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Preamble to the thesis

This study was designed by both the candidate and thesis supervisor to build on
previously made observations by H. Weiler’s research team. The study was
proposed as a longitudinal animal trial and this thesis represents part of the data
collected and analyzed solely by the candidate and was deemed to be sufficient,
original scholarship for a Masters thesis by the candidate’s supervisory
committee. Thus, additional data has been collected to build on the work
published in this thesis.



Abstract

Intrauterine growth restriction (IUGR) reduces bone mass by 10-30% and impairs
arachidonic (AA) and docosahexaenoic (DHA) acid status in infants. Because
AA and DHA enhance neonatal bone mass, the aim of this study was to determine
the effects of dietary 0.5% AA and 0.2% DHA (w/w) prior to weaning on bone
and growth. 40 guinea pigs were randomized to either a control (C) or low-
protein diet (LP) during pregnancy and the C diet or the C diet with AA+DHA
during lactation. Measurements included bone mass, metabolism, and strength,
and erythrocyte lipid of sows and offspring from birth to 16 wk post-partum. The
LP diet induced IUGR, while the AA+DHA increased bone mass by 5-20% in
sows and offspring and corrected growth and bone mass in TUGR pups. Thus,
AA+DHA provided in lactation rescues the growth trajectory in an IUGR state

and is beneficial to maternal and neonatal bone mass.
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Résumé

Le retard de croissance intra-utérin (RCIU) réduit de 10 & 30% la masse osseuse
et affecte la synthése endogéne des acides arachidonique (ARA) et
docosahexanoique (DHA) chez les nouveaux-nés. Etant donné I’importance de
AA et de DHA pour la minéralisation des os au stade précoce de la vie, notre
étude visa a déterminer 1’effet sur la masse osseuse d’une consommation de 0.5%
ARA et de 0.2% DHA (p/p) pendant la période précédant le sevrage.

40 cochons d’inde (truies) enceintes ont regu au hasard soit le régime témoin ou le
régime appauvri en protéine durant la grossesse et soit le régime témoin ou le
méme régime avec ARA+DHA pendant ’allaitement. La masse osseuse, le
métabolisme et la solidité ainsi que les gras insaturés présent dans les globules
rouges des truies et de leur progéniture ont été¢ mesuré a la naissance, au 3eme
jour, au 21eme jour, a la 8eme semaine et & la 16eme semaine. Le régime
appauvri en protéine ameéne a IUGR, plus particuliérement chez les males, alors
que le régime avec ARA+DHA augmente la masse osseuse par 5-20% chez les
truies et ses petits et rétablit la croissance et la masse osseuse chez les petits ayant
RCIU.
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1.0 Introduction

1.1 Study Rationale

Intrauterine growth restriction (IUGR) refers to failure of a fetus to reach a
genetically determined potential size in utero (1). An IUGR infant may be born
small-for-gestational age (SGA) with a weight or crown-heel length 2 standard
deviations below the mean for gestational age (2). A recent report by the
Canadian Institute for Health Information states that due to an 8% increase in
cesarean sections, usage of fertility drugs, and higher maternal age, the incidence
of babies born SGA is increasing to 1 in every 15 live births (3). Health problems
associated with IUGR may be present at birth, though there are many long-term

consequences to health, one of which is reduced bone mass (4).

IUGR infants are reported to have 20-60% lower bone area (BA) and mineral
content (BMC) at the lumbar spine (LS), humerus, and radius in comparison to
healthy infants (5, 6). Whole body (WB) bone mass (BMC and bone mineral
density (BMD)) is also 10-36% lower in infants born small than in appropriate for
gestational age (AGA) (7, 8). These observations persist at 6 mo of age, when
15% lower WB BA and 26% lower WB BMC were reported in one study (9).
During childhood, it is not clear whether or not bone remains compromised.
Normal WB, LS, and femoral neck bone mass is reported at 8 y of age in children
born SGA but 10% lower spine BMC and 12% higher osteocalcin concentrations
in SGA females at 10 y of life is also reported (10, 11). However, it is apparent
that in old age, birth weight is positively associated with BA and BMC at the LS,
radius, and femoral neck (12, 13). Thus, bone that is compromised as a result of
ITUGR may predispose an individual to fracture or kyphosis later in life. Early life
intervention that promotes recovery of bone size and mass is necessary to reverse
the adverse effects of a nutritionally compromised in utero environment. Long-
chain polyunsaturated fatty acid (LC PUFA) supplementation in the neonatal diet

may be one way to achieve healthier bone across the lifespan.




Long-chain polyunsaturated fatty acids, most notably arachidonic (AA) and/or
docosahexaenoic (DHA) acid elevate WB BMD and LS BMD by 5-20% in
young, aged, and ovariectomized animal models (14-16). Calcium absorption has
also been shown to be 20% greater in male weanling rats fed 1.25% (w/w) DHA
for 6 wk (17). In addition to calcium absorption, diet enrichment with DHA has
positive effects on bone quality by elevating femoral calcium content by 12%,
femoral and LS BMD by 8%, and increasing femoral strength (17). In weanling
pigs, providing AA and DHA in the diet in a 5:1 ratio for 21 d increased WB,
femoral and LS BMD, and WB BMC (18). However, it is presently unknown
whether AA and DHA have similar benefits in bone compromised by [IUGR. The
long-term effects of providing a short-term LC PUFA supplement in neonatal life

are also unknown.

Based on the above research AA and DHA are promising candidates for a
neonatal nutritional supplement to optimize bone mass, and additionally, have
other important roles in neural and visual development (19). Both LC PUFA can
be made endogenously and are provided in small amounts in breast milk (20).
However, IUGR infants have lower rates of endogenous LC PUFA synthesis (21).
In addition, present dietary intakes of AA and DHA in lactating women in North
America suggest that the levels of DHA in breast milk is not optimal and has
declined in recent years (20). Currently there are no dietary recommendations for
AA and DHA consumption in neonatal life (22). Thus, establishing specific AA
and DHA requirements to aid in the recovery of low neonatal bone mass in [IUGR

infants may assist with clarifying the necessary components of the diet in early
life.

