL of each in duplicate. The RS is then added
and the plate is read at 405 nm (Microplate Photometer Spectracount, Packard Instrument, Meriden,
CT, USA) for about ten minutes, until no differences in absorbances were recorded, so the reductase
activity is over. At this point, 25 μL of reductase are added to all wells and read on for 20 min. Samples
results are compared to standard and expressed in nmol/mL.
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2.8. Qualitative Reverse Transcription/PCR and Quantitative Real-Time PCR

Qualitative reverse transcription/PCR and quantitative real-time PCR were performed by following
the methods detailed in Bertotto et al. [47]. RNAs were extracted from the liver tissue (50 mg sample)
of 12 individuals (6 conventional, 6 organic) per sampling period (4 periods: May, December; May and
November of the following year) using TRIZOL Reagent (Gibco-BRL, Gaithersburg, MD, USA).

Total RNA (1.5 μg) was retrotranscribed into cDNA. First-strand cDNAs were synthesized by using
Superscript II RNase reverse transcriptase protocols (Invitrogen, Life technologies, UK) and a mixture
of random hexamers as primer (synthetized by MWG-Biotech, Ebersberg, Germany). The obtained
cDNAs were used as templates for PCR expression analysis. We refer the reader to Bertotto et al. [47]
for details on IGF-I primer design and efficiency. The primer for IGF-II was designed by using Primer
Express 3.0 software (Applied Biosystems) (forward, 5′-AGTGTTGTTTCCGTAGCTGTGA-3′, reverse
5′-ATCCTGAGGGCCAAAAAGTATCG-3′) and its specificity checked by PCRs. Data were normalized
to the housekeeping gene β-actin.

Quantification assays to detect the relative expression of IGF-I and IGF-II mRNA were carried out
by using the ABI 7500 Real-Time PCR System (Applied Biosystems) as described by Bertotto et al. [47].
Data from SYBR Green I PCR amplicons were collected with ABI 7500 System SDS Software. The ΔΔCt
method was used for relative quantification (comparative method) using a calibrator sample as basis
for comparative results (see Chemistry Guide, Applied Biosystem, 2003). Dissociation melting curves
confirmed the specific amplification of the cDNA target and the absence of nonspecific products.

2.9. Proximate Composition and FA Analysis

For proximate composition and fatty acids (FA) analysis, a total of 16 sea bass (8 specimens per
rearing system) were collected in January 2011. All fish were slaughtered by immersion in ice slurry
and immediately transported to the laboratory in thermally insulated boxes and stored on ice in a
refrigerated room (2 ◦C) for subsequent analysis on the day following collection. Fresh minced fillets
were analyzed for FA composition as detailed by Trocino et al. [48].

2.10. Statistical Analyses

Statistical analyses were carried out with STATISTICA 9 (StatSoft) and SAS (ver. 9.1) software.
All data are reported as mean ± SEM. Data were checked for normality using a Kolmogorov-Smirnov
test and in the case of IGF-I and IGF-II expression they were log-transformed to meet the assumption.
The effect of feeding condition (organic vs. conventional) and sampling period (10 sampling periods
from May to November) on growing performances (weight, length, condition index), IGF-I and IGF-II
expression levels, MMCs count and GSH levels were analyzed by means of univariate two-way factorial
ANOVAs (GLM). Feeding condition and sampling periods were included in the model as independent
fixed factors; growing and oxidative stress parameters as dependent variables. HSD-Tukey’s post-hoc
tests were performed when identifying a significant effect. In all analyses a p < 0.05 value was
considered as statistically significant.

The fillet data collected in the study were analyzed with the GLM procedure of SAS. The diet was
used as the experimental factor. Published data [49] were also included for comparison.

3. Results

3.1. Growth

Fish growth was evaluated using biometric measures and condition factor (K). Since standard
and total length were highly correlated (r = 0.99; p < 0.001), total length (TL) is considered hereinafter.

The two-way ANOVA evidenced a significant effect of both the groups and the sampling period
on weight (diet: F1,9= 16.78, p < 0.001; period: F1,9 =331.36, p < 0.001) and TL (diet: F1,9 = 8.99,
p < 0.001; period: F1,9 = 258.01, p < 0.001). The interaction between the two factors (diet × period) was
also significant for both variables (weight: F1,9 = 4.25, p < 0.001; TL: F1,9 = 2.20, p = 0.02). Indeed,
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conventional fed fish show generally higher weight and length than organic ones Figures 1 and 2.
Moreover, in both groups, fish exhibited a clear seasonal trend with an interruption of growth during
cold months and a recovery of growth from May to the end of the sampling period (Tukey’s tests:
March significantly differed from the following months, all p < 0.05. Figures 1 and 2). The interaction
between factors (diet x period) was evident at the end of the feeding period, when conventional fishes
showed a higher increase in weight and TL than organic ones. Indeed, at the end of the trial weight
and TL of conventional fishes significantly differed from those of organic ones (Tukey’s test: weight,
p < 0.001; TL, p = 0.038).

Figure 2. Variations in total length of sea bass over an 18-month period (mean ± SE) reared under
conventional and organic aquaculture. Different letters indicate significant differences in samplings
within the same feeding system (organic or conventional; (p < 0.05). Asterisk indicates significant
differences between feeding systems (organic vs. conventional) within the same sampling (p < 0.05).

Regarding the condition factor “K”, the analyses evidenced a significant effect of both the groups
and the sampling period (diet: F1,9 = 5.44, p = 0.02; period: F1,9 = 84.58, p < 0.001), but no interaction
between the two factors (sampling × period). Indeed, in both groups, as observed for growth and
TL, fish exhibited a seasonal trend in K values that were lower during cold months Figure 3 and
significantly increased from May to the end of the feeding period (Tukey’s tests: March significantly
differed from the following months, all p < 0.001. Figure 3). However, this trend was similar for
conventional and organic fed fishes and no difference between the two groups was observed at the end
of the feeding period.

3.2. Immunohistochemistry

8-OHdG and HNE immunostaining were evaluated as DNA damage and oxidative stress markers,
respectively, whereas CYP1A as environmental biomarker. Counting stained nuclei for 8-OHdG and
CYP1A performed in liver and gut did not show any statistically difference between the two groups
(ANOVA, p > 0.05; Figure 4). The anti-HNE staining was detected in the spleen, head kidney, and liver
mostly in the MMCs and spare macrophages Figure 5. Immunopositivity was found both in organic
and conventional samples with no differences in intensity between the two groups.
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Figure 3. Variations in condition factor (K) of sea bass over an 18-month period (mean± SE) reared under
conventional and organic aquaculture. Different letters indicate significant differences in samplings
within the same feeding system (organic or conventional; p < 0.05).

 

Figure 4. Immunohistochemical localization of CYP1A and 8-OHdG in sea bass. All panels are
counterstained with Harryr’s hematoxylin. Scale bar: 50 μm. (A) Liver, strong and diffuse nuclear
immunoreactivity of hepatocytes to anti-8-OHDG antibody; (B) Gut, nuclear immunoreactivity of
most enterocytes to anti-8-OHDG antibody; (C) Liver, endothelial, and sinusoidal immunoreactivity
of hepatocytes to anti-CYP-1A; (D) Gut, diffuse strong immunoreactivity of the intestinal mucosa
to anti-CYP-1A.
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Figure 5. Immunohistochemical localization of HNE in sea bass. All panels are counterstained with
Harryr’s hematoxylin. Scale bar: 50μm. HNE-immunostaining is present in several melanomacrophage
centers located in the parenchyma of (A) spleen; (B) kidney; (C) liver.

3.3. MMCs Count

MMCs counts, as markers of pollutant exposure, were performed on spleen sections and revealed
several differences between the two groups Figure 6. In most samples, organic fed fishes exhibited a
higher number of MMCs respect to conventional ones, except for March and May of the second year,
where no significant differences were found (Tukey’s test, p < 0.01).

Figure 6. Variations in melanomacrophage centers number of sea bass over an 18-month period
(mean ± SE) reared under conventional and organic aquaculture. Different letters indicate significant
differences in samplings within the same feeding system (organic or conventional; p < 0.05). Asterisks
indicate significant differences between feeding systems within the same sampling (p < 0.05).
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3.4. Total Glutathione (GSH)

Total glutathione (GSH) was evaluated as oxidative stress marker. Total GSH assay showed
significant differences between the two groups only in July and November of the second year (Tukey’s
tests, p < 0.05; Figure 7). In both samplings, conventional fed fishes showed higher values than organic
ones (35.9 ± 0.9 vs. 34.0 ± 1.8 and 36.2 ± 0.5 vs. 29.0 ± 2.2 nmol/mL).

Figure 7. Variations in glutathione of sea bass over an 18-month period (mean ± SE) reared under
conventional and organic aquaculture. Different letters indicate significant differences in samplings
within the same feeding system (organic or conventional; p < 0.05). Asterisks indicate significant
differences between systems within the same sampling (p < 0.05).

3.5. IGF-I and IGF-II expression

Due to their role in growth regulation, IGF-I and IGF-II expression has been assessed. Neither
the feeding condition nor the sampling period had a significant effect on IGF-I and IGF-II expression,
and no significant interaction between the two factors was observed (IGF-I: diet: F1,3 = 0.13, p = 0.72;
period: F1,3 = 0.27, p = 0.85; diet × period: F1,3 = 0.20, p = 0.89. IGF-II: diet: F1,3 = 0.004, p = 0.95; period:
F1,3 = 0.78, p = 0.51; diet × period: F1,3 = 0.30, p = 0.82).

3.6. Proximate Composition and FA Analysis

The chemical composition of the experimental diets fed during the last period of growth of sea
bass differed among treatments. In detail, the conventional diet showed lower ether extracts and ash
compared to the organic one (17.2% vs. 20.3% and 7.73% vs. 12.3%, respectively), whereas an opposite
trend was recorded for crude protein (44.5% vs. 40.7%) Table 1.

The proximate composition and fatty acid profile of sea bass fillets are reported in Table 2. Despite
the starvation period prior to slaughtering, the ether extract content tended to be higher in sea bass that
were fed with the diet containing the highest ether extract (p = 0.06), i.e., the conventional diet, in the
last period of feeding compared to those fed the organic diet. Some differences among treatments were
found in the fatty acid profile of sea bass. In fact, MUFAs content was higher in fillets of sea bass fed
organic diet than conventional one (37.4% vs. 33.8%; p = 0.02), especially due to the higher content of
C20:1n-9 and C22:1n-11. Besides, the PUFAs n-6 content was lower in the organic than in conventional
fillets (12.0% vs. 15.8%; p = 0.04) due to the lower content of C18: 2n-6 (11.0% vs. 14.3%; p = 0.04).
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Table 2. Proximate composition (% as-fed) and fatty acid profile (% of total fatty acid methyl esters) of
sea bass fillets.

Rearing System (R) Organic Conventional Probability RSD

Live weight (g) 432 473 0.18 57
Proximate composition

Water (%) 71.3 69.3 0.08 0.60
Ether extract (%) 7.93 9.72 0.06 0.47

Crude protein (%) 19.5 19.5 0.92 0.37
Ash (%) 1.14 1.16 0.41 0.01

Fatty acid profile
C14:0 4.32 3.30 0.10 0.34
C15:0 0.53 0.40 0.15 0.06
C16:0 16.6 17.1 0.66 0.94
C17:0 0.54 0.49 0.32 0.04
C18:0 7.45 7.00 0.84 2.10

Other SFAs 4.18 2.90 0.22 0.72
Total SFAs 33.6 31.2 0.62 4.16

C16:1n-7 4.50 4.52 0.59 0.03
C18:1n-9 19.6 22.8 0.05 0.77
C18:1n-7 2.24 2.44 0.04 0.04
C20:1n-9 4.24 1.75 < 0.001 6.15
C22:1n-11 3.41 0.69 < 0.001 7.40

Other MUFAs 3.41 1.54 0.03 0.34
Total MUFAs 37.4 33.8 0.02 0.53

C18:3n-3 1.71 1.77 0.75 0.00
C18:4n-3 1.04 0.73 0.09 0.10
C20:5n-3 2.72 4.41 0.10 0.56
C22:5n-3 0.70 0.96 0.29 0.18
C22:6n-3 3.36 3.67 0.79 1.06

PUFAs n-3 10.1 12.0 0.45 2.10

C18: 2n-6 11.0 14.3 0.04 0.69
C20:4n-6 0.34 0.46 0.08 0.04

PUFAs n-6 12.0 15.8 0.04 0.79
Ratio of n-3 to n-6 PUFAs 0.83 0.76 0.64 0.12

Other PUFAs 3.03 3.63 0.10 0.20
Total PUFAs 23.8 29.9 0.18 2.96

Unknown FAs 5.14 5.13 0.99 0.00

FAs: fatty acids; SFAs: Saturated FAs; MUFAs: monounsaturated FAs; PUFAs: polyunsaturated FAs.

4. Discussion

The present study investigated the productivity, the oxidative stress status and contaminant
response in European sea bass fed an organic feed vs. a conventional one. As regards growth,
conventional fed fishes showed a significant increase in growth at the end of the trial, suggesting that
conventional feeding leads to a greater productivity. Nevertheless, the expression of IGF-I and IGF-II
mRNA was similar throughout the whole experimental period confirming their roles on growth. As
expected, the feed intake was affected by temperature, since both groups of fish experienced reduction
of food intake during the cold season recording a temporary growth arrest [50]. In a different study on
the effects of feed restriction in sea bass, Escobar-Aguirre et al. observed a decrease in plasma IGF-I
levels of treated fish [51], thus confirming that the lower levels found in colder months could be related
to the stop of feed intake due to the winter starvation period.

The diet composition did not seem to affect neither the oxidative stress parameters (GSH, 8-OHdG,
HNE) nor the CYP1A expression, although several studies demonstrated the anti-oxidative effect of
lipid and vitamin-rich diets [25,26]. It is likely that a more pronounced variation in the composition of
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such nutrients would need to affect antioxidant defenses. Nevertheless, total GSH exhibited some
seasonal effects: Lowest values were found during cold months (October–March), whereas higher
levels were seen during summer months. This seasonal tendency is in agreement with previous
studies on the impact of temperature on fish GSH levels in various organs [52,53]. Moreover, it is
well known that antioxidant levels are modified by food availability as Pascual et al. pointed out
in their study in which they observed an increase of antioxidant activities and a disruption of GSH
redox status in gilthead sea bream (Sparus aurata) kept under a food deprivation condition [54]. In this
work, immunopositivity for HNE was detected in spleen, kidney, and liver, but with no differences in
intensity between organic and conventionally fed fish. However, Fiocchi et al. in their study, aimed to
evaluate the stress oxidative biomarkers in sea bass, also observed immunoprecipitates for HNE in the
same organs [55], validating the use of this substance as stress biomarker.

