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ABBREVIATIONS

1,5-AF: 1,5-Anhydro-d-fructose

1,5-AG: 1,5-Anhydro-d-glucitol

APPs: acute phase proteins

Alb: albumin

A/G ratio: albumin/globulin ratio

BAP: biological antioxidant potential

CK: creatinine kinase

d-ROMs: derivatives of reactive oxygen metabolites
Glb: globulin

HPA axis: hypothalamic-pituitary-adrenal axis
LDH: lactate dehydrogenase

NEFA: non-esterified fatty acids

PSE meat: pale, soft and exudative meat

ROS: reactive oxygen species

SAA: serum amyloid A

SA system: sympathetic adreno-medullary system
SNS: sympathetic nervous system

TP: total protein



GENERAL INTRODUCTION




Pigs were among the first animals, along with goats, sheep, and cattle, to be

domesticated in the transition to a sedentary society approximately 10,000 years ago (1).

Pigs were domesticated from wild boars (Sus scrofa) and various traits, including

growth rate, litter, and body size were altered to make them more productive.

Commercial breeds, especially in Europe, have long been selectively bred for body

elongation to increase meat production and improve reproductive performance (2-4).

The efficient meat production through intensive production systems is becoming more

important with a background of the increase in global demand for livestock products.

Meanwhile, the demand for pigs as experimental animals has also increased in

recent years. Swine are considered to be increasingly attractive toxicological and

pharmacological models because of their well-accepted physiological and anatomical

similarities to humans (5-10). Additionally, the ethical issue associated with using dogs

and monkeys as experimental animals have increased their usefulness (11). In contrast

to stockbreeding, smaller body size is expected in experimental animals because of their

ease of rearing and handling (12). Experimental minipigs, defined as smaller than

domestic pigs and weighting less than 100 kg, have been developed including the

strains of Gottingen, Yucatan, Sinclair, Clawn, and Microminipigs (8).



Pigs can be expected to be exposed to variety of stresses in the process of their

rearing in both meat production and experimental use. In livestock industry, it is

common to apply the intensive systems, which have been believed to produce stress in

animals (13). For example, weaning, regrouping within the productive cycle, and

transportation to slaughterhouses or other rearing areas are very common processes in

modern swine farming, but these processes have been reported to cause stress in pigs

(13). In addition, inappropriate husbandry management, including food and/or water

restrictions (14-16), inappropriate environmental conditions for farming (17) and

exposure to pathogenic factors (18), can also cause stress. There has been growing

concern regarding stress among pigs in recent decades because of the undesirable

consequences that stress imposes on the normal physiology of pigs, their welfare, and

general productive performance.

In modern intensive pig production, the temperature in the pig house is

generally adjusted to appropriate conditions for pigs at each production stage. However,

sometimes optimal environmental conditions cannot be maintained in farms producing

stress in animal (13). Heat stress has an adverse impact on livestock production as

elevation of temperature can result in compensatory changes in animal behavior,

physiology, and metabolism. This impact is particularly marked in pigs as they are more



poorly adapted to heat dissipation than other livestock species because of the paucity of

sweat glands and the thick subcutaneous fat. The porcine response to increasing

environmental temperatures appears to be based on reducing metabolic heat production

to maintain euthermia (19). One example of a behavioral response in pigs is the

reduction of metabolic heat by decreasing feed intake, which is effective because

digestion and nutrient absorption generate heat (20). Physiologically, elevations in

environmental temperature also directly alter nutrient utilization, energy metabolism,

and hormonal regulation (21-23). Consequently, heat stress can cause substantial

economic losses for the swine industry through its effect on growth rates, carcass

composition, sow performance, mortality and morbidity (24-26).

Despite the fact that transportation is an unavoidable production process in the

swine industry, it is well known that pigs being transported are exposed to various

stressful events including departure from the usual room, truck loading and unloading,

fasting, different temperature and humidity, noise, vibration of the wvehicle or

inappropriate stocking densities (27, 28). During transport pigs exhibit physical changes

such as weight loss, increased circulating concentrations of catecholamines, cortisol and

creatine phosphokinase, increased heart rate and packed cell volume, and dehydration

(28). Moreover, when inadequate transport conditions are combined with a genetic



mutation of pig that carry the recessive ryanodine receptor type 1 gene, the

aforementioned stressful factors can trigger more severe metabolic alterations known as

porcine stress syndrome (29, 30). Pigs with porcine stress syndrome are considerably

more susceptible to stress and prone to disease, including subclinical disease, as well as

to a degradation of meat quality known as PSE (pale, soft and exudative) meat (31, 32).

PSE usually occurs in pigs that are genetically sensitive to stress when subjected to

acute pre-slaughter stressors immediately prior to slaughter, though it can occur in

normal pigs subjected to stressful conditions before slaughter (33). The degradation of

meat quality and health damage to pigs caused by transportation stress not only causes

economic losses, but also needs to be improved from the perspective of animal welfare.

Kagoshima Prefecture is one of the most prosperous regions for pig farming in

Japan, but it is not a favorable region when it comes to the stress factors mentioned

above. One of the first is that Kagoshima Prefecture belongs to a subtropical climate

zone with high temperatures throughout the year. There is concern that this causes heat

stress to the pigs, affecting their health and meat quality. Another is that there are many

remote islands where slaughterhouses and other facilities are inadequately developed,

and pigs are being raised even in such areas. For example, ‘Amami-Shimabuta’

(indigenous middle black pig breed) in the Amami-Oshima Island, located



approximately 400km south of mainland Kagoshima Prefecture in southwest Japan, is

raised as a regional culinary specialty. However, until recently, there was no

well-equipped slaughterhouse on the island, and the similar situation is found in some

other islands. Thus, it was necessary to transport live animals by long voyage to the

appropriate facility if a certain level of hygiene standards were required for marketing.

Although this potential productivity loss due to various stress exposures has been

suggested, few studies have been conducted on the actual situation.

Although there are various definitions of stress, Moberg, GP (34) defined it as

"a response to stimuli that violate homeostasis," which is the most widely known and

applicable to both humans and animals. The manifestations of stress are commonly

linked to enhanced activity of the hypothalamic-pituitary-adrenal (HPA) axis and the

activation of the sympathetic adreno-medullary (SA) system (35). The main methods

used to assess stress are direct behavioral observation and the use of biomarkers that

reflect physiological responses (13). Stress assessment is very useful in evaluating the

achievement and effectiveness of animal welfare. However, there are many factors that

affect stress and their complex interactions, and intervention of researcher and handling

for analysis itself can be stressful to pigs. For these reasons, there is no gold standard

procedure to determine with accuracy the level of pig stress (13).



