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ABSTRACT

The impacts of body condition, anti-diabetic supplements and reproductive status on
blood glucose levels in female mink during the reproductive cycle were investigated.
Firstly, dams from 3 farms were assigned to either herring oil (HerO), chromium
picolinate (CrPic), or a control group for 6-wk at the onset of lactation. Hyperglycemia
was observed throughout reproduction. Females exhibiting hyperglycemia early in the
reproductive cycle tended to remain hyperglycemic, have poorer health and fewer kits.
CrPic reduced blood glucose levels. Secondly, females having blood glucose values of
<5.5 mmol I (Normoglycemic) and >5.5 mmol 17 (Hyperglycemic, HG) early in
lactation were supplemented daily for 1-wk at day 21 of lactation with various
combinations of HerO, CrPic and acetyl-salicylic acid (ASA). In HG females, treatments,
excluding CrPic and ASA alone, reduced blood glucose levels. Blood glucose levels in
lactating mink may be affected by anti-diabetic supplements; however, as hyperglycemia
occurs prior to nursing, preventative measures are recommended throughout the year.
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CHAPTER 1. Introduction and literature review

1.1 INTRODUCTION

In mammals, glucose is a primary nutrient for both fetal growth and milk synthesis (Bell
& Bauman, 1997) and the development of hyperglycemia during gestation and lactation
may result in significant health risks for the mother, fetus and newborn (Di Cianni et al,,
2003). The nursing period is a time of critical importance during the reproductive cycle
of the mink dam; as lactation progresses, the ability of the mink female to meet
increasing energy demands is influenced by various metabolic, nutritional and
environmental factors (Clausen et al, 1992; Rouvinen-Watt, 2003). While various
studies have investigated glucose metabolism in lactating mink (Bersting & Gade, 2000;
Fink & Bersting, 2002; Fink et al., 2001a; Fink et al., 2002a; Fink et al., 2002b; Fink et
al., 2004), reports evaluating the impact of disruptions in glucose homeostasis during the
reproductive cycle of mink females are sparse. Within normal pregnancy a condition of
insulin resistance develops, a process favoring glucose supply to the developing fetus and
milk production, with glucose homeostasis restored at the cessation of lactation (Di
Cianni et al., 2003). However, it is suggested that obesity or lipodystrophy (deficiency of
body fat), n-3 polyunsaturated fatty acid (PUFA) fatty acid deficiency and/or oxidative
stress may aggravate this metabé]ic response, resulting in the development of insulin

resistance and hyperglycemia in the mink dam (Rouvinen-Watt, 2003).

Insulin resistance is a common underlying abnormality in a number of metabolic
conditions (Colagiuri & Brand Miller, 2002) and hyperglycemia (23.4+2.8 mmol I'') has

been observed in mink dams diagnosed with nursing sickness as compared to normal



blood glucose concentrations (5.3+0.3 mmol 1) in apparently healthy lactating mink
(Wamberg et al., 1992a). Nursing sickness is a disorder believed to develop from a
complex of metabolic, nutritional and environmental factors, which influence the ability
of the mink dam to meet the extreme demands of lactation (Clausen et al., 1992). Mink
are a rapidly growing species and while the etiology of nursing sickness remains
uncertain, an increased demand for gluconeogenesis due to heavy milk production may
be a causative factor (Wamberg et al., 1992a). Beorsting and Gade (2000) suggested that
the development of the disorder may be associated with a disruption in glucose
homeostasis. Increasing dam age, large litter size, and female weight loss have been
identified as major determinants for its development (Clausen et al., 1992) and clinical
signs include lethargy, loss of appetite, emaciation, and extreme dehydration (Seimiya et
al., 1988; Schneider & Hunter, 1992). Females affected with nursing sickness have been
shown to lose approximately 31% of their body weight during lactation, as compared to
14% in unaffected dams (Clausen et al.,, 1992). With morbidity as high as 14-15% and
mortality up to 8% (Clausen e al., 1992), differences in incidence rates observed among
individual ranches demonstrate the importance of ranch-level factors in the development

of the disease (Schneider & Hunter, 1992).

Generally viewed as a symptom of the disease, little research has been performed to
investigate the role of high blood glucose in the development of nursing sickness,
although pilot studies conducted suggest a relationship between the two (Hynes et al.,

2004; Rouvinen-Watt & Hynes, 2004). The research presented investigates glycemic



control and supplemental strategies designed to prevent or reverse hyperglycemia in the

mink female throughout the reproductive cycle.

1.2 LITERATURE REVIEW
1.2.1 GLUCOSE REGULATION
In mammals, glucose is a key fuel and an important metabolic substrate (Wood &
Trayhurn, 2003). The regulation of glucose metabolism is a key aspect of metabolic
homeostasis and various hormones influence this regulatory system (Olefsky, 1999).
These include insulin, which decreases blood glucose, and counter-regulatory hormones,

such as glucagon, epinephrine and cortisol, which increase blood glucose concentrations.

1.2.1.1 Absorptive phase

Insulin is a protein hormone secreted by the B-cells of the pancreatic islets during the
absorptive phase of digestion to reduce blood glucose levels. One of the most important
actions of insulin is to enhance the uptake of both dietary glucose and glucose
synthesized within the body from circulation into target peripheral tissues, i.e. skeletal
muscle and adipose cells (Olefsky, 1999; Holman & Sandoval, 2001; Wood & Trayhurn,
2003; DeFronzo, 2004). Additionally, insulin promotes the conversion of excess glucose
into storage as glycogen in liver and muscle (glycogenesis) or triacylglycerol (TG) in
adipose tissue, inhibits lipolysis and, thereby, reduces circulating free fatty acid (FFA)
concentrations, and inhibits hepatic glucose production (Nelson & Cox, 2000; DeFronzo,

2004).



Post-prandially, the rapid stimulation of glucose transport into the target peripheral
tissues is essential for the maintenance of glucose homeostasis (Kahn, 1994; Kahn &
Pessin, 2002). Glucose transporters (GLUT) are a group of membrane proteins that are
integral in this process (Holman & Sandoval, 2001; Wood & Trayhurn, 2003). Confined
mainly to insulin-sensitive fat and skeletal muscle tissues, GLUT-4 facilitates insulin-
responsive glucose transport into the adipocytes and myocytes of these target tissues
(Kahn, 1994; Holman & Sandoval, 2001; Khayat ef al., 2002; Wood & Trayhurn, 2003).
GLUT-1 has a minor role in enhancing glucose transport in response to insulin in these
tissues (Kahn, 1994). When insulin levels are low, glucose transporters are located within
the membranes of cell cytoplasmic vesicles. As plasma glucose levels rise, insulin binds
to its receptor and stimulates tyrosine kinase activity, initiating a signaling cascade that
draws GLUT to the surface membrane of insulin-responsive cells (Kahn, 1994; Olefsky,
1999; Holman & Sandoval, 2001; DeFronzo, 2004). Here GLUT become incorporated
into the plasma membrane and facilitate the removal of glucose from the blood via the
passive diffusion of glucose down a concentration gradient (Kahn, 1994; Karp, 1996;

Holman & Sandoval, 2001; Wood & Trayhurn, 2003).

After absorption into the cells, glucose can be used immediately for the release of energy
to the cells or converted to glycogen or fat. During carbohydrate metabolism (glycolysis),

in the absence of oxygen, pyruvate is reduced to lactate, and during aerobic oxidation,

pyruvate is decarboxylated and linked to coenzyme A (CoA), to form acetyl-CoA. This
complex passes through the tricarboxylic acid (TCA) cycle, releasing energy through

electron transport to be used in adenosine triphosphate (ATP) formation (Karp, 1996).



These pathways act to remove glucose from the blood, restoring normal blood glucose

concentrations.

1.2.1.2 Post-absorptive phase

When blood glucose levels are low, pancreatic a-cells release the hormone glucagon, an
action that mediates the glycogenolysis pathway; the breakdown of stored glycogen to
yield glucose for fuel (Kahn & Pessin, 2002). Glucagon also increases lipolysis in
adipose tissue, releasing FFA into the bloodstream. However, when these fuel reserves
are low, or when amino acids are in abundance, glucose may be synthesized from non-
carbohydrate precursors, i.e. amino acids from the breakdown of protein and the glycerol
of triacylglycerol (TG), through the process of gluconeogenesis. More costly from an
energy standpoint, the gluconeogenesis pathway is essentially the reverse of glycolysis
(the break down of glucose), however separate enzymes, i.e. pyruvate carboxylase,
phosphoenolpyruvate carboxykinase (PEPCK), fructose bisphosphatase, and glucose-6-

phosphatase (G6Pase), are involved (Bender, 1997).

Glucagon, epinephrine, and cortisol may interact to increase circulating blood glucose
levels (Eigler et al., 1979). Acute stress increases epinephrine production, releasing
glucose for energy. Secreted by the adrenal medulla, epinephrine stimulates hepatic
glucose production and stimulates the adipose cells to release FFA, decreasing the use of
glucose for fuel and thereby increasing blood glucose levels (Sherwin et al., 1980;
Nelson & Cox, 2000). Stevenson et al. (1991) reported increased stimulation of both

glycogenolysis and gluconeogenesis in dogs infused with increasing concentrations of



epinephrine. It also stimulates glycogen breakdown in skeletal muscle, producing ATP, in
order to facilitate violent muscular action (Elliott & Elliott, 2001). In humans, increases
in muscle glycogen utilization observed after epinephrine infusion were associated with a
reduction in muscle glucose uptake (Watt et al, 2001). Similarly, epinephrine has
reduced both basal and insulin-stimulated glucose uptake in rat skeletal muscie (Chaisson
et al., 1981; Jensen et al., 1987). The reduction in glucose uptake is suggested to be due
to inhibited glucose phosphorylation resulting from enhanced muscle glycogenolysis

(Chaisson et al., 1981; Watt et al., 2001; Hunt & Ivy, 2002).

Under conditions of chronic stress, cortisol is secreted by the adrenal cortex, stimulating
gluconeogenesis and increasing the breakdown of protein and fat (De Leon et al., 1997).
Handling and restraint stress have resulted in significant increases in both plasma cortisol
and glucose levels in captive bats; cortisol levels rose by approximately 800% after two
hours of restraint (Widmaier & Kunz, 1993). Similarly, elevated cortisol concentrations
were observed in the plasma of cubs from pregnant blue fox vixens handled during late
gestation (Osadchuk et al., 2004). In an earlier study, cortisol levels were consistently
lower in men fed a high carbohydrate diet in comparison to those fed a diet high in
protein (Anderson et al., 1987). In lactating mink, plasma cortisol levels were lowered
one week after weaning, indicating that weaning is a source of stress, with a reduced

strain on the dams after weaning and separation from the kits (Serensen et al., 2001). In

the skeletal muscle of rats, cortisol excess induced insulin resistance by directly

inhibiting GLUT-4 translocation (Dimitriadis et al., 1997).



Glucose regulation in the mink

In the wild, the mink is a carnivore with a diet high in animal protein and fat and
relatively low in carbohydrates (Fink ef al., 2001a). For carnivores, gluconeogenesis is an
important factor in the maintenance of glucose homeostasis (Kettlehut er al., 1980).
When compared to omnivores, carnivores have a higher capacity for glucose synthesis
due to increased gluconeogenic enzyme activities (Bersting & Gade, 2000). For example,
liver G6Pase and PEPCK activities were shown to be very high in the mink (Serensen et
al., 1995). Nursing mink females rely heavily on gluconeogenesis to meet glucose
demands. In a study by Fink and Bersting (2002), mink dams fed carbohydrate-free diets
synthesized approximately 13g of glucose per day via gluconeogenesis, this was in the
same range as those fed 17% of metabolizable energy (ME) from carbohydrates. It has
been shown that the ability of the mink to synthesize glucose, when fed a carbohydrate-
free diet, is dependant upon the availability of sufficient precursors in the form of amino
acids (Fink & Bersting, 2002; Damgaard et al., 2003). In addition to having the ability to
synthesize large amounts of glucose via gluconeogenesis, the mink is able to utilize high
levels of dietary digestible carbohydrates without critically elevating plasma glucose
concentrations (Fink & Bersting, 2002; Fink et al, 2002b). When fed significant
amounts of carbohydrates, the mink has the ability to store excess glucose as glycogen
(Bersting & Gade, 2000). Fink and Bersting (2002) suggest decreased de novo glucose
synthesis in dams fed a high carbohydrate supply, possibly due to decreased activity of

gluconeogenic enzymes.