Conversely, a significant higher expression of MMCs was observed in organic vs. conventional diet
fed fish. However, this preliminary result, to be confirmed by a greater number of data, is discordant
with Montero et al. [56] that reported an increased number of MMCs in Sparus aurata juveniles fed
with a diet, low in EPA and DHA but could be related to a more efficient system of detoxification
in the organic fishes or to the source of proteins and lipids within the organic diet. Organic farming
condition could have developed a more reactive system of detoxification in fishes e.g., a higher MMCs
rate leading to a better ability to respond versus potential stressors. Since few studies on MMCs centers
in organic farmed sea bass are available, this result could be compared with what Magrone et al. [57]
and Arciuli et al. [58] found in sea bass fed a diet enriched with polyphenols extracted from red grape.
In fact, they also observed an increase of splenic and kidney MMCs number, area and activity in
fish fed polyphenols, demonstrating how alternative feeding could indeed enhance the action of the
immune and oxidative system. Otherwise, piscivorous fish represent an important accumulator of
heavy metals and/or other pollutants since fish meal and oil used in organic aqua-feed are notoriously
a source of contaminants [27]. As reported in salmon feeds [59,60], the fish oils obtained from feral
pelagic fish species are considered the main source of persistent organic pollutants (POPs). In order to
contain this problem, decontamination techniques have recently been developed to effectively remove
persistent organic contaminants from fish oils [61,62]. Moreover, wild foods are notoriously highly
nutritious but restricted in quantity and the use of fish-derived meal and oil, if on the one hand is
closer to the natural life of the fish, on the other hand it does not match the principle of sustainability,
causing overexploitation of fisheries and wild stocks [63] and should be reduced.

The chemical composition of the organic and conventional diets administered to the sea bass
differed in terms of ether extract values, lower in the organic diet, and ash content and crude protein
content higher compared with the conventional diet. The fillet FA profile is known to be strictly
dependent on the diet. Indeed, the level of n-3 PUFAs largely depends on the dietary level and the
types of supplemented fish meal and oils, especially vegetable oil [2,64–66]. Even if the precise source
of fish oil used in the two diets was not declared by the producer, the high level of eicosenoic acid
and cetoleic acid makes to presuppose that the organic diet was likely supplemented with a blend
of fish oils containing herring oil. The organic aquaculture regulation fixes a maximum inclusion
level of vegetable feeds at 60% of the diet and indirectly imposes a 40% level of fish meal and oil as a
minimum and this should be reflected in the FA fillet composition of organic vs. conventional fed
fishes as previously found by Trocino et al. [47].

5. Conclusions

In conclusion, this was a field study aimed to evaluate the growth performances as well as the
expression of IGF-I and IGF-II mRNA, the oxidative stress and contaminant response in European
sea bass fed with organic diet. The study was carried out as a pilot study in a small commercial
plant to verify the feasibility of the production of sea bass using organic feed. These productive
conditions impeded replications but give first results, although preliminary, on commercial production
volumes. Our results highlighted a greater productivity in conventional fed fish comparing to the
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organic ones. The higher productivity was likely due to diet composition, since differences were
significantly mitigated during starvation period. On the other hand, the considered oxidative stress
and contaminant markers did not show any significant differences among groups. Feeding fish with
diets with a content in fatty acids closer to that of wild fish definitely affect the nutritional value of
the flesh in terms of the fatty acid profile. The consumption of the derived flesh could be considered
more appropriate and healthier than the conventional one but due to the exploitation of some fisheries,
wild-caught fish could not be the answer to the organic feed requirements. The findings and limitations
raised in this study could stimulate a challenging debate in the field of organic fish nutrition in order
to think a new concept of organic fish nutrition and consequently to better address required future
researches in the same field.
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Simple Summary: Aquaculture is the fastest growing food-producing sector due to the increase
of fish intended for human consumption. However, aquaculture growth generates concerns, since
carnivorous fish are extensively fed using fish-meal and fish-oil. This constitutes a severe limit
to the aquaculture industry, questioning its sustainability. Consequently, alternative feeds are
continuously searched through extensive in vivo feeding trials. Undoubtedly, to evaluate their impact
on the gastrointestinal tract health, detailed knowledge of the intestine morphology and physiology
is required. To date, extensive studies have been performed in several livestock species; however,
available information on fish is limited nowadays, most importantly because their alimentary canal is
able to easily adapt to external stimuli, and their intestinal morphology is affected by external factors.
Therefore, it is essential to establish accurate reference values, especially along the productive cycle
of animals raised in standardized conditions. Here, we performed a detailed characterization of
the epithelial cells lining the intestinal mucosa in rainbow trout along the first year of development.
We studied the absorptive and secretory activity as well as its ability to self-renewal. Our results
indicate that, in this species, both digestive and absorptive functions are not linearly distributed along
the intestinal length.

Abstract: To increase the sustainability of trout farming, the industry requires alternatives to fish-based
meals that do not compromise animal health and growth performances. To develop new feeds,
detailed knowledge of intestinal morphology and physiology is required. We performed histological,
histochemical, immunohistochemical and morphometric analysis at typical time points of in vivo
feeding trials (50, 150 and 500 g). Only minor changes occurred during growth whereas differences
characterized two compartments, not linearly distributed along the intestine. The first included
the pyloric caeca, the basal part of the complex folds and the villi of the distal intestine. This was
characterized by a significantly smaller number of goblet cells with smaller mucus vacuoles, higher
proliferation and higher apoptotic rate but a smaller extension of fully differentiated epithelial cells
and by the presence of numerous pinocytotic vacuolization. The second compartment was formed by
the proximal intestine and the apical part of the posterior intestine complex folds. Here we observed
more abundant goblet cells with bigger vacuoles, low proliferation rate, few round apoptotic cells,
a more extended area of fully differentiated cells and no pinocytotic vacuoles. Our results suggest
that rainbow trout intestine is physiologically arranged to mingle digestive and absorptive functions
along its length.

Animals 2020, 10, 745; doi:10.3390/ani10040745 www.mdpi.com/journal/animals

265



Animals 2020, 10, 745

Keywords: intestine; epithelium; folds; renewal; rainbow trout

1. Introduction

Rainbow trout (Oncorhynchus mykiss) is one of the most widespread species in aquaculture due
to its many merits that include adaptability to the farming environment, reproductive efficiency
and disease resistance [1]. Nevertheless, the pressure to optimize the farming efficiency is constant
and involves different aspects, including the continuous refinement of the diet [2]. Environmental
sustainability and costs are the main drivers in the search for the optimal aquafeed, while progress
depends on the accurate knowledge of intestine physiology in this and other related farmed species.

The gastrointestinal tract (GI) promotes the absorption of nutrients acting as a selective filter
between the lumen and the circulatory system, but it simultaneously avoids the passage of harmful
intraluminal xenobiotics [3]. Extensive and accurate studies on intestinal morphology have been
performed in different livestock species [4], such as poultry, ruminants and pig [5], whereas in fish,
a detailed morphological and functional characterization of the intestinal wall is still limited. In fact,
fish being the largest group of vertebrates [6], are an extremely numerous and heterogeneous group.
Several studies focused on the Teleostei intestinal features showed a wide variability among species due
to diet, phylogeny and body shape [6]. Their GI can quickly and reversibly adapt to the environmental
changes based on their physiological requirements [7]. The morphology of their alimentary canal is
determined by different factors, such as taxonomy, feeding habitats, food type and frequency of food
intake [8], making its detailed study and characterization complicated.

Current histological parameters used to determine the rainbow trout gut health in correspondence
of dietary modifications are based on classical morphological changes. These include villus shortening,
widening of lamina propria of villi, nuclear position disparity, intraepithelial lymphocyte infiltration,
qualitative changes in mucus secretion [9] and massive enterocyte vacuolization. Parameters are
accurately measured in the proximal intestine, whereas the analysis of the distal intestine is less detailed,
possibly due to its complex morphology. This distal intestine is the major site of macromolecules
absorption in most fish species, including salmonids [7]. In addition, only a few studies have been
performed on rainbow trout intestine report quantitative data [10], while most of them are based on
qualitative observations [6]. Finally, these studies are rarely carried out in animals raised in optimal
and standardized conditions and do not consider the relationship between intestinal morphology
and fish growth. Therefore, the aim of this work was to characterize the intestinal epithelial cells
in rainbow trout to establish accurate reference values and to identify novel markers for increasing
the sensitivity of earlier investigations. To this purpose, we studied individuals raised in standard
conditions and ranging from 50 to 500 g in weight, the size range used for feeding trials.

2. Materials and Methods

2.1. Samples Collection

Five female rainbow trout (Oncorhynchus mykiss) for each age (7, 10, 12 months, weighing
approximately 50, 150 and 500 g respectively) were euthanized under total anesthesia according to
Annex IV EU guideline 2010/63, during non-experimental clinical veterinary practices. Fish were
maintained in 600 L volume tanks with a water flow of 700 L/h and were reared under a photoperiod
regimen of 24 h light. The water temperature was maintained constant at 15 ◦C.

These stages correspond to time points used in in vivo feeding trials. Moreover, in our experiment,
these steps correspond to stepwise increase of digestible energy: 18 MJ/kg up to 50 g, 18.5 MJ/kg
from 50 to 150 g and 19 MJ/kg up to 500 g (Optiline, Skretting, Verona, Italy). Animals included in
this study were healthy and were raised in optimal conditions at Skretting Italia Spa (Verona, Italy).
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Immediately after sacrifice, a longitudinal incision along the ventral line was performed and the whole
gastrointestinal (GI) tract was removed.

At sampling time, each animal included in this study was weighed and its length measured.
Once the whole intestinal tract was removed, the length of each tract was also defined. All the observed
values are reported in Table 1 and are expressed as mean ± SD.

Table 1. Gross anatomy measurements in rainbow trout along the first year of development.

Trout Weight
(g)

N.
Rainbow Trout

Length (cm)
Whole Intestinal

Length (cm)

Intestinal Segment Length (cm)

Proximal Distal

50 5 16.8 ± 0.29 9.7 ± 0.62 6.0 ± 0.30 3.6 ± 0.28
150 5 22.7 ± 0.58 15.1 ± 0.80 9.0 ± 0.30 6.0 ± 0.50
500 5 32.4 ± 0.53 26.1 ± 0.76 18.2 ± 0.64 7.9 ± 0.11

Values are expressed as mean ± SD.

We collected segments of 2 cm of both anterior and posterior intestine. We defined as anterior
intestine the tract comprised between the pyloric sphincter and the ileum-rectal valve. For consistency,
we sampled only the segments with annexed pyloric caeca. We considered as distal intestine
the tract downstream of the ileum-rectal valve characterized by larger diameter, darker pigmentation
and circularly arranged blood vessels. For consistency, we collected all samples in the middle of this
tract (Figure 1). Samples were immediately fixed in 10% neutral buffer formalin for 24 h at room
temperature, dehydrated in graded alcohols, cleared with xylene and embedded in paraffin.

 
Figure 1. Selected regions of the samples collection.

2.2. Histology and Histochemistry

After dewaxing and re-hydration, 5 μm thick sections were stained with hematoxylin/eosin (HE)
to evaluate the morphological features. Other sections were stained with Periodic acid–Schiff (PAS)
or with Alcian Blue pH 2.5 (AB) for histochemical purposes. Subsequently, new slides, were stained
with Periodic acid–Schiff (PAS)/Alcian Blue pH 2.5 staining kit (Bio Optica, 04-163802) to analyze
the overall complex carbohydrates [11,12].

Lendrum’s staining was used to identify acidophilic granules containing cells. Sections were
incubated with Phloxine B to visualize acidophilic compounds and then with Tartrazine to remove
the non-specific staining.

The alkaline phosphatase expression was used as a marker for the identification of fully
differentiated epithelium. Briefly, slides were rehydrated and brought to distilled water, were then
immersed in fresh Tris HCL (pH 9.5) solution to create the alkaline environment for 5 min. They were
then incubated with BCIP/NBT substrate (5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium,
(Vector Laboratories, SK-4500 USA), which produces an indigo reaction product in the presence of
alkaline phosphatase (AP) enzyme. Sections were then rinsed in tap water, counterstained using
Mayer’s hematoxylin, dehydrated and mounted.
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2.3. Morphometric Evaluation

Images were acquired using a NanoZoomer S60 Digital slide scanner (Hamamatsu photonics,
Hamamatsu city, Japan)) and observed at continuous magnifications between 20× and 80×.
Villi morphometric evaluation was performed on HE-stained sections using the NDP.view software
(Hamamatsu, Japan). For each fish, we measured 20 villi for each intestinal tract and 10 complex folds
in the distal intestine. Villus height was calculated from the apex of the villus to the villus-intestinal
folds junction; villus width was measured at the base, at the middle and at the apex and it was
expressed as the mean of the three measurements. Fold height was measured from the compactum
layer of the submucosa to the apex of the folds. Goblet cells were counted along 1 mm of epithelium
for each intestinal compartment in each fish. The precise length of the epithelial lining was measured
using the specific function of the NDP.view software. Volume of goblet cell mucus vacuoles was
estimated using the same software. For each sample, 50 goblet cells were evaluated in all intestinal
sections considered.

2.4. Quantitative Stereological Analysis

Systematic sampling was performed as described in detail previously [13]. Briefly, the estimation
of the volume densities (Vv) of the separate layers of the intestine was based on the general principle
of Delesse [14]. The volume of each layer was estimated from the fractional area of the structure of
interest (e.g., the mucosa) and the total area of the reference compartment (e.g., the intestinal wall) was
measured in histological cross-sections. Area-measurements were performed by point-counting [13],
as specified below. For estimation of the volume densities of the different layers, the regions of interest
containing the respective reference compartments were defined in the histological sections. Within
these regions of interest, systematically randomly sampled areas (70% of the total sectional area of
the region of interest) were photographed and superimposed with an adequately sized grid of equally
distant points. The number of points hitting the interested structure and the respective reference
compartment were counted and the fractional area of the structure of interest and the total area of
the reference compartment were then calculated from the respective quotient of points hitting these
structures. The magnification was chosen to allow the relevant portion of the intestinal wall to be
contained in each field of vision. Vv were expressed as percentages and were calculated as follows:

Vv(analyzed compartment, reference compartment) =
[∑

P(analyzed compartment)/
∑

P(reference compartment)
]
× 100

where
∑

P(analyzed compartment) is the number of points hitting the compartment under study,
and
∑

P(reference compartment) is the number of points hitting the relevant structure.