In this dissertation, I focused on the effects of stress during swine feeding and

management. In Chapter 1, I described the effects of heat stress on the pigs and

biomarkers for assessing heat stress. In Chapter 2, I evaluated the effects of transport

stress on the pigs and examined the efficacy of the acupuncture treatment as a remedial

method.

Research Objectives

In this dissertation, the following objectives were established to reveal the

effects of stress on pigs and how to improve these effects.

AIM1. To investigate appropriate biomarkers to assess stress in the actual

rearing environment of pigs

AIM?2. To evaluate the effects of heat stress in a summer environment.

AIM3. To evaluate the effects of stress during transport of pigs.

AIMA4. To investigate ways to reduce stress in pigs.



CHAPTER1

Potential biomarkers for chronic seasonal heat stress

in Kagoshima Berkshire pigs reared in the subtropical region

This work has been published as:

Ljiri M, Odo K, Sato M, Kawaguchi M, Fujimoto Y, Miura N, Matsuo T, Hou DX,

Yamato O, Tanabe T, Kawaguchi H (2022). Potential biomarkers for chronic seasonal

heat stress in Kagoshima Berkshire pigs reared in the subtropical region Vet Res., 66,

209-214.



1.1 Introduction

Pigs are less adaptable to heat dissipation than other livestock species due to

their anatomical characteristics. Therefore, the negative effects of heat stress on

productivity are known to be particularly pronounced in pigs. Researchers have

proposed a number of potential markers of porcine heat stress, often based on studies of

it at elevated temperatures under laboratory conditions. Candidates have been suggested

based on the inflammatory and acute-phase response known to be induced by heat in

humans and pigs (21, 36). Among the proteins involved in the acute response, serum

amyloid A (SAA) and serum albumin (Alb) have been identified as positive and

negative acute-phase reactants, respectively (37). Acute phase proteins (APPs) such as

SAA, haptoglobin, and C-reactive protein are recognised markers of inflammation and

have also been proposed as indicators of stress in cattle (38) and pigs (17).

Recent advances in detecting reactive oxygen species (ROS) using derivatives

of reactive oxygen metabolites (d-ROMs) and biological antioxidant potential (BAP)

have opened potential avenues in biomarker research which could be exploited for

strategies to combat porcine heat stress. Heat stress is generally considered to trigger

oxidative stress in livestock animals (39), and acute heat stress in pigs has been shown

to cause oxidative damage and up-regulation of antioxidant enzymes in their oxidative



muscle (39). Chronic exposure to high environmental temperatures accelerates ROS

generation, potentially inducing cytotoxicity ranging from lipid peroxidation to

oxidative damage to protein damage (40). As demonstrably established markers of

oxidative stress in areas of bioresearch such as human lifestyle diseases (41), d-ROMs

and BAP represent a promising line of investigation as markers of such stress in animals,

but have only been evaluated in a limited number of studies in domestic animals so far

(42-45),

Field conditions vary with season and climate zone, meaning that research

during different seasons in diverse areas of the globe can yield data which complement

each other. Kagoshima Prefecture in southwest Japan is a major pig-producing area

located in the subtropical zone. The Kagoshima Berkshire pigs raised in this prefecture

are used by one of the most famous pork brands in Japan, called ‘Kagoshima Kurobuta’.

Pigs raised in the subtropical summer are likely to be subject to a milder form of heat

stress than those investigated previously in many laboratory-based studies. The

subtropical summer represents a chronic form of heat stress, and Kagoshima Prefecture

is thus a suitable location to elucidate sensitive markers of chronic heat stress in pigs

under field conditions.

Accordingly, in this study, I investigated potential markers of chronic heat

10



stress by comparing Kagoshima Berkshire pigs finished in the summer (a period of
chronic heat stress) and in the winter (a thermoneutral period) in Kagoshima Prefecture.
The evaluations included assessment of carcass traits (made at time of slaughter),
biomarkers previously established for heat stress, as well as d-ROMs and BAP as

markers of oxidative stress.
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1.2 Materials and Methods

1.2.1 Animals and experiment design

Twenty-four finishing pigs (Kagoshima Berkshire) were reared on commercial

pig farms in Kagoshima Prefecture. Twelve pigs were allocated to a summer finishing

cohort (August to September with average local temperatures of 29.6°C and 26.4°C,

respectively) and 12 pigs were allocated to a winter-finishing cohort (November to

December with average local temperatures of 16.0°C and 12.2°C, respectively).

The temperature and relative humidity (%) in the pig housing area were

recorded on an hourly basis (Thermo-Hygro Data Logger RX-350TH; AS ONE

Corporation, Osaka, Japan) and represented as mean + SD.

The pigs were slaughtered at the end of the two-month finishing period and

whole blood was collected during the pigs’ exsanguination. The research was carried out

according to the Institutional Guidelines for Animal Experiments, in compliance with

the Japanese Act on Welfare and Management of Animals (Act No. 105 and Notification

No. 6).

12



1.2.2  Inspection of carcasses and internal organs disposal

Each slaughtered pig’s back fat thickness and carcass weight were measured,

and the quality of its carcass was assessed based on these parameters according to the

criteria of the Japan Meat Grading Association (under which grade 3 represents high

quality, grade 2 represents middle quality, grade 1 low quality, and grade 0 substandard).

Organs and tissue were checked as part of the routine meat inspection, and instances of

condemned organs were recorded to determine the overall incidence. All these tests

were performed blind.

1.2.3  Blood sample analysis

The plasma was obtained by centrifugation (4°C, 3,000 rpm, 15 min) and used

for the measurement of catecholamines. The serum was obtained by centrifugation

(room temperature, 3000 rpm, 15 min) and used for subsequent measurements.

Analyses for biochemical parameters (lactate dehydrogenase, creatinine kinase, total

protein, serum albumin, serum sodium and chloride level), cortisol and catecholamine

were commissioned to the Clinical Pathology Laboratory, Co. Ltd. (Kagoshima, Japan).

The concentration of serum globulin (Glb) and albumin/globulin (A/G) ratio were

13



calculated from the measured values for total protein (TP) and serum Alb.

1.2.4 Measurement of serum amyloid A (SAA) concentration.

The concentration of SAA was measured using a Pentra C200 automated

biochemical analyser (HORIBA ABX SAS, Montpellier, France) with an SAA reagent

specialised for animal serum or plasma (VET-SAA ‘Eiken’ Reagent; Eiken Chemical

Co., Ltd., Tokyo, Japan). In addition, the concentration of SAA was calculated on the

basis of a standard curve made by a VET-SAA Calibrator Set (Eiken Chemical Co.,

Ltd.).