1.2.1.3 Glucose metabolism during gestation and lactation

In order to maintain glucose supply to the gravid uterus and lactating mammary gland,
metabolic adaptations act to buffer against variations in maternal nutrition and other
environmental factors (Bell & Bauman, 1997). The endogenous production of glucose,
particularly through gluconeogenesis, is amplified in order to meet the increased energy
demands associated with the developing fetus (Di Cianni ez al.,, 2003). Additionally, an
adaptive reduction of insulin sensitivity occurs in glucose metabolizing tissues during late
gestation and lactation, facilitating the uptake of glucose by the fetus and mammary gland
(Bell and Bauman, 1997; Butte et al., 1999; Di Cianni et al., 2003; Rand et al., 2004).
Possibly elicited by placental hormones, an increase in insulin secretion by the B-cells
offsets the adaptive decrease in insulin sensitivity in order to maintain glucose
homeostasis (Di Cianni et al., 2003). In late gestation and into lactation, increases in
circulating levels of hormones, i.e. prolactin, cortisol, and glucagon, promote greater
utilization of alternative fuels, particularly fatty acids, by peripheral tissues (Buchanan,
1991; Butte et al., 1999; Sivan et al., 1999). The pregnancy-induced mobilization of
adipose tissue results in elevated non-esterified or FFA concentrations (Regnault et al.,
2004). These FFA serve as an alternative energy source, conserving glucose for both fetal

development and milk production (Di Cianni et al., 2003).

Milk synthesis
An adequate supply of glucose is essential as a precursor in lactose synthesis (Annison et
al., 1968). Luick et al. (1962) reported that in lactating dogs, 68—100% of the carbon

required for the synthesis of lactose is derived from plasma glucose. Lactose is the major



carbohydrate in the milk of most species; however a detailed profile of the carbohydrate
fraction of mink milk has not yet been established (Fink et al., 2004). In most species,
lactose synthesis is the primary determinant of milk volume (Bell & Bauman, 1997). The
triglyceride fraction of milk is derived from two sources: the de novo synthesis of fatty
acids and their subsequent esterification within the mammary gland and the uptake of
plasma lipids by the mammary gland (Del Prado et al., 1999). However, it was reported
that the mink mammary gland has a low capacity for de novo fatty acid synthesis and
lacks the capability for desaturation and chain elongation (Wamberg et al., 1992b). As
lactation progresses the mammary gland may uptake FFA derived from the hydrolysis of
TG stored in adipose tissue or TG from very low-density lipoprotein (VLDL) (Del Prado

etal., 1999).

Lactation demands in the mink

At peak lactation, approximately four weeks postpartum, the female mink often sustains a
litter mass exceeding her own body mass (Fink ez al, 2002a). Findings indicate that
increasing litter size places very high energetic demands on the mink dam during
lactation (Bersting & Damgaard, 1995; Tauson, 1997, Wamberg & Tauson, 1998).
Tauson et al. (1998) calculated a daily milk yield of 29.7 g per kit at 4 weeks postpartum
for lactating mink dams. The yield of lactose and other milk sugars is around 9 g per day
in dams nursing a litter of 8 kits; this is within the same range as the total absorption of
glucose (Barsting & Damgaard, 1995). When fed a diet with 12% of ME derived from
carbohydrates, approximately 75% of the glucose requirement for lactating mink is

obtained through gluconeogenesis (Beorsting & Damgaard, 1995). As increased glucose



production occurs in females nursing 8 kits in comparison to those nursing only 4, it is
evident that greater demands for gluconeogenesis are placed on females with large litters
(Bersting & Damgaard, 1995). It is suggested that as lactation progresses, dams are often
unable to cover their total energy requirement by dietary intake, resulting in the acute
mobilization of body reserves (Tauson, 1997). Clausen et al. (1992) found that the total
biomass of kits raised and weaned by dams developing nursing sickness was significantly
larger than that of apparently healthy dams. In support of these findings, a field survey
conducted by Rouvinen-Watt and Hynes (2004) indicated that mink farms reporting
problems with nursing sickness had higher numbers of kits born and weaned when

compared to those not afflicted with the disease.

1.2.2 HYPERGLYCEMIA AND ACQUIRED INSULIN RESISTANCE

During gestation, predisposing genetic and environmental factors can lead to an
exaggerated response in the normal physiologic reduction in insulin sensitivity and, in
turn, a decline in B-cell function and the development of hyperglycemia (Di Cianni et al.,
2003). Colagiuri and Brand Miller (2002) define insulin resistance as a state in which
“greater than normal insulin levels are required to elicit a quantitatively normal glucose
response in the whole body, a tissue or at the cellular level.” Type 2 diabetes mellitus
(T2DM) is a disorder characterized by hyperglycemia and is associated with impaired
carbohydrate, lipid and protein metabolism (Parillo & Riccardi, 2004). These
abnormalities can result from insulin resistance in peripheral tissues and/or abnormal
insulin secretion by pancreatic 3-cells and elevated hepatic gluconeogenesis (Zimmet et

al., 2001; Lenhard & Gottschalk, 2002). In states associated with marked insulin

10



resistance, such as T2DM, the ability of insulin to stimulate GLUT-4 translocation, and
therefore glucose uptake, in muscle and adipose cells is abnormally diminished (Khayat
et al.,, 2002). Insulin output must then be further increased in order to achieve glucose
utilization in peripheral tissues and decrease hepatic gluconeogenesis (Lenhard &
Gottschalk, 2002). Within T2DM, a combination of peripheral cell insulin resistance and
B-cell dysfunction, leads to postprandial hyperglycemia (Bell & Polansky, 2001). Fasting
hyperglycemia develops as [-cell glucose sensitivity further declines (Palumbo, 2001).
Furthermore, insulin resistance is closely linked to impaired lipid metabolism; normally
increases in circulating insulin levels stimulate lipid synthesis in adipose tissue and
inhibit lipid mobilization (Howard, 1999). However, in insulin resistant states, the ability
of insulin to inhibit the rate of lipolysis and to reduce plasma FFA is markedly impaired
(DeFronzo, 2004). The elevated levels of FFA, generally observed in insulin resistance,
are reported to further disrupt the insulin secretory response of pancreatic B-cell to

glucose, as observed in vivo in rats (Mason et al., 1999).

Although not documented in mink, acquired insulin resistance is a common disorder
observed in another carnivore, the cat (Bennett, 2002; Behrend, 2002). Major
abnormalities found in feline diabetes include impaired insulin secretion, peripheral
insulin resistance and increased basal hepatic glucose production (Behrend, 2002).
Similar findings have been reported in another member of the Mustelidae family, a black-
footed ferret that exhibited, among other symptoms, weight loss and hyperglycemia (Fox
& Marini, 1998). Clinical signs in companion animals include polydipsia, polyuria,

weight loss, rear-limb weakness, unkempt coats, dehydration and lethargy (Plotnick &

11



Greco, 1995, Rand & Martin, 2001). Insulin resistance may result from various
physiological, pathological and genetic factors. In both humans and companion animals,
key factors for the development of T2DM include increasing age and obesity (Hoenig,
1995; Scarlett & Donoghue, 1998). In a proposed hypothesis for the pathogenesis of
nursing sickness, Rouvinen-Watt (2003) suggests history of obesity or lipodystrophy, n-3
PUFA deficiency, and/or high protein oxidation rate as key components in the

development of insulin resistance in the mink female.

1.2.2.1 Risk factors in the development of insulin resistance

Obesity and Lipodystrophy

Adipose tissue, a major source of metabolic fuel stored in the form of TG (Samra, 2000;
Morgan & Mercer, 2001), takes up glucose and releases lactate, as well as glycerol,
alanine, and glutamine, which can act as substrates for gluconeogenesis (Samra, 2000).
Obesity results when dietary energy intake exceeds the energy dissipated through either
metabolism or exercise (Morgan & Mercer, 2001). Surplus energy is converted into TG
that can be broken down (lipolysis) following hormonal stimulation to release FFA and
glycerol (Samra, 2000; Reidy & Weber, 2000). Oxidation of fat generates twice as much
energy as that of carbohydrate or protein (Samra, 2000). FFA are stimulators of hepatic
glucose production and elevated concentrations will augment glucose-stimulated insulin
secretion and contribute to insulin resistance (Frayn, 2001). As fatty acids compete with
glucose for substrate oxidation, increases in fat oxidation may also interfere with insulin-

signaling and glucose metabolism (Brownwyn et al., 2000; Perseghin et al., 2003).

12



Adipose tissue also releases cytokines, such as tumour necrosis factor-o. (TNF-a) and
interleukin-6 (IL-6) (Samra, 2000), concentrations of which are increased in the insulin
resistant states of obesity and T2DM (Trayhurn & Beattie, 2001; Dandona et al., 2004).
In a study by Lang and associates (1992), TNF-a produced both hepatic and peripheral
insulin resistance and may have reduced the number or activity of GLUT-4 isomers.
Insulin and cytokines, such as TNF-a, stimulate the production and secretion of the
hormone leptin by adipocytes (Cunningham et al., 1999; Trayhurn & Beattie, 2001).
Identified as an important regulator in reproduction and lipid metabolism, circulating
levels of leptin are directly correlated to body fat mass (Reidy & Weber, 2000; Frayn,
2001). Tauson and Forsberg (2002) found that plasma leptin concentrations strongly
reflected plasma insulin levels and changes in body condition in female mink. Leptin
changes the fuel source from which ATP is generated; with preference altered from
glucose to lipid (fatty acids) (Reidy & Weber, 2000). When circulating levels of leptin
are high, insulin action is inhibited in both adipocytes and muscle, TG synthesis is

decreased, and lipid oxidation rates are increased (Reidy & Weber, 2000).

Numerous studies have identified obesity as a key risk factor in the development of
insulin resistance and T2DM in both animals (Nadler et al., 2000; Hoenig, 2002) and
humans (Bray, 1992; Kahn & Flier, 2000; Frayn, 2001; Felber & Golay, 2002; Parillo &
Ricardi, 2004). In healthy individuals, insulin inhibits the release of FFA from adipocytes
through suppression of hormone-sensitive lipase (DeFronzo, 2004). However, chronically
elevated levels of circulating FFA have been reported in both lean and obese individuals

(Groop et al., 1991; Gavrilova et al.,, 2000; Frayn, 2001, Felber & Golay, 2002;
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DeFronzo, 2004). These findings indicate an impaired ability of insulin to suppress the
rate of lipolysis when the normal action of adipose tissue is compromised. Obesity is
characterized by the excess accumulation of TG in adipocytes, causing these cells to fail
in their normal role of protecting other glucose metabolizing tissues from the daily influx
of dietary fatty acids (Frayn, 2001). Similarly, in the case of lipodystrophy, there is a
deficiency of adipose tissue resulting in TG deposition in skeletal muscle, liver and
pancreatic B-cells and leading to the impairment of glucose metabolism (Flier, 2001;
Frayn, 2001). Recent data indicate that prolonged elevation of FFA levels inhibit insulin-
signaling, leading to reduction in insulin-stimulated glucose transport, mediated by a
decrease in GLUT-4 translocation (Boden & Shulman, 2002). Lipodystrophy is
associated with leptin deficiency; when administered leptin replacement, glycated
hemoglobin (HbA ;) and TG levels were decreased in lipodystrophic patients (Oral et al.,

2002).

Studies demonstrate that not only the degree of adiposity but the distribution of body fat
is an important factor in the development of T2DM (Parillo & Riccardi, 2004). Central
distribution of body fat has consistently been associated with increased risk of developing
the disorder (Hartz et al., 1983; Bjorntorp, 1991; Chan et al., 1994; Parillo & Riccardi,
2004; Raz et al., 2004). Research conducted by Cassano et al. (1992) showed a positive
correlation between blood glucose levels and abdominal fat accumulation, independent of
total body adiposity. It is suggested that these centrally located adipocytes have greater
metabolic activity, with elevated rates of lipolysis, increased sensitivity to hormonal

stimulation and decreased sensitivity to insulin (Raz et al., 2004). Parillo and Riccardi
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(2004) implied that proximity of these adipocytes to the liver may result in escalated
entry of FFA to the liver and, in turn, interfere with glucose oxidation and hepatic

removal of insulin.

n-3 PUFA deficiency

It has been shown that both the amount and type of fatty acids ingested alter insulin
sensitivity in glucose metabolizing tissues (Storlien et al,, 1991; Taouis et al., 2002).
Linoleic and oc-linolenic acid are essential to mammals and are precursors for n-6 and n-3
PUFA, respectively (Allen & Harris, 2001; Hansen et al., 2004). Docosahexaenoic acid
(DHA, C22:6 n-3) and eicosapentaenoic acid (EPA, C20:5 n-3) may be formed by the
elongation and desaturation of o«-linolenic acid (Allen & Harris, 2001). However it was
reported that the mink mammary gland has a low capacity for de novo fatty acid synthesis
and lacks the capability for desaturation and chain elongation (Wamberg et al., 1992b).
The fatty acid composition of milk lipids is highly variable and depends on dietary lipid
composition, maternal energy balance and the maternal dietary carbohydrate-lipid ratio
(Del Prado et al., 1999). PUFA make up a 14-32 % of the TG fraction of mink milk
(Wamberg et al., 1992b). As lactation progresses, there is increased demand for milk
production placed on mink females (Bersting & Damgaard, 1995) and conceivably
lowered n-3 PUFA status resulting from increased amounts of n-3 fatty acids being
secreted in the milk (Rouvinen-Watt, 2003). EPA and DHA are found in high
proportions in oily fish and fish oils (Belzung et al. 1993; Takahashi & Ide, 2000; Calder,
2002; Grimm et al., 2002) and the increased dietary intake of these preformed n-3 PUFA

may help the mink dam meet the elevated n-3 PUFA requirements during lactation.
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Oxidative stress

It has been suggested that oxidative stress may be a contributing factor in the
development of insulin resistance and diabetes (Bonnefont-Rousselot et al, 2000;
Lenhard & Gottschalk, 2002; Quilley, 2002; Piconi et al, 2003). Under normal
physiological conditions, there is a balance maintained between endogenous oxidants and
antioxidants; reactive oxygen species (ROS), including superoxide anion radical (O;--)
and hydrogen peroxide, are continuously formed within cells as a consequence of
metabolic reactions (Piconi ef al., 2003; Wu et al., 2004). When an imbalance occurs,
such as with the chronic intake of high dietary protein or amino acids in excess of
requirements, oxidation is increased in order to maintain homeostasis (Petzke et al.,

2000).