2.5. Immunohistochemistry

Proliferating cell nuclear antigen (PCNA) localization was characterized by indirect
immunohistochemistry using the Avidin Biotin Complex method (VECTASTAIN® Elite® ABC,
Vector Laboratories, Burlingame, CA, USA) following manufacturer instructions. Briefly, slides were
brought to boiling in 10 mM sodium citrate buffer, 0.05% Tween20 (pH 6) in a pressure cooker for
1 min for antigen retrieval. After cooling at room temperature for 20 min, sections were rinsed in
PBS (phosphate-buffered saline, pH 7.4) and then were immersed in 3% H2O2 solution in methanol
for 15 min to quench the endogenous peroxidase. To prevent aspecific binding, sections were then
incubated in Normal Blocking Serum (Vectastain ABC Elite KIT, Burlingame, CA, USA) at room
temperature for 30 min. Sections were incubated with Anti PCNA Mouse monoclonal antibody
1:1600 (Millipore Corporation, MAB424, Darmstadt, Germany) diluted in 4% BSA in PBS with 0.05%
Tween20, for 60 min at room temperature in a humid chamber. Sections were then incubated with
appropriate biotinylated secondary antibody for 30 min at room temperature in a humidified chamber
followed by the avidin-biotinylated horseradish peroxidase (HRP) complex (Vectastain ABC Elite
KIT, Burlingame, CA, USA) for another 30 min. Finally, sections were incubated with ImmPACT
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NovaRED substrate (Vector Laboratories, SK-4105, Burlingame, CA, USA), which produces a red
reaction product in the presence of peroxidase (HRP) enzyme. Sections were then briefly counterstained
with Mayer’s hematoxylin, dehydrated and permanently mounted with a mounting media (Bio-Optica,
05-BMHM100, Milano, Italy). Secondary antibodies controls were performed following the same
staining protocol but omitting the primary antibody.

2.6. TUNEL Test

Peroxidase in situ detection Apoptosis kit (Millipore Corporation, S7100, Darmstadt, Germany)
was used to detect cells undergoing apoptosis following the manufacturer instructions. In brief, sections
were brought to boiling in 10 mM sodium citrate buffer, 0.05% Tween20 (pH 6) in a pressure cooker for
1 min to improve the access of the terminal deoxynucleotidyl transferase (TdT) to the fragmented DNA.
Slides were then cooled at room temperature for 20 min, washed in PBS, and incubated in a humidified
chamber for 15 min in 3% H2O2 in methanol to quench endogenous peroxidase. Sections were rinsed
in distilled water, exposed to equilibration buffer (Millipore Corporation, S7100, Darmstadt, Germany)
for 20 s and incubated with TdT enzyme digoxigenin-conjugated in a humidified chamber at 37 ◦C for
60 min. TdT enzyme was previously diluted in reaction buffer (1:32) (Millipore Corporation, S7100,
Darmstadt, Germany). Reaction was stopped by immersing sections in fresh prepared stop/wash
buffer in a Coplin jar for 10 min. Anti-Digoxigenin peroxidase conjugated antibody was applied to
slides for 30 min at room temperature. Samples were then washed in PBS and were incubated with
3,3′-diaminobenzidine solution (ImmPACT® DAB, SK-4105 Vector Laboratoris, Burlingame, CA, USA),
which, in the presence of a peroxidase (HRP) enzyme, produces a brown reaction product. Sections
were then briefly counterstained with Mayer’s hematoxylin, dehydrated and permanently mounted
with a mounting media (Bio-Optica, 05-BMHM100, Milano, Italy).

2.7. Statistical Analysis

Quantitative data were expressed as mean ± SD. Results were analyzed by using One-way or
Two-way analysis of variance (ANOVA) followed by all-pairwise multiple comparison test with
the Holm–Sidak method. The two independent variables considered (animal weight and intestinal
tract) were independent of each other, and there was no relationship between the observation in each
group or between the groups themselves. Dependent variables considered (mucosa volume, goblet cells
number and vacuoles volume and goblet cells producing acid, neutral and a mixed combination of
them) were normally distributed according to the Shapiro–Wilk normality test. The homogeneity of
variance was assessed through Bartlett’s test. Differences were considered statistically significant if
p < 0.05.

3. Results

3.1. Gross Anatomy

Macroscopically, the rainbow trout intestine corresponds to the general description of this organ
in teleost fish [15]. It comprised a proximal intestine with blind diverticula called pyloric caeca
annexed to its upper part and a distal intestine [15]. The latter is characterized by a larger diameter,
dark pigmentation and circularly arranged blood vessels in agreement with a previous study performed
in Brown trout [16]. Circular folds protruding from the distal intestinal wall towards the lumen were
also evident even if this is not a typical teleost feature.

3.2. Microscopical Anatomy

Pyloric caeca, proximal and distal intestine are lined by a tunica mucosa constituted by epithelium
and lamina propria forming villi along all tracts.

Villus length in pyloric caeca increased significantly in parallel with age (Table 2). Interestingly,
in this region, at 500 gr we observed enterocytes supranuclear vacuolization (Figure 2).
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Table 2. Evaluation of pyloric caeca histometry in rainbow trout along the first year of development.

Trout Weight N. Pyloric Caeca (μm) Enterocytes Supranuclear Vacuolization (SNV)

50 g 5 380.91 a ± 35.85 −
150 g 5 719.50 b ± 32.45 −
500 g 5 1011.50 c ± 18.14 +

Values are expressed as mean ± SD. a–c Different superscripts in the same column indicate significant differences
(p < 0.05) determined by one-way ANOVA (animal weight independent variable). The presence or the absence of
enterocytes supranuclear vacuolization are indicated with “+” or “−” respectively.

Figure 2. Hematoxylin/eosin (HE) stained section, showing the presence of enterocytes supranuclear
vacuolization (SNV) and goblet cells (GC) in the pyloric caeca of 500 gr rainbow trout.

In the proximal intestine, we observed a wide variation of villus length. In order to reduce
the wide standard deviation and making possible a meaningful statistical analysis, we divided them
into two arbitrary groups: shorter and longer of 400 μm. Average short villi (below 400 μm) length
remained constant during growth, whereas long villi (above 400 μm) increased their length significantly
when animals reached the 500 gr size (Table 3). At the same time, villi in the larger animals became
more branched (Figure 3) whereas short villi were rarer. No supranuclear vacuoles were observed in
the proximal intestine enterocytes.

The large circular folds observed macroscopically in the distal tract, corresponded to complex
folds formed by tall primary extroflexions of the muscular and mucosal layers. From their main
axis, secondary extroflexions of epithelium and lamina propria formed villi like those present along
the rest of the intestinal wall. Along the entire length of the posterior intestine, the complex folds
were interspersed at regular intervals among normal villi. Also, in the distal intestine, villi were very
heterogenous in length, so we divided them into shorter or longer than 400 μm. Their length, as well
as the height of the complex folds, remained constant along development. Villi and folds in the distal
tract had to be measured on longitudinally embedded samples to appreciate and to measure the typical
folds structure. Unfortunately, due to the very small lumen of the 50 g samples, the opening procedure
damaged the mucosa morphology to the point of compromising an accurate morphometric analysis of
the height of the folds. Therefore, we decided to exclude this data from the analysis (Table 4).
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Table 3. Evaluation of proximal intestine histometry in rainbow trout along the first year of development.

Trout Weight
(g)

Proximal Intestine

N. Short Villi Length (μm) Long Villi Length (μm) Villi Width (μm) Villi Branching

50 5 251.0 a ± 13.5 470.4 a ± 64.6 96.0 a ± 11.4 −
150 5 310.3 a ± 44.5 555.8 a ± 64.2 122.9 b ± 10.1 +

500 5 250.3 a ± 42.1 657.8 b ± 49.1 116.9 b ± 14,4 ++

Values are expressed as mean ± SD. a–b Different superscripts in the same column indicate significant differences
(p < 0.05) determined by one-way ANOVA (animal weight independent variable). The absence or the occurrence of
villi branching is indicated with “−” and “+” respectively. “++” indicate an increase in villus branching.

 

Figure 3. Branching of intestinal villi in the anterior intestine of rainbow trout during growth ((A) 50 g;
(B) 150 g; (C) 500 g).

Table 4. Evaluation of distal intestine histometry in rainbow trout along the first year of development.

Distal Intestine

Trout Weight (g) N. Short Villi Length (μm) Long Villi Length (μm) Folds Height (μm)

50 5 − − −
150 5 211.1 ± 3.1 592.4 ± 19.3 1284.9 ± 51.0
500 5 202.4 ± 20.1 556.5 ± 37.0 1410.1 ± 201.7

Values within the same column indicate no significant differences (p > 0.05) determined by one-way ANOVA
(animal weight independent variable).

In the distal intestine, villi protruding from the organ wall and those located at the basal part of
the complex folds presented pinocytotic vacuoles, whereas those located at the folds apex did not.
The latter, on the contrary, were characterized by numerous actively secreting goblet cells as observed
in the villi of the proximal intestine (Figure 4).

Along all intestinal tracts, the tunica submucosa was composed of a thick compactum layer
interposed between two thin granulosum layers, so-called because of the presence of the characteristic
granular cells. The upper granulosum layer was always thinner than the bottom one. Notably,
the tunica submucosa present in the complex folds axis was homogeneous with neither compactum
nor granulosum layers.

The whole intestinal tract possessed a thick muscle layer composed of an inner circular and outer
longitudinal layer. Circularly-arranged muscle cells were also clearly visible within the apical part of
the complex folds of the distal intestine but not at their base.

No inflammation features were observed, such as villi shortening and nuclear positioning disparity.
Only a few intraepithelial lymphocytes were found confirming the animals’ healthy state.
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Figure 4. HE stained section of a complex fold in the distal intestine: parietal villi (A), as well as villi
emerging from the basal part of the fold (B,C), were both covered by pinocytotic vacuoles (PV). At one
point, the epithelium morphology along the fold, drastically changed: pinocytotic vacuoles tended to
disappear (D). The apex of the fold presented goblet cells (GC) and non-vacuolated enterocytes (E).

3.3. Quantitative Sterological Analysis

Volume estimation of each intestinal layer indicated that the mucosa was the predominant layer
in both intestinal tracts. Moreover, the mucosa volume was significantly higher in the distal than in
the proximal intestine at all ages and remained unchanged during development (Figure 5). The bigger
mucosa volume of the posterior tract was not due to an alteration of the epithelium:lamina propria
ratio since it remained constant in the different groups and indicated a healthy intestinal tract.

3.4. Goblet Cells

Goblet cell numbers and vacuole volume were not homogenously distributed among the different
intestinal tracts. Goblet cells were significantly more abundant and their vacuoles significantly bigger
in the proximal intestine and in the apical part of the posterior intestine complex folds. Villi of the distal
intestine and of the basal part of the complex folds shared with the pyloric caeca a smaller goblet cell
number and vacuole volume (Figure 6).

The accurate quantitative analysis of goblet cells was limited to the proximal intestine
and the pyloric caeca because the number of PAS-positive goblet cells in the distal part was confounded
by the presence of numerous PAS-positive pinocytotic cells (Figure 7).

PAS staining revealed that most goblet cells had a low affinity for Periodic acid-Shiff (Figure 8),
but most of them strongly reacted with Alcian Blue pH 2.5 (Figure 9). Therefore, in order to have
a more detailed qualitative analysis, we performed a combined PAS-Alcian Blue staining. This revealed
a range of blue stain intensity in all investigated tracts indicating a heterogenous production of complex
carbohydrates. A few cells produced only neutral mucous (PAS positive-magenta cells), some produced
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acid mucous (AB positive-light blue cells), while the majority secreted a mixed combination of acid
and neutral mucous (PAS-AB positive-dark blue cells) (Figure 10).

 

Figure 5. Volume density (Vv) estimation of rainbow trout’s intestinal layers in the proximal and distal
intestine during growth. Data are expressed as a percentage of the whole intestinal wall. a–c Different
superscripts in the same layer indicate significant differences (p < 0.05) determined by two-way ANOVA
(animal weight and intestinal tract: independent variables).

 
Figure 6. Goblet cells number (A) and volume (B) within five regions of the intestinal tract: proximal
intestine (PI), pyloric caeca (PC), distal intestine (DI), basal (BP-DI) and apical part (AP-DI) of the complex
folds of the distal intestine. Values are measured at three different stages of development (50, 150
and 500 g). a–c Different superscripts within the same histogram indicate significant differences (p < 0.05
or p < 0.005) measured by two-way ANOVA (animal weight and intestinal tract: independent variables).
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Figure 7. Alcian Blue–Periodic acid–Schiff (AB-PAS) stained section showing the presence of numerous
PAS-positive pinocytotic vacuoles (arrows) on the villi of the distal intestine (A), as well as, on the basal
part of the complex folds (B); whereas, they were completely absent at the fold apex (C).

 
Figure 8. Representative figure of PAS stained section of the anterior intestine of rainbow trout.

In the proximal intestine, the distribution of the different types of goblet cell was the same in
short and long villi. In both types of villi, however, the number of goblet cells producing acid mucus
significantly increased in 500 g individuals in parallel with the onset of villi branching (Figure 11).
We did not observe the same trend in the pyloric caeca where the quality of mucus secretion remained
constant along development (Figure 12).
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Figure 9. Representative figure of AB pH 2.5 stained section of the anterior intestine of rainbow trout.

Figure 10. AB-PAS stained section showing the presence of a heterogenous populations of goblet
cells. Most mucus-secreting cells produced a mixed secretion (PAS-AB positive-dark blue cells),
some secreted acid mucins (AB positive-light blue cells), and a smaller amount produced neutral mucus
(PAS positive-magenta cells).