Lastly, maternal diet enrichment with AA and DHA may positively effect
maternal bone mass, as these fatty acids are proven beneficial in post-menopausal
women (23). During pregnancy and lactation there is considerable stress placed
on maternal bone (24) and the magnitude of bone mineral loss from the adult

female skeleton is the greatest during lactation than any other period of life (25).



It is presently unknown how AA and DHA affect female bone mass and turnover
during this period of life.

1.2 Study objectives

1.2.1 General objective

The objective of this study was to determine the effects on maternal and offspring
bone mass of enriching the lactation diet with AA and DHA in an [UGR animal
model. In addition, this study will determine if AA and DHA in the pre-weaning

diet affect bone mass solely during the neonatal period or beyond.

1.2.2 Objectives

Objectives 1-3 are to be achieved by using the guinea pig model (both well-
nourished (control) and growth restricted offspring).

The objectives of this study are:

1) To enrich the diet of nursing offspring with AA and DHA solely during

the lactation period to determine if these fatty acids:
a) affect body size and composition.
b) affect bone mass, strength, and bone metabolism.
c) have effects on the above parameters that persist into early adult
life (16 wk of age), or post-supplementation.

2) To measure erythrocyte lipid concentrations in pups to determine the
effect of enriching the maternal lactation diet with AA and DHA. The
erythrocyte will provide a reliable estimation of the fatty acid
concentrations in other tissues (26).

3) To determine if maternal bone mass and bone turnover is affected during

and post-lactation, by providing AA and DHA in the lactation diet.



This research is considered hypothesis generating, though the following general
hypotheses are stated as:
1.3 Null hypotheses
1) AA and DHA will have no effect on growth, body composition, or bone
mass, strength and bone metabolism in both well-nourished (control) and
growth restricted offspring.
2) There will be no persisting or lasting effects of enriching the lactation diet
with AA and DHA.
3) The addition of AA and DHA to the maternal diet will not be reflected in
the erythrocyte fatty acid concentrations of pups.
4) Maternal bone mass will not be affected by the provision of AA and DHA

during lactation.

To address the above objectives it is necessary to have a thorough understanding

of bone, IUGR and LC PUFA. The following section is a review of the literature.
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2.0 Literature review

2.1 Bone development and assessment

2.1.1 Bone formation and modeling

During pregnancy, the fetal skeleton develops by two distinct mechanisms, intra-
membranous and endochondral ossification (27). The later forms the long bones
and involves the development of cartilage that will be replaced by bone and bone
marrow. Cartilage formation is driven by the differentiation of mesenchymal
cells into chondroblasts (27). These cells become embedded in a cartilaginous
matrix and continue to proliferate as chondrocytes. Initially, growth occurs
appositionally with continuous differentiation of the mesenchyme into
chondroblasts and interstitially by synthesis of a new cartilaginous matrix
between chondrocytes, or formation of the growth plate (28). Chondroblasts
continue to divide, while a sequence of cartilage resorption, woven bone
formation (primary spongiosa), secondary resorption of woven bone, and
formation of lamellar bone (secondary spongiosa) occurs. Formation and
resorption of the spongiosa is driven by the activity of osteoblasts and osteoclasts
respectively. At the end of this process, trabecular bone is formed and will
continue to be modeled throughout life by the activity of osteoblasts and

osteoclasts (28).

Osteoblasts are bone forming cells that deposit osteoid and mineral and
osteoclasts resorb bone. Though osteoblasts and osteoclasts differentiate from
distinct precursors (mesenchymal and macrophage cells respectively) the activity
of the cells are inextricably linked. Osteoblasts express receptor activator of NF-
kB ligand (known as RANKL) that is obligatory for the recruitment and
maturation of osteoclast progenitors and the cessation of bone resorption initiates
the differentiation of osteoblasts (29). Therefore, both cell types participate in
bone modeling (27). Abnormalities in the regulation of bone resorption and

formation may result in reduced bone mass (29).



2.1.2 Assessment of bone modeling and quality

The condition of the skeletal system is best assessed by evaluating bone
metabolism and bone quality (bone mass and strength) (30). BMC and BMD are
clinically relevant as frequent measurements associated with fracture risk in
humans (31). Thus, dietary interventions that result in percent changes in BMC
and BMD may be clinically relevant when considering osteoporosis and fracture
prevention. Bone mass measurement using dual-energy x-ray absorptiometry
(DXA) is a non-invasive method to assess bone and DXA is validated for use with
animal models, including guinea pigs (32). Quantifying bone strength in addition
to bone mass is an important determinant of bone quality and accounts for bone
parameters that BMC and BMD do not capture, such as elasticity (33).
Performing 3-point bending assessments of the long bones and compression tests
of the lumbar vertebrae and femoral neck provide an assessment of both cortical

(long bones) and trabecular (vertebrae) rich areas, the 2 types of bone in the body.

2.1.3 Serum markers of bone metabolism
Osteocalcin and deoxypyridinoline (DPD) are markers of bone metabolism
commonly used to measure bone formation and resorption respectively and are

associated with growth velocity in children (34).

Osteocalcin is the primary non-collagenous protein in the bone matrix and is
synthesized exclusively in bone by osteoblasts. It is released in very small
amounts into circulation in response to skeletal growth and therefore is considered

a specific and sensitive marker of bone formation (35).

Type-one collagen in bone is comprised of a triple helix and the collagen strands
are connected by two cross-links, pyridinoline and DPD. During the process of
bone resorption, osteoclasts cleave the cross-links in type-one collagen, releasing
into circulation free pyridinoline and DPD. Pyridinoline is not specific to bone
and is found in other types of collagen but DPD is specific to bone type-one

collagen. Therefore, measurement of DPD is considered preferable. Both total



and free forms of DPD are present in serum in low amounts and excreted in the
urine in greater quantities (35). Both osetocalcin and DPD have diurnal variation,

with highest values in the morning and lowest in the evening (35).