1.2.5 Measurement of blood oxidative stress

Serum d-ROMs and BAP represent reactive oxygen metabolites and

antioxidant capacity, respectively. Serum levels of these two markers were measured

using a FREE Carrio Duo Redox Analyzer system (Wismerll, Tokyo, Japan), which

included a photometer and a thermostatically regulated mini-centrifuge. Both the

d-ROMs and BAP tests were conducted according to the manufacturer’s instructions.

14



1.2.6 Statistical analysis

Numerical data other than the incidences of condemned organs are expressed

as mean *+ standard deviation. All data were analysed using IBM SPSS Statistics 25

software (IBM, Armonk, NY, USA). Data on carcass quality and incidences of

condemned organs were analysed using Pearson’s chi-square test and Fisher’s exact test,

respectively. Other data were analysed using the Mann—Whitney U test. Values of P <

0.05 were considered statistically significant.
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1.3 Results

1.3.1 Environmental condition

Summer-finished pigs were reared under higher average whole-day

temperatures and relative humidity than winter-finished pigs. Nocturnal temperatures

were around 2°C lower than daytime temperatures for summer-finished pigs and around

4°C lower for winter-finished pigs. Average relative humidity varied within a narrow

range for summer- and winter-finished pigs (Table 1-1).

1.3.2  Inspection of carcasses and internal organs

Data collected at slaughter were compared between summer-finished and

winter-finished pigs (Table 1-2). Summer-finished pigs tended to have lower carcass

quality (P = 0.065) and significantly greater back fat thickness. Incidences of

condemned internal organs did not differ between summer-finished and winter-finished

pigs.

16



1.3.3  Blood biochemistry and stress markers

In blood biochemistry (Table 1-3), summer-finished pigs showed significantly

lower mean Na and Cl concentrations than those in winter-finished pigs and tended to

have higher TP value (P = 0.052). Glb and A/G ratio also significantly differed between

summer-finished and winter-finished pigs. On the other hand, there was no difference in

blood stress markers in summer-finished and winter-finished pigs (Table 1-4).

The wvalue of d-ROMs and BAP were examined as indicators of ROS

production and antioxidant potential, respectively. The summer-finished pigs showed

significantly higher d-ROMs than winter-finished pigs, although BAP and

BAP/d-ROMs did not differ between the two seasonal cohorts (Table 1-5).

17



1.4 Discussion

In this study, I evaluated porcine heat stress in a subtropical region by

comparing summer-finished and winter-finished pigs slaughtered at the end of a

two-month finishing period. Also, I attempted to determine the relative characterisation

of markers of heat stress and particularly of d-ROMs and BAP as indices of ROS

derivates and antioxidant potential, respectively, in farm-reared pigs under seasonal

conditions expected to produce chronic heat stress (summer) and thermoneutral

temperatures (winter).

Based on the results of environmental temperature in the pig house and the

large summer variance there from the thermoneutrality of the temperature range of 10 to

23.9°C (20) in which the winter-finished pigs were raised, it is considered that the

summer-finished pigs experienced chronic heat stress. Previous studies have expanded

the definition of acute and chronic heat stress in terms of exposure time and temperature

for pigs (22, 39, 46). Reportedly, chronic heat stress has been induced under laboratory

conditions in finishing pigs exposed to constant temperatures of 30°C or more for three

weeks (21, 37). In this study, the summer-finished pigs experienced a slightly lower

daytime temperature (around 29°C), with a further decrease in nocturnal hours, but for a

more prolonged period (two months). Thus, it is considered that the conditions of the

18



summer finishing period correspond to chronic heat stress.

The results of carcass quality assessment suggest a chronic heat stress effect.

The greater back fat thickness in summer-finished pigs is considered to be a poorer

result. More than 90% of the summer-finished pigs were measured at back fat thickness

exceeding the upper limit of the criterion of the Japan Meat Grading Association (47).

Although the difference in carcass quality was significant, this study results do not

allow for definite conclusions on fat accumulation as a heat stress effect under field

conditions. However, heat stress has been previously implicated in the upregulation of

lipoprotein lipase (48) and fatty acid synthase activities (49), resulting in increased

adipose tissue. Further research is needed to elucidate the mechanisms of heat

stress-induced metabolic changes under field conditions, and to explain the subsequent

alterations in carcass phenotype.

The differences between summer- and winter-finishing cohorts were

considered to reflect adverse effects of seasonal heat stress, with Na and CI levels

suggestive of hypotonic dehydration; however, the blood biochemistry profiles of

summer-finished pigs did not correspond to a state of disease. The data on blood

chemistry and blood stress markers provide an interesting contrast to previous studies of

chronic heat stress under laboratory conditions. Finishing pigs housed at 30°C for three

19



weeks exhibited increased cortisol, lactate dehydrogenase (LDH), and creatinine kinase

(CK) (22). The mean values of LDH and CK in this study were considerably higher in

the summer-finished pigs, although the differences were not statistically significant.

Data from this study implies that the adverse effect on muscle tissue was apparently not

of sufficient magnitude to be detected in the measurements, including those of cortisol

and other blood stress markers.

The presence of a chronic heat stress phenomenon in this study is further

substantiated by the A/G ratio and SAA. The A/G ratio decreases with an increase in the

globulin level, which implies chronic inflammation (50), and SAA is an acute-phase

protein. The significantly lower A/G ratio in summer-finished pigs was not

accompanied by any change in SAA. Taken together with the other biochemistry and

stress marker results, this suggests that the seasonal heat stress was chronic, but not

sufficiently severe to elevate stress marker levels. Furthermore, the A/G ratio might be a

potential marker of chronic heat stress under field conditions.

Set against the results of blood biochemistry and stress markers, the novel

findings on markers of blood oxidative stress in this study are of considerable interest.

Short-term heat exposure reportedly increases oxidative stress marker levels

(malondialdehyde, catalase activity and superoxide dismutase) in porcine skeletal

20



muscles (39, 46), which could be consistent with the elevated plasma d-ROMs levels in

this study. This elevation in d-ROMs was not accompanied by any increase in stress

hormone levels, and it is considered that this change might be detectable before any

changes in hormonal regulation of cortisol and other blood stress markers. Accordingly,

d-ROMs might be more sensitive markers of heat stress than the blood stress markers

previously suggested.