Oxidative stress results from the excessive production of ROS or from a reduced
antioxidant reserve, which can cause oxidative damage to nucleic acids, cholesterol,
lipids, carbohydrates, proteins and antioxidants (Bonnefont-Rousselot et al., 2000; El
Midaoui et al., 2002; Wu et al., 2004; Davies, 2005). Increases in the production of ROS
or decreases in their rate of scavenging will increase the oxidative modification of these
cellular molecules (Stadtman & Levine, 2000); as a result, deoxyribonucleic acid (DNA)
is constantly being damaged or oxidatively modified (Wu et al., 2004). Ostling and
Johanson (1984) described a method, referred to as the comet assay, for measuring DNA
damage to individual cells, based on the technique of single cell gel electrophoresis and
the identification of strand breaks in the supercoiled DNA structure. Oxidative free

radicals have been found to activate nuclear factor kappa B (NFkB) cellular transcription
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factor, which signals activation of the protein complex serine kinase IKf} kinase (IKKf)

(Calder, 2002; Dandona et al., 2004); IKKp plays a key role in tissue inflammation

(Hundal et al., 2002).

Elevated extra- and intracellular glucose concentrations have been shown to result in
oxidative stress (Wolff et al., 1991; Bonnefont-Rousselot et al., 2000). Wu et al. (2004)
reported that in diabetes, oxidative free radicals are excessively formed through glucose
oxidation, non-enzymatic glycation of proteins, and the subsequent oxidative degradation
of glycated proteins. Increased blood concentrations of thiobarbituric acid reactive
substances (TBARS), a measure of lipid peroxidation, have been observed in patients
with diabetes (Cheng et al., 2004). Similarly DNA damage, indicated by the comet assay,
has been found to be significantly higher in diabetic patients when compared to a control
(Anderson et al., 1997b; Collins et al., 1998; Sardas et al, 2001). Persistent
hyperglycemia may be an important factor, as Kayali et al. (2003) observed increases in
plasma oxidative protein damage and lipid peroxidation in chronic but not in acute

diabetic rats.

Increases in plasma FFA are associated with insulin resistance, obesity and T2DM
(Frayn, 2001; Perseghin et al, 2003). Fatty acids compete with glucose for substrate
oxidation and increased fat oxidation may cause the insulin resistance associated with
obesity (Perseghin et al., 2003). Collins et al. (1998) reported a significant correlation

between DNA strand breaks and body mass index in diabetic subjects. There is a positive

correlation between adiposity and circulating levels of cytokines IL-6 and TNF-a, with
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an emphasis on accumulation of abdominal fat (Browning, 2003). Elevated plasma levels
of IL-6 and TNF-o are markers of inflammation (Dandona et al., 2004; Das, 2004).
Proteins have been identified as major targets for oxidants (Davies, 2005) and dietary
protein content has a significant influence on protein oxidation rate, with elevated levels
resulting in increased oxidative stress and reduced antioxidant status (Griffiths, 2002).
Research indicates that dietary protein restriction may inhibit these effects and in some
cases, reduce oxidative damage to proteins while under oxidative stress (Youngman et
al., 1992). In a study by Petzke et al. (2000), long-term intake of high protein diets did
not lead to increased oxidative stress in rats when diets were adequate in antioxidants.
Fink et al. (2001a

) demonstrated a 20% increase in protein oxidation in lactating mink fed a high protein
diet (58% of metabolizable energy [ME]) when compared to dams fed 39% of ME
derived from protein. Rouvinen-Watt (2003) proposed that through the traditional feeding
of diets high in protein during the breeding and lactation periods, mink dams may be

subjected to increased levels of oxidative stress.

1.2.2.2 Monitoring glycemic control

An important factor in achieving glycemic control in animals with acquired insulin
resistance is the appropriate selection and interpretation of analytic monitoring tests
(Bennett, 2002). The use of portable blood glucose meters (PBGM) has become common
in veterinary medicine as a quick and relatively inexpensive means of monitoring
animals’ blood glucose concentration, using only a small amount of blood (Stein &

Greco, 2002). The convenience, ease and accessibility of PBGM make their use a feasible
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option in ranch-level monitoring of glycemic control. In a study by Hynes et al. (2004),
PBGM were found to be an effective means for blood glucose analysis in mink dams,
giving blood glucose values comparable to previously reported clinical values (Wamberg

et al., 1992a).

Plasma glucose

Glucose can be measured in whole blood, serum, or plasma, but plasma is recommended
for diagnosis (Sacks et al., 2002). Although PBGM use whole blood in analysis, most
meters are programmed to report plasma glucose concentrations (Sacks et al., 2002). It is
suggested that postprandial hyperglycemia may be a better index of glycemic control than
fasting basal glucose (Palumbo, 2001; Fonseca, 2003) and Bennett (2002) reported that
fasting may act to further interfere with regulation. Wess and Reusch (2000) concluded
that PBGM provided sufficiently accurate measurement of blood glucose in dogs to
warrant their use in clinical practice. However, Hoenig and Ferguson (1999) report a
single glucose measurement or glucose measurements from one day may not adequately

reflect the status of the animal during the preceding weeks.

Glycated hemoglobin

While high plasma glucose concentrations have been linked to symptoms of diabetes,
more information is available that directly correlates increased HbA . levels with other
variables used to assess glycemic control, e.g. clinical signs, changes in body weight,
serum glucose concentraﬁons (Elliott et al, 1999). HbA,. is produced from an

irreversible, non-enzymatic insulin-dependent binding of glucose to hemoglobin in red
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blood cells and is directly related to blood glucose concentration and erythrocyte lifespan
(Elliott ef al., 1999; Loste & Marca, 2001; Behrend, 2002). A change of 1.9 mmol I"! in
mean plasma glucose per increase of 1 % HbA . was determined in human subjects, with
4 % HbA,. indicating an estimated mean plasma glucose of 3.6 mmol ! (Rohlfing et al.,

2002).

Used for the assessment of long-term glycemic control, Ononogbu and Echeta (1987)
found that HbA,;. measurement gave an estimation of mean blood glucose over the
preceding 2 or 3 months, and ranged from 5 to 8 % in rats. Normal circulating levels of
HbA | are reported to fall between 2.4-3.4 % in healthy dogs and between 2.0-2.9 % in
healthy cats (Haberer & Reusch, 1998; Bennett, 2002). Measurement of HbA . has been
found to be an effective means of assessing glycemic control in canine (Davison et al.,
2002) and feline (Elliott et al., 1997) diabetic patients and a median level of 3.8 % was
determined for cats with newly diagnosed diabetes mellitus (Haberer & Reusch, 1998).
Research by Little er al. (1988) indicated that while elevated HbA,. concentrations
usually indicated diabetes mellitus or impaired glucose tolerance, a normal HbA . did not
exclude its diagnosis. In a study by Marca et al. (2000), acute and transient
hyperglycemia was not found to significantly affect glycated hemoglobin concentrations

in healthy dogs; similar findings were reported in cats (Elliott ez al., 1997).
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1.2.3 EXPERIMENTAL TREATMENTS FOR THE PREVENTION AND
REVERSAL OF HYPERGLYCEMIA

Various pharmacological approaches can be used to improve glucose tolerance and
insulin sensitivity via different mechanisms, i.e. by stimulating insulin secretion,
promoting glucose utilization and reducing hepatic-glucose production, and enhancing
cellular insulin action on glucose and lipid metabolism (Scheen & Lefebvre, 1998;
McCarty, 2005). In this regard, the use of various anti-diabetic agents may be effective in

the prevention and treatment of hyperglycemia in the mink female during lactation.

1.2.3.1 Fish oil

Dietary fatty acids have been found to strongly influence the fatty acid composition of
various adipose tissue depots in the mink (Rouvinen & Kiiskinen, 1989; Rouvinen ef al.,
1992). Adipocyte plasma membrane phospholipids typically contain high proportions of
the n-6 PUFA arachidonic acid (AA, C20:4) and low proportions of n-3 PUFA (Tebbey
et al., 1994; Calder, 2002). In cases of obesity and diabetes, serum levels of AA may be
significantly elevated in comparison to controls (Tebbey et al, 1994). Through feeding
fish oils, n-6 PUFA contained within cell phospholipids may be replaced by n-3 PUFA,
as these fatty acids compete directly for incorporation into cells, from where they are able
to influence cell function (Carbonell et al., 1997; Sen et al., 1997; Calder, 2002; Grimm
et al., 2002; Browning, 2003). In addition to having roles in lipid biosynthesis and energy
production, fatty acids are physiological regulators of the adipocyte glucose transport
system (Long & Pekala, 1996). Research has shown that n-6 PUFA (e.g. AA and linoleic

acid) are strong negative modulators of glucose uptake (Tebbey et al, 1994).
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Furthermore, AA is the precursor of 2-series prostaglandins and 4-series leukotrienes,

which are highly active mediators of inflammation (Calder, 2002).

The fatty acid composition of the diet strongly influences glucose transport into insulin
responsive adipocyte cells and muscle tissues (Ezaki et al., 1992; Riccardi et al., 2004).
When substituted for other types of lipids in the diet, fish oils high in n-3 PUFA have
been shown to have beneficial effects on insulin-stimulated glucose transport and
metabolism in peripheral tissues (Ezaki et al., 1992; Long & Pekala, 1996; Luo et al.,
1996; Jen et al., 2003). In a study by Ezaki et al. (1992), cells from high-fish oil-fed rats
showed increases in cellular GLUT-4 and GLUT-1 and improved insulin-stimulated
glucose activity at 1.7 times that of high-safflower oil-fed rats after 1-week of feeding.
Delarue and colleagues (2004) reported that in rodents in vivo, n-3 PUFA protected
against high fat induced insulin resistance by preventing the depletion of GLUT-4 in
muscle and the decreased expression of GLUT-4 in adipose tissue. Luo et al. (1996)
noted a significant improvement in glucose incorporation into lipids, and glucose
transport and oxidation, after feeding a diet containing 30% fat from fish oil over a 6-
week period. Jucker ez al. (1999) concluded that fish oil feeding spares the muscle from
becoming insulin resistant in part by lowering intramuscular TG availability for oxidation
and increasing pyruvate dehydrogenase versus TCA flux. It has also been suggested that

n-3 PUFA act to down regulate the activity of NFkB (Calder, 2002).

Different types of fatty acids have varying effects on adiposity; in most cases, saturated

fatty acids and n-6 PUFA have induced more body fat and weight gain when compared to
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dietary n-3 PUFA (Hill et al., 1993; Luo et al., 1996; Jen et al., 2003). Hill et al. (1993)
reported that rats fed a diet containing fish oil at 45% of total calories had less total body
fat, less intra-abdominal fat and less insulin resistance when compared with rats fed lard,
corn o1l or medium chain TG. In humans, dietary fish oil has resulted in reduced body fat
mass, lower basal respiratory quotient and a 20% increase in basal lipid oxidation (Couet
et al., 1997). In a study by Fickova et al. (1998), rats fed n-3 PUFA for a 1-week period
had significantly lower mean body mass increment, less epidydimal adipose tissue and
smaller adipocytes than the n-6 diet group. Similar results were found in rats with
dietary-induced insulin resistance and hyperglycemia; data showed smaller epidydimal
fat pads and limited lipid accumulation in retroperitoneal tissue, without change in body
weight, after feeding a diet containing fish oil (Luo et al, 1996). Peyron-Caso and
colleagues (2003) reported a significant increase in lipolysis stimulation and lipoprotein
lipase activity in the adipose tissue of fish oil-fed rats, a mechanism found to reduce

circulating TG levels.