2.1.4 Dual energy x-ray absorptiometry

Dual-energy x-ray absorptiometry (DXA) is the preferred method to evaluate
BMC and BMD in both humans and animals. Bone area, lean and body fat mass
can also be easily quantified. Because DXA software is now refined for bone
research using small-animal models, this removes the need for a very large
number of animals in longitudinal trials (36). A DXA uses radiation at two
different levels in combination with a detector to measure x-rays absorbed by
tissue. During a scan, these x-rays pass through a subject and bone, fat, and
muscle tissue stop the progression of x-rays, varying by tissue composition (36).
Ultra-high resolution software is used for small animals, which slows the speed of
the scanning arm and increases the number of scan lines to produce more accurate
measurements (36). The effective dose of radiation to measure bone mass in
animals is 0.015 pSv (36-38).

Dual-energy x-ray absorptiometry has been validated for use in the guinea pig.
Reported CVs for in vivo scans of the guinea pig femur, femoral neck, and tibia
are reported to be 0.69, 1.77, and 0.62 respectively for BMD and 2.92, 0.32, and
3.76 respectively for BMC, indicating good precision in this animal model (39).
The correlation between ex vivo BMC scans and bone ash is reported to be

1=0.934, indicating that DXA is an accurate measure of bone mass in the guinea
pig (39).

2.1.5 Biomechanical strength testing

Bone biomechanics are based on the principles of stress and strain as a function of
force. Stress is defined as force per unit of area and is typically applied in a
compressive or tensile manner in bone mechanical testing (33). Strain is

deformation of the bone due to the load applied. Stress, load, and the deformation



that occurs due to the load (strain) are expressed in a load deformation curve
(stress-strain curve). Extrinsic stiffness or rigidity is illustrated in the elastic
region of the curve in which the bone may resume its normal shape and
functionality if the load is removed. Once the bone has reached the yield stress,
or its yield strength, it has sustained permanent damage beyond the elastic region
of stress. Ultimate strength is the maximum stress the bone can withstand before
fracture and breaking strength is the ultimate force required to fracture the bone
(33).

Stress at yield, maximum stress, and stress at break are all important indicators of
the overall strength and quality of the bone. Stress or load at yield is a
measurement of the elasticity of the bone while maximum stress or load indicates
the ultimate load the bone can withstand before fracturing. Stiffness, toughness,
and resilience can all be calculated from the load deformation curve and are
representative of bone rigidity, work energy necessary before fracture, and
fragility respectively. Young’s modulus is the slope obtained from the load
deformation curve and represents the intrinsic or overall stiffness and rigidity of
the bone, independent of the bone size. It is a fairly good indicator of the overall
bone quality (33). The 3-point bending test is repeatedly described in the
literature (40, 41). Previously, bone strength has not been assessed in young

guinea pigs so methods will be adapted for the size of bone.

The multi-coloured guinea pig is not commonly use to study bone health. The
following section will explain the rationale behind choosing the guinea pig for

this study.

2.2 The pigmented guinea pig model

Despite common classification, genetically, the guinea pig is not a rodent (42).
Recently, various guinea pig strains have been used in studies of osteoarthritis,
audibility and inner ear functioning, and the effects of the intrauterine

environment on gestation and fetal development (43). This model is useful for
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studying the later due to the distinct advantage of small litters and fetal maturation
before birth (44). Fetal guinea pigs mineralize bones in ufero, permiting bone

mass measurements at birth (45).

Guinea pigs have a 12-14 d oestrus cycle, in which oestrus lasts for 2-4 d. Time
of conception is difficult to determine, which is a drawback to using this model.
Gestational length ranges between 60-72 d and may be as long as 80 d.
Uncomplicated deliveries are generally 20-40 min in duration and litter sizes are
typically 1-6 pups (46). Smaller litters of 2-3 pups often lead to complications
during delivery due to larger sized offspring. Female offspring are sexually
mature and able to conceive by 4 wk of age, while males reach sexual maturity by
6 wk of age (46).

As a small, rather than large mammal to use in research, the guinea pig bone more
closely mimics the human than the rat. Alike humans, the guinea pig has an
essential vitamin C requirement for the synthesis of collegen within the bone
matrix and at birth has actively erythropoietic bone marrow (46). The newborn
guinea pig exhibits a WB BMC per kilogram body weight very similar to that of a
human infant (46) and also has no tail, which confounds growth rates in rats and
mice (47). Furthermore, guinea pigs do not lose bone mass prior to 1 y of age
(32), unlike the rodent model, which begins to lose bone mass by 9-12 mo (48,
49). For this study, the pigmented or multi-coloured guinea pig strain will be

used because it does not develop spontaneous osteoarthritis (50).

Though no previous study has examined the effects of dietary long LC PUFA on
bone mass in the guinea pig, DXA has been validated and used in studies of
guinea pigs (32, 39). In addition, viable, low-birth weight guinea pigs have been
bred successfully in several studies (43, 51-53). Diets enriched with LC PUFA,
specifically fish oil have been fed to guinea pigs with no adverse effects (54, 55).

11



While this model may seem appropriate for the study of bone in early life, there
are drawbacks and limitations to using this model. Many standard assays for
measuring markers of bone metabolism and grown hormones are not validated for
use in guinea pigs. For example, to the best of our knowledge, there is no
documentation of the amino acid sequence for parathyroid hormone in this
species, and thus determining a suitable antibody to measure this protein is very
difficult. Additionally, this species is highly sensitive to stressors, such as
distruptions or changes in feeding schedules or chow and changes in housing
conditions (56) (57). Pregnant females may develop abnormal blood glucose
metabolism and eclampsia, which often results in litter abortion and maternal
death (58). Despite this, the ability to measure bone mass immediately following
birth is the primary benefit to using the guinea pig. Also, known stressors, such
as single-housing, wirebottom cages, and abrupt diet changes will not be used in

this study.

After selection of the guinea pig model, the method in which to induce IUGR
came into question. Previously, an energy restricted model was used in this
species, though it is the protein restricted model that is known to produce changes

in bone mass and metabolism in rats.

2.3 Models of intrauterine growth restriction

Population-based studies and epidemiological research has provided evidence that
poor in utero nutrition and low birth weight predisposes an individual to
hypertension (59), insulin resistance (60), obesity (61), cardiovascular disease
(62), and low bone mass (63) with age. Though there are theories as to why this
occurs, such as the “thrifty phenotype” hypothesis (64), determining methods to
attenuate these sequelea remains ongoing and is made possible by animal models

that mimic developmental programming.