In summary of this Chapter, it was shown that pigs reared under subtropical

field conditions are exposed to chronic heat stress, which negatively affects carcass

quality. Futhermore, d-ROMs and the A/G ratio may be useful as sensitive markers of

such heat stress under field conditions.
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Table 1-1. Environmental temperature and relative humidity in the pig house

Temperature (°C) Relative humidity (%)
Group
Whole day Daytime (time) Night (time) Whole day Daytime(time) Night (time)
293£26 27.1+1.6 80.5+6.8 81.0+£6.0
Summer' 283+24 80.7 + 6.4
(6:00-18:00) (19:00-5:00) (6:00-18:00) (19:00-5:00)
222+45 18.5+4.6 71.4+47 71.9+4.5
Winter? 202+49 71.7+4.6
(7:00-17:00) (18:00-6:00) (7:00-17:00) (18:00-6:00)

! Summer-finished pigs. The data for this group was recorded from July to September

2 Winter-finished pigs. The data for this group was recorded from October to December

22



Table 1-2. Results of inspection of carcasses and incidences of internal organ condemnation

Carcass result score* Internal organs condemnation” (Incidence, %)
Group
Result (Score®) Back fat thickness (cm) Weight (kg) Heart Liver Stomach and intestines
Summer! 1.1+03 4.1+0.8 78.7+33 0 50.0 41.7
Winter? 1.8+£09 25+0.8 80.6+4.3 0 50.0 333
P value 0.065 0.000 0.340 1.00 1.00

! Summer-finished pigs slaughtered from August to September
2 Winter-finished pigs slaughtered from November to December
$ 3: high grade, 2: middle grade, 1: low grade

Data were analysed using Pearson’s chi-square test (*) and Fisher’s exact test (¥)

23



Table 1-3. Common blood biochemistry analyte concentrations

Analyte Unit Summer! Winter? P value
LDH uU/L 1143.6 + 829.8 737.9+207.4 0.119
CK U/L 11149.8 +23757.1 3778.4 +4034.7 0.453
TP g/dL 82+0.5 79+0.6 0.052
Alb g/dL 45+04 48+0.3 0.163
Glb g/dL 3.7+£0.6 3.1+0.5 0.015%*
A/G ratio 1.3+0.3 1.6 +£0.2 0.019%*
Na mEq/L 148.5+4.0 151.8+4.3 0.032%*
Cl mEq/L 98.6+2.3 101.1+34 0.048%*

! Summer-finished pigs slaughtered from August to September

2 Winter-finished pigs slaughtered from November to December

LDH: Lactate dehydrogenase; CK: Creatinine kinase; TP: Total protein; Alb: Albumin;
Glb: Globulin; A/G: Albumin/globulin ratio

* P <0.05: significantly different between summer and winter
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Table 1-4. Blood stress marker concentrations

Marker Unit Summer! Winter? P value
Cortisol pg/dL 46+23 45+24 0.931
Adrenalin ng/mL 42.9+15.7 46.2 +£28.7 0.729
Noradrenaline ng/mL 493+£19.9 41.2+£26.5 0.299
Dopamine ng/mL not detected not detected

Serum amyloid A mg/L 6.0+4.7 6.0£5.1 0.773

! Summer-finished pigs slaughtered from August to September

2 Winter-finished pigs slaughtered from November to December

25



Table 1-5. Blood oxidative stress

Parameter Unit Summer' Winter? P value
d-ROMs U. CARR 1106.2 £ 136.6 970.8 + 83.0 0.017*
BAP pmol/L 4123.0+771.7 4000.2 + 306.4 0.356
BAP/d-ROMs 3.8+0.9 41+04 0.488

! Summer-finished pigs slaughtered from August to September

? Winter-finished pigs slaughtered from November to December

d-ROMs: derivatives of reactive oxygen metabolite-derived compounds (1 U. CARR = 0.08 mg
H>0./dL)

BAP: biological antioxidant potential

*P < 0.05: significantly different between summer and winter
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CHAPTER2

Acupuncture treatment improves transport stress

in microminipigs through the acupoint in ears

This work has been published as:

Ljiri M, Akioka K, Kitano T, Miura H, Ono HK, Terashima R, Fujimoto Y, Matsuo T,

Yamato O, Kawaguchi H (2023). Acupuncture Treatment Improves Transport Stress in

Microminipigs Through the Acupoint in Ears /n Vivo, 37, 2100-2104.
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2.1 Introduction

It is well known that pigs are exposed to stress during transportation. An

increase in plasma cortisol concentration has been found in connection with transport

(51). The active response to stress is mainly associated with adrenal medulla and

sympathetic nervous system (catecholamine) activation, whereas the passive response is

hypothesized to be related to stimulation of the pituitary—adrenocortical system (37).

Moreover, transport stress may be more or less severe depending on several factors,

including crowding, temperature, and duration. However, measures against transport

stress in pigs are insufficient and require further investigation.

Oriental medicines, including acupuncture, generally have fewer side effects

than Western medicines. Therefore, acupuncture is useful for avoiding drug residue and

side effect issues in laboratory animals and livestock. It has been reported that

transdermal needles were applied to acupoints on both ears and successfully suppressed

symptoms such as drooling and vomiting seen during transport (52).

In this study, I applied the canine transport stress-reducing acupuncture

treatment on experimental microminipigs and investigated the effect of acupuncture

treatment on transport stress to further animal welfare.

28



2.2 Materials and Methods

2.2.1 Animals

All microminipigs were obtained from one breeder (Fuji Micra Inc., Shizuoka,

Japan). This research was performed in accordance with the Institutional Guidelines for

Animal Experiments and in compliance with the Japanese Act on Welfare and

Management of Animals (Act No. 105 and Notification No. 6).

2.2.2 Experiment I (Blood stress marker examination)

Six mature male microminipigs were used in this study. The animals were divided

into two groups: control (n=3) and treatment (acupuncture treatment, n=3). In the

treatment group, short, ultra-thin circular transdermal needles (Pyonex 1.5 mm, SEIRIN,

Shizuoka, Japan, diameter % length = 0.2 x 1.5 mm) were applied to locations

corresponding to the acupoints on the apical area of both ears, which are identified as

Erjian Points one to three (“Jisen” in Japanese), approximately 30—60 min before

transportation. All animals were transported from the production farm to the research

facility in individual cages using transport vehicles and planes for approximately 6 h.
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Peripheral blood samples were collected from the cranial vena cava 2 days

before and immediately after transportation. The following stress markers were assessed

in the blood: concentrations of cortisol using electrochemiluminescence immunoassay

and catecholamines (including adrenaline and noradrenaline) using high-performance

liquid chromatography. In the biochemical examination, the concentrations of serum

amyloid A (SAA) and glucose were measured using a simple blood glucose meter

(Nipro Stat Strip XP2, Nipro, Osaka, Japan) and non-esterified fatty acids (NEFA) were

measured using NEFA C-Test Wako (Fujifilm Wako Pure Chemical Corporation, Osaka,

Japan). Furthermore, blood oxidative stress, derivatives of reactive oxygen metabolites

(d-ROMs) concentrations, biological antioxidant potential (BAP), and the

BAP/d-ROMs ratio were measured. The SAA concentrations and blood oxidative stress

were measured as described below.