N-3 PUFA have been identified as potentially potent agents in the anti-inflammatory
processes (Calder, 2002; Grimm et al., 2002; Mori & Beilin, 2004). By directing fatty
acids away from storage and towards oxidation, n-3 fatty acids may improve energy
supply to functionally important cells, including immune cells (Grimm et al., 2002).
Studies have shown significant increases in fat oxidation after feeding a diet containing
n-3 PUFA (Hill ez al., 1993; Couet et al., 1997). The highly unsaturated nature of n-3
PUFA makes them vulnerable to the damaging effects of oxygen. High doses of fish oil

have increased the susceptibility of cell membranes to the induction of oxidative stress,
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expressed as lipid peroxidation (Garrido et al., 1989) and a continuing subject of interest
is the relationship between fish oil intake and oxidative stress (Ibrahim ez al., 1997; Miret
et al., 2003). Many studies suggest that lipid peroxidation mediates DNA damage under
oxidative stress. Sen and colleagues (1997) found that fish oil supplementation induced
lipid peroxidation but did not cause protein oxidative damage. Research by Carbonell et
al. (1997) showed reduced O,- production, which consequently improved the antioxidant
status of the inflammatory leukocytes of rats fed menhaden oil. Research by Kikugawa et
al. (2003) showed that dietary fish oil supplementation resulted in lower levels of
oxidative stress-induced DNA damage than supplementation with safflower oil in rats
exposed to oxidative stress. In addition, results indicated that elevated lipid peroxidation
in rat liver in vivo protected against oxidative-stress induced DNA damage (Kikugawa et
al., 2003). Fish oil supplementation has been found to decrease the release of
proinflammatory cytokines and inhibit AA metabolism, factors which may directly or

indirectly decrease the formation of ROS (Sen et al., 1997).

1.2.3.2 Chromium picolinate

Chromium (Cr) is an essential dietary trace mineral (Morris et al., 1999) involved in
carbohydrate and lipid metabolism (Schachter e al., 2001; Kim et al, 2002; Vincent,
2004). The trivalent form of Cr, chromium picolinate (CrPic), is its most stable (Ghosh et
al. 2002) and most efficiently absorbed form (Anderson et al., 1997b, Speetjens et al.,
1999; Schachter et al., 2001). Anderson et al. (1997a) demonstrated a lack of toxicity of
CrPic in rats at levels up to 100 mg/kg of diet. Conditions that increase circulating insulin

and glucose concentrations, including pregnancy (Jovanovic et al., 1999), obesity and



T2DM, increase urinary Cr output (Anderson ef al., 1997b; Morris et al., 1999; Vincent,
2004). Cr deficiency is reported to be a contributing factor in the progression of diabetes

(Vincent, 1999; Cheng et al., 2004).

Several studies have shown supplemental Cr, as CrPic, to improve blood glucose, insulin,
cholesterol and HbA . in people with T2DM (Anderson, 1998). In women experiencing
gestational diabetes mellitus, supplementation with CrPic improved postprandial glucose
levels and reduced hyperinsulinemia (Jovanovic et al, 1999). Cefalu et al. (2002)
demonstrated that CrPic significantly enhanced membrane associated GLUT-4 in obese
rats after insulin stimulation, as well as enhanced insulin sensitivity and glucose
disappearance. Significantly lower blood glucose concentrations have also been reported
in dexamethasone treated rats treated with CrPic as compared to a control group (Kim et
al., 2002). The mechanism of Cr action on the control of blood glucose concentrations is
increased insulin binding to cells due to increased insulin receptor number and an
increase in insulin phosphorylation (Anderson et al., 1997b; Anderson, 1998; Kim et al.,
2002). Most scientific evidence indicates that Cr supplementation has no significant
effect in healthy individuals with good glucose tolerance (Cefalu et al., 2002; Kim et al.,

2002; Vincent, 2003).

With numerous studies reporting conflicting results, no definitive conclusions on the
effects of supplemental Cr on body composition can be drawn. Findings by Trent and
Thieding-Cancel (1995) indicated no significant effect of CrPic on reduction in either

percent body fat or body weight or increase in lean body mass in obese individuals on an
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exercise program. In contrast, supplementation with CrPic was found to increase lean
body mass in obese patients (Bahadori er al, 1997). In agreement with Anderson
(1997b), Pittler et al. (2003) concluded the probable effect of CrPic on body composition

to be a small effect, achieved with long-term supplementation.

Research conducted by Cheng ef al. (2004) demonstrated significant effects of Cr after 6
months of supplementation on plasma TBARS in people with T2DM. While long-term
chromium supplementation resulted in significant decreases of plasma TBARS in mildly-
and severely-hyperglycemic patients, conversely there was a significant increase
observed in normoglycemic subjects (Cheng et al., 2004). Recent in vivo rat studies
propose that CrPic generates oxidative damage of DNA and lipids and is mutagenic
(Vincent, 2003). Due to its extreme stability, CrPic has the potential to be incorporated
into cells intact (Speetjens et al., 1999; Hepburn et al., 2003). In this form, CrPic may
result in the catalytic formation of ROS (Hepburn et al., 2003). Reduction species of
CrPic, e.g. ascorbate and thiols, are susceptible to oxidation, resulting in the generation of

the potent DNA-damaging agent hydroxyl radical (Speetjens et al., 1999).

1.2.3.3 Acetyl-salicylic acid

Dietary acetyl-salicylic acid (ASA or aspirin) is reported to reverse hyperglycemia,
hyperinsulinemia, and dyslipidemia in severely insulin resistant obese rodents (Yuan et
al., 2001). Glycation of hemoglobin is also inhibited by ASA (Rendell et al., 1986).
Hundal and colleagues (2002) reported significant decreases in hepatic glucose

production, fasting plasma glucose, fatty acids and TG and an increase in peripheral
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glucose disposal of type 2 diabetic subjects after ASA treatment. While various studies
have identified ASA as an effective agent for improved insulin sensitivity in insulin
resistant patients, in over-dosage it has been found to trigger transient hyperglycemia in
healthy subjects (Ferner, 1992). In early studies, ASA treatment was shown to produce a
significant increase in plasma insulin while glucose clearance remained unchanged,
indicating impaired glucose metabolism in insulin-sensitive tissues by high-dose ASA
treatment (Giugliano ef al., 1982; Newman & Brodows, 1983; Bratusch-Marrain et al.,

1985).

There are several indications that ASA has antioxidant properties (Sobal et al., 2000; El
Midaoui et al., 2002). El Midaoui et al. (2002) found that dietary aspirin prevented
development of hypertension, hyperglycemia, rise in O,'- formation and relieved insulin
resistance increase in rats fed high glucose. Many studies suggest that high doses of
salicylates inhibit IKK[ activity, and consequently, prevent the activation of NFkB genes
involved in insulin signaling and the pathogenesis of the inflammatory response (Yin et
al., 1998; Yuan et al., 2001; Hundal et al., 2002; Gao et al., 2003). In addition, increases
in the susceptibility of low-density lipoprotein (LDL) to oxidation have also been
associated with severe hyperglycemia (Bonnefont-Rousselot et al., 2000). Sobal et al.
(2000) found that ASA, through its transformation into a more potent hydroxyl radical

scavenger called salicylic acid, specifically limited the consequences of LDL oxidation.
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1.3 OBJECTIVES

The overall objectives of this research were to monitor blood glucose levels in the mink
female, and to evaluate the role of body condition, body weight, litter size and litter
weight in glycemic regulation during the reproductive cycle. In order to prevent or
reverse the occurrence of hyperglycemia at late lactation, the efficacy of dietary anti-

diabetic supplements was examined.

Year 1

= To examine the effects of supplemental herring oil and chromium picolinate
(administered at the onset of lactation) on blood glucose levels in mink dams at late
lactation.

Year 2

* To assess the effects of short-term supplementation with dietary herring oil,
chromium picolinate and/or acetyl-salicylic acid (administered at mid-lactation) on

blood glucose levels and oxidative stress in mink dams at late lactation.
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CHAPTER 2. Monitoring blood glucose levels in female mink during the
reproductive cycle: Prevention of hyperglycemia during the nursing period

2.1  INTRODUCTION

Nursing sickness is a disorder that develops from a complex of metabolic, nutritional and
environmental factors, which influence the ability of the mink dam to meet the extreme
demands of lactétion (Clausen et al., 1992). Bersting and Gade (2000) suggested that the
etiology of nursing sickness is linked to a disruption in glucose homeostasis. Rouvinen-
Watt (2003) proposed that the pathogenesis of the disease exhibits striking similarity to
acquired insulin resistance. Glucose is a primary nutrient for conceptus growth and milk
synthesis and its provision is a metabolic priority for the pregnant or lactating mammal
(Bell & Bauman, 1997). Due to low dietary carbohydrate intake, nursing mink females
rely heavily on gluconeogenesis from dietary amino acids to meet glucose demands

(Bersting & Gade, 2000).

In most mammals, there is an adaptive reduction of insulin sensitivity in glucose
metabolizing tissues during late gestation and lactation, accompanied by a compensatory
increase in pancreatic 3-cell mass and insulin secretion (Bell & Bauman, 1997; Di Cianni
et al., 2003; Rand et al.,, 2004). Predisposing genetic and environmental factors may
result in an exaggerated response and, consequently, the development of hyperglycemia
and/or acquired insulin resistance (Di Cianni ef al, 2003). Abnormally high levels of
plasma glucose were observed in the blood of dams affected by nursing sickness
(Wamberg et al., 1992a). Rouvinen-Watt (2003) proposed that acquired insulin resistance

in mink females may develop in response to (1) obesity or lipodystrophy (deficiency of
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adipose tissue), (2) n-3 polyunsaturated fatty acid (PUFA) deficiency and/or (3) oxidative

stress.

Variable glucose levels have been observed in mink females (Wamberg et al., 1992a) but
little research has been performed to explore possible connections between blood glucose
levels and nursing sickness. We investigated this premise by examining glycemic control
in the mink female throughout the reproductive cycle. The purpose of this research was to
examine the impacts of body condition, dietary anti-diabetic supplements and
reproductive status on glycemic regulation during the reproductive cycle of female mink

on commercial farms.

2.2 MATERIALS AND METHODS

2.2.1 ANIMALS

Standard Black yearling mink females (N=107) were selected from three collaborating
farms in Nova Scotia. Each farm supplied a minimum of thirty (30) females. The animals
were housed in individual cages with free access to water. The experiment was performed
from March to July 2003. Experimental procedures and husbandry conditions were
approved by the Animal Care and Use Committee of the Nova Scotia Agricultural
College and carried out in accordance with the guidelines of the Canadian Council on

Animal Care (CCAC, 1993).
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2.2.2 SAMPLE COLLECTION AND ANALYSIS

Blood sampling took place at breeding, mid-gestation and late lactation (at the end of the
six-week experimental feeding period). Approximately 90 minutes post-prandially, blood
samples were taken from the toenail for glucose analysis with the Accu-Chek™ Compact
blood glucose monitor (Roche Diagnostics, Laval, Quebec), according to Hynes et al.
(2004). At the late lactation sample collection, an additional blood droplet was taken for
glycated hemoglobin (HbA,;) measurement with the A;c-Now™ Hemoglobin monitor

(SelfCare Diagnostics Inc., N. Vancouver, B.C.).

At the time of sample collection, the mink females were weighed (to the nearest 0.1 g)
and body condition score (BCS) was determined according to a five-point scale
(Rouvinen-Watt & Armstrong, unpublished). The body condition scoring system
involved palpating the shoulders, rib cage and rump area. At lactation, whelping date and

kit number, as well as the total litter weight, for each nursing female was recorded.

2.2.3 FEEDING TRIAL
One of three dietary treatments was administered daily for a six-week period, beginning
near the onset of lactation (May 6-8);
1. the control group (CTRL), fed a non-supplemented wet ration which also served
as the basal diet (Figure 2.1),
2. addition of dietary herring oil (HerO) at 1-3% inclusion level per day, or

3. supplementation with chromium picolinate (CrPic) at 200 pg/day.
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Figure 2.1  Average composition of basal diet fed to mink breeder females throughout the
production year for collaborating farms.

The overall composition of the basal diet fed on each farm throughout the production
year is presented in Figure 2.1. As shown, farm A fed higher amounts of herring meal
and salmon racks (24.7 %) compared to farms B and C (2.9 % and 6.8 %, respectively),
whereas farms B (48.9 %) and C (45.5 %) fed high levels of cod. Similarly, differences
were also observed in the amount of cereal fed, with farm A feeding higher amounts

(28.0 %) than farms B (15.0 %) and C (15.9 %).

2.24 STATISTICAL ANALYSIS

The experiment was designed as a randomized block design with a minimum of ten (10)
animals allocated for each treatment per farm. For practical reasons, i.e. ease of ranch-
level administration, treatments were not completely randomized within the individual
animals, but rather in groups of five experimental units. Potential sources of variation
between farms, such as air temperature, distance from human disturbance, and cage and

nest box size, were identified and measured; no differences were observed in variant data
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between farms. Statistical analyses were performed using SAS ® v.8 (SAS Institute Inc.,
Cary, NC, USA); procedure MIXED was performed using a model with farm (block) and
treatment as fixed variables. No significant interaction effects were observed between
farm and treatment, therefore the term was removed from the model. Blood glucose,
HbA ., body weight and litter weight at lactation sampling were examined as response
variables. Blood glucose levels and dam weights at breeding and gestation, along with
kit age and litter weights were analyzed as covariates. Covariates not influencing the
response (P>0.15) were excluded from the model. Procedure CORR was used to calculate
correlations between litter size and litter weight, as well as BCS and body weight. Results
are reported as least squares means = SEM. Categorical data were evaluated using the

Fisher’s exact test option of procedure FREQ. Statistical significance was set at P<0.05.