To induce IUGR in animal models through diet, energy or dietary protein is

restricted during pregnancy and, as the next section addresses, these two diets

12



produce varying results in offspring. Different animals are used in the literature,
including rodents, guinea pigs, pigs, and sheep. Guinea pigs may be emerging as
a more appropriate small animal model than rodents, given that guinea pigs
achieved a greater degree of developmental maturity in utero than rats and mice
(46).

2.3.1 Energy vs. protein restriction to induce IUGR

In larger animal models, such as sheep, energy restriction is predominantly used
and rodent models use mild (30%), moderate (50%), and severe (70%) energy
restriction in pregnancy to produce low birth weight offspring (65-67).
However, decreased dietary protein intake is a more common type of nutrient
restriction in the literature. While decreasing protein intake by 50% throughout
pregnancy typically reduces the birth weight of offspring (68), there are also
reports of elevated birth weight (69). There is evidence that both energy and
protein restriction result in changes to offspring development, suggestive of
intrauterine programming. However, there seems to be minor evidence that low-
protein diets are more effective at programming changes in enzyme function and

gene expression than energy restricted diets.

Despite this, one drawback to using the low-protein diet is the discrepancy in the
compositions used in the literature, specifically in proportions and types of
macronutrients. For example, the diet used by Langley and colleagues (68)
contains twice the amount of lipid (corn oil) as that used by Snoeck and
colleagues (soy oil) and due to the type of oil chosen, the later using soy provides
about triple the amount of n-3 essential fatty acids (70). As both high and low
intakes of polyunsaturated fatty acids (PUFA) during pregnancy affect health
outcomes in offspring (71-73), the lipid content of the diet is an important
variable. Another important distinction between diets is the use of starch or
simple sugar to replace the energy lost from the reduction in dietary protein.

Where Langley and colleagues (68) use a complex carbohydrate, Snoeck and

13



colleagues (70) use simple sugars, which may be partially responsible for insulin

resistance and pancreatic dysfunction in offspring.

Programming outcomes are observed in the liver and pancreas. Pancreatic
structure and function are modified by energy and protein restriction (74). Using
a low-protein diet in pregnancy, the expression of hepatic enzymes (75) are
altered by protein restriction during pregnancy (76). More importantly, pancreatic
genes involved in mitochondrial respiration and glucagon metabolism are down-
regulated in these offspring (77, 78), which has implications for the later

development of impaired glucose tolerance and type-2 diabetes mellitus.

In the guinea pig species, energy restriction by 30% results in impaired glucose
tolerance in male, but not female offspring (51). Reduced insulin production also
occurs in energy restricted rat pups at weaning, with further decrease with age
(67, 79). Maternal protein restriction appears to result in greater loss of
pancreatic function with age and premature onset of insulin resistance and

impaired glucose tolerance (80, 81).

Blood pressure also may be altered by nutrition in pregnancy. Both 30% and 50%
of a normal energy intake resulted in elevated systolic and mean arterial blood
pressure in rodents (65, 82). Using the guinea pig species, Kind and colleagues
demonstrate that feeding sows 70% of a normal energy intake increases systolic
blood pressure in male offspring, but not females (53). The reduced protein diet
also results in elevation in offspring blood pressure (79). A low-protein intake
throughout pregnancy is reported to elevate systolic blood pressure (68, 83) and

pre-pregnancy protein restriction exacerbates this effect (84).

2.3.2 Body composition, bone mass and models of IUGR
There is marginally more evidence that energy restriction programs body
composition to a greater degree than low-protein diets. Energy restricted male

guinea pigs have greater retroperitoneal fat pad mass (51), which is supported by

14



evidence from rodent studies in which both male and female rats had elevated
retroperitoneal and gonadal fat mass (85, 86). In addition, male offspring of
calorie restricted guinea pigs demonstrate elevated total serum cholesterol (52).
There is little evidence of changes in fat pad mass in offspring from protein
restricted rat dams. Decrease adult fat pad mass is reported in one study that fed
8% protein during pregnancy (80), though as reported later, reduced protein
exposure in utero alters expression of enzymes involved in de novo lipogenesis

that may predispose offspring to fat accumulation with age (87).

Low bone mass at birth (88) and with age are outcomes of developmental
programming (88, 89). Though there is limited research in this area, primarily a
50% reduction in dietary protein intake during pregnancy has been used to induce
low bone mass in neonatal animal models (89). At approximately 78 to 88 wk of
life, BA and BMC were lower in rats born to protein restricted dams during
pregnancy than controls (88) and is additional evidence that in utero protein

restriction elevates bone turnover in rats and in cultured rodent osteoblasts (89).

IUGR has been induced by ligation of uterine arteries in rat dams for the study of
bone. Using this method WB BMC did not significantly differ from controls at
approximately 45 d of age, though this was reduced at 6 mo in male rats (90).
Interestingly, while protein deficiency post-weaning reduces bone mass and
increases risk of fracture, dietary energy restriction post-weaning does not affect
bone strength or mass in male rodents (91). Thus, there appears to be a

compulsory requirement for protein in bone development and re-modeling.

Given the above literature, the most suitable diet to induce IUGR with proven
effects on bone mass is protein restriction during pregnancy. It is also
understandable that given that bone development is dependant on available
protein for bone matrix synthesis, mineralization and modeling that a deficiency
in protein will result in under-mineralized, weaker bones and overall growth

retardation. However, this model can not entirely mimic ITUGR in human
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neonates because this phenomenon is multi-factorial in origin and its outcomes

are multi-faceted.

2.4 Prevalence and causes of IUGR and effects on growth

An SGA neonate is most commonly defined as having a birth weight or length
that is at least 2 standard deviations below the mean for gestational age (92).
Despite advances in pre- and perinatal care, the prevalence of SGA births has not
decreased in 30 y. In Canada, the proportion of preterm births, including SGA
births, increased from 6.4% in 1981 to 7.1% in 1996 (93). Presently 10% of live
births are affected by IUGR in North America (94). In developing countries, the
health risks associated with SGA births are of greater concern, as it is estimated
that over 25% of neonates display the weight and length measurements that are
characteristic of SGA infants (95). Possible maternal causes of IUGR include
chronic or pregnancy-associated hypertension or diabetes, dietary protein or
caloric deficiencies, smoking, substance abuse, nulliparity, and low maternal

weight gain during pregnancy (93).