2.2.3  Measurement of SAA concentration

SAA concentration was measured using a Pentra C200 automated biochemical

analyzer (HORIBA ABX SAS, Montpellier, France) with an SAA reagent specialized

for animal serum or plasma (VET-SAA “Eiken” Reagent; Eiken Chemical Co., Ltd.,

Tokyo, Japan). Furthermore, SAA concentration was calculated based on a standard
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curve generated using a VET-SAA Calibrator Set (Eiken Chemical Co., Ltd.).

2.2.4 Measurement of blood oxidative stress

Serum d-ROMs and BAP levels represent reactive oxygen metabolites and

antioxidant capacity, respectively. Serum levels of these two markers were measured

using a FREE Carrio Duo Redox Analyzer system (Wismerll, Tokyo, Japan), which

included a photometer and thermostatically regulated mini-centrifuge. Both d-ROMs

and BAP tests were conducted according to manufacturer instructions.

2.2.5 Experiment 2 (Follow-up study: Incidence of diarrhea after transportation)

The incidence of diarrthea in microminipigs after transportation was

investigated. Twenty animals were divided into four groups. The control (no treatment,

n=2) and treatment groups (n=6) were subjected to a short duration of transportation

(approximately 1 h using transport vehicle), and the other control (no treatment, n=6)

and treatment groups (n=6) were subjected to a longer duration of transportation

(approximately 6 h using transport vehicle and plane). Animals in both treatment groups

were treated with acupuncture as in experiment 1. In addition to these four groups, 161
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animals treated with acupuncture, as in experiment 1, were observed for diarrhea

incidence after prolonged transportation (approximately 17 h using transport vehicle).

2.2.6 Statistical analysis

Blood examination data are expressed as mean + standard deviation.

Statistical analysis of the differences before and after treatment was performed using a

paired #-test and that of the incidence was performed using Fisher’s exact test. All

statistical analyses were performed using EZR (Saitama Medical Center, Jichi Medical

University, Saitama, Japan), which is a graphical user interface for R (The R Foundation

for Statistical Computing, Vienna, Austria) (53). Values of p<0.05 were considered

statistically significant.
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2.3 Results

2.3.1 Experiment I (Blood stress marker examination)

Data from blood examinations before and after transportation are shown in

Table 2-1. Regarding blood stress markers, the blood cortisol concentrations in the

control and treatment groups after transportation showed higher values and tendencies

compared with those before transportation. Blood adrenaline and noradrenaline

concentrations did not increase compared with those before transportation.

As for biochemical examination, the SAA values in the control group after

transportation increased approximately two-fold (rate of increase: 2.00 = 0.71-fold)

compared with those before transportation; concentrations in the treatment group did

not increase (rate of increase: 1.04 = 0.21-fold). Blood glucose concentrations were

significantly higher in both groups after transportation than those before. Blood NEFA

concentrations were higher after transportation than those before in all animals, and the

mean value increased approximately three-fold after transportation.

Regarding oxidative stress, the blood concentrations of d-ROMs and BAP in

both groups showed no significant changes before and after transportation. However,
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the d-ROMs values in the control group after transportation increased about 1.3-fold

(rate of increase: 1.32 + 0.42-fold) compared with those before transport; values in the

treatment group did not increase (rate of increase: 1.02 + 0.04-fold). The BAP/d-ROMs

ratio in the control group after transportation was lower than that before transportation,

whereas that in the treatment group showed no significant change.

2.3.2  Experiment 2 (Follow-up study: Incidence of diarrhea after transplantation)

As shown in Table 2-2, diarrhea incidence was 25% in the control group (total

short and long transportation), whereas diarrhea was not observed during both short and

long transportation in the treatment group.
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2.4 Discussion

In this study, acupuncture was performed at the acupoints “Jisen”, which are

one or three points on the outer blood vessel of the auricle apex and are anatomically

located in the region innervated by the trigeminal nerve (52). Treatment stimulation also

affects the center of the hypothalamus and vagus nerve and is thought to be affected by

somatic autonomic reflexes, such as suppression and enhancement of gastric acid

secretion.

Data on cortisol, a typical stress marker in pigs, suggest that acupuncture

treatment has a stress-relieving effect. Results of previous studies assessing cortisol

effectiveness in pigs as a parameter for stress quantification during transportation show

controversial findings. For example, Pifieiro et al. reported that cortisol concentrations

were not modified after 24 and 48 h of transport, indicating that cortisol levels may

have returned to baseline during the long transportation (17). In the 6-h transportation

conducted in this study, all individuals in both groups had elevated blood cortisol

concentrations after transportation. Furthermore, a statistical comparison of the pre- and

post-transportation values for each group showed significant differences only for the

control group. However, this is insufficient to confirm the inhibitory effects of

acupuncture on elevated blood cortisol levels; further research is required to confirm
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these effects.

Increased catecholamine levels due to elevated sympathetic nervous activity

are known to cause a variety of physiological and emotional stress responses (13, 54).

In addition, several studies have indicated that acupuncture modulates the activity of the

locus coeruleus, which is the primary source of central noradrenergic neurons (55). On

these grounds, I hypothesized that acupuncture treatment during transportation may

relieve the extensive stress responses caused by the catecholaminergic system and

contribute to animal well-being. However, no statistically significant differences in the

peripheral catecholamine levels were observed before and after transportation in this

study, and the effects of acupuncture could not be confirmed.

The transport stress phenomenon in this study was further investigated by

analyzing blood SAA, glucose, and NEFA concentrations. SAA is an acute-phase

protein (APP) identified as a positive acute-phase reactant (37). Glucose and its

alternative fuels, NEFA, beta-hydroxybutyrate, and glycerol, can be used as indicators

of metabolic stress induced by food and water restriction (13). Glucose is also affected

by the sympathetic nervous system, and the hypothalamic-pituitary-adrenal (HPA) axis

and could be an indicator of these responses (13). In this study, transportation stress

induced an increase in blood SAA, glucose, and NEFA values, and acupuncture
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treatment alone suppressed the increase in blood SAA values. The increase in blood

glucose and NEFA values was also considered to reflect transportation stress because of

the increase in cortisol via HPA axis activation, whereas acupuncture treatment did not

affect these changes. It has been reported that APPs, including SAA, increase after

prolonged transportation of pigs for 12 h or longer (55). Longer transportation times and

continuous post-transportation sampling may show an increase in SAA due to

transportation stress and the effect of acupuncture treatment, warranting further study in

the future.