 

Figure 11. Estimation of the percentage of goblet cells secreting acid mucins (AB positive), mixed
mucins (AB/PAS positive) and neutral mucins (PAS positive) in the proximal intestine of both short
(A) and long (B) villi along rainbow trout development. a–e Different superscripts within the same
histogram indicate significant differences (p < 0.05) measured by one-way ANOVA (animal weight:
independent variable).
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Figure 12. Estimation of the percentage of goblet cells secreting acid mucins (AB positive), mixed
mucins (AB/PAS positive) and neutral mucins (PAS positive) in the pyloric caeca along rainbow trout
development. In this region, the quality of mucus secretion remained constant along development.
The same superscripts a–c within the same histogram indicate no significant differences (p > 0.05)
measured by one-way ANOVA (animal weight: independent variable).

3.5. Intestinal Eosinophilic Granule Cells

Round cells positive to the Phloxine tartrazine staining were observed in the upper and lower
granulosum layers of the submucosa along the whole intestinal length. At high magnification,
these cells showed the presence of cytoplasmatic granules enabling their classification as eosinophilic
granule cells (EGCs). Their shape and position do not correspond to the typical Paneth cell. These cells,
however, were negative for both alkaline phosphatase and peroxidase, suggesting that EGCs do not
possess the morphological characteristics of Mast cells (Figure 13).

 
Figure 13. HE (A) and phloxine tartrazine (B) stained sections showing intestinal eosinophilic granule
cells within the granulosum layers of submucosa (a—nucleus; b—eosinophilic granular cytoplasm).

3.6. Proliferation, Differentiation and Apoptosis

A strong PCNA signal was detected within the intestinal folds at the basis of the villi, confirming
that the stem/progenitor cell zone is located here at all ages, in all investigated regions. In the proximal
intestine, PCNA was not limited to the folds but was also expressed in correspondence of villi branching
points. Mature, fully differentiated epithelial cells were identified by the histochemical detection of
the alkaline phosphatase (AP) activity. As expected, the signal was localized along the villi length
and at their apex.

As for the goblet cells also, the AP/PCNA staining pattern was not homogeneous along the intestine
and we could identify two patterns. One characterized by a restricted proliferating area accompanied
by an expanded differentiated zone present in the proximal intestine and in the apical region of
the complex folds of the distal intestine. The other characterized by an extended proliferating area
accompanied by a restricted differentiated zone present in pyloric caeca and distal intestine villi and in
the basal part of the complex folds (Figures 14 and 15).
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Figure 14. Proliferating cell nuclear antigen (PCNA) immunolocalization was observed within
the intestinal folds at the basis of the villi in both proximal (PI) and distal (DI) intestine in all
investigated stages. PCNA+ cells were also found in correspondence of villi branching points in
the proximal intestine. Cell proliferation was more intense and widespread in the distal compared to
the proximal intestine in all investigated stages. Fully differentiated enterocytes expressing alkaline
phosphatase (AP) activity were observed at the villi apex, but conversely, its expression was stronger
and more widespread in the proximal compared to the distal intestine in all ages.

 

Figure 15. Representative figure of PCNA combined AP stained section pf pyloric caeca showing
a proliferating pattern similar to that observed in the distal intestine and in the basal part of
the complex folds.
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Cells undergoing apoptosis were identified using the TUNEL assay and showed different patterns
along the intestine. Only a few cells undergoing apoptosis were visible in the proximal intestine
and on the apical part of the complex folds, whereas, many more were detected in the pyloric caeca, in
the distal intestine villi and on the basal part of the folds (Figures 16 and 17). Apoptotic cells presented
two different morphology: round and slender. Round cells were present along the entire intestinal
mucosa and could be detected exfoliating into the intestinal lumen (Figure 18). Slender cells were
found exclusively in the pyloric caeca, in the villi and in the basal part of the complex folds of the distal
intestine. The same cells displayed a dark eosinophilic cytoplasm if stained with eosin, periodic
acid-Schiff or phloxine.

 

Figure 16. Representative figure of cells undergoing apoptosis showing only a few round apoptotic
cells in the anterior tract (A) and many more apoptotic cells, both round and slender in the pyloric
caeca (B) and in the posterior intestine (C).

 
Figure 17. Representative figure of cells undergoing apoptosis showing numerous, both round
and slender apoptotic cells in the basal part of the complex folds (A,B) and only a few round apoptotic
cells in the apical part of the complex folds (C,D).
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Figure 18. In situ detection of cells undergoing apoptosis showing three different apoptotic stages: A:
early apoptotic stage; B: apoptotic body: C: cells exfoliating into the intestinal lumen.

Overall, proliferation, differentiation and apoptotic rate were not homogenously distributed
along the intestinal epithelium. The pyloric caeca, the distal intestine wall as well as the basal part of
the complex folds were characterized by high proliferation and high apoptotic rate but low alkaline
phosphatase expression, which also appeared to be fragmented. In contrast, the proximal intestine
and the apical part of the complex folds were characterized by a low PCNA expression, few round
apoptotic cells and a strong alkaline phosphatase signal (Figure 19).

 
Figure 19. Representative figure of PCNA immunolocalization (red), histochemical detection of
differentiated cells (blue) and in situ detection of apoptotic cells (brown). The apical part of the complex
folds was characterized by a low PCNA expression, few round apoptotic cells and a strong alkaline
phosphatase signal (A,B). In contrast, high proliferation and high apoptotic rate associated with low
alkaline phosphatase expression in the basal part of the complex folds were observed (C,D).

4. Discussion

Here, we performed a detailed characterization of the intestinal epithelial cells lining the intestinal
tract in rainbow trout along the first year of development.
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Macroscopically, the morphology of rainbow trout intestine corresponds to the general description
of this organ in teleost fish [17] with the peculiar presence of complex folds protruding from the distal
intestinal wall towards the lumen. These structures have been previously described in close species
like Salmo trutta and Salmo salar [9,16] as well as in more distant ones like sharks [18] but are not
common to all teleost species [17,19,20]. At present, their detailed morphology remains poorly known,
and their function is even less understood [16]. It is interesting to note that a circular tunica muscularis
was present at the apex of these folds, while the tunica submucosa was reduced to a thin layer of
connective tissue with neither the compactum nor granulosum layers. This arrangement suggests
that the complex folds can contract independently from the rest of the distal intestine wall, possibly
separating two functional compartments [16].

The wide variation of villi length observed in the proximal intestine prompted us to divide the villi
into two populations based on their length. This enabled us to notice that, at 500 gr, only the long
villi increased their average length, while the number of short villi diminished. At the same time,
villi fusion and branching became evident. Some authors sustain that villi fusion represents a typical
inflammation sign [9,21], whereas others support the hypothesis that mucosa folds simply get more
complex in parallel with growth [16]. Based on our observations, we hypothesize that branching may
be accompanied by or due to the short villi fusing into the long ones suggesting possible functional
differences between the two villi types. Consistent with previous observations in Salmo salar [15],
we did not observe villus branching at any age in the pyloric caeca, but in this tract, supranuclear
pinocytotic vacuolization became visible in enterocytes of 500 gr individuals that could be related to
lipid accumulation [9]. Similar vacuolization was present in the enterocytes lining the villi and the basal
part of the complex folds of the distal intestine, but not in the proximal intestine nor in the apical part of
the complex folds. In the adult goldfish, Carassius auratus these vesicles are known to be specialized
in the uptake of large intact molecules [22]

Goblet cells followed two different patterns: numerous, swollen, actively secreting cells,
in the proximal intestine and in the apical part of the distal intestine complex folds; scarce and inactive
in the pyloric caeca and in the rest of the distal intestine. Our observation that the number of goblet
cells was significantly more abundant in the proximal than in the distal intestine is in contrast with
other data present in the literature [8,19]. However, a recent study suggests that the greater abundance
of goblet cells within the posterior tract could be a misinterpretation due to the massive presence of
pinocytotic vacuoles in the apical part of the enterocyte’s cytoplasm [23]. Moreover, goblet cell density is
strongly affected by several external factors comprising nutrition, physiology and immunology [24,25],
and this must be considered as a possible source of variability. On the contrary, our finding of
goblet cells producing different mucous substances agrees with previous results in several teleost fish,
including rainbow trout [4,8,10]. Interestingly, the significant increase of acid glyconjugates observed
in the anterior intestine, the increase of villus branching and the appearance of vacuolized enterocytes
in the pyloric caeca all occurred in correspondence with the increase of lipid concentration in the diet.
Consequently, since qualitative changes in mucins composition are associated with gastrointestinal
disorders, our data suggest the hypothesis that the last diet change may have caused a mild stress [24].

We identified eosinophilic granule cells (EGCs) within the submucosa granular layers. in agreement
with previous observations in the Salmo salar [26]. EGC are considered the functional equivalent of
Paneth cells and indeed, EGCs found in Rainbow trout were positive to Phloxine-tartrazine staining
that is specific for Paneth cells. They play a pivotal role in intestinal mucosa defense by secreting
antimicrobic peptides and in intestinal stem cells regulation [27]. However, their position outside
the epithelium is not compatible with that of bona fidae Paneth cells. Recent data report that the stratum
granulosum hosts numerous eosinophilic mast cells involved in the inflammatory process [28], so that
some authors simply consider eosinophilic granule cells to be mast cells [29]. Our data do not support
this conclusion because rainbow trout ECG did not contain alkaline phosphatase nor peroxidase as
opposed to mast cells described in fish.
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The localization of proliferative cells at the base of the villi in the pyloric caeca and in both anterior
and posterior intestine confirmed that the stem/progenitor cells zone is located within the intestinal
folds in all ages, in agreement with previous reports in Salmo salar [16] and Salmo trutta [30]. However,
cell proliferation was not homogeneous in the different intestinal districts but followed the dual pattern
described for goblet cells: in the proximal intestine and apical part of the distal intestine complex folds,
proliferation was restricted to the bottom of intestinal folds, whereas in the pyloric caeca, in the rest
of the distal intestinal the signal was more spread along the villus length. Interestingly, spots of cell
proliferation were observed also along the villi length but only in the proximal intestine of 500 gr
individuals. We hypothesize that these spots correspond to newly formed branches.

Alkaline Phosphatase (AP) is considered a marker for mature enterocytes [31]; however,
we observed a clear signal on the apical part of all differentiated cells. This is in agreement with
previous observations in mouse small intestine [32]. As expected, the extension of the cell proliferating
compartment was inversely proportional to that of fully differentiated cells. However, it was interesting
to note that, once again, this distribution also followed a double pattern as described for the other
aspects: the anterior intestine and the apical part of the distal intestine complex folds showing low
proliferation and extensive differentiation while the opposite occurred in the pyloric caeca and in
the rest of the distal intestine. Moreover, low proliferation corresponded to low frequency of apoptotic
cells, while high proliferation corresponded to high apoptotic rate. These observations suggest that
the proximal intestine and the apical part of the complex folds are subjected to a lower renewal rate
compared to the pyloric caeca and the rest of the distal intestine. Apoptotic cells had two different
morphologies: round and slender. Round cells correspond to the classical morphological features
of apoptotic bodies already described in mouse small intestine [33]. They were localized along
the villi length, at their tip as well as exfoliating into the intestinal lumen. Slender cells, with a strong
eosinophilic cytoplasm, were observed only in the distal intestine, on the apical part of the complex
folds and in the pyloric caeca. These features correspond to the early apoptotic stages in which dying
cells assume the typical funnel-like structure with crescent nuclei and display a strongly acidophilic
cytoplasm due to chromatin condensation [34].

5. Conclusions

Our data indicate that pyloric caeca, the villi and the basal portion of the complex folds in
the distal intestine have a number of common morphological characteristics that set them apart from
the proximal intestine and from the apical portion of the distal intestine complex folds. This indicates
that rainbow trout intestine is characterized by the discontinuous distribution of two different
morphological and functional compartments. Therefore, our results suggest that rainbow trout
intestine is physiologically arranged to mingle digestive and absorptive functions along its length.
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19. Çinar, K.; Şenol, N. Histological and histochemical characterization of the mucosa of the digestive tract
in flower fish (Pseudophoxinus antalyae). J. Vet. Med. Ser. C Anatom. Histol. Embryol. 2006, 35, 147–151.
[CrossRef] [PubMed]

20. Argyriou, T.; Clauss, M.; Maxwell, E.E.; Furrer, H.; Sánchez-Villagra, M.R. Exceptional preservation reveals
gastrointestinal anatomy and evolution in early actinopterygian fishes. Sci. Rep. 2016, 6, 18758. [CrossRef]

282



Animals 2020, 10, 745

21. Glover, C.N.; Petri, D.; Tollefsen, K.E.; Jørum, N.; Handy, R.D.; Berntssen, M.H.G. Assessing the sensitivity of
Atlantic salmon (Salmo salar) to dietary endosulfan exposure using tissue biochemistry and histology. Aquat.
Toxicol. 2007, 84, 346–355. [CrossRef] [PubMed]

22. Gauthier, G.F.; Landis, S.C. The relationship of ultrastructural and cytochemical features to absorptive activity
in the goldfish intestine. Anat. Rec. 1972, 172, 675–701. [CrossRef]

23. Arman, S.; Üçüncü, S.I. Histochemical characterization of convict cichlid (Amatitlania nigrofasciata) intestinal
goblet cells. Pak. J. Zool. 2017, 49, 445–453. [CrossRef]

24. Bosi, G.; Arrighi, S.; di Giancamillo, A.; Domeneghini, C. Histochemistry of glycoconjugates in mucous cells
of Salmo trutta uninfected and naturally parasitized with intestinal helminths. Dis. Aquat. Organ. 2005,
64, 45–51. [CrossRef]

25. Kim, J.J.; Khan, W.I. Goblet cells and mucins: Role in innate defense in enteric infections. Pathogens 2013,
2, 55–70. [CrossRef] [PubMed]

26. Sveinbjornsson, B.; Olsen, R.; Paulsen, S. Immunocytochemical localization of lysozyme in intestinal
eosinophilic granule cells (EGCs) of Atlantic salmon, Salmo salar L. J. Fish Dis. 1996, 19, 349–355. [CrossRef]

27. Clevers, H.C.; Bevins, C.L. Paneth cells: Maestros of the small intestinal crypts. Annu. Rev. Physiol. 2013, 75,
289–311. [CrossRef]

28. Krystel-Whittemore, M.; Dileepan, K.N.; Wood, J.G. Mast cell: A multi-functional master cell. Front. Immunol.
2016, 6, 620. [CrossRef]

29. Reite, O.B.; Evensen, Ø. Inflammatory cells of teleostean fish: A review focusing on mast cells/eosinophilic
granule cells and rodlet cells. Fish Shellfish Immunol. 2006, 20, 192–208. [CrossRef]

30. Dezfuli, B.S.; Giari, L.; Lui, A.; Squerzanti, S.; Castaldelli, G.; Shinn, A.P.; Manera, M.; Lorenzoni, M.
Proliferative cell nuclear antigen (PCNA) expression in the intestine of Salmo trutta trutta naturally infected
with an acanthocephalan. Parasites Vectors 2012, 5, 198. [CrossRef]

31. Lallès, J.P. Intestinal alkaline phosphatase: Novel functions and protective effects. Nutr. Rev. 2014, 72, 82–94.
[CrossRef] [PubMed]

32. Shin, J.; Carr, A.; Corner, G.A.; Tögel, L.; Dávaos-Salas, M.; Tran, H.; Chueh, A.C.; Al-Obaidi, S.; Chionh, F.;
Naseem, A.; et al. The intestinal epithelial cell differentiation marker intestinal alkaline phosphatase (ALPi)
is selectively induced by histone deacetylase inhibitors (HDACi) in colon cancer cells in a kruppel-like factor
5 (KLF5)-defendent manner. J. Biol. Chem. 2014, 289, 25306–25316. [CrossRef] [PubMed]

33. Moss, S.F.; Attia, L.; Scholes, J.V.; Walters, J.R.F.; Holt, P.R. Increased small intestinal apoptosis in coeliac
disease. Gut 1996, 39, 811–817. [CrossRef] [PubMed]

34. Wang, Y.; George, S.P.; Roy, S.; Pham, E.; Esmaeilniakooshkghazi, A.; Khurana, S. Both the anti-and
pro-apoptotic functions of villin regulate cell turnover and intestinal homeostasis. Sci. Rep. 2016, 6, 35491.
[CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

283





animals

Article

Immunohistochemical Analysis of Intestinal and
Central Nervous System Morphology in an Obese
Animal Model (Danio rerio) Treated with 3,5-T2:
A Possible Farm Management Practice?