Annually, more than 13 million dollars are spent on the healthcare of SGA
neonates in Canada (93). However, it is important to consider that SGA infants
not only require greater medical attention in infancy and childhood than
appropriate for gestational age (AGA) infants, but place a greater burden on the
healthcare system in older age due to a greater risk of developing chronic disease
(96, 97). Thus, a potential dietary intervention to lessen the disease risk and
health burden of SGA neonates would be economical and beneficial to the

Canadian healthcare system.

2.4.2 IUGR, growth in young life, and body composition

Eighty-seven percent of SGA infants experience “catch-up” growth during the
first few months of life. However, bone mineralization is one parameter of health
that remains compromised throughout life (96, 98). In addition, those infants that
display rapid catch-up growth are at the greatest risk for health problems later in
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life (99, 100). During infancy, body weight and length are strong predictors of
WB BMC, which increases by approximately 400% during this period of life (96,
101). Therefore, it is evident that SGA neonates with reduced birth weight or
length may have a lower BMC than infants born AGA.

Small for gestational age neonates are 7 times more likely to be of short stature in
adulthood than neonates that are AGA (102). Birth length, and to some extent
birth weight, are related to post-natal catch-up growth and height is an important
factor with regard to bone mass. Infants in the lowest percentile for length at birth
remain short in adolescence and adulthood. Children who are shorter display a
younger bone age, slower skeletal maturation, and earlier onset of puberty that

may impact hormonal regulation of bone mass (103).

Reduced body weight and alterations in body composition may impact bone
modeling in neonates born SGA (8). Body weight of SGA babies matches or
exceeds that of AGA children by 5 y of age (104). This catch-up growth appears
to be sex-dependent. SGA males gain weight more rapidly than females in
infancy, though the same proportion of males and females achieve normal weight
by 4 y of age, suggesting females gain weight at a slower, steadier rate (104).
However at 20 y of age, a period of life where attainment of peak bone mass is of
concern, SGA males weigh less and are shorter than their AGA counterparts. For
females, there appears to be a lesser difference between the weight and height of
individuals born AGA and SGA by this age (105). Thus, males may be at a
greater risk for poor long-term bone quality than females given that body weight
is significantly correlated to bone mass in middle to late life. However,

alterations in the body composition of SGA individuals also impact bone.

Lean mass is positively associated with bone mass throughout the lifespan, but
especially during childhood (106). Ir utero programming of the endocrine system
impacts fat and muscle distribution in the body. IUGR is associated with reduced

muscularity and higher body fat percentages in children and adults whereas lean
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mass has been found to positively correlate with birth weight (107). Differences
in weight between AGA and SGA infants is primarily due to a greater attainment
of lean mass in AGA infants and a higher body fat percentage in those born SGA
(108). Thus, SGA children have reduced muscularity and increased fat mass
throughout childhood. This may be detrimental to bone and have a negative
impact on fracture risk as fat mass is negatively correlated with BMC and

positively associated with fractures in childhood (109-111).

2.4.3 IUGR and bone mass

At birth, body weight and length are highly predictive of whole BA (112, 113)
and BA is reduced in light, short infants because of smaller body size. Compared
to neonates of normal weight at birth, SGA infants have shorter long bones
accompanied by smaller cortical areas and diaphyseal diameters at the femur,
tibia, and humerus (114). Reduced bone size is concurrent with low bone mass in

SGA neonates.

A 67% and 40%, lower BMC is reported at the humerus and radius respectively
of newborn SGA neonates than those born AGA, while reduced BMC and BMD
are observed at the lumbar spine (6, 115, 116). Animal models of the SGA infant
also have low WB bone mass in very early life (117, 118). Small body size is one
cause of low bone mass, as BMC has a high degree of correlation with BA and
body length and weight at birth (9). However, despite achievement of appropriate
body size with age in some SGA infants, reduced bone mass persists into
childhood and older age (119) (12). Thus, it is proposed that small body size at

birth is not the only cause of low bone mass in individuals born SGA.

Human infants born small have reduced epiphyseal development in the first 5 d of
life than babies of normal weight and length (120). Similarly, the SGA rodent
model exhibits wider tibial epiphyseal growth platés than AGA rodents late in
life, suggesting that long bone growth in early life is delayed (88). In cell culture,
mesenchymal cells harvested from SGA rodents at 8 wk of life exhibit lower
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osteoblast differentiation than AGA controls (89). This is a possible cause for the
observed abnormal epiphyseal growth in SGA humans and rodents. However,
mesenchymal cells obtained at 16 wk of life from SGA rats demonstrate
accelerated rates of osteoblast differentiation. This suggests that rates of bone
remodeling increase with age in those born SGA (89). Moreover, accelerated
bone turnover may remain elevated throughout life (98), possibly predisposing

babies born SGA to low bone mass with age.

Pre-term infants have a high rate of bone turnover as indicated by a steady
increase in urinary DPD excretion during the first month of life, accompanied by
serum osteocalcin concentrations exceeding that of term infants (121). SGA
males at 20 y of life have 58% and 56% higher serum alkaline phosphatase and
osteocalcin respectively than AGA males. This is in addition to a urinary DPD
excretion that is 20% greater than that of control individuals. Elevated DPD and
osteocalcin values suggest that there is a greater rate of bone remodeling amongst

those born SGA in comparison to AGA controls (98).

Many epidemiological studies associate being small at birth and 1 y of age with
low BMC and BMD in men and women in the 7 and 8% decade of life (122).
However, the only study that assessed osteocalcin and bone resorption did not
find a significant association between weight at birth and either marker of bone
turnover, though both were negatively associated with BMD at the LS and
femoral neck (4). The evidence that BA and BMC are more frequently associated
with size at birth than BMD (12, 107, 123) is significant because BMC is affected
by bone growth while BMD corrects for skeletal size, suggesting individuals born
small may have life long impaired bone mineralization. Numerous reports that
weight at 1 y is more strongly associated with bone mass in later life (107, 124,
125) suggests that the trajectory of bone modeling may be set within the first year
of life. Thus, without intervention, low birth weight and being small at 1 y

appears to result in low bone mass in later life
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In trabecular rich areas of bone that are sensitive to bone turnover, such as the LS
or femoral neck, low bone mass is concerning as it may pre-dispose an individual
to kyphosis or hip fracture with age. With an aging population, osteoporotic
fractures will become a greater contributor to health care expenses as well as to
morbidity and mortality rates amongst Canadians (126, 127). While there are
various nutrition and exercise regimens suggested to improve life long bone
health for infants born small, diet enrichment with LC PUFA during lactation has
relatively new potential to normalize the observed sequelea of increased bone

turnover and decreased bone mass with age.