The novel findings regarding blood oxidative stress markers in this study are

of considerable interest. The d-ROMs are among the blood markers used to evaluate

oxidative stress, and elevated levels have been observed in pigs reared under chronic

heat stress as shown in Chapter 1. However, it is not necessarily accompanied by an

increase in common stress markers, such as cortisol, and the causal relationship has not

been clarified. Furthermore, the BAP/d-ROMs ratio is important because antioxidant

reactions occur in vivo to resist oxidative stress. In this study, transportation stress

induced a decrease in the BAP/d-ROMs ratio, while acupuncture treatment reversed this

change. The decrease in the BAP/d-ROMs ratio owing to transportation stress was

caused by an increase in the d-ROMs and remaining BAP values after transportation.
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Therefore, it was thought that acupuncture treatment reduced transportation stress and,

as a result, improved blood d-ROMs levels and the BAP/d-ROMs ratio.

Transportation stress is associated with increased gastrointestinal permeability,

bacterial translocation, toxin production, and tissue damage as well as low immunity

(56, 57). In experiment 2, diarrhea occurred in microminipigs without acupuncture

treatment after transportation, considered to be because of transport stress. Pig

transportation induces oxidative damage to the intestines, resulting in the destruction of

intestinal integrity (56). Because acupuncture treatment suppressed diarrhea occurrence

in microminipigs, it has been suggested that acupuncture suppresses diarrhea in other

pig breeds. Taken together with the results of Experiment 1, the effects of transportation

and acupuncture on blood SAA levels and oxidative stress may be related to intestinal

oxidative stress. Although the effect of the autonomic nervous system on transport stress

was not determined from the present data, it is well known that intestinal function and

the autonomic nervous system are closely interrelated. Further research is required to

clarify the mechanism of diarrhea induced by transport stress and validate the

effectiveness of acupuncture treatment.

In summary of this Chapter, acupuncture treatment suppresses HPA axis

activation, thereby reducing transport stress; however, it did not suppress central
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catecholaminergic or sympathetic activity in microminipigs.
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Table 2-1. Blood examination

Before After
Parameter Group P value*
transportation transportation
[Stress Markers]
Cortisol (ng/ml) Control 21 = 04 89 + 25 <0.05
Treatment 25 + 08 128 + 5.0 0.065
Adrenaline (ng/ml) Control 913 =+ 1187 613 + 420 0.609
Treatment 113.0 + 58.0 56.7 £+ 215 0.118
Noradrenaline (ng/ml) Control 1863 + 1789 1527 + 90.0 0.588
Treatment 2333 + 939 167.7 + 384 0.281
[Biochemical Examination]
Serum amyloid A (mg/1) Control 094 + 033 1.76 + 0.63 0.155
Treatment 094 =+ 0.06 096 + 0.15 0.830
Glucose (mg/dl) Control 663 =+ 7.6 927 + 4.7 <0.05
Treatment 69.7 + 78 943 £+ 25 <0.05
NEFA (mEq/1) Control 020 =+ 0.06 055 + 023 0.156
Treatment 0.19 + 0.05 063 + 027 0.126
[Oxidative Stress]
d-ROMs (U.CARR) Control 985.7 + 2739 13227 + 4222 0.098
Treatment 8423 + 84.1 8570 + 972 0.523
BAP (umol/l) Control 31173+ 309.1 33047 + 6167 0.435
Treatment 3165.0 + 1418 3021.0 + 1388 0.408
BAP/d-ROMs ratio Control 34 £ 1.1 27 £ 1.0 <0.05
Treatment 38 + 05 35 £ 03 0.321

*: Paired-samples t-test
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Table 2-2. Incidence of diarrhea after transportation

Control Treatment
n Diarrhea n Diarrhea
Short transportation 2 1 (50.0%) 6 0
Long transportation 1 6 1 (16.7%) 6 0
Long transportation 2 — 161 0
Total 8 2 (25.0%) 173 0**

Short transporation: within 1 hour, long transportation 1 and 2: 6 and 17 hours,

respectively. **p<0.01: significantly different from control group.
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GENERAL DISCUSSION
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It is known that a variety of stressors are existing in the industrial pig farming

environment and can induce a variety of biological responses, including behavioral,

neurological, or immunological. In recent decades, there has been growing concern

regarding stress among pigs because of the undesirable consequences that stress

imposes on the normal physiology of pigs, their welfare, and general productive

performance (13). For example, heat stress causes poor semen production and quality

and quantity in boars and compromises normal embryo development in sows, resulting

in a reduced farrowing rate, which is called seasonal infertility (17). Weaning and

transportation are also major stresses for pigs, which leads to malnutrition, susceptibility

to infection, deterioration of meat quality, and other spillover effects, causing a decline

in productivity (13).

The expression of stress results primarily from two responses below. One is

from activation of the sympathetic nervous system (SNS), in which catecholamines

(epinephrine and norepinephrine) are secreted by the chromaffin cells of the adrenal

medulla. An increase in peripheral catecholamines causes not only physiological stress

responses but also deterioration of meat quality in domestic swine (13, 58). Additionally,

elevated central noradrenergic activity causes psychological and emotional stress

responses, such as anxiety, fear, and exaggerated aggressiveness (54). Furthermore,
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catecholamines increase the number of leukocytes, mainly neutrophils and lymphocytes,

under acute stress. The another is hypothalamic-pituitary-adrenal (HPA) axis response,

which is caused by a hormone-mediated hierarchical. That is, stressful stimulus causes

the secretion of corticotropin-releasing hormone from the hypothalamus, followed by

adrenocorticotropic hormone from the anterior pituitary gland, and finally

glucocorticoids from the adrenal cortex. Cortisol is the major glucocorticoid in pigs and

increases the catabolism of tissue to produce glucose, but also affects the reproductive

and immune systems (13). Glucocorticoids inhibit the secretion of luteinizing hormone

from the pituitary and various reproductive hormones from each gonad (59, 60). In the

immune system, glucocorticoids suppress the production of cytokines and

immunoglobulins (61). Additionally, prolonged exposure to stress and a predominance

of cortisol results in a decrease in lymphocytes in the blood. Because of these

mechanisms, there is a tendency to synthetically evaluate a variety of biomarkers

representing different body systems such as SNS, HPA axis, reproductive and immune

systems. In this study, catecholamines were used as biomarkers reflecting SNS. Cortisol

is a widely used biomarker representative of the HPA axis, which was also measured in

this study. Glucose is also affected by the SNS, and the HPA axis and could be an

indicator of these responses (13).
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Furthermore, prolonged stress can also affect metabolism and the immune

system, and some studies have attempted to assess stress using various blood

biochemical and immune system indices (13). Glucose and its alternative fuels,

non-esterified fatty acids (NEFA), beta-hydroxybutyrate, and glycerol, can be used as

indicators of metabolic stress induced by food and water restriction (13). Acute phase

proteins (APPs), such as serum amyloid A (SAA), haptoglobin, and C-reactive protein,

are recognized markers of inflammation and have also been proposed as indicators of

stress in cattle and pigs (17, 38). Especially when stress is prolonged, oxidative stress is

a consequence of any stress (62). Oxidative stress is defined as the balance between

reactive oxygen species and the antioxidant system in the body, and it has been

suggested that elevated oxidative stress increases oxidative damage, may be involved in

various human disorders and pathogeneses (41, 63, 64). While various oxidative stress

markers have been proposed as indicators for diagnosis and prevention of pathological

condition, derivatives of reactive oxygen metabolites (d-ROMs) and biological

antioxidant potential (BAP) were used as indicators in this study. These markers have

been reported linking to various disease in human medicine (41, 63, 64), and obesity

and metabolic syndrome are associated with low blood BAP/d-ROMs ratio (65).