2.3  RESULTS
2.3.1 FARM LEVEL DIFFERENCES

Table 2.1  Blood glucose levels at breeding and gestation for mink dams on three collaborating
farms (least squares means + SEM)

Farm
Variable A B C P
Breeding (n) 40 33 34
Blood glucose, mmol 1 5.2+0.1° 6.5+0.3° 6.9+0.3° <0.001
Gestation (n) 40 30 32
Blood glucose, mmol 1! 5.3£0.2° 7.4+0.3° 6.8+0.3 <0.001
A Blood glucose?, mmol I'! -0.1+0.3° 1.240.3 0.240.3° 0.001

' Difference between farms.
2 Change in variable between sampling periods.
“>Values that share common superscripts are not significantly different.
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Blood glucose

Significant differences were observed in blood glucose values between the three
collaborating mink ranches at the different sampling periods. As shown in Table 2.1,
blood glucose values for mink dams on farm A were lower than those observed on farms
B and C at breeding and gestation sampling periods. Females from farms B and C were
not shown to be significantly different. Dams from farm A showed relatively constant
blood glucose values around 5 mmol 1", whereas farms B and C showed increased
variation and a drop in levels after gestation with values ranging from 5.9 to 7.5 mmol I’
throughout the reproductive cycle (Figure 2.2). The overall mean blood glucose value for
females on farm A (5.1+0.2 mmol 1"') was lower than those observed on farm B and C

(6.7+0.2 mmol I and 6.8+0.2 mmol 1", respectively).
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Figure 2.2 Average blood glucose values in mink females measured during the reproductive
cycle on three farms.

Demonstrated in Table 2.1, females on farm B experienced a significantly larger change

in blood glucose concentration from breeding to gestation (1.2£0.3 mmol I"') than those
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on farm A and C (-0.1+0.3 mmol 17, P=0.002 and 0.2+0.3 mmol l'], P=0.001,
respectively). Shown in Table 2.2, from gestation to lactation, females on farm A

(-0.2£0.3 mmol I'") experienced significantly less change in mean blood glucose values

than farm B (-1.3+0.3 mmol I, P=0.008).

Table 2.2  Blood glucose, body weight, litter size and litter weight six weeks post partum and
reproductive status for mink dams on three collaborating farms (least squares means = SEM)

Farm
Response variable A B C P!
(n = 40) (n=29) (n =29)

Blood glucose, mmol 1" 5.3+0.2° 5.9+0.2° 6.1+0.2 0.03
A Blood glucose?, mmol I -0.2+0.3° -1.3+0.3 -0.740.3% 0.03
Dam weight, g 1086.5+18.5*  990.8+23.1" 997.0+23.4" 0.001
A Body weight’, g -122.5+18.8°  -230.8+24.0° -231.7+24.0° <0.001
A Body weight?, % -8.8+2.1° -17.0£2.3" -14.4+2.2° 0.005
Litter size 4.5+£0.4° 4.3£0.4° 5.5+0.4° 0.04
Litter weight, g 2430.4+171.3°  1754.44201.2°  2168.3%193.3% 0.07
Barren females 3 3 2 -
Dam mortalities 0 4 5 -

" Difference between farms.

2 Change in variable over treatment period.

b Values that share common superscripts are not significantly different.

Body weight and Body Condition Score

Females on farms B and C lost significantly more weight throughout the treatment period
than those on farm A (Table 2.2). Dams from farm A experienced a mean loss of 122.5 +

18.8 g, from gestation to lactation, and females on farms B and C lost 230.8 + 24.0 g

(P<0.001) and 231.7 + 24.0 g (P<0.001), respectively. Throughout the six-week



treatment period dams on farm A lost 8.8 + 2.1 % of their body weight from parturition,
whereas those on farm B lost 17.0 + 2.3 % (P<0.001) and farm C lost 14.4 + 2.2 %
(P=0.002).

Table 2.3 Body condition scoring of mink dams on three collaborating farms at breeding,
gestation and lactation sampling periods (% of females)

Sample Body Condition Score ]
Period A 1 2 3 (Ideal) 4 5 P
A - 10.0 82.5 7.5 -
Breeding B - - 100.0 - - 0.007
C - - 100.0 - -
A - 10.0 77.5 12.5 -
Gestation B - - 73.3 16.7 10.0 0.61
C - 6.7 78.1 15.6 -
A - 5.0 87.5 7.5 -
Lactation B - 20.7 51.7 24.1 34 0.002
C 10.3 17.2 69.0 3.4 -
"Table probability.

As shown in Table 2.3, body condition was also found to vary among mink females on
individual farms, with differences also observed between sampling periods. Throughout
the trial, dams on farm A were categorized as 2 (thin) through 4 (heavy), with
approximately 83 % of the females scored as ideal. At breeding, all females on farms B
and C were classified as ideal in condition. At lactation, dams on farm B and C
experienced more prominent losses and gains in body condition, with only 51.7 % and

69.0 % of females scored as ideal, respectively.
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Reproductive parameters

Table 2.4 Reproductive status of mink dams at late lactation on three collaborating farms

Number of kits weaned (% of females)

Farm Dam death None 1-3 4-6 7-9 P!
A 0.0 75 7.5 82.5 2.5
B 12.1 9.1 12.2 63.6 3.0 <0.001
C 14.7 5.8 11.8 353 32.5
"Table probability.

Shown in Table 2.2, Farm C had a significantly higher litter size (5.5+0.4) in comparison
to farms A and B (4.5+ 0.4, P=0.05 and 4.3+ 0.4, P =0.02, respectively). However, litter
weight on farm C was not significantly different than farm A, indicating that farm A
weaned larger kits. While 32.5 % of females on farm C weaned litters of 7-9 kits,
approximately 15 % mortality of dams was observed (Table 2.4). It should be noted that

farm A did not lose any dams during the course of this study.

2.3.2 BLOOD GLUCOSE REGULATION

Glucose history

Blood glucose values observed at breeding were found to marginally affect those
observed at gestation (P=0.06). However, the levels observed at breeding significantly
affected those observed at lactation, with a modest positive correlation (r = 0.53,
P<0.001) between the two. When looking at the ability of the mink dam to regulate blood
glucose throughout the reproduction period it was found that changes observed in blood
glucose from gestation to lactation were significantly influenced by the changes
occurring between the first and second sampling period (r = -0.72, P<0.001). Subjects

showing little initial change (close to zero) from breeding to gestation tended to remain
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so later on, those showing large fluctuations generally continued the trend at the

following sampling.

Body weight and Body Condition Score

Body weight did not have a significant effect on blood glucose levels at any of the time
points. While no differences were observed in blood glucose values between body
condition scores at breeding or lactation, interesting trends were observed between
categories at the gestation sampling, females scored as ideal (6.3+0.2 mmol 1"') had lower
blood glucose values than those scored as thin (7.9£0.8 mmol 17, P=0.06) or heavy
(7.2+0.3 mmol I, P=0.02) (Figure 2.3). Although fewer subjects were scored as non-
ideal in condition, it is interesting to note the increased variation in the blood glucose
values of these females throughout reproduction in comparison to data collected from

dams scored as ideal.
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Figure 2.3  Mean blood glucose levels of mink females at breeding (B), gestation (G) and
lactation (L) for body condition categories: very thin [B (n=0), G (n=0), L. (n=3)], thin [B (n=4),
G (n=6), L (n=13)}, ideal [B (n=100), G (n=78), L (n=70)], heavy [B (n=3), G (n=15), L (n=11)],
and obese [B (n=0), G (n=3), L (n=1)].
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In the current study, females in thin body condition during gestation showed an increase
in blood glucose levels (0.6£0.7 mmol 1) during lactation, whereas those in better
condition showed decreases in these values (Figure 2.4). Females scored as obese during
gestation experienced a larger decrease (-2.5£0.9 mmol I'") in blood glucose values over

the treatment period than those scored as ideal (-0.6+0.1 mmol 17, P=0.04).
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Figure 2.4 Change in blood glucose levels from gestation to lactation sample periods for

mink females scored as: thin (n=6), ideal (n=78), heavy (n=15), and obese (n=3) at gestation.
Scoring categories with the same letter are not significantly different (P<0.05).

Reproductive parameters

Litter weight and kit age did not have a significant effect on the blood glucose
concentration of the dam at the lactation sampling. However, several females showing
high blood glucose at one or more stages became sick, died, or did not whelp. As shown
in Figure 2.5, dams that died during gestation or lactation had significantly higher blood
glucose levels at breeding (8.3£0.5 mmol 1", P<0.05) than all females that successfully
whelped and nursed litters. Females carrying one to three kits were found to have higher

blood glucose levels at breeding than those pregnant with four to six kits (6.6+0.5 versus
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5.6+0.2 mmol I, P=0.05, respectively). Similarly, blood glucose concentrations at
breeding were significantly higher in females with seven to nine kits (7.0+0.4 mmol 1

P=0.002) than those with four to six.
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Figure 2.5 Mean blood glucose values measured in mink females at breeding (B), gestation (G)
and lactation (L) indicated per number of kits in the litter at late lactation. Number of dams in
each category: Dam death [B (n=9), G (n=4), L (n=0)], none [B, G, L (n=8)], 1-3 [B, G, L
(n=11)], 4-6 [B, G, L (n=66)], and 7-9 [B, G, L (n=13)].

Barren females had marginally higher blood glucose concentration at the gestation-
sampling period than females carrying four to six kits (7.3£0.6 versus 6.1£0.2 mmol 1",
P=0.06, respectively). At lactation sampling, a marginal increase in glucose levels was

observed in the blood of dams nursing larger litters (7-9 kits) when compared to those

with four to six kits (6.4+0.4 versus 5.6+0.2 mmol "), P=0.06, respectively).

Treatment effect

With numerous contributing factors leading to the development of hyperglycemia, easily

applicable ranch-level treatments to improve glycemic control in the mink dams were
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investigated. Presented in Table 2.5, during late lactation, females supplemented with
CrPic showed significantly lower blood glucose levels than either the CRTL or HerO
treatment groups. Correspondingly, both CTRL and HerO treatments were found to
reduce blood glucose levels less over the treatment period than CrPic, with a decrease of
1.22£0.2 mmol 1", Effect of dietary herring oil on blood glucose levels at late lactation
was not different from the control.

Table 2.5 Blood glucose, body weight and litter weight six weeks post partum for mink dams

fed a control (CTRL) diet and those supplemented with herring oil (HerO) or chromium
picolinate (CrPic) (least squares means + SEM)

Dietary treatment groups

Response variable CTRL HerO CrPic P!
Blood glucose, mmol I’ 6.0£0.2° 6.0£0.2° 5.3+0.2° 0.03
A Blood glucose?, mmol 1! -0.3£0.2° -0.60.2° -1.240.2° 0.01
Dam weight, g 1059.3£19.5 1005.3£20.6 1009.7£20.6  0.11
A Body weight?, g -162.2420.2 -219.7+21.2 20324213 0.14
A Body weight?, % -11.0£1.9 -15.7£2.1 -13.542.1 0.17
Litter weight, g 2180.5+£157.9 2000.1£167.5  2172.4+167.4  0.68

' Difference between treatment groups.
2 Change in response variable over treatment period.
“®Values that share common superscripts are not significantly different.

No significant differences were observed among the effects of the experimental
treatments on litter weight, final dam weight or the change in dam body weight incurred

over the treatment period (Table 2.5).
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2.3.3 HBA,c (GLYCATED HEMOGLOBIN)

Readings with the A;:Now™ Hemoglobin point-of-care analyzer, designed for human
diabetics, were obtained in all cases except for 20 of the mink females. Fifteen of the 20
error messages read OR2 indicating an over-sampling of blood (Metrika, Inc., 2002).
From the valid readings, 92.3 % of females were determined to have HbA | levels at less
than 3.0 %. Blood glucose concentration, ranch level factors, treatment, body weight,
BCS and reproductive parameters were not found to influence the observed HbA,.
values. However, a female measuring 3.3 % HbA . (the highest observed HbA . value in
this study) had considerably higher blood glucose at gestation (12.7 mmol 17) than

females with lower A, percentages.

2.4 DISCUSSION

2.4.1 FARM LEVEL DIFFERENCES

Our findings indicate that there was a significant farm effect on glycemic control,
maintenance of body weight and condition, litter size and weight, and overall health in
mink females during the reproductive cycle. The blood glucose concentrations
determined for farm A were similar to previously reported values; in healthy lactating
females, normal blood glucose has been reported as 5.3£0.3 mmol I (Wamberg e al.,
1992a). The variation in the glucose values observed between farms demonstrates the
importance of ranch-level factors in the regulation of blood sugar levels. These may
include the combined effects of the genetics of the herd, animal management and feeding
practices (Schneider & Hunter, 1992; Rouvinen-Watt, 2003). It is known that mink on

farms B and C may be genetically similar due to frequent exchange of breeding stock.
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With regard to feeding practices, significant differences were observed among farms in
the dietary constituents fed throughout the production year. Farm A, which showed lower
and more consistent blood glucose values throughout the reproductive period, fed
significantly higher amounts of herring meal and salmon racks in comparison to farms B
and C throughout the year. Fish oil is known to be high in long-chain n-3 PUFA (Belzung
et al., 1993; Takahashi & Ide, 2000); however some fish are better sources than others.
Farms B and C fed high levels of cod, a low-oil fish that is a poorer source of n-3 PUFA
in comparison to the higher levels of salmon and herring (Hearn, 1987). When substituted
for other types of lipids in the diet, fish oils high in n-3 PUFA have been shown to have
beneficial effects on insulin-stimulated glucose transport and metabolism in peripheral
tissues (Ezaki et al., 1992; Long & Pekala, 1996; Luo et al., 1996). Facilitative glucose
transporter 4 (GLUT-4) uptakes glucose in response to insulin (Kahn, 1994; Khayat et
al., 2002; Wood & Trayhurn, 2003) and increased cellular GLUT-4 content has been
identified in the muscle and adipose tissue of high-fish oil-fed rodents (Ezaki ef al., 1992;
Delarue et al., 2004). The larger amounts of herring and salmon fed throughout the
production year on farm A may have contributed to the lower and more stable blood

glucose concentrations observed throughout the reproductive cycle.