Roberta Imperatore 1,2, Lea Tunisi 2,3, Isabella Mavaro 3,4, Livia D’Angelo 3, Chiara Attanasio 3,4,

Omid Safari 5, Hamidreza Ahmadniaye Motlagh 5, Paolo De Girolamo 3, Luigia Cristino 2,

Ettore Varricchio 1 and Marina Paolucci 1,6,*

1 Department of Science and Technology (DST), University of Sannio, 82100 Benevento, Italy;
rimperatore@unisannio.it (R.I.); etvarric@unisannio.it (E.V.)

2 Endocannabinoid Research Group, Institute of Biomolecular Chemistry-National Research
Council (ICB-CNR), 80078 Pozzuoli, Italy; lea.tunisi@unina.it (L.T.); luigia.cristino@icb.cnr.it (L.C.)

3 Department of Veterinary Medicine and Animal Productions, University of Naples Federico II,
80137 Naples, Italy; isabella.mavaro@unina.it (I.M.); livia.dangelo@unina.it (L.D.);
chiara.attanasio@unina.it (C.A.); degirola@unina.it (P.D.G.)

4 Center for Advanced Biomaterials for Healthcare, Istituto Italiano di Tecnologia, 80125 Naples, Italy
5 Department of Fisheries, Faculty of Natural Resources and Environment, Ferdowsi University of Mashhad,

Mashhad 9177948974, Iran; omid_safary@yahoo.com (O.S.); ahmadnia@um.ac.ir (H.A.M.)
6 Institute of Food Science, National Research Council (ISA-CNR), 83100 Avellino, Italy
* Correspondence: paolucci@unisannio.it

Received: 6 June 2020; Accepted: 1 July 2020; Published: 3 July 2020

Simple Summary: The obesity induced by overconsumption of nutrients leads to systemic
inflammation and alters metabolic homeostasis by acting on central nervous system and peripheral
tissues such as intestine. The 3,5-diiodo-L-thyronine (3,5-T2) is well-known for its positive role on
fat mass and lipid metabolism, and at date, it is widely used as a drug for the treatment of obesity.
However, the safe and effective dose as well as the possible adverse effects of this molecule have not
been sufficiently explored. In this study, we analyzed the role of 3,5-T2 in regulating central and
peripheral inflammation in diet-induced obese (D.I.O.) model of zebrafish. We found that 3,5-T2
sustained the intestinal alteration caused by D.I.O., as indicated by the high levels of pro-inflammatory
cytokines, accompanied by a significant effect of 3,5-T2 on body weight and central inflammation in
D.I.O. zebrafish. Therefore, the suggested potential use of 3,5-T2 to contrast obesity should be viewed
with caution. We conclude that the zebrafish model can help to better understand the fundamental
beneficial and side effects of 3,5-T2, which is of great importance to define the possible use of this
metabolite of thyroid hormones as a drug in different diseases including obesity.

Abstract: The 3,5-diiodo-L-thyronine (3,5-T2) is an endogenous metabolite of thyroid hormones,
whose administration to rodents fed high-fat diet (HFD) prevents body weight increase and reverts
the expression pattern of pro-inflammatory factors associated to HFD. The diet-induced obese
(D.I.O.) zebrafish (Danio rerio) has been recently used as an experimental model to investigate
fundamental processes underlying central and peripheral obesity-driven inflammation. Herein, we
aim to understand the role of 3,5-T2 in regulating central and peripheral inflammation in D.I.O. model
of zebrafish. 3,5-T2 (10 nM and 100 nM) was administered with the obesity-inducing diet (D.I.O. with
3,5-T2) or after 4 weeks of obesity-inducing diet (D.I.O. flw 3,5-T2). 3,5-T2 significantly increased the
body weight and serum triglyceride levels in D.I.O. zebrafish in both conditions. Moreover, 3,5-T2
sustained or increased inflammation in the anterior (AI) and mid (MI) intestine when administered
with the obesity-inducing diet, as indicated by the immunoexpression of the inflammatory markers
tumor-necrosis factor-α (TNFα), cyclooxygenase 2 (COX2), calnexin, caspase 3, and proliferating cell
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nuclear antigen (PCNA). On the contrary, when 3,5-T2 was administered after the obesity-inducing
diet, partly reverted the intestinal alteration induced by D.I.O. In addition, brain inflammation, as
indicated by the increase in the activation of microglia, was detected in D.I.O. zebrafish and D.I.O.
treated with 3,5-T2. These findings reveal that the effects of 3,5-T2 on fish intestine and brain can
deviate from those shown in obese mammals, opening new avenues to the investigation of the
potential impact of this thyroid metabolite in different diseases including obesity.

Keywords: 3,5-diiodo-L-thyronine; zebrafish; diet-induced obesity; intestinal inflammation;
brain inflammation

1. Introduction

Abnormal or excessive fat accumulation are generally accompanied by low chronic central and
peripheral [1–3]. One of the main factors contributing to the development of obesity is the consumption
of a high-fat diet (HFD) [1,4], characterized by high leptin levels in humans [5], mice and zebrafish
(Danio rerio) [6–8] and increase in tumor necrosis factor α (TNF-α) and interleukin 6 (IL-6) levels [9].
Such pro-inflammatory factors are released into the blood stream contributing to the development
of a chronic low-grade peripheral and central inflammatory status [10,11]. Many of the pathological
conditions related to obesity derive from the impairment of mitochondrial respiration [12]. Since
obesity causes serious pathologies, such as diabetes, hypertension, and dyslipidemia [11], its treatment
is essential to prevent their development. Effective anti-obesity drugs able to counteract the excess
of body adiposity without undesirable side effects are still needed. The use of thyroid hormones
has been recently suggested to reduce weight and lipid accumulation. The 3,5-diiodo-L-thyronine
(3,5-T2), an endogenous metabolite of thyroid hormones, has been identified as a biologically active
iodothyronine [13–15], which acts as an allosteric regulator of cytochrome oxidase (COX) activity, and
regulates mitochondrial activity and respiration [16], leading to a rapid increase in mitochondrial oxygen
consumption [15,17]. Through these actions, 3,5-T2 seems to be able to revert the proinflammatory
pattern activated in rats by HFD [18], playing important metabolic activities in HFD-fed rodents [19].
Moreover, chronic administration of 3,5-T2 (250 μg/100 g BW for 14 or 28 days i.p.) in diet-induced
obese mice has beneficial effects on adiposity, serum leptin, and energy expenditure [20]. However, high
levels of 3,5-T2 decrease body weight and blood glucose in obese mice, but induce thyrotoxicosis [21].
3,5-T2 hypolipidemic effects have been studied in several animal models and it is reported that the
effects of 3,5-T2 on metabolic efficiency are conserved across species [19,22]. However, little is known
about the potential role of 3,5-T2 in the central and peripheral inflammation. Many studies are in
progress to better understand whether 3,5-T2 can be a potential anti-obesity agent, but also to define its
time- and dose-dependent activity, as well as the possible occurrence of undesirable side effects [16,19].

Zebrafish has been recognized as an excellent animal model to investigate the fundamental
processes underlying human metabolic and inflammatory diseases, because of its similarity to
mammals in terms of gut and brain functions as well as immunity related genes [23]. In zebrafish, as
in mammals, the consumption of HFD induces general inflammation [3]. Diet-induced obese (D.I.O.)
zebrafish model shows common pathophysiological pathways with obese mammalians, suggesting
that zebrafish can be used as obesity model. Studies performed both in rodents and zebrafish have
shown that the prolonged consumption of HFD leads to intestinal inflammation [1–3]. As in humans
and rodents, also in zebrafish obesity-induced inflammation involves the activation of inflammatory
mediators such as chemokines and cytokines (TNFα and interleukins) which are also highly conserved
between zebrafish and mammals [3].

Despite the anatomical differences, the thyroid system is highly conserved in teleosts [24,25].
Indeed, several studies reported an important role of 3,5-T2 in regulating the development, growth,
and metabolism in fish. Recently, Olvera et al. [26] showed that 3,5-T2 regulates genes involved in cell
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signaling and transcriptional pathways in the brain of tilapia (Oreochromis niloticus), while Little [27]
and Navarrete-Ramirez [28] revealed that 3,5-T2 regulates thermal acclimation in zebrafish and growth
in tilapia, respectively.

Considering that HFD is a major cause of systemic inflammation, D.I.O. zebrafish has been
confirmed as a reliable animal model to identify putative pharmacological targets for the treatment
of obesity and 3,5-T2 has been proposed to reduce obesity-induced inflammation, in this work we
investigate the effect on peripheral and central inflammation of supraphysiological 3,5-T2 administration
in the D.I.O. zebrafish model. In particular, to study the inflammation pathway we analyzed the gut
morphology and the expression of the main inflammatory markers together with the related brain
microglia activation. In addition, we describe the side effects of 3,5-T2 administration, providing useful
information concerning the potential pharmacological use of this molecule.

2. Materials and Methods

2.1. Animals

Animals were housed under standard conditions of photoperiod (14:10 Light/Dark; ZT0, 9 Anti
Meridian) and temperature (28 ◦C) [29]. The current study was carried out in the Aquaculture Lab of the
Ferdowsi University of Mashhad (FUM). This project was approved by FUM animal ethics committee.
Fish used in this study were treated in accordance with the European Commission recommendation
2007/526/EC and 2010/63/UE on revised guidelines for the accommodation and care of animals used
for scientific purposes. All efforts were made to minimize fish suffering. Zebrafish did not receive
medical treatment prior or during the experience. No deaths occurred before the experiment endpoint.

2.2. Zebrafish Feeding and Treatment

In feeding experiments, adult male zebrafish (0.35 ± 0.05 g) were divided into four dietary groups
(n = 10 fish per group). (1) Control group: zebrafish fed once a day for 4 weeks with peeled Artemia
salina cysts (22% fat, 44% proteins, 16% carbohydrates; Aqua Schwarz) in a weight-maintaining amount
(5 mg Artemia per fish) (ctrl). (2) D.I.O. zebrafish group (diet-induced obesity): zebrafish made obese
by feeding for 4 weeks with the same amount of Artemia salina of the control group, but three times
a day (D.I.O.). (3) D.I.O. zebrafish followed by 3,5-T2 group: zebrafish made obese by 4 weeks of
diet-inducing obesity and then fed with the same amount of Artemia salina of the control group adding
3,5-diiodothyronine (3,5-T2) (Sigma Aldrich) for 4 weeks (D.I.O. flw 3,5-T2). 3,5-T2 was added to
the water at two final concentrations (10 nM and 100 nM). (4) D.I.O. zebrafish fed with 3,5-T2 group:
zebrafish fed for 4 weeks with diet inducing obesity and at the same time treated with 3,5-T2 added to
the water at two final concentrations (10 nM and 100 nM) (D.I.O. with 3,5-T2). Supraphysiological doses
of 3,5-T2 were used according to Garcia et al. [30,31]. The addition of 3,5-T2 to the water was performed
considering that the use of hydrophobic drugs by immersion provide an efficient, non-invasive, and
minimally stressful mean of chronic administration in aquatic vertebrates [31]. The water was changed
every day at 9:00 a.m. and 3,5-T2 was added. The efficacy of the administration of iodothyronine by
immersion has been reported by Garcia and colleagues [30,31]. The D.I.O. feeding protocol used in this
study was adapted from a previous study by Mania et al. [32]. After the trial, the zebrafish were fasted
overnight and then suppressed. For every treatment, both the brain and the intestine from five fish
were collected for histological analysis and immunohistochemistry. The 100-nM 3,5-T2 concentration
showed toxicity with high mortality, therefore its administration was suspended.

2.3. Body Weight Measurement

Zebrafish body weight was determined by a precision analytical scale. Body weight (n = 10
animals/diet) was recorded at the beginning (week 0) and at the end (week 4 or 8) of the experiment.
Specimens were fasted for 24 h and then suppressed.
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2.4. Serum Lipid Parameters

At the end of the feeding experiments, blood was collected from 24-h-fasted zebrafish of all dietary
groups (n = 10 animals/diet). For analyses of serum triglycerides, blood was collected by tail ablation.
Serum was obtained by centrifugation at 2500× g for 10 min at 4 ◦C. Serum of three zebrafish was
pooled for detection. Total triglycerides were measured using enzymatic colorimetric assays (BioAssay
Systems, San Jose, CA, USA) following the manufacturer’s instructions.