In Chapter 1, I examined the affects of heat stress, which is considered to be
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the most concerning issue in Kagoshima prefecture. Kagoshima is located in the

subtropical climate zone, and severe heat stress is expected to affect pigs during the

summer months. Actually, the summer (June to September) temperatures in the pig

house where this examination was conducted remained above the thermoneutral zone

throughout the day. This indicates that the summer-finished pigs reared under

subtropical field conditions in this study showed evidence of chronic heat stress,

reflected in lower carcass quality than that of winter-finished pigs. In addition, increased

backfat thickness has been confirmed resulting in a decrease in carcass value, which is

considered to be an industrial issue. Heat stress alters metabolism, structure and

antioxidant mechanisms in skeletal muscle (66). Heat exposure of sows during

pregnancy affects fetal development and post-growth carcass quality (26, 67). In

growing pigs, it has been reported that acute heat stress disrupts muscle redox balance

and inflammatory signaling (39, 68). Heat stress has also been previously implicated in

the upregulation of lipoprotein lipase (48) and fatty acid synthase activities (49),

resulting in increased adipose tissue. Although the mechanism of backfat accumulation

is not clear from the present study, these demonstrate the potential adverse effects of

high temperature levels on the swine industry, and underlines the need for sensitive

markers to monitor heat stress. The heat conditions described in Chapter 1 were
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probably chronic since the temperature conditions were milder and of longer duration

than in other studies conducted in the laboratory. It is probably for this reason that many

indicators, such as catecholamines and cortisol, did not show significant changes.

However, d-ROMs value was elevated in the summer-finished pigs, suggesting the

occurrence of oxidative stress. Since healthy pigs are expected to adapt to stress, and

their owners generally try to provide appropriate environment, more sensitive markers

are needed to measure stress in pigs in the rearing environment. Such markers would

help in the development of environments and handling practices that are more

consistent with animal welfare through stress assessments.

The effects of transport stress, considered one of the major stressors for pigs,

were examined in Chapter 2. Additionally, the effectiveness of acupuncture on pigs as a

method of reducing stress was evaluated. In contrast to that observed in the chronic heat

environment (Chapter 1), increased blood cortisol and glucose concentrations were

observed after transport, and SAA values increased approximately twofold after

transport. On the other hand, a decrease in the BAP/d-ROMs ratio due to an increase in

d-ROMs level was shown for oxidative stress. These effects were reduced in the

acupuncture treatment group, suggesting that the effects of stress during transport were

suppressed by acupuncture. An increase in peripheral catecholamines by elevated
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sympathetic nervous activity causes not only physiological stress responses but also

deterioration of meat quality in domestic swine (13, 58). Additionally, elevated central

noradrenergic activity causes psychological and emotional stress responses, such as

anxiety, fear, and exaggerated aggressiveness (54). Because peripheral noradrenaline

levels are known to correlate with central noradrenaline levels (69, 70), acupuncture

treatment may also suppress transportation-induced increases in central noradrenaline

levels. However, in the present study, there were no changes in peripheral

catecholamine levels before or after transport. Furthermore, there were no differences

with or without acupuncture treatment, and the involvement of the autonomic nervous

system could not be proven. Treatment of the apex of the ear is generally effective

against common cold, moderate heat, poisonings, febrile disease, indigestion, and shock.

The acupoints used in present study are anatomically located in the region innervated by

the trigeminal nerve (52), and it is thought that treatment stimulation also affects the

center of the hypothalamus and vagus nerve and is influenced by somatic autonomic

reflexes, such as suppression and enhancement of gastric acid secretion. Although the

effect of the autonomic nervous system on transport stress was not determined from the

present data, it is well known that intestinal function and the autonomic nervous system

are closely interrelated. Further research is required to clarify the mechanism of diarrhea
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induced by transport stress and validate the effectiveness of acupuncture treatment.

In both studies, the pigs showed reactions that appeared to be caused by stress:

degradation of carcass value in heat and diarrhea in transport. In transport, an increase

in cortisol was detected after transportation, but other well-known biomarkers did not

show obvious change. On the other hand, d-ROMs value, an oxidative stress marker,

was suggested to be increased by exposure to stress in both tests. As shown in this study,

the possibility of detecting potential stress suggests that this method may become a new

tool for stress assessment. It has been proposed that d-ROMs is a marker that

comprehensively assess oxidative stress in the body, and when combined with BAP, it

can be used to assess the balance between oxidative and antioxidant stress (41, 65, 71,

72). In addition, it is considered to be suitable for veterinary applications because the

target substance is relatively stable, and the measurement method is very simple (71,

72). However, there have been evaluated in a limited number of studies in domestic

animals (42-45), and more detailed studies are needed.

With its involvement in the stress response, oxytocin is becoming increasingly

important in stress research in humans and animals (73). Oxytocin is a peptide hormone

primarily synthesized in magnocellular neurons of the paraventricular and supraoptic

nuclei of the hypothalamus. The synthesized oxytocin is transported to the posterior
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pituitary gland, where it is released and involved in parturition and lactation,

physiological effects of which have long been investigated (73). In recent decades, as

the distribution of oxytocin receptors in the central nervous system has become clarified,

it has become obvious that the effects of oxytocin are diverse, including maternal

behavior, social recognition, feeding behavior, and stress regulation. Regarding the

stress-regulating function of oxytocin, it has been reported that it is involved in the

regulation of stress responses via HPA axis (73) and is thought to work as an anxiolytic

as it decreases release of stress hormones (74). Because oxytocin appears to be involved

in behavioral physiology and stress regulation, it has gained high interest as a biomarker

for welfare assessment in farm animals. Oxytocin has also been reported to be analyzed

in samples that can be collected noninvasively, such as saliva and hair, which is

considered a great advantage (75, 76). In the veterinary field, injectable preparations of

oxytocin are used mainly to stimulate lactation and induce farrowing. However, these

preparations are not administrated to livestock for improving animal welfare, and it

seems would not be an impractical strategy. Similarly, acupuncture also appears to be

very difficult to apply in the swine industry. Although acupuncture was found to be

effective to a certain extent in this study, it is labor intensive to implement in actual pig

farming. Materials that can be administered orally would be more practical for
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application in swine production.