Similarly, significant dietary differences were also observed in the amount of cereal fed,
with farm A feeding significantly higher amounts than farms B and C. When fed
significant amounts of carbohydrates, the mink has the ability to store excess glucose as
glycogen (Bersting & Gade, 2000). Fink and Bersting (2002) suggested lower de novo

synthesis of glucose in dams fed a high carbohydrate supply, possibly due to decreased
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activity of the gluconeogenic enzymes. It was found that mink were able to utilize high
levels of dietary digestible carbohydrates, without critically elevating plasma glucose
concentrations (Fink et al., 2002b). In the current study, significantly lower blood glucose

levels were observed in the farm feeding increased levels of carbohydrates.

While females on farm A experienced less percent body weight loss during the lactation
period than those on farms B and C, the percentage of weight lost by the latter was in
agreement with previous findings; Hansen and Berg (1998) found that apparently healthy
mink dams lost approximately 15% of their body weight during the first six weeks of
lactation, with 10% lost over the last two weeks. Similar differences were shown in the
females’ abilities to maintain body condition. Previous studies found that readily
available carbohydrates helped females maintain their body condition during pre-weaning
periods (Polonen et al., 1993; Fink et al., 2004). By feeding increased levels of dietary
carbohydrate, females may be better able to meet the increasing energy demands of
lactation (Bersting & Gade, 2000) and, in turn, may be less prone to the mobilization of
body reserves that often leads to the development of nursing sickness (Clausen et al.,
1992; Wamberg et al., 1992a). The higher levels of dietary carbohydrates fed on farm A
may have contributed to the dams’ ability to conserve body weight and condition during

lactation.

Differences were also observed between farms in both litter size and litter weight at late

lactation. While females on farm C nursed larger litters than farms A and B, it was

determined that farm A weaned larger kits. Genetic background and nutritional
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management are known to influence milk yield in many species. Dietary fat source
influences milk and kit tissue fatty acid composition in the mink (Wamberg et al., 1992b;
Hansen et al., 2004). It is suggested that variations in milk composition may influence the
efficiency of nutrient utilization (Fiorotto et al., 1991); however, the influence of
maternal dietary n-3 PUFA supply on kit growth has not been clarified. Conversely,
previous findings indicate that mink dam and kit health may be directly affected by level
of dietary carbohydrate (Fink et al., 2001b; Fink et al., 2004); in a recent study by Fink et
al. (2004), mink dams fed a high carbohydrate diet exhibited increased milk production,
lo§ver percent weight loss, lower total heat production, and lower protein oxidation than
dams fed a diet low in carbohydrates. Feeding a diet high in carbohydrates may allow
nursing females to redirect carbohydrates towards milk production by increasing
glycogen synthesis and inhibiting gluconeogenesis (Bersting & Gade, 2000). The
combination of larger amounts of high quality dietary n-3 PUFA and dietary
carbohydrate fed on farm A may have helped the dams to better regulate blood glucose
levels, conserve body weight and condition during lactation, and contributed to faster kit
growth and better dam health. Further studies on a larger number of farms would clarify

the relative importance of diet and genetics on the performance of mink females.

2.4.2 BLOOD GLUCOSE REGULATION

Glucose history

With regards to the influence of elevated blood glucose levels early in the nursing period
on those observed as lactation progresses, modest but significant correlations were

observed. Additionally, dams experiencing large fluctuations in blood glucose
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concentration between breeding and gestation were subject to similar changes during the
nursing period. Irregularities in glucose homeostasis were previously identified in
lactating mink (Wamberg et al., 1992a). Our observations suggest that the occurrence of
hyperglycemia in mink females prior to whelping may have significant implications on
glycemic control during lactation. Similarly, human subjects that experience gestational
and postpartum insulin resistance are believed to have a degree of insulin resistance that
precedes their pregnancy (Volk et al., 1999; Eriksson et al., 1999; Homko et al., 2001;
Weijers et al., 2002). The implication is that certain females may be predisposed to
disruptions in glucose homeostasis during lactation, likely as a consequence of both
genetic and environmental factors. Inheritance of glucose intolerance (Holemans et al.,
1991; Okauchi et al., 1995; Boloker et al., 2002) has been identified as a risk factor for
the development of insulin resistance in rats. Obesity is also a key determinant in the
development of gestational insulin resistance (Holemans et al., 2004); increased basal
hepatic glucose production and decreased hepatic glucose uptake have been observed in
obese rats prior to the development of hyperglycemia (Shiba et al., 1998). We suggest
that hyperglycemia is not a transient condition in female mink occurring solely from the
demands of lactation and may be, in part, predicted by elevated blood glucose levels early

in the reproductive cycle.

Body weight and body condition score
The current data provide support that body condition is linked to the ability of the mink
dam to regulate blood glucose during reproduction, particularly during the gestation

period. Few studies have demonstrated the relationship between body condition and
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glycemic control in the mink female (Hynes ez al., 2004; Rouvinen-Watt et al., 2004).
However, obesity has been identified as a major risk factor in the development of insulin
resistance in both humans (Roden et al., 1996; Zimmet et al., 1996; Forouhi et al., 1999)
and companion animals (Plotnick & Greco, 1995; Scarlett & Donoghue, 1998; Rand et
al., 2004). Lipodystrophy, a deficiency of adipose tissue, is also associated with this
disorder (Frayn, 2001) with pronounced insulin resistance and reduced B-cell insulin
secretion observed in lean women during gestation (Kautzky-Willer et al., 1997). In
agreement with previous findings (Hynes et al., 2004), evidence of impaired glycemic
control was observed in mink females scored as non-ideal in condition during the
reproductive cycle. Frayn (2001) proposed that when adipose tissue is overwhelmed or
when there is insufficient adipose tissue to absorb dietary fatty acids, other glucose
metabolizing tissues (i.e. skeletal muscle, liver and pancreatic B—cell) are exposed to
triacylglycerols; ultimately leading to insulin resistance. The normal adaptive reduction
of insulin sensitivity occurring during pregnancy and lactation (Di Cianni et al., 2003)
may be exaggerated in mink females in non-ideal condition, with an emphasis on the

gestation period, leading to a reduced ability to regulate blood glucose levels.

Reproductive parameters

Our results suggest that abnormalities in glucose homeostasis early in the breeding season
may be an indicator for reproductive failure and dam illness. In humans, increases in
maternal blood sugar are linked to an increased risk of fetal and neonatal morbidity
(Farmer et al., 1988; Vambergue et al., 2000; Di Cianni et al., 2003). Elevated blood

glucose values were observed early in the reproductive cycle of both barren females and
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those with smaller litters. While increased blood glucose levels were observed in dams
experiencing decreased reproductive success, elevated levels were also detected in those
with larger litters (7-9 kits) during breeding and lactation. Increasing litter size has been
identified as a major risk factor for the development of nursing sickness (Clausen et al.,

1992; Schneider & Hunter, 1992).

In a study by Bersting and Damgaard (1995) an increased demand for milk production
was found in females nursing eight kits, resulting in higher glucose production in
comparison to those nursing only four. It is expected that there is a similar increase in
glucose demand associated with carrying larger litters. During pregnancy and lactation, a
condition of insulin resistance develops, a mechanism favouring glucose supply to the
growing fetus and milk production (Di Cianni et al., 2003). The increased demand for
glucose associated with larger litters may aggravate underlying insulin resistance in mink
females. It is apparent that abnormalities in glucose homeostasis occur throughout the
reproductive cycle in mink females; the consequences of which may include reproductive

failure and/or the development of dam illness and death.

In both human and animal studies, offspring of gestational diabetic mothers are at
increased risk for obesity, glucose intolerance and the development insulin resistance
(Boloker et al., 2002; Ramsay et al., 2002; Aerts and Van Assche, 2003; Di Cianni et al.,
2003). Boloker et al. (2002) found that the altered metabolism of diabetic pregnancy
causes permanent defects in glucose homeostasis in the offspring that may lead to the

development of diabetes later in life. It is plausible that mink kits born to dams

48



experiencing impaired gestational glucose regulation may be prone to the development of
a similar condition (Boloker et al., 2002). Genetic selection for mink females with large
litter size may inadvertently result in the selection of females predisposed to poor
glycemic regulation inherited from their mothers. Future studies should be designed to

explore this relationship.

Treatment effect

Conditions that increase circulating insulin and glucose concentrations, including
pregnancy (Jovanovic et al., 1999) and obesity, increase urinary Chromium (Cr) output
(Anderson et al., 1997b; Morris et al., 1999; Vincent, 2004) and Cr deficiency may be an
aggravating factor in the progression of insulin resistance (Vincent, 1999; Cheng et al.,
2004). Improved glucose tolerance and decreased insulin resistance have previously been
observed in rats (Cefalu ef al, 2002) and cats (Rand et al, 2004) receiving chromium
supplementation. In this regard, our data support these findings with reduced blood
glucose levels observed in mink dams supplemented with CrPic in comparison to
baseline values. Chromium acts to increase insulin binding to cells through increased
insulin receptor number and an increase in insulin receptor phosphorylation (Anderson,
1998; Kim et al., 2002). Within the current study, it is evident that CrPic supplementation
effectively decreased blood glucose levels in mink dams during the lactation period when

compared to the control and herring oil treatment groups.

Supplementation with dietary herring oil, at the level given in this study, did not affect

blood glucose levels in the mink dams during late lactation. This was an unexpected
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result as previous studies show dietary n-3 PUFA to improve glycemic regulation (Ezaki
et al., 1992; Long & Pekala, 1996; Luo et al., 1996; Jen et al., 2003) and, in the current
study, lower and more consistent blood glucose values were shown in mink dams fed
higher levels of fish known to be high in n-3 PUFA. Substitution of saturated fat with
high quality n-3 PUFA within the diet may be required to significantly improve insulin
sensitivity in the mink dam during lactation. This practice may be most beneficial during
the fall when body fat reserves are accumulated in preparation for the winter (Korhonen
et al., 1989), as mink body fat composition has been shown to be highly responsive to

dietary fatty acid profiles (Rouvinen & Kiiskinen, 1989).

24.3 HbA,;(GLYCATED HEMOGLOBIN)

HbA, is produced from an irreversible, non-enzymatic insulin-dependent binding of
glucose to hemoglobin in red blood cells and is directly related to blood glucose
concentration and erythrocyte lifespan (Elliott et al, 1999; Loste & Marca, 2001;
Behrend, 2002). To the best of our knowledge, no research evaluating HbA . levels in
mink has previously been conducted. Measurement of HbA,; has been found to be an
effective means of assessing glycemic control in canine (Davison et al., 2002) and feline
(Elliott et al,, 1997) diabetic patients. Haberer and Reusch (1998) determined that the
reference range for HbA,, falls between 2.4-3.4 % in healthy dogs and 2.0-2.9 % in
healthy cats. While similar ranges were observed in the current study, for future research
we recommend an alternative means for determining HbA,., as the AlcNowTM
Hemoglobin analyzer does not quantify HbA . levels at less than 3.0%. Due to the large

percentage of females within this HbA . category, conclusive results cannot be drawn.
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25 CONCLUSIONS

Our findings indicate that in mink breeder females the inability to maintain glucose
homeostasis is not a problem occurring solely from the demands of lactation. Significant
differences were observed in blood glucose levels between farms, emphasizing the
importance of ranch-level factors, i.e. herd genetics, animal and feed management
practices, in glycemic regulation. Poor glucose regulation occurs throughout the
reproductive cycle and may predispose females to decreased reproductive success and
poor dam health. Overall, females demonstrating large changes in glucose levels from

breeding to gestation experienced increased glycemic variability while nursing,

Another important factor may be proper conditioning of the females to avoid thin and
obese body condition during breeding and gestation. It was observed that females in thin
condition at gestation showed an overall increase in blood glucose during the nursing
period, whereas those in optimal condition showed decreases in these values. Similarly
females classified as obese at gestation experienced a larger drop in blood glucose values
during lactation than those scored as ideal. The increased variation observed in blood
glucose levels of females in non-ideal condition throughout reproduction indicates an

impaired ability to regulate glucose homeostasis.