2.5. Morphological Analysis

Intestine samples were promptly fixed in 4% formalin in 0.01 M phosphate-buffered saline (PBS)
pH 7.4 for no longer than 24 h at 4 ◦C, dehydrated in a graded series of ethanol, cleared with xylol, and
embedded in paraffin. Samples were cut in 7 μm sections using a microtome [33]. For morphological
analysis, anatomic comparable sections of intestinal bulb, herein indicated as anterior- (AI) and mid-
(MI) intestine were deparaffinized with xylol and stained with hematoxylin-eosin (H&E). Histological
sections were examined under light microscopy with a Leica DMI6000 equipped with Leica DFC340
cooled digital CCD camera (Leica Microsystems, Buccinasco MI, Italy) to obtain microscopic images at
20×magnification. To count the number of the goblet cells, anatomically comparable sections of AI
and MI were stained with Alcian blue (1 g of Alcian blue, pH 2.5, 3 mL/L of acetic acid, and 97 mL of
distilled water) for 1 h. Thereafter, the slides were rinsed in tap water for 10 min, oxidized in periodic
acid (5 g/L) for 5 min, rinsed in lukewarm tap water for 10 min, and dehydrated in alcohol and clarified
in xylol. Histological sections were examined by using the same microscope mentioned before at 10×
magnification. In order to estimate the number of goblet cells, sections (n = 5 animal per treatment;
n = 3 pairs of sections/animal, each section selected at a 50 μm distance to avoid counting the same
cells) were analyzed by two independent operators blinded to the experimental protocol. For each
section AI and MI were divided into three regions and goblet cells were counted in each of them.

2.6. Single Immunohistochemistry

For immunohistochemistry, the deparaffinized anatomic comparable sections of AI and MI
were stained by the avidin-biotin immunohistochemical technique. The following antibodies were
used: monoclonal antibodies raised in mouse against tumor-necrosis factor-α (TNFα) (code ab1793,
Abcam, Cambridge, UK), polyclonal antibodies raised in rabbit against cyclooxygenase 2 (COX2)
(code 69720, NovaTeinBio, Woburn, MA, USA), polyclonal antibodies raised in rabbit against calnexin
(code NB100-1965, Novus Biologicals, Centennial, CO, USA), polyclonal antibodies raised in rabbit
against caspase 3 (code ab13847, Abcam, Cambridge, UK), and monoclonal antibodies raised in mouse
against proliferating cell nuclear antigen (PCNA) (code ab29, Abcam, Cambridge, UK). The sections
were incubated for 5 min in 0.1% H2O2 to inactivate the endogenous peroxidase activity and then
incubated for 30 min with 10% normal goat serum (NGS) (Vector Laboratories, Burlingame, CA, USA)
in 0.1 M Tris-buffered saline, pH 7.6, containing 0.3% Triton X-100. Thereafter, slides were incubated
overnight at 4 ◦C with primary antibodies diluted 1:200 in NGS. After several rinses, the sections
were incubated at room temperature for 2 h with biotinylated goat anti-mouse or goat anti-rabbit
immunoglobulin at the appropriate dilution (Vector Laboratories, Burlingame, CA, USA), followed by
1 h incubation in the avidin-biotin complex (ABC Kit; Vectastain, Vector Laboratories, Burlingame, CA,
USA) diluted in tris-buffered saline according to the manufacturer’s instructions and then in 0.05%
of 3′-diaminobenzidine (DAB) for 10 min (DAB Sigma Fast, Merck Life Science S.r.l., Milano, Italy).
Histological sections were examined under light microscopy with a Leica DMI6000 equipped with
Leica DFC340 cooled digital CCD camera (Leica Microsystems, Wetzlar, Germany) and the images
were acquired at 10× and 20× magnification [33]. To quantify the density of TNFα-, COX2-, and
calnexin-positive signal, each section of AI and MI was divided into three regions (n = 5 animals per
treatment; n = 3 pairs of sections/animal, each section selected at 50 μm distance). Digital images were
acquired under constant light illumination and magnification, using a digital camera working on gray
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levels (JCV FC 340FX, Leica Microsystems, Buccinasco MI, Italy). Densitometric analysis of TNFα,
COX2, and calnexin peroxidase-based immunostaining was performed by measuring optical density
using the image analysis software Image Pro Plus® version 6.0 (MediaCybernetics, Rockville, MD,
USA) working on a logarithmic scale of absorbance. In each region, the optical density zero value was
assigned to the background (i.e., a tissue portion devoid of stained cells) [33]. Quantitative analysis of
mean dead and proliferating cells was performed by counting the caspase 3- or PCNA-positive cells
with the nucleus on the focal plane within a box measuring 2 × 104 mm2 in the AI or MI (n = 5 animals
per treatment; n = 3 pairs of sections/animal, each section selected at 50 μm distance to avoid to count
same cells) [34]. All histological analyses were performed by two independent operators blinded to
the type of treatment.

2.7. Immunofluorescence

For single immunofluorescence, the polyclonal antibody raised in rabbit against ionized
calcium-binding adapter molecule 1 (Iba1) (1:200; code 019-19741, WAKO Chemicals, Neuss, Germany)
was used. After incubation with the primary antibody, the brain sections were washed several times in
PBS and incubated for 2 hours at room temperature with donkey anti rabbit Alexa 488-conjugated
secondary antibodies (1:100; Invitrogen, ThermoFisher Scientific, Waltham, Massachusetts, U.S.).
Tissue sections were washed in PBS and all slides were coverslipped with Aquatex mounting medium
(Merck, Darmstadt, Germany). The immunostained sections were observed with a confocal microscopy
Nikon Eclipse Ti2 (Nikon, Florence, Italy) equipped with x-y-z motorized stage, a digital camera
DS-Qi2 (Nikon, Florence, Italy), and the acquisition and Image analysis software NIS-Elements C
(Nikon, Florence, Italy). Digital images were acquired using the 20–40× objectives. We collected serial
Z-stacks of images throughout the area of interest (6–10 planes with an increment varying 0.5–1 μm).
Images were deconvolved using the imaging deconvolution software by application of ten iterations.
Serial Z plane images were collapsed into a single maximum projection image. Micrographs were
saved in TIFF format and adjusted for light and contrast before being assembled on plates using
Adobe Photoshop 6.01 (Adobe Systems, San Jose, CA, USA) [33]. The number of cells positive for
Iba-1 was determined within a box measuring 2 × 104 μm2 that was placed in the lateral, central, and
medial areas of hypothalamic nucleus (n = 5 animals per treatment; n = 3 pairs of sections/animal,
each section selected at 50 μm distance to avoid to count the same cells). To avoid cell overcounting,
only cells with the nucleus on the focal plane were considered [35]. Iba-1-positive cells were identified
as resting (with small somata bearing long, thin, and ramified processes) and activated microglia (with
hypertrophy together with retraction of processes to a length shorter than the diameter of the somata)
or dystrophic microglia. Dystrophic microglia was recognized by debris consisting of several cells
displaying fragmented processes and an irregularly shaped cell body as previously demonstrated in
humans [35].

2.8. Controls

All the antibodies used are reported as reactive for zebrafish. Their specificity was validated with
control samples, including: (1) Omission of primary or secondary antibody staining; (2) pre-absorptions
of each primary antibody with an excess of the relative peptide (TNFα, and caspase 3) (Figure S1).

2.9. Statistical Analysis

The data are expressed as mean± SEM and analyzed with GraphPad Prism 6 software, version 6.05
(GraphPad, Inc., San Diego, CA, USA). One-way analysis of variance with Bonferroni’s post-hoc test
was adopted for the analysis of normally distributed data. For the experiment, including densitometric
analysis Kruskal–Wallis Anova nonparametric test followed by Dunn’s post hoc test was adopted for
the analysis of non-normally distributed data. A p-value < 0.05 was considered as significant.
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3. Results

3.1. 3,5-T2 Increased Body Weight and Serum Triglyceride Levels in D.I.O. Zebrafish

At the end of the experiment significant differences in the body weight were observed among
groups. The body weight significantly increased in D.I.O. with respect to the control (ctrl: 0.40 ± 0.013
gr vs. D.I.O.: 0.78 ± 0.021 gr, p < 0.0001). The treatment with 3,5-T2 at a concentration of 10 nM caused
a significant increase in the body weight both in D.I.O. flw 3,5-T2 (ctrl: 0.40 ± 0.013 gr vs. D.I.O. flw
3,5-T2: 0.97 ± 0.032 gr, p < 0.0001) and D.I.O. with 3,5-T2 (ctrl: 0.40 ± 0.013 gr vs. D.I.O. with 3,5-T2:
0.93 ± 0.033 gr, p < 0.0001) compared to the control. Moreover, the D.I.O. flw 3,5-T2 and D.I.O. with
3,5-T2 showed an increase in the body weight significantly higher than D.I.O. (D.I.O.: 0.78 ± 0.021
gr vs. D.I.O. flw 3,5-T2: 0.97 ± 0.032 gr, p < 0.0001; D.I.O.: 0.78 ± 0.021 gr vs. D.I.O. with 3,5-T2:
0.93 ± 0.033 gr, p < 0.001) (Figure 1).

Figure 1. 3,5-T2 effect on the body weight and triglyceride levels. ctrl (control zebrafish), D.I.O.
(diet-induced obesity zebrafish), D.I.O. flw 3,5–T2 (D.I.O. zebrafish followed by 3,5–T2), D.I.O. with
3,5–T2 (D.I.O. zebrafish treated with 3,5–T2). Data are expressed as mean ± SE. *** p < 0.0001 compared
to the control group; ◦◦◦ p < 0.0001, ◦◦ p < 0.0001, and ◦ p < 0.05 compared to D.I.O.

The significant increase in the body weight was accompanied by the increase in serum triglycerides.
In particular, D.I.O. zebrafish presented significantly elevated plasma triglyceride levels with respect
to the control (ctrl: 65.33 ± 1.84 mg/dL vs. D.I.O.: 209.67 ± 9.22 mg/dL, p < 0.0001). The treatment with
3,5-T2 at a concentration of 10 nM caused a significant increase in the triglycerides both in D.I.O. flw
3,5-T2 (ctrl: 65.33 ± 1.84 mg/dL vs. D.I.O. flw 3,5-T2: 307.67 ± 13.04 mg/dL, p < 0.0001) and D.I.O. with
3,5-T2 (ctrl: 65.33 ± 1.84 mg/dL vs. D.I.O. with 3,5-T2: 274.11 ± 17.34 mg/dL, p < 0.0001), compared to
the control. Moreover, the D.I.O. flw 3,5-T2 and D.I.O. with 3,5-T2 showed an increase in triglycerides
significantly higher than D.I.O. (D.I.O.: 209.67 ± 9.22 mg/dL vs. D.I.O. flw 3,5-T2: 307.67 ± 13.04 mg/dL,
p < 0.0001; D.I.O.: 209.67 ± 9.22 mg/dL vs. D.I.O. with 3,5-T2: 274.11 ± 17.34 mg/dL, p < 0.05) (Figure 1).

3.2. 3,5-T2 Sustained or Increased Intestinal Morphological Alterations Induced by D.I.O.

Histological analysis of the intestine is presented in Figure 2. Control zebrafish showed a normal
structure of both AI and MI (Figure 2A and B respectively). On the contrary, D.I.O. showed alteration
of the intestinal folds (villi) which appeared ragged and irregular both in AI and MI. Debris from
ragged villi were detected in the intestinal lumen. In D.I.O., villi alteration was accompanied by a
significant increase in the number of goblet cells in AI and MI compared to the control (AI: ctrl: 44 ± 1
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vs. D.I.O.: 73 ± 1, p < 0.05; MI: ctrl: 31 ± 1 vs. D.I.O.: 55 ± 1, p < 0.05). 3,5-T2 treatment led to thinner
villi with the consequent enlargement of the gut lumen, together with a significant increase in goblet
cell number both in D.I.O. flw 3,5-T2 and D.I.O. with 3,5-T2 with respect to the control zebrafish.
More specifically, the quantitative analysis of histological slides stained with Alcian blue, showed a
statistically significant increase in the number of goblet cells in the MI of D.I.O. flw 3,5-T2 and D.I.O.
with 3,5-T2 (ctrl: 31 ± 1 vs. D.I.O. flw 3,5-T2: 63 ± 3, p < 0.0001; ctrl: 31 ± 1 vs. D.I.O. with 3,5-T2:
51 ± 3, p < 0.05) and in the AI of D.I.O. flw 3,5-T2 and D.I.O. with 3,5-T2 in comparison to the control
(ctrl: 44 ± 0.8 vs. D.I.O. flw 3,5-T2: 100 ± 1, p < 0.0001; ctrl: 44 ± 0.8 vs. D.I.O. with 3,5-T2: 98 ± 1,
p < 0.0001). Moreover, a significant increase in the number of goblet cells was found in the AI of D.I.O.
flw 3,5-T2 with respect to the D.I.O. (D.I.O.: 73 ± 1 vs. D.I.O. flw 3,5-T2: 100 ± 1, p < 0.05). Although
no significant differences were found in the goblet cell number in the AI of D.I.O. with 3,5-T2 and
in MI of D.I.O. with 3,5-T2 and D.I.O. flw 3,5-T2 with respect to the D.I.O. zebrafish, they show an
increase of morphological alterations with thinner villi and basal membrane disconnection (Figure 2
and Figure S2).

Figure 2. Hematoxylin and eosin (H&E) staining of anterior (AI) and mid (MI) intestine of ctrl (control
zebrafish), D.I.O. (diet-induced obesity zebrafish), D.I.O. flw 3,5–T2 (D.I.O. zebrafish followed by
3,5–T2), D.I.O. with 3,5–T2 (D.I.O. zebrafish treated with 3,5–T2). (A) AI and (B) MI of control zebrafish.
(C) AI and (D) MI of D.I.O. (E) AI and (F) MI of D.I.O. flw 3,5–T2. (G) AI and (H) MI of D.I.O. with
3,5–T2. Arrows indicate goblet cells, arrowheads indicate ragged villi. (I,J) Bar graphs showing the
number of goblet cells in the (I) AI and (J) MI of ctrl, D.I.O., D.I.O. flw 3,5–T2 and D.I.O. with 3,5–T2.
Goblet cells were counted based on Alcian Blue staining. Data are expressed as mean± SE. *** p < 0.0001,
* p < 0.05 compared to the control group. ◦ p < 0.05 compared to D.I.O. Scale bar: 100 μm.
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3.3. The Cotreatement with 3,5-T2 Sustained Intestinal Inflammation Induced by D.I.O.