2.4.4 IUGR, bone mass, and diet

Diet has a significant impact on bone mass throughout life. Therefore, early life
dietary intake may affect bone mass in SGA neonates. Breast feeding and
formula feeding has not been observed to correlate with BMC or BMD in
adulthood (4). In addition, no effects on bone mass were observed from feeding
formula enriched with LC PUFA to infants born prematurely at 12 months of age
(128).

Currently, selected infant formulas are supplemented with the LC PUFA
arachidonic acid (AA) and docosahexaenoic acid (DHA), based on evidence that
these fatty acids aid neurological and visual development (129). Research has
concluded that dietary AA and DHA are beneficial to growth in AGA infants and
to bone mass in healthy, growing piglets (18). It has also been reported that SGA
infants have low amounts of stored LC PUFA and have a reduced ability to
synthesize LC PUFA (21, 130). Therefore, it is hypothesized that the growth of
SGA infants would benefit from AA and DHA supplementation. However, at
present, research evidence remains unsubstantiated to recommend LC PUFA

supplementation in SGA infants to improve growth or bone health.
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2.5 Neonatal fatty acid metabolism

Long-chain polyunsaturated fatty acids (LC PUFA) are n-6 and n-3 fatty acids
resulting from the elongation and desaturation of linoleic (LA; n-6) and a-
linolenic acid (ALA; n-3). LA and ALA are essential fatty acids that must be
obtained from placental transfer for the fetus and breast milk or formula diet after
birth. AA (n-6) and DHA (n-3) are LC PUFA derivatives of LA and ALA
respectively that can be synthesized in the body and are critical for a developing

fetus and during the first y of life for normal brain and retina function.

Arachidonic acid (AA) and docosahexaenoic acid (DHA) are acquired from
maternal supply throughout pregnancy, though placental transfer is highest during
the 3rd trimester (131). LC PUFA are proportionally higher in fetal than maternal
plasma (19, 132) and are selectively transported to the fetal compartment (133),
likely as a physiological response to the importance of these nutrients in neural
and visual development. DHA is preferentially stored over AA (134). IUGR
reduces the fetal:maternal ratio of circulating AA and DHA, indicating SGA
neonates have reduced LC PUFA status at birth (130). In addition, the percentage
of AA in maternal and umbilical cord red blood cells (RBC) is positively
correlated with WB BMC at term in healthy infants (135). This suggests that
impaired AA status in SGA infants could contribute to reduced bone mass at
birth.

By the 2™ trimester the fetus is capable of synthesizing AA and DHA from
precursory n-6 and n-3 fatty acids obtained from the mother (136). Regardless of
birth size, infants can endogenously synthesize LC PUFA (137), though the rate
of synthesis of AA and DHA is believed to be lower for SGA neonates in

comparison to AGA neonates (130).

The most recent report of breast milk LC PUFA content for North American
women states a mean percentage (= SD) of 0.4 + 0.03 AA and 0.25 + 0.08 DHA,
or an approximate 2:1 ratio of AA:DHA (20). Of this, the amount of AA and
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DHA actually absorbed by an SGA infant is about 80% of each fatty acid (138).
However, the amount of AA and DHA present in the breast milk of women is

rapidly declining in association with reduced consumption of these fatty acids in
the diet (139, 140).

2.6 Fatty acids and bone

As one of the major macronutrients in the diet, and one that is often over
consumed (141), dietary fat has the potential to affect health in numerous ways.
Osteoporosis is not typically attributed to dietary fat consumption, but there is
increasing evidence that long-chain lipids have the potential to optimize bone
mass (134). Fat deficient animals develop severe osteoporosis (134), and thus it
is recognized that fatty acids likely play an essential role in bone metabolism.
While high- and low fat diets are both detrimental to bone quality (142) LC PUFA
elevate WB BMD and LS BMD by 5-20% in young, aged, and ovariectomized
animal models (14-16). Receptors for long-chain lipids are present in bone tissue
and LC PUFA may also affect bone via mechanisms for calcium absorption and
by altering metabolic and growth hormones (143, 144). With a growing body of
supporting evidence, PUFA and LC PUFA may soon be promoted for their role in

bone development.

2.6.1 Epidemiological evidence for the importance of PUFA and LC PUFA in
bone health

Limited epidemiological research provides evidence that there is an association
between PUFA intakes, bone mass and bone quality. In men and women,
consuming lower amounts of n-6 fatty acids and more n-3 fatty acids is associated
with higher total hip BMD (145). Terano and colleagues (146) compared women
in an urban city to those from a fishing community and reported that BMD at the
radius was greater in women from the community consuming higher amounts of
fish. These women had higher circulating levels of DHA. Conversely, PUFA
intake was correlated with lower femoral neck bone mass in menopausal women,

but only in those with low calcium consumption, highlighting the association
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between PUFA and calcium. Calcium absorption was shown to be 30% higher
with 4% of dietary lipid as tuna oil (23, 134). Also in children, the g/d of LC
PUFA consumed was associated, independently of calcium intake, with greater
. gains in BMD during one year (147). An older investigation of Greek men and
women age 25-69 that routinely consume high levels of monounsaturated lipids
and PUFA found a strong correlation between PUFA intake and distal radius
BMD (1483).