Blood glucose levels at lactation may be influenced by supplementation with chromium
picolinate at the onset of nursing. However, as evidence of poor glucose regulation was
shown in the females prior to lactation it appears that preventative measures need to be

taken throughout the year. While it is not possible to separate the genetic and
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environmental effects on the mink dams’ ability to maintain glucose homeostasis and
body condition during the nursing period, results from this study suggest that the
combination of high quality n-3 PUFA and high levels of dietary carbohydrate fed

throughout the production year may be important and warrants further investigation.
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CHAPTER 3. Effects of short-term fish oil, chromium picolinate and acetyl-
salicylic acid supplementation on blood glucose levels and oxidative stress in female
mink at late lactation.

3.1 INTRODUCTION

The nursing period is a time of critical importance during the reproductive cycle of the
mink dam. As lactation progresses, the ability of the mink female to meet increasing
energy demands is influenced by various metabolic, nutritional and environmental factors
(Clausen et al., 1992; Rouvinen-Watt, 2003). Body reserves are frequently mobilized in
order to cover production requirements, with excessive mobilization often leading to the
development of nursing sickness (Clausen et al, 1992; Wamberg et al., 1992a).
Characterized by progressive weight loss, lethargy, loss of appetite, extreme dehydration
(Schneider & Hunter, 1992) and high blood glucose and insulin levels (Wamberg et al.,
1992a), it has been proposed that the underlying cause of nursing sickness may be

acquired insulin resistance (Rouvinen-Watt, 2003).

Within normal pregnancy a condition of insulin resistance develops, a process favoring
glucose supply to the developing fetus and milk production, with glucose homeostasis
restored at the cessation of lactation (Di Cianni et al., 2003). However, it is suggested
that obesity or lipodystrophy (deficiency of body fat), n-3 polyunsaturated fatty acid
(PUFA) deficiency and/or oxidative stress may aggravate this metabolic response,
resulting in the development of hyperglycemia and possibly acquired insulin resistance in
the mink dam (Rouvinen-Watt, 2003). Closer examination of glycemic control in the
mink female during lactation may provide further insight into the events leading up to the

development of high blood glucose levels. The purpose of this research was to develop a
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more complete understanding of the immediate causative components of hyperglycemia
and to evaluate short-term administration of potential anti-diabetic treatments for the
prevention or reversal of hyperglycemia during late lactation. Oxidative stress was also

evaluated in relation to glycemic control and the studied dietary supplements.

3.2 MATERIALS AND METHODS

3.2.1 ANIMALS

Forty-eight (48) yearling female mink were randomly selected from the herd at the
Canadian Centre for Fur Animal Research. The animals were housed in individual cages
with water provided ad libitum. Experimental procedures and husbandry conditions were
approved by the Animal Care and Use Committee of the Nova Scotia Agricultural

College and carried out in accordance with the guidelines of the Canadian Council on

Animal Care (CCAC, 1993).

3.2.2 SAMPLE COLLECTION AND ANALYSIS

Sampling took place on day 10, 21, 28, 35, and 42 postpartum (pp). Blood glucose levels,
dam body weights and body conditions scores (BCS), litter size and litter weights were
measured according to Chapter 2.2.2. At late lactation (day 42 pp) sampling, an
additional capillary blood sample was taken for comet assay analysis, as described by

Singh ez al. (1988).
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3.2.3 FEEDING TRIAL

The treatments were based on combinations of established anti-diabetic, antioxidative,

and/or anti-inflammatory agents. On day 21 pp, one of eight experimental treatments was

administered daily for a one week period;

1. the control group (CTRL), fed a non-supplemented wet ration which also served as the
basal diet,

2. addition of dietary herring oil (HerO) at 1-3 % inclusion level per day,

3. supplementation of chromium picolinate (CrPic) at 200 pg/day.

4. HerO and CrPic (Her-Cr),

5. supplementation of acetyl-salicylic acid (ASA) at 100 mg/day,

6. HerO and ASA (Her-A),

7. CrPic and ASA (Cr-A), or

8. HerO, CrPic and ASA (Her-Cr-A).

3.2.4 STATISTICAL ANALYSIS

The experiment was a randomized complete block design with a 2* factorial (three
replicates) arrangement of treatments with the main effects of day and treatment used to
evaluate factors associated with blood glucose and oxidative stress. The mink dams were
divided by glycemic status into normoglycemic (NG) (<5.5 mmol I"') and history of high
blood glucose (HG) (= 5.5 mmol 1) (at day 10 or 21 pp) and randomly assigned to one
of eight dietary treatments, with 3 NG and 3 HG females per treatment. Blood glucose
data were analyzed using MIXED procedures in SAS ® v.8 (SAS Institute Inc., Cary,

NC, USA) for repeated measures data. Blood glucose levels, dam weights, and litter
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weights at day 10 and 21 and colour phase were analyzed as covariates. An inverse
transformation was applied to blood glucose data in order to induce normality. Results
are reported for non-transformed blood glucose data, using significance determined for
transformed data. Comet Assay score was evaluated using procedure MIXED, with blood
glucose levels, dam weights, and litter weights (day 10 through day 42 pp) analyzed as
covariates. Covariates not found to influence the variables (P>0.15) were not included in
the model. Results are reported as least squares means = SEM. Statistical significance

was set at P<0.05.
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3.3 RESULTS

3.3.1 BLOOD GLUCOSE

A significant HerO x CrPic x ASA x glycemic status interaction effect was found for
blood glucose. As shown in Table 3.1, within the control group, NG females were found
to have significantly lower mean blood glucose concentration than those with a history of
high blood glucose (3.8+0.8 versus 9.9+0.8 mmol 17, P<0.001) during weeks 4-6 of
lactation. No other significant differences were observed in blood glucose values from
day 28 to 42 pp for NG and HG females receiving the same treatment. Dam weights,
litter weights and colour phase did not affect the blood glucose levels observed at late

lactation.

Table 3.1 Mean blood glucose, averaged over day 28 to 42 of lactation, for mink dams, with both
normoglycemic (NG) (<5.5 mmol 1) and hyperglycemic (HG) (5.5 mmol I") history, fed
experimental treatments (least squares means + SEM)

NG females HG females

Treatment mmol! mmol” P
1 CTRL 3.8+0.8 9.9+0.8 <0.001
2 HerO 4.6£0.7 4.6+1.0 0.734
3 CrPic 5.0£1.0 6.4+0.7 0.277
4 Her-Cr 5.0+0.8 5.410.8 0.679
S ASA 7.9+0.8 6.5+0.8 0.713
6 Her-A 4.2+0.8 5.340.8 0.402
7 Cr-A 4.8+0.8 5.3+0.8 0.391
8 Her-Cr-A 5.7+0.8 4.8+0.8 0.224

! As determined for transformed data.
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Figure 3.1 Mean blood glucose levels, averaged over day 28 to 42 of lactation, for

normoglycemic mink females fed all combinations of herring oil, chromium picolinate and ASA
for 1 wk at day 21. Means are least squares means £ SEM; treatments with the same letter are not
significantly different as determined for transformed data (P<0.05).
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Figure 3.2 Mean blood glucose levels, averaged over day 28 to 42 of lactation, for

hyperglycemic mink females fed all combinations of herring oil, chromium picolinate and ASA
for 1 wk at day 21. Means are least squares means + SEM; treatments with the same letter are not
significantly different as determined for transformed data (P<0.05).
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As shown in Figure 3.1, blood glucose levels were significantly increased from day 28 to
42 pp in NG females treated with ASA when compared to the control group (7.9+0.8
versus 3.8+0.8 mmol 1", P=0.001). While HerO and CrPic alone did not significantly
alter blood glucose levels, in combination with ASA, treatment of NG females with Her-
Cr-A increased blood glucose concentration (5.7+0.8 mmol I, P=0.01) in comparison to
the control. No statistically significant effects were observed among other treatments,
when compared to the control, on blood glucose levels of NG dams during late lactation.
In contrast to these findings, as demonstrated in Figure 3.2, HG females in the CTRL
group (9.9+0.8 mmol 1"') showed significantly higher blood glucose levels from day 28 to
42 pp than those fed HerO (4.6+1.0 mmol 17, P=0.01), Her-Cr (5.4+0.8 mmol 1”,
P=0.03), Her-A (5.3£0.8 mmol I, P=0.03), Cr-A (5.3£0.8 mmol 1", P=0.003), and Her-
Cr-A (4.8+0.8 mmol 1", P=0.003). In addition, mean blood glucose concentrations for
females in these treatment groups were lowered to below the initial hyperglycemic

blocking criteria of >5.5 mmol 1",

3.3.2 OXIDATIVE STRESS

Comet score, as a measure of oxidative damage, was not significantly affected by the
glycemic status of the mink dam as assessed at day 10 or 21 pp. Shown in Figure 3.3, the
levels of oxidative damage associated with each treatment did not significantly differ
from the CTRL group. However, evidence of increased oxidative damage was observed
in mink dams administered supplemental herring oil, with a comet assay score of 54+6,
compared to females treated with Her-Cr (3345, P=0.01), ASA (31£5, P=0.005), Cr-A

(3245, P=0.01) and Her-Cr-A (37£5, P=0.04). Females supplemented with CrPic (48+6)
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had a higher comet assay score than those in the ASA (P=0.04) and Cr-A (P=0.05)

treatment groups.

70

Total comet score (arbitrary units)

CTRL HerO CrPic Her-Cr ASA Her-A Cr-A Her-Cr-A

Treatment

Figure 3.3 Mean comet assay score measured at day 42 of lactation in mink females fed all
combinations of herring oil, chromium picolinate and ASA for 1 wk at day 21. Means are least
squares means = SEM; treatments with the same letter are not significantly different (P<0.05).

3.3.3 DAM MORTALITY

At day 42 pp, two HG females displayed typical signs of nursing sickness. Dam A had
received the Cr-A treatment, whereas dam B was in the control group. Both dams
exhibited sunken eyes and were emaciated and lethargic. Dam A was unresponsive and
appeared to be further deteriorated than dam B. At autopsy, low body fat stores were
found in both females and their stomachs were contracted and without content. Shown in
Table 3.2, severe hyperglycemia was observed in Dam B with blood glucose
concentrations of 17.1 mmol 1! and 27.9 mmol 1" measured at days 42 and 43,

respectively.
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Table 3.2 Blood glucose levels and diagnoses of two mink dams exhibiting typical signs of
nursing sickness at day 42 of lactation

Dam A Dam B
Treatment group Cr-A CTRL
Blood glucose, mmol 1!
Day 42 5.8 17.1
Day 43 34 279
Day44 am. 34 6.1
p-m. 4.6 2.0
Diagnosis Valvular Endocarditis No diagnosis

3.4 DISCUSSION

3.4.1 BLOOD GLUCOSE

These data indicate that, within the control group, late lactation blood glucose levels are
significantly higher among mink females showing elevated blood glucose levels early in
the nursing period in comparison to normoglycemic females. During gestation and
lactation, in healthy individuals, glucose homeostasis is maintained in spite of the
adaptive increase in insulin resistance by a compensatory increase in insulin secretion by
pancreatic B-cells (Di Cianni et al., 2003). Deterioration to postprandial hyperglycemia
occurs when insulin resistance increases further and/or the compensatory insulin
secretion response decreases (Ceriello & Motz, 2004; DeFronzo, 2004). Research
suggests that human subjects experiencing gestational and postpartum insulin resistance
have a degree of insulin resistance that precedes their pregnancy, a condition that is
partially inherited and partially acquired (Homko et al., 2001; Di Cianni et al., 2003).
Previous studies have identified genetic transmission of glucose intolerance (Eriksson et
al., 1999; Boloker et al., 2002; Ramsay et al., 2002) and pre-gestational obesity (Volk et

al., 1999; Weijers et al., 2002) as determinants for the development of hyperglycemia
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during gestation. The implication is that hyperglycemia is not a transient condition in
nursing female mink and that those experiencing problems with glucose regulation early

in lactation may be susceptible to similar problems as lactation progresses.

While dam body weight and condition and litter weight and size were not found to
immediately affect the blood glucose levels observed in the mink dams during late
lactation, it is possible that the initial defects in glucose homeostasis occur earlier in the
production cycle. Previous research shows that autumnal fattening in mink, fed at 120%
of the recommended dietary allowance (RDA) of ME over a four month period, resulted
in higher blood glucose values in males and females and higher insulin levels in males, in
comparison to those fed at less than or equal to the RDA (Rouvinen-Watt et al., 2004). In
a study by Bersting and Damgaard (1995) the increased demand for milk production
placed on females nursing eight kits resulted in higher glucose production in comparison
to those nursing only four. With the development of insulin resistance during pregnancy,
a mechanism favouring glucose supply to the growing fetuses (Di Cianni et al., 2003), a
similar increase in glucose demand associated with carrying larger litters is to be
expected. This increased demand may aggravate underlying insulin resistance in mink
females. We suggest that previous non-ideal body condition and increased gestational
glucose demands may compromise the mink dam’s ability to regulate glucose levels

throughout the nursing period.