The morphological alterations of zebrafish intestine induced by D.I.O. and sustained by 3,5-T2
treatment were accompanied by the increased expression of pro-inflammatory markers. In particular,
TNFα and COX2 immunoreactivity increased in the enteroendocrine and goblet cells of D.I.O. This
increase in TNFα and COX2 immunoexpression in the intestinal cells was generally maintained in
D.I.O. with 3,5-T2, showing positivity also in M-like vacuolated cells, while it was partly reduced in
D.I.O. flw 3,5-T2 (Figures 3 and 4).

Figure 3. TNFα immunostaining in the anterior (AI) and mid (MI) intestine of ctrl (control zebrafish),
D.I.O. (diet-induced obesity zebrafish), D.I.O. flw 3,5–T2 (D.I.O. zebrafish followed by 3,5–T2), D.I.O.
with 3,5–T2 (D.I.O. zebrafish treated with 3,5–T2). (A) AI of ctrl zebrafish (B) AI of D.I.O. (C) AI of
D.I.O. flw 3,5–T2. (D) AI of D.I.O. with 3,5–T2. (E) MI of ctrl zebrafish. (F) MI of D.I.O. (G) MI of D.I.O.
flw 3,5–T2. and (H) MI of D.I.O. with 3,5–T2. The arrows indicate TNFα immunoexpression in the
enteroendocrine and goblet cells. (I,J) Bar graphs showing TNFα optical density (O.D.) in the (I) AI
and (J) MI of ctrl, D.I.O., D.I.O. flw 3,5–T2 and D.I.O. with 3,5–T2. Data are expressed as mean ± SE.
** p < 0.001, * p < 0.05 compared to the control group. ◦ p < 0.05 compared to D.I.O. Scale bar: 100 μm
in the low magnification and 50 μm in the higher magnification in the boxes of A–D. 50 μm in the low
magnification and 25 μm in the higher magnification in the boxes of E–H.

To confirm the increase of TNFα and COX2 immunoexpression in the epithelial cells a densitometric
analysis was performed. The densitometric analysis showed a significant increase of TNFα optical
density in the epithelium of both AI and MI of D.I.O. with respect to the ctrl (AI: ctrl 0.19 ± 0.01 vs.
D.I.O. 0.71 ± 0.009, p < 0.05; MI: ctrl 0.15 ± 0.01 vs. D.I.O. 0.66 ± 0.006, p < 0.05). A significant increase
of TNFα optical density was found also in the MI of D.I.O. flw 3,5-T2 (ctrl 0.15 ± 0.01 vs. D.I.O. flw
3,5-T2 0.54 ± 0.006, p < 0.05) and in the AI and MI of D.I.O. with 3,5-T2 (AI: ctrl 0.19 ± 0.01 vs. D.I.O.
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with 3,5-T2 0.82 ± 0.05, p < 0.001; MI: ctrl 0.15 ± 0.01 vs. D.I.O. with 3,5-T2 0.71 ± 0.05, p < 0.001)
compared to the control. On the contrary, a significant decrease of TNFα optical density was found in
the AI of D.I.O. flw 3,5-T2 with respect to D.I.O. zebrafish (D.I.O. 0.71 ± 0.009 vs. D.I.O. flw 3,5-T2
0.39 ± 0.01, p < 0.05) (Figure 3).

Figure 4. COX2 immunostaining in the anterior (AI) and mid (MI) intestine of ctrl (control zebrafish),
D.I.O. (diet-induced obesity zebrafish), D.I.O. flw 3,5–T2 (D.I.O. zebrafish followed by 3,5–T2), D.I.O.
with 3,5–T2 (D.I.O. zebrafish treated with 3,5–T2). (A) AI of ctrl zebrafish (B) AI of D.I.O. (C) AI of
D.I.O. flw 3,5–T2. (D) AI of D.I.O. with 3,5–T2. (E) MI of ctrl zebrafish. (F) MI of D.I.O. (G) MI of D.I.O.
flw 3,5–T2. and (H) MI of D.I.O. with 3,5–T2. The arrows indicate COX2 immunoexpression in the
enteroendocrine and goblet cells. (I,J) Bar graphs showing COX2 optical density (O.D.) in the (I) AI
and (J) MI of ctrl, D.I.O., D.I.O. flw 3,5–T2 and D.I.O. with 3,5–T2. Data are expressed as mean ± SE.
** p < 0.001, * p < 0.05 compared to the control group. ◦ p < 0.05 compared to D.I.O. Scale bar: 100 μm
in the low magnification and 50 μm in the higher magnification in the boxes.

The inflammatory status was confirmed by COX2 optical density with significant increase in
D.I.O. with respect to the control (AI: ctrl 0.24 ± 0.06 vs. D.I.O. 0.68 ± 0.05, p < 0.05; MI: ctrl 0.18 ± 0.01
vs. D.I.O. 0.83 ± 0.01, p < 0.001). COX2 optical density significantly increased in the AI and MI of
D.I.O. flw 3,5-T2 (AI: ctrl 0.24 ± 0.06 vs. D.I.O. flw 3,5-T2 0.51 ± 0.08, p < 0.05; MI: ctrl 0.18 ± 0.01 vs.
D.I.O. flw 3,5-T2 0.44 ± 0.01, p < 0.05) and AI and MI of D.I.O. with 3,5-T2 (AI: ctrl 0.24 ± 0.06 vs. D.I.O.
with 3,5-T2 0.75 ± 0.02, p < 0.001; MI: ctrl 0.17 ± 0.01 vs. D.I.O. with 3,5-T2 0.88 ± 0.05, p < 0.001) with
respect to the ctrl. On the contrary, a significant decrease of COX2 optical density was found in the
MI of D.I.O. flw 3,5-T2 with respect to the D.I.O. zebrafish (D.I.O. 0.83 ± 0.01 vs. D.I.O. flw 3,5-T2
0.44 ± 0.01, p < 0.05) (Figure 4).
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3.4. The 3,5-T2 Sustained Inflammation Induced by D.I.O. Was Accompanied by ER-Stress in the Anterior and
Mid Intestine

The inflammation induced by D.I.O. was accompanied by ER-stress, as indicated by calnexin
immunoexpression that increased in the enteroendocrine and goblet cells of D.I.O. This ER-stress was
sustained by the cotreatment with 3,5-T2, while the 3,5-T2 post-treatment partly reverted this condition
both in the AI and MI. As shown by the densitometric analysis, a significant increase in calnexin optical
density was found in the AI and MI of D.I.O. (AI: ctrl 0.24 ± 0.03 vs. D.I.O. 0.72 ± 0.02, p < 0.05; MI: ctrl
0.22 ± 0.05 vs. D.I.O. 0.77 ± 0.03, p < 0.001), AI and MI of D.I.O. flw 3,5-T2 (AI: ctrl 0.24 ± 0.03 vs. D.I.O.
flw 3,5-T2 0.48 ± 0.02, p < 0.05; MI: ctrl 0.22 ± 0.05 vs. D.I.O. flw 3,5-T2 0.51 ± 0.02, p < 0.05) and in the
AI and MI of D.I.O. with 3,5-T2 (AI: ctrl 0.24 ± 0.03 vs. D.I.O. with 3,5-T2 0.80 ± 0.03, p < 0.001; MI:
ctrl 0.22 ± 0.05 vs. D.I.O. with 3,5-T2 0.69 ± 0.03, p < 0.05) with respect to the control. Interestingly, a
significant decrease in calnexin optical density was found in the AI and MI of D.I.O. flw 3,5-T2 with
respect to D.I.O. (AI: D.I.O. 0.72 ± 0.02 vs. D.I.O. flw 3,5-T2 0.48 ± 0.02, p < 0.05; MI: D.I.O. 0.77 ± 0.03
vs. D.I.O. flw 3,5-T2 0.51 ± 0.02, p < 0.001) (Figure 5).

Figure 5. Calnexin immunostaining in the anterior (AI) and mid (MI) intestine of ctrl (control zebrafish),
D.I.O. (diet-induced obesity zebrafish), D.I.O. flw 3,5–T2 (D.I.O. zebrafish followed by 3,5–T2), D.I.O.
with 3,5–T2 (D.I.O. zebrafish treated with 3,5–T2). (A) AI of ctrl zebrafish (B) AI of D.I.O. (C) AI of
D.I.O. flw 3,5–T2. (D) AI of D.I.O. with 3,5–T2. (E) MI of ctrl zebrafish. (F) MI of D.I.O. (G) MI of D.I.O.
flw 3,5–T2. and (H) MI of D.I.O. with 3,5–T2. The arrows indicate calnexin immunoexpression in the
enteroendocrine and goblet cells. (I,J) Bar graphs showing calnexin optical density (O.D.) in the (I) AI
and (J) MI of ctrl, D.I.O., D.I.O. flw 3,5–T2 and D.I.O. with 3,5–T2. Data are expressed as mean ± SE.
** p < 0.001, * p < 0.05 compared to the control group. ◦ p < 0.05 compared to D.I.O. Scale bar: 100 μm
in the low magnification and 50 μm in the higher magnification in the boxes.
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3.5. The 3,5-T2 Sustained Inflammation Induced by D.I.O. Was Accompanied by Alteration of the Cell
Turnover in the Anterior and Mid Intestine

Inflammation and ER-stress induced by D.I.O. and sustained by 3,5-T2 were accompanied
by intestinal epithelial apoptosis, as indicated by the increase in caspase-3 immuno-positive cells.
In particular, an increase of caspase-3 positive epithelial cells was found in D.I.O., D.I.O. flw 3,5-T2,
and D.I.O. with 3,5-T2 respect to the control. An increase of caspase 3 positive cells was observed at
the base of the villi, mainly in the AI of D.I.O. and in the MI of D.I.O. with 3,5-T2.

The cell count showed a significant increase of caspase 3 positive cell number in D.I.O. (AI: ctrl
28 ± 1 vs. D.I.O. 119 ± 3, p < 0.001; MI: ctrl 13 ± 1 vs. D.I.O. 42 ± 1, p < 0.05), in the MI of D.I.O. flw
3,5-T2 (ctrl 13 ± 1 vs. D.I.O. flw 3,5-T2 78 ± 1.5, p < 0.05), and in the AI and MI of D.I.O. with 3,5-T2
zebrafish (AI: ctrl 28 ± 1 vs. D.I.O. with 3,5-T2 82 ± 1, p < 0.05; MI: ctrl 13 ± 1 vs. D.I.O. with 3,5-T2
88 ± 2, p < 0.001) compared to the control. Interestingly, a significant decrease in caspase 3 positive cell
number was found in the AI of D.I.O. flw 3,5-T2 with respect to D.I.O. (D.I.O. 119 ± 3 vs. D.I.O. flw
3,5-T2 63 ± 1, p < 0.05), while a significant increase of caspase 3 positive cell number was found in the
MI of D.I.O. with 3,5-T2 compared with D.I.O. (D.I.O. 42 ± 1 vs. D.I.O. with 3,5-T2 88 ± 2, p < 0.05)
(Figure 6).

Figure 6. Caspase 3 immunostaining in the anterior (AI) and mid (MI) intestine of ctrl (control zebrafish),
D.I.O. (diet-induced obesity zebrafish), D.I.O. flw 3,5–T2 (D.I.O. zebrafish followed by 3,5–T2), D.I.O.
with 3,5–T2 (D.I.O. zebrafish treated with 3,5–T2). (A) AI of ctrl zebrafish (B) AI of D.I.O. (C) AI of
D.I.O. flw 3,5–T2. (D) AI of D.I.O. with 3,5–T2. (E) MI of ctrl zebrafish. (F) MI of D.I.O. (G) MI of
D.I.O. flw 3,5–T2. and (H) MI of D.I.O. with 3,5–T2. The arrows indicate caspase 3 positive cells in the
folds. (I,J) Bar graphs showing the mean number of caspase 3 positive cells in the (I) AI and (J) MI of
ctrl, D.I.O. flw 3,5–T2, D.I.O. and D.I.O. with 3,5–T2. Data are expressed as mean ± SE. ** p < 0.001,
* p < 0.05 compared to the control group. ◦ p < 0.05 compared to D.I.O. Scale bar: 50 μm in the low
magnification and 25 μm in the higher magnification in the boxes.
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Since the intestine is characterized by a continuous cell turnover, we analyzed also the expression
of the proliferative cells. The increase of apoptotic cells was paralleled by the reduction in proliferating
cells, as indicated by the decrease in PCNA immuno-positive cells (Figure 7). Specifically, the number
of PCNA positive cells was significantly reduced in the MI of D.I.O. with respect to the control (ctrl
113 ± 5 vs. D.I.O. 62 ± 3, p < 0.05). The reduction was found also in the AI of D.I.O. flw 3,5-T2 (ctrl
139 ± 2 vs. D.I.O. flw 3,5-T2 79 ± 3, p < 0.05), and in the AI and MI of D.I.O. with 3,5-T2 (AI: ctrl
139 ± 2 vs. D.I.O. with 3,5-T2 57 ± 2, p < 0.001; MI: ctrl 113 ± 5 vs. D.I.O. with 3,5-T2 55 ± 4, p < 0.001)
compared to the control. Moreover, a significant decrease in PCNA positive cell number was found
in the AI of D.I.O. with 3,5-T2 with respect to the D.I.O. (D.I.O. 105 ± 1 vs. D.I.O. with 3,5-T2 57 ± 2,
p < 0.05) (Figure 7).

Figure 7. PCNA immunostaining in the anterior (AI) and mid (MI) intestine of ctrl (control zebrafish),
D.I.O. (diet-induced obesity zebrafish), D.I.O. flw 3,5–T2 (D.I.O. zebrafish followed by 3,5–T2), D.I.O.
with 3,5–T2 (D.I.O. zebrafish treated with 3,5–T2). (A) AI of ctrl zebrafish (B) AI of D.I.O. (C) AI of
D.I.O. flw 3,5–T2. (D) AI of D.I.O. with 3,5–T2. (E) MI of ctrl zebrafish. (F) MI of D.I.O. (G) MI of
D.I.O. flw 3,5–T2. and (H) MI of D.I.O. with 3,5–T2. The arrows indicate PCNA positive cells in the
folds. (I,J) Bar graphs showing PCNA optical density in the (I) AI and (J) MI of ctrl, D.I.O., D.I.O. flw
3,5–T2 and D.I.O. with 3,5–T2. Data are expressed as mean ± SE. ** p < 0.001, * p < 0.05 compared to the
control group. ◦ p < 0.05 compared to D.I.O. Scale bar: 50 μm in the low magnification and 25 μm in
the higher magnification in the boxes.
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3.6. 3,5-T2 Sustained or Increased Brain Inflammation Induced by D.I.O.