2.6.2 The effects of dietary PUFA on bone mass

Flaxseed is rich in ALA and is a common dietary source of this PUFA. Ground
flax, when provided as 5% or 10% (w/w) reduces bone resorption in female
weanling rats (149). When male and female rats were fed from birth 10% (w/w)
purified ground flax, there is a detrimental effect on bone strength after 50 d of
feeding, evident by a 10% decrease in femoral ultimate bending stress but normal
femoral BMC and BMD. The negative effects on biomechanical properties were
transient, as after 132 d of feeding there were no positive or adverse effects of the
high flax diet (40, 41). Further studies in weanling mice indicate 10% flax oil has
no effect on bone density or femoral strength (150). Similarly, PUFA do not
change serum osteocalcin or bone mass in piglets fed formula rich in flaxseed oil
(approximately 3% ALA) from birth until weaning. Serum DPD was reduced by
15% with the high ALA diet, though this was not statistically significant (151).

These observations in animals are mirrored in post-menopausal women.

In menopausal women, year long diet enrichment with flaxseed (to provide 9.12
g/d of ALA) had no effect on femoral neck BMD, and while there was a trend
towards greater BMD loss at the lumbar spine with flax consumption, this was not
significant (152). A similar study providing 40 g flaxseed/d (or 9 g/d ALA) for 3
mo report no significant effects of flax on serum DPD, though there was a 3%
increase in this marker between baseline and the end of the trial (153). In men
and women, diets rich in walnut and flax, providing 1.6:1 or 3.5:1 LA:ALA ratios
significantly reduced bone resorption by 15% and 11% respectively in
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comparison to a control group consuming a 9:1 LA:ALA ratio daily. Bone
resorption was greater by 5% in the group consuming a 3.5:1 ratio in comparison
to the other diet groups, which suggests that there is an optimal ratio that affects
bone mass (154).

Feeding n-6 and n-3 lipids in low and high ratios confirm that the ratio of
LA:ALA significantly affects bone mass, and that LC PUFA have a greater
capacity to affect bone growth and metabolism than PUFA. Linoleic acid rich
diets fed to rats in comparison to a diet with LA and DHA, or rich in both ALA
and DHA. Diets rich in LA resulted in higher prostaglandin E; (PGE>) production
in the femur deemed to be a negative effect on bone formation rate. However, the
rats that received high amounts of ALA and DHA had lower PGE, production.
There seemed to be no effect of these diets on markers of bone resorption and a
lower n-6:n-3 ratio in bone was associated with greater bone formation rates
(155). A similar study that fed 21 d old chicks diets with varying LA:ALA ratios
in contrast to a diet high in DHA reports higher tibia cortical bone area in those
that received the DHA diet. However, other groups fed LA:ALA in 17:1 and 11:1
ratios did not differ from the DHA group. In addition, the LA:ALA 11:1 group
had the highest insulin like growth factor-1 (IGF-1) at the end of the growth phase
(156), which is positively associated with bone mass (157).

These studies propose that PUFA that are of n-3 in origin, specifically DHA, are
most supportive of optimal bone formation, but there is also evidence that the
appropriate n-6:n-3 ratio may be equally critical. Due to the various dietary n-
6:n-3 ratios that are used in these studies it is difficult to conclude that DHA alone
is truly the optimal PUFA for bone health. One proposed mechanism through
which DHA improves bone quality is through reduced PGE; production.
However, Lucia and colleagues treated piglets with dietary AA and DHA (0.8:0.1
ratio) and PGE; separately and together, reporting that the separate treatments

improved bone mass, but the combined treatment was detrimental, illustrating the
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mechanism by which PUFA improve bone may not be through PGE; metabolism
(158).

When shorter chain PUFA are provided in the diet, they may be used to
synthesize numerous and diverse prostaglandins, used for storage, and in some
cases, for energy production. In addition, the elongation of LA and ALA to AA,
eicosapentaenoic acid (EPA), and DHA are dependant on enzymatic processes.
Therefore, providing the LC PUFA directly in the diet without relying on
endogenous conversion of PUFA to longer chain derivatives likely provide

greater benefits to bone mass.

2.6.3 The effects of LC PUFA on bone mass

Feeding n-3, LC PUFA alone through diets enriched in fish oil was tested in
young and old animal models. In weanling male and female rats, femur and
lumbar vertebrae size, mineral content and density were not affected after 5 wk
supplementation with 6.4 mg/d DHA. Peak load of the 5™ lumbar vertebra was
reduced by 15% in fish oil fed female rats, which is unfavorable (159). Urinary
calcium excretion was not affected by this diet, but calcium absorption was
almost 20% greater in male weanling rats fed 1.25% (w/w) DHA for 6 wk in a
study by Kruger and colleagues (2005). In addition to calcium absorption, diet
enrichment with DHA had positive effects on bone quality by elevating femoral
calcium content, femoral and lumbar vertebra BMD by 12%, 8%, and 7%

respectively and there was a 5% increase in maximum femoral load (17).

These observations persist in bone that is compromised in ovariectomized models.
Ovariectomized female mice that received approximately 0.5% (w/w) DHA daily
were protected against bone loss as measured by DXA at the lumbar spine, and
trabecular bone mass was maintained (16). Conversely, in ovariectomized rats
fed 0.1 g/kg body wt/d EPA or 1.0 g/kg body wt/d EPA the higher dose lowered
femoral BMD while the lower dose had no protective effects on BMD or serum

markers of bone resorption (160). In old (12 mo) male rats feeding approximately
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15.3% (w/w dietary lipid) DHA for 5 wk appears to protect against femur mineral
losses, though this can not be stated with confidence, as this diet had almost 30%

more vitamin D than other diet treatment groups (15).

Evidently, diet enrichment with fish oil alone may provide some protection
against age and hormone-related bone loss. However, in a growing model of
bone, DHA alone is insufficient to optimize bone mass accretion. A recent study
shows that in young adults (20-40 y), a diet enriched with DHA fatty acids (from
salmon oil) increased bone resorption and decreased osteocalcin concentrations,
suggesting that DHA alone unfavorably alters bone turnover (161). In rats,
illustrate, Claassen and colleagues (1995) fed gamma-linoleic acid (GLA) and
EPA in 3:1, 1:1 and 1:3 ratios. After 6 wk, the 1:3 and 1:1 diets resulted in a 24%
and 15% decrease respectively in femoral calcium concentrations whereas the 3:1
GLA:EPA diet had no effect. This diet also had the most favorable effect on
calcium balance with respect to fecal and urinary excretion and bone resorption
markers, though femur size did not differ between groups (162, 163). Weiler and
colleagues (2000) provided additional evidence that both n-6 and n-3 are
important to growing bone by feeding weanling piglets a 5:1 ratio of n-6:n-3 fatty
acids and a treatment group the same ratio of AA:DHA. Most significantly, WB,
femoral, lumbar vertebrae BMD, and whole body BMC were significantly greater
in the group fed AA:DHA. Moreover, this was the first study to report elevated
BMD as measured by DXA after a short-term supplement with LC PUFA (18).
However the prior work by Claassen was not reproduced in piglets fed AA and
DHA in a 5:1 ratio in various doses. Calcium absorption and urinary calcium
excretion were both unaffected by all diets containing AA and DHA, though there
was a small (2%) but significant increase in femoral calcium concentration in
piglets fed 1.0:0.2 g/d (w/w) AA:DHA (14).