Oxytocin is a peptide hormone and is not absorbed when administered orally.

However, 1,5-anhydro-d-fructose (1,5-AF) has been reported as a substance that may

increase oxytocin secretion endogenously (77). The 1,5-AF is a saccharide that has been

isolated from several fungi (78) and an edible seaweed (79) as an intermediate of the

microthecin biosynthesis pathway. This saccharide is considered to be widely

distributed among organisms, including animals (80) Furthermore, 1,5-AF is produced

as a food material in Japan via the enzymatic degradation of starch. The 1,5-AF has

antioxidant (81) and antibacterial properties (82) and health benefits (83), thus it has

utility as a food preservative and healthy food material. One very unique functionality

has been reported that mice orally administered 1,5-AF show feeding suppression and

that activation of oxytocin neurons may be involved in this satiety effect (77). Although

these various functionalities have been reported, research is still in progress to

determine whether these effects can be seen in humans and livestock as well. The

1,5-AF has been reported to be metabolized to 1,5-anhydro-d-glucitol (1,5-AG) in the

body and excreted though the urine in mice (84). The 1,5-AG is present in the blood of

humans and rats (85). The blood 1,5-AG concentration is clinically measured because it

is correlated with blood glucose levels and is used in blood glucose control. The 1,5-AG
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also has beneficial properties for human health such as anti-inflammatory (86), blood

glucose regulation in diabetes (87), and an inhibition of COVID-19 infection (88).

Recently, it was reported that in humans and pigs, as in mice, it is metabolized to

1,5-AG in the body when administered orally (89). These findings indicate the potential

of 1,5-AF as a stress-reducing material, while further detailed investigation of its effects

and metabolism in pigs is needed.

Stress conditions are generally managed by improving hardware such as

facilities and changing husbandry methods, but there are some limitations to this

approach alone. Stress reduction methods such as acupuncture and the administration of

functional substances such as 1,5-AF are thought to provide a new perspective on

improving animal welfare. Clarifying the physiological effects of 1,5-AF and its

mechanism of action will contribute to the reduction of stress in farming animals. In

addition to the existence of various stressors in the environment for farming pigs, the

treatment of animals for evaluation their stress such as holding or blood sampling may

also be a cause of stress, and further research, including methods for stress evaluation, is

desirable for animal welfare.
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SUMMARY AND CONCLUSION

As global demand for food increases, intensive livestock production is becoming

more common, which is known to cause various stress-related health problems in

animals. This not only directly affects livestock productivity, but in recent years, with

the growing interest in animal welfare, it is desirable to develop a method of feeding

livestock with less stress on them. On the other hand, although various biomarkers have

been proposed to evaluate stress in livestock, there is no gold standard procedure,

indicating the difficulty of stress assessment in livestock. In this dissertation, I focused

on the effects of stress during swine feeding and management.

In Chapter 1, the effects of seasonal heat stress in Kagoshima Berkshire pigs

reared in the subtropical region were investigated by comparing the biomarker changes

in the summer and winter seasons. Pigs were allocated to summer- and winter-finishing

cohorts, 12 each. The evaluations included assessment of carcass traits and internal

organs’ normality carried out at the time of slaughter, and measurement of biomarkers in

whole blood: derivatives of reactive oxygen metabolites (d-ROMs) and biological

antioxidant potential (BAP) as markers of oxidative stress, and serum amyloid A (SAA)
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and albumin/globulin (A/G) ratio as markers of acute and chronic inflammation,

respectively. During the summer, the feeding environment in Kagoshima exceeded the

thermal neutral zone for pigs, suggesting that the pigs were exposed to chronic heat

stress. In winter, on the other hand, the pigs were within the thermal neutral zone

throughout the rearing period. In addition, the summer-finished pigs reared under

subtropical field conditions showed lower carcass quality than the winter-finished pigs,

indicating a potential adverse effect of summer temperatures on the swine industry.

Marginal changes were observed in d-ROMs and the A/G ratio between the summer-

and winter-finishing cohorts. The results demonstrated that d-ROMs and the A/G ratio

could be used as sensitive markers for heat stress under field conditions.

In Chapter 2, the effects of transport stress were examined using experimental

microminipigs, and the stress-reducing effects of acupuncture via ear acupuncture

points were evaluated. The effects of transport and acupuncture treatment on pigs were

examined using blood stress marker. Six animals were equally divided into two groups

(Control and Treatment). In the treatment group, before transportation (6 h; vehicle and

plane), short, ultrathin circular transdermal needles were applied to locations

corresponding to the acupoints on the apical area of both ears. Peripheral blood samples

were collected from the cranial vena cava 2 days before and immediately after
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transportation. Blood stress markers, biochemistry indicators, and oxidative stress levels

were examined. Transport stress induced an increase in blood cortisol, SAA, glucose,

non-esterified fatty acid, and d-ROMs and decreased the BAP/d-ROMs ratio yet did not

affect BAP. Acupuncture suppressed the increases in SAA and d-ROMs values and the

decrease in BAP/d-ROMs ratio. As a follow-up study, diarrhea incidences after

transportation in the control and treatment groups were also investigated. The total

diarrhea incidence was 25% in the control group, whereas diarrhea was not observed in

the treatment group. These results suggest that acupuncture treatment suppresses

hypothalamic—pituitary—adrenal function and, as a result, reduces transport stress

without affecting the suppression of the central catecholaminergic system. Therefore,

acupuncture treatment for transport stress was considered to have the potential to

improve animal welfare. In summary, this dissertation verifies the effects of heat and

transport stress on pigs and demonstrates the effectiveness of acupuncture as a method

of reducing these effects. These should contribute to the development of livestock stress

research and the establishment of strategies to manage stress in pigs.

Stress in the actual feeding environment did not necessarily show obvious

changes in stress markers, but it was suggested to affect health status and meat quality.

Furthermore, d-ROMs and BAP, indicators of oxidative stress, are sensitive markers and
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may be useful in assessing stress in livestock. The development of simpler and easier

stress assessment methods is essential for livestock stress research and further study is

desirable. In addition, the effects of acupuncture shown in this study provide a new

perspective on stress management in livestock. Recently, functional saccharide named

1,5-anhydro-d-fructose (1,5-AF) was reported to increase endogenous oxytocin

secretion in mice, suggesting that it may be effective in reducing stress in humans and

animals. Since it has been suggested that 1,5-AF may be effective with oral

administration, 1,5-AF is expected to be easily applied to livestock, including pigs.

Stress reduction methods such as acupuncture and the administration of functional

substances such as 1,5-AF are revolutionary in that they can contribute to stress

reduction without requiring changes in equipment or husbandry methods.
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