The peripheral morphological alteration and the activation of the inflammation induced by D.I.O.
and sustained by 3,5-T2 were paralleled by the inflammation in the central nervous system. By single
immunohistochemistry, we found an increase in Iba1 immunoreactivity coupled with the typical
morphology of activated microglia. Microglia, the primary immune cells of the central nervous system,
is normally present in the resting state, but it becomes activated under pathological conditions or
inflammation state. Iba-1-positive cells were identified as resting (with small somata bearing long,
thin, and ramified processes) in the control group, and activated (with hypertrophy together with
retraction of processes that appeared shorter than the diameter of the somata) or dystrophic microglia
(with fragmented processes and an irregularly shaped cell body) in D.I.O., D.I.O. flw 3,5-T2 and D.I.O.
with 3,5-T2 (Figure 8).

Figure 8. Iba1 immunostaining in the brain of zebrafish. (A) Representative image of the
hypothalamus of control zebrafish showing resting microglia depicted in the box with high magnification.
(B) Representative image of D.I.O. (diet-induced obesity zebrafish) hypothalamus showing activated or
dystrophic microglia depicted in the box with high magnification. (C) Representative image of the
hypothalamus of D.I.O. followed by 3,5-T2 showing activated or dystrophic microglia depicted in the
box with high magnification. (D) Representative image of the hypothalamus of D.I.O. treated with
3,5-T2 showing activated or dystrophic microglia depicted in the box with high magnification. Scale
bar: 100 μm in the low magnification and 25 μm in the higher magnification in the boxes.

In particular, the quantitative analysis of resting, activated, or dystrophic microglia in the
hypothalamus of D.I.O. zebrafish showed a significant increase of activated microglia with respect to
the control (ctrl: 1.78 ± 0.4 vs. D.I.O.: 7.44 ± 0.9, p < 0.0001), with a significant increase of dystrophic
microglia (ctrl: 0.5 ± 0.2 vs. D.I.O.: 2.2 ± 0.17, p < 0.0001). Moreover, the D.I.O. flw 3,5-T2 and D.I.O.
with 3,5-T2 also have showed a significant increase of activated microglia (ctrl: 1.78 ± 0.4 vs. D.I.O. flw
3,5-T2: 5.67 ± 0.5, p < 0.0001; ctrl: 1.78 ± 0.4 vs. D.I.O. with 3,5-T2: 8 ± 0.67, p < 0.0001) and dystrophic
microglia (ctrl: 0.5 ± 0.2 vs. D.I.O. flw 3,5-T2: 2.33 ± 0.13, p < 0.0001; ctrl: 0.5 ± 0.2 vs. D.I.O. with
3,5-T2: 3.67 ± 0.19, p < 0.0001) compared to the control. More interestingly, the D.I.O. with 3,5-T2
showed a significant increase in the number of dystrophic microglia with respect to the D.I.O. (D.I.O.:
2.2 ± 0.17 vs. D.I.O. with 3,5-T2: 3.67 ± 0.19, p < 0.0001) (Figure 9)
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Figure 9. Morphological analysis of microglia in the brain of zebrafish. (A–C) Representative images
of different microglial morphology. (A) resting microglia, (B) activated microglia, and (C) dystrophic
microglia. Scale bar: 25 μm. (D) Quantitative analysis of the resting, activated, and dystrophic-like
cells in the hypothalamus of ctrl (control zebrafish), D.I.O. (diet-induced obesity zebrafish), D.I.O. flw
3,5–T2 (D.I.O. zebrafish followed by 3,5–T2), D.I.O. with 3,5–T2 (D.I.O. zebrafish treated with 3,5–T2).
Data are expressed as mean ± SE. *** p < 0.0001, ** p < 0.001 compared to the control group. ◦◦ p < 0.05
compared to D.I.O.

4. Discussion

3,5-T2 is well-known for its role in promoting metabolic rate and oxygen consumption, leading to
beneficial metabolic effects on HFD rodents [20,36]. Goglia and colleagues have shown the positive role
of 3,5-T2 on mitochondrial functions, fat mass, and lipid metabolism, supporting the use of 3,5-T2 as a
drug for the treatment of obesity [14,37,38]. Although the ability of 3,5-T2 to increase metabolism has
been reported [39], the safe and effective dose as well as the possible adverse effects of this molecule
have not been sufficiently explored. Moreover, a lack of studies exists on the possible effects of 3,5-T2
on the intestine and the brain.

Given the highly conserved gut function and immunity-related genes between mammals and
zebrafish, the latter has become an interesting animal model to investigate the essential processes
underlying intestinal inflammation and injury [40]. Recent studies have revealed a well-conserved
organization of the intestinal system and brain between zebrafish and mammals [29,41,42]. Moreover,
strong evidence supports that the overconsumption of nutrients leads to systemic inflammation and
alters metabolic homeostasis acting on central and peripheral systems [3,43]. Previous studies have
shown the increase in intestinal inflammation in D.I.O. zebrafish [1,3,6], but no data on the role of
3,5-T2 are available.

Here we show the 3,5-T2 functional role in peripheral and central inflammation in D.I.O. zebrafish
model. We detected that the dose of 3,5-T2 can affect not only the health status, but also the survival of
zebrafish. In particular, our results indicate that a high dose of 3,5-T2 (100 nM) caused death, while a
lower dose (10 nM) did not affect survival, although increased the morphological alterations in the
intestine caused by D.I.O, and sustained the peripheral and central inflammation. The high mortality
induced by the 100 nM dose could be explained by the reported thyrotoxic effect induced by chronic
administration of high doses of 3,5-T2 in mice [21].

The study presented here demonstrates that both the post- and contemporary- treatment with
3,5-T2 (10 nM) of D.I.O. zebrafish, strongly affected weight and triglyceride levels. This first result is in
contrast with previous studies which report a positive or null effect of 3,5-T2 on weight and fat mass in
high fat fed rodents [39,44].

Studies in humans and animal models, such as rodents and zebrafish, report cases of
intestinal inflammation induced by a HFD [45–47]. Such alterations are induced and modulated by
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pro-inflammatory cytokines, that are well-known to play a key role in metabolic diseases [10]. 3,5-T2 is
associated with many modern lifestyle-induced conditions, and zebrafish has emerged as an important
model for human endocrine diseases including obesity, diabetes, and metabolic syndrome [48]. In this
study, 3,5-T2 treatment led to a worsening of the intestinal morphological alterations caused by a
high-fat diet. In particular, in the D.I.O. zebrafish, the mucosal architecture was damaged, as revealed
by (i) the cell fusion at the apical border of the villi, (ii) the thinning of the villi themselves and iii) the
significant increase of goblet cell number. The post- or contemporary-treatment with 3,5-T2 of D.I.O.
zebrafish sustained these morphological alteration and in particular increased the number of goblet
cells in the anterior intestine, which is the first gut segment providing the nutrient absorption.

However, the post- and contemporary- treatment with 3,5-T2 (10 nM) of D.I.O. zebrafish showed
different effect on the activation of pro-inflammatory markers, with the contemporary treatment
sustaining the effect of D.I.O. and the post-treatment partially reverting the effect of D.I.O. Mainly,
our results are in disagreement with the beneficial role of 3,5-T2 reported in many studies [14,19,36],
since the comparative analysis of D.I.O. vs. 3,5-T2-treated D.I.O. zebrafish indicates a role for 3,5-T2 in
the upregulation of pro-inflammatory markers. In this study, 3,5-T2 co-treatment of D.I.O. zebrafish
generally sustained the increase of pro-inflammatory markers, such as TNFα and COX2, two major
mediators of inflammation. On the contrary, the post-treatment with 3,5-T2 of D.I.O. zebrafish induced
a decrease in the expression of these inflammatory markers. The mitochondrium is one of the cellular
targets of 3,5-T2, where it stimulates the respiration via a direct action on the cytochrome C oxidase
(COX), with a consequent reduction of the respiratory efficiency [13–16]. 3,5-T2 leads to a rapid increase
in mitochondrial oxygen consumption, which is then reflected at the whole animal level [17]. The
increase of COX expression is one of the major markers of inflammation and, interestingly, in our
study the contemporary treatment of D.I.O. zebrafish with 3,5-T2 sustained the enhancement of COX2
expression induced by D.I.O. This effect could be due to the alteration of mitochondrial number and
oxidative function induced by chronic HFD and which can change with type of fat contained in the
diet inducing obesity [49,50].

This inflammatory pathway activated by D.I.O. and maintained by 3,5-T2 induced cellular stress, as
confirmed by the significant increased expression of calnexin, a marker of alteration of the endoplasmic
reticulum activity (ER-stress) in intestinal enteroendocrine and goblet cells. On the contrary, the
post-treatment with 3,5-T2 reduced the activation of this inflammatory pathway, as confirmed by the
decrease of calnexin expression.

Often inflammation and ER-stress are accompanied by apoptotic events. In agreement with
the inflammation status, 3,5-T2 co-treatment of D.I.O. zebrafish caused the increase of caspase
3-immunoexpression in the mid intestine. Since it is well-known that in the zebrafish intestine a
constant cell turnover is at the basis of the correct morphology and activity of the villi [40], we analyzed
also the number of proliferating cells. As expected, the enhancement of apoptotic cells was paralleled
by the 3,5-T2 sustained decrease in proliferating cells, which can explain the reduction of villi size with
the consequent enlargement of the gut lumen.

Therefore, the contemporary treatment with 3,5-T2 of D.I.O. zebrafish did not ameliorate the
inflammation status induced by diet, on the contrary, it seemed to sustain the high expression of
markers that play a substantial role in the modulation of inflammation. However, the post-treatment
with 3,5-T2 of D.I.O. zebrafish partially reverted the inflammation status induced by the high-fat
diet, maybe because of the association of 3,5-T2 treatment with a change of diet. Thus, the use of
3,5-T2 as pharmacological agent and diet supplement should be considered with caution, taking into
consideration that it is a metabolic derivate of thyroid hormones, in turn, able to exert side effects
on target organs, such as intestine, liver, kidney, and heart. Moreover, while most of the studies
reporting beneficial effects of 3,5-T2 have been performed in rodent models of obesity with chronic
hypothyroidism [51–54], data on the effects of 3,5-T2 on metabolism in HFD euthyroid animal models or
obese models brought back to a normal diet are scarce [55]. In a recently published study, the treatment
with 3,5-T2 performed in diet-induced obese euthyroid mice, resulted in the reduction of body fat mass,
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but with an undesired negative feedback inhibition of the hypothalamus–pituitary–thyroid (HPT) axis
accompanied by increased heart weight [20].

In this study, the 3,5-T2-sustained inflammation seemed to occur in both AI and MI, when 3,5-T2
treatment was given at the same time of the obesity-inducing diet, while when given after D.I.O. and
in association with a normal diet it partly reverted the inflammation status. The intestine is one of the
primary organs responsible for the absorption of nutrients and can be modified by the diet. Through
the well-known bi-directional gut–brain axis, the intestine can induce changes in the central nervous
system and consequently affect the brain functions [56,57]. We show here that the contemporary
treatment with 3,5-T2 negatively modulated the expression of pro-inflammatory markers supporting
the alteration of the intestine morphology and the activation of inflammation in the gut induced by
D.I.O. Such pro-inflammatory effect was accompanied by an increase of inflammation in the central
nervous system. Indeed, we detected a strong microglia activation in the brain of D.I.O. zebrafish
treated with 3,5-T2, with an increase of dystrophic microglia in numerous brain regions, such as the
hypothalamus, which is the main feeding center of the central nervous system. Therefore, we can
hypothesize that the co-treatment with 3,5-T2 during obesity inducing diet, led to a reinforcement of
the pro-inflammatory pathways at peripheral level and consequent intestine morphological alteration,
able to induce an increase of triglyceride levels and to sustain inflammation at central nervous system
level through the gut-brain axis. These side effects probably affect nutrient absorption and the central
regulation of food intake, leading to the increase in the body weight and triglycerides.

To the best of our knowledge, this is the first immunohistochemistry analysis of intestine and brain
tissues from D.I.O. zebrafish treated with 3,5-T2. Densitometric and quantitative approaches showed
strong effects of 3,5-T2 on body weight and triglycerides accompanied by a sustained peripheral and
central inflammation in D.I.O. zebrafish. These findings are surprising since they are in contrast with
previous studies in HFD rodents reporting beneficial effects of 3,5-T2 on the metabolic rate [14,58].
However, our results are in agreement with the conclusions of recent studies on 3,5-T2 action in rat
hepatic nuclei [28,59], where 3,5-T2 showed toxic effects in the liver [60]. We should take into account
that the effects of 3,5-T2 can be influenced by the model, the dietary conditions, the diet fat composition,
and by 3,5-T2 concentration, uptake, metabolism, and elimination. Overall, administration of 3,5-T2
might exert or sustain peripheral and central adverse effects induced by diet and additional studies are
required to further delineate the mechanisms whereby 3,5-T2 acts and the specific contexts in which it
can be efficacious or toxic. Therefore, the potential use of 3,5-T2 to fight obesity, as it is suggested in
several publications or commentaries, should be viewed with caution, posing special attention to the
role played by the diet associated with 3,5-T2 treatment.

5. Conclusions

Since it has been reported that the thyromimetic effects of 3,5-T2 treatment may affect many
organs, resulting in long-term undesirable effects, a reliable model to study the side effects of 3,5-T2
on important organs targeted by thyroid hormones (e.g., pituitary, brain, gut, heart, bone, muscle) is
clearly useful to evaluate any potential risk. Zebrafish has been recognized as an excellent animal
model for studying human metabolic and inflammatory diseases. We suggest that the adult zebrafish
is a reproducible and adequate model to test the effects of 3,5-T2 on the gut–brain axis, with particular
attention to the systemic and central inflammation induced by the diet. This work underlies how the
zebrafish model can help to better understand the fundamental beneficial and side effects of 3,5-T2,
which is of great importance to define the possible use of this metabolite of thyroid hormones as a
drug in different diseases including obesity.
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