Determining the optimal ratio of AA and DHA in the neonatal diet for bone is
equally important as determining the optimal type of PUFA for bone health. It is

evident that total reduction in the n-6:n-3 ratio from very high to very low has
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some positive effect on alkaline phosphatase but is limited in potential to improve
bone formation and increase bone mass (155). Feeding 3:1 and 4:1 ratios of
GLA:EPA to young rats increases bone calcium and calcium balance, whereas
lower ratios of 2:1 and 1:1 have a lesser effect (163). However ratios of 5:1 and
9:1 AA:DHA improve bone mass in piglets (151). To further support these
observations Blanaru and colleagues (2004) report the greatest effect of LC PUFA
on whole body BMC and BMD by feeding 0.6:0.1 and 0.75:0.1 AA:DHA (164).
A 5:1 ratio (AA:DHA) in varying amounts did not provide additional benefits to
bone mass or metabolism, confirming that it is the 5:1 ratio of AA:DHA that is
most optimal with regard to bone health in young, healthy growing animal models
(14).

2.6.4 L.C PUFA and bone mass in SGA infants

For both AGA and SGA neonatal piglets (14, 18, 117) and rodents (118, 165),
dietary enrichment with a ratio of AA:DHA (such as 6:1 or 2.5:1) that provides
slightly more AA than human milk during the suckling period increases bone
mass, or prevents lower bone mass in the SGA offspring. In addition, tissue AA
status is associated with improvements to bone, unlike prior reports that n-3 LC
PUFA, such as DHA, increase long bone strength and mineralization (166, 167),

increase bone formation (144), and reduce bone resorption (16).

Studies suggest that consumption of LC PUFA from breast milk slows body
growth (168) and bone mineralization (169) within the first y of life in preterm
infants, but will result in higher or uncompromised body size and bone mass long-
term. When infants receive breast milk or formula enriched with calcium,
phosphorus, and vitamin D, bone mineralization rates are elevated in a relatively
short period of time (4-6 mo of age). However, in the long term (1-5 y of age)
feeding un-supplemented breast milk to preterm infants results in higher BMC
(170-172). This signifies that nutrients other than the minerals present in breast
milk and not in standard formula are benefiting long-term bone mineralization.

These formula-fed infants, despite receiving a diet higher in essential minerals in
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early life, did not receive AA and DHA at a level equivalent to that in breast milk,
suggesting the LC PUFA could be required for optimizing growth.

As previously noted, both the human and animal SGA neonate appears to have an
accelerated rate of bone turnover in the first y of life. However, in studies using
piglets of normal birth weight (173) and preliminary studies using SGA piglets
and rodents in our laboratory (117, 118), enriching the suckling diet with a ratio
of AA:DHA very similar to that in breast milk appears to normalize or slow bone
formation. Biochemical markers indicate that bone resorption and turnover rates
were lower in SGA piglets and rats that received AA and DHA. By 16 d of life,
piglets that received LC PUFA had elevated LS BA, BMC, and BMD, while
female rats at 63 d of life displayed compromised LS bone mass and WB BMD
accompanied by elevated osteocalcin levels if LC PUFA was not given. Thus, it
is hypothesized that osteoblast differentiation was reduced, or normalized, by
dietary LC PUFA. While these trials in SGA animal models suggest that later life
bone mass is uncompromised by providing AA and DHA in very early life, why
this occurs is unknown. Hypotheses include alterations in lean body mass and
muscularity, up-regulation of calcium metabolism modulation of PGE,, cytokine
and hormone production, and involvement of peroxisome proliferator activator

receptor-gamma (PPARY).

In the following section, these possible mechanisms through which LC PUFA

elevate bone mass in the IUGR neonate will be briefly discussed.

2.7 Mechanisms of action for LC PUFA in bone

From the time that LC PUFA were known to affect bone health, research has
attempted to ascertain the mechanisms responsible. There are currently several
possible explanations, including the involvement of peroxisome proliferator
activator receptors (PPAR), leptin, prostaglandins, the receptor activator of NF-
kB (RANK), calcitriol and parathyroid hormone (PTH).
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2.7.1 PPAR activation and bone mass

The PPAR family (a, ¥, or §) are gene transcription factors (174) and as such,
changing PPAR expression may have permanent or life long effects on bone mass
(174). Fatty acids and their metabolites are ligands for PPARy-1 and PPARY-2
(175). Direct addition of AA and DHA to an osteoblast cell culture elevates
PARRy-2 expression in these cells (176) and reduces differentiation (176, 177).
Therefore, it is apparent that in vitro LC PUFA may be regulators of bone
mineralization as mediators of cell differentiation and activity of osteoblasts.
Very small concentrations of fatty acids are capable of activating a PPARY, the
subtype found in bone tissue (178). Therefore, minor increases in tissue AA and
DHA status from diet may have the capacity to regulate PPARy. Dietary AA,
DHA or a combination of both fed to mice increased PPARGa, activation in the

liver (175), which shows PPARa is responsive to diet interventions (176).

Bone marrow contains a diverse array of cell types, including osteoblasts,
hematopoietic stem cells, and adipocytes. PPARYy drives the conversion of
osteoblast-type cells to adipocytes in differentiating mesenchymal cells (175).
Age-related bone loss is associated with a higher proportion of adipocytes present
in the bone matrix and studies demonstrate that PPARY activation (179) and
expression (180) impair osteoblast differentiation and bone formation, and mature
adipocytes inhibit