The elevated blood glucose levels observed in NG females treated with ASA were an

unexpected result. Hundal and associates (2002) reported decreased basal hepatic glucose
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production, enhanced peripheral insulin sensitivity, and decreased insulin clearance in
type 2 diabetic patients treated for 2-weeks with high-dose aspirin. Recent data
evaluating the effect of ASA on glycemic control in apparently healthy subjects are
sparse. However, while numerous studies have identified acetyl-salicylic acid as an
effective agent for improved insulin sensitivity in insulin resistant patients, in over-
dosage, it has triggered transient hyperglycemia in healthy subjects (Ferner, 1992). In
healthy men, high-dose ASA treatment impaired glucose metabolism in insulin-sensitive
tissues (Giugliano et al, 1982; Newman & Brodows, 1983; Bratusch-Marrain et al.,
1985). In this regard, we suggest that the selected dosage level of 100 mg/day may have
interfered with glucose metabolism in the apparently healthy dams and prompted the
development of hyperglycemia. The mechanism for this effect is not clear, however in a
recent case study involving salicylate toxicity in a 5-year old girl, hypoglycemia was
followed by hyperglycemia. It was suggested that metabolic acidosis lead to aberrations
in oxidative phosphorylation, resulting in hyperglycemia due to increased

gluconeogenesis (Pefia-Alonso et al., 2003).

Her-Cr-A-treated females showed increased blood glucose levels when compared to
those in the control and Her-A treatment groups. The differences observed between the
Her-A and Her-Cr-A treatment groups indicate an additive effect of chromium picolinate
on the combined of effects of HerO and ASA on blood glucose; effectively increasing
blood glucose levels in apparently healthy mink dams during lactation. Most scientific
evidence indicates that chromium (Cr) supplementation has no significant effect in

healthy individuals with good glucose tolerance (Cefalu et al., 2002; Kim et al., 2002;
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Vincent, 2003). To the best of our knowledge, no data describe interactions between Cr
and fish oil on blood glucose regulation, however ASA has been found to enhance Cr
absorption (Davis et al., 1995). The influence of Cr on the control of blood glucose is
through increased insulin receptor number and an increase in insulin phosphorylation
(Anderson et al., 1997b; Anderson, 1998; Kim et al, 2002). However, with multiple
mechanisms of action of anti-diabetic agents on glucose metabolism existing through
pancreatic, hepatic, and peripheral effects (Pandit et al., 1993), it is possible that in
combination, the studied treatments acted at multiple sites to induce abnormalities in
glucose metabolism. In light of potential disruptions in glucose homeostasis associated
with ASA and Her-Cr-A, we would recommend against their use in apparently healthy
mink dams. Overall, results indicate no beneficial effects of the applied treatments on
blood glucose levels during late lactation in female mink demonstrating normoglycemia

early in the nursing period.

In contrast to the increases in blood glucose observed in NG dams, when treated with
ASA alone and Her-Cr-A, several of the experimental treatments effectively reduced
blood glucose levels during late lactation in HG dams exhibiting elevated blood glucose
levels early in the nursing period. Furthermore, blood glucose levels in these treatment
groups were lowered to below the initial hyperglycemic blocking criteria. In the current
study, supplemental herring oil when fed alone, as well as in all combinations with CrPic
and ASA, effectively decreased blood glucose levels in HG dams at lactation in
comparison to the control. Fish oils high in n-3 PUFA have had beneficial effects on

insulin-stimulated glucose transport and metabolism in peripheral tissues (Ezaki et al.,
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1992; Long & Pekala, 1996; Luo et al., 1996; Jen et al., 2003). 1f supplemental n-3
PUFA can improve blood glucose levels in female mink during late lactation then we
should consider how the dietary fatty acid profile could be changed throughout the
production year. A small increase in dietary n-3 PUFA could have a strong effect on

glycemic regulation in the mink female throughout the reproductive cycle.

When administered individually, CrPic and ASA did not significantly alter blood glucose
levels in HG females in comparison to the control. However, the two in combination
significantly reduced blood glucose levels during late lactation. In diabetics, vulnerability
to oxidative damage might be partly attributed to a lower antioxidative micronutrient
status including trace elements (Cheng et al., 2004). Conditions that increase circulating
insulin and glucose concentrations, including pregnancy (Jovanovic et al, 1999) and
obesity, increase urinary Cr output (Anderson ef al., 1997b; Morris et al., 1999; Vincent,
2004) and Cr deficiency may be an aggravating factor in the progression of diabetes
(Vincent, 1999; Cheng et al., 2004). Davis et al. (1995) showed that ASA increased
absorption, tissue retention and urinary excretion of chromium in adult female rats.
Although the mechanism has not been clarified, it was proposed that Cr absorption was
increased through aspirin’s inhibitory effect on prostaglandin synthesis (Davis et al.,
1995). The accumulative effect observed may have resulted from interactions among the
insulin-sensitizing effects of chromium (Anderson et al., 1997b; Anderson, 1998; Cefalu
et al., 2002; Kim et al., 2002) and the anti-inflammatory (Yin et al., 1998; Yuan et al.,
2001; Hundal et al., 2002; Gao et al., 2003) and antioxidant (Sobal et al., 2000; El

Midaoui et al., 2002) properties of acetyl-salicylic acid.
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3.4.2 OXIDATIVE STRESS

Hyperglycemia induces the overproduction of reactive oxygen species (ROS),
particularly superoxide anion, by the mitochondrial electron-transport chain (Ceriello,
2003), which in turn damages cellular deoxyribonucleic acid (DNA). However in the
current study, normoglycemic females did not have significantly different comet assay
scores than females with elevated blood glucose levels early in the nursing period. It is
suggested that oxidative damage is a late event, occurring as an endpoint of
hyperglycemia-dependent cellular changes (Baynes & Thorpe, 1999; Mohamed et al.,

1999).

When evaluating the effect of short-term supplementations on the degree of oxidative
damage observed in nursing mink females, it was found that none differed significantly
from the control. Elevated comet assay scores were observed in the blood of HerO-
treated females when compared to those in Her-Cr, Cr-A, ASA and Her-Cr-A treatment
groups. When exposed to oxidative stress, PUFA can be attacked by free radicals and
oxidized into lipid peroxides (Eritsland, 2000). High doses of fish oil fed over a short
period of time have increased susceptibility to oxidative stress, expressed as lipid
peroxidation, in erythrocytes of rats (Garrido et al., 1989). Cho and associates (1995)
suggested that lipid peroxidation may lead to DNA damage as higher levels of 8-

hydroxy-deoxyguanosine (8-OhdG), a marker of DNA oxidation, were detected in the
liver of fish-oil-fed rats receiving low levels of the antioxidant vitamin E compared to
those receiving moderate or high levels. Although the dietary requirement of antioxidants

of a PUFA-rich diet has not been defined, data indicate that in order to prevent increased
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susceptibility of fish oil to lipid peroxidation, supplementation with larger amounts of

antioxidants, greater than those needed to stabilize the oil, may be required.

Females treated with CrPic had a higher mean comet assay score than those treated with
ASA and Cr-A. It has been demonstrated that chronic treatment with acetyl-salicylic acid
is associated with a reduction of superoxide production in normo- and hypertensive rats
(Wu et al, 2002). The mechanisms underlying the reduction in oxidative damage
associated with chromium picolinate when combined with ASA may involve the
antioxidant properties of the latter (Sobal et al., 2000; El Midaoui et al., 2002). Dietary
supplementation with chromium picolinate and acetyl-salicylic acid had neither positive
nor negative effects on the total comet assay score, as a measure of oxidative stress, as
determined for mink females at late lactation. In light of our results, evaluating the degree
of oxidative damage occurring among nursing and non-nursing mink females would be of

interest.

3.43 DAM MORTALITY

Dam A, in the HG Cr-A treatment group, was diagnosed at autopsy with valvular
endocarditis (heart valve infection). Culture showed evidence of Staphylococcus
intermedius growth; an organism that may originate from disrupted oral, gastrointestinal,
or urogenital mucosal surfaces, or from any other localized source of infection (Brown,
2004); this is a significant pathological finding as cause of death was unrelated to other
observations. Demonstrating hyperglycemia early in lactation, no blatant abnormalities in

glycemic control were observed in Dam A after the treatment period. On the other hand,
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Dam B, in the HG control group and receiving no experimental treatment, experienced
severe hyperglycemia as measured at days 42 and 43 of lactation. Metabolic diseases are
almost impossible to diagnose at autopsy and while there was no diagnosis in this case,
there is a clear indication that this female experienced an inability to regulate blood
glucose throughout the nursing period with an acute failure occurring in late lactation. It
should be noted that while Dam B was nursing a litter of seven, she gave birth to 13 kits.
An increased gestational demand for glucose may have exacerbated underlying insulin
resistance in this female, resulting in further disruptions in glucose homeostasis

throughout lactation.

3.5 CONCLUSIONS

Together, these data indicate that the occurrence of hyperglycemia in the mink female is
not a transient condition solely occurring from the demands of lactation. We conclude
that there are no advantageous effects of short-term dietary supplementation with all
combinations of herring oil, chromium picolinate and acetyl-salicylic acid, at the levels
given in this study, on blood glucose levels at late lactation in apparently healthy,
normoglycemic female mink. Similarly, the studied experimental treatments had neither
positive nor negative effects on the degree of oxidative damage measured at late
lactation. However, several of the treatments successfully reduced blood glucose levels
during late lactation in dams demonstrating problems with glycemic control early in the
nursing period, suggesting that a combined approach of blood glucose monitoring and

dietary supplementation may aid in improving glucose regulation in mink females.

68



CHAPTER 4. Conclusion

Our findings indicate that the occurrence of hyperglycemia in the mink female is not a
transient condition solely occurring from the demands of lactation; elevated blood
glucose levels were observed early in the reproductive cycle. Overall, females
demonstrating large changes in glucose levels from breeding to gestation experienced
increased glycemic variability while nursing. It is suggested that certain nursing females
may be predisposed to disruptions in glucose homeostasis during lactation. The relative
contributions of genetic and environmental factors to this susceptibility remain to be

determined.

During the nursing period, body weight and body condition score did not have an
immediate effect on blood glucose concentrations observed late in lactation. However,
increased variation was observed in the late-lactation blood glucose levels of females
scored as non-ideal in condition at gestation. It was observed that females in thin
condition at gestation showed an overall increase in blood glucose during the nursing
period, whereas those in optimal condition showed decreases in these values. Similarly
females classified as obese at gestation experienced a larger drop in blood glucose values
during lactation than those scored as ideal. Generally, increased variation was observed in
the blood glucose levels of females in non-ideal condition, indicating an impaired ability
to regulate glucose homeostasis. The proper conditioning of mink females to avoid thin

and obese body condition during breeding and gestation is recommended.
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Increased blood glucose levels were observed at breeding and gestation in mink dams
experiencing decreased reproductive success. Similarly, several females showing high
blood glucose at one or more stages became sick or died. Litter size had a modest effect
on blood glucose levels in the mink female during the reproductive cycle; elevated levels
were detected in those with larger litters during breeding and lactation. These findings
suggest that an increased gestational demand for glucose associated with large litter size
may exacerbate underlying insulin resistance in the mink female, resulting in further
disruptions in glucose homeostasis as lactation progresses. Poor glucose regulation
occurs throughout the reproductive cycle and may predispose mink females to decreased

reproductive success and poor health.

With regards to the prevention of hyperglycemia at late lactation, blood glucose levels
were significantly reduced by supplementation with chromium picolinate at the onset of
nursing. As a preventative treatment, short-term dietary supplementation with all
combinations of herring oil, chromium picolinate and acetyl-salicylic acid, at the levels
given in this study, had no advantageous effects on blood glucose levels at late lactation.
However, in dams demonstrating problems with glycemic control early in the nursing
period, short-term supplementation with selected combinations of herring oil, chromium
picolinate, and ASA, were beneficial in improving blood glucose regulation during late
lactation. As evidence of poor glucose regulation occurs in mink females prior to
lactation, it appears that preventative measures need to be taken throughout the year.
Blood glucose levels did not influence the degree of oxidative stress observed in lactating

mink as indicated by the comet assay, and the experimental treatments had neither

70



positive nor negative effects on the degree of oxidative damage measured at late

lactation.

Significant differences were observed in blood glucose levels between farms,
emphasizing the importance of ranch-level factors, i.e. herd genetics and feed
management practices, in glycemic regulation in the mink dam. While genetic and dietary
contributions could not be differentiated, results from this study suggest that the
combination of high quality n-3 PUFA and high levels of dietary carbohydrate, fed
throughout the production year, warrants further investigation as a tool to better enable
mink dams to maintain glucose homeostasis and body condition during the critical

nursing period.

Genetic background, feeding practices, obesity or lipodystrophy and litter size may work
together to influence the potential for development of hyperglycemia in the female mink
during the reproductive cycle. Further studies must be conducted to better understand the
causes of hyperglycemia and its association with metabolic diseases during lactation,
such as nursing sickness. Specific areas for future consideration include a more in-depth
investigation of the impacts of n-3 fatty acid deficiency, obesity and lipodystrophy and

oxidative stress on glucose regulation in the mink female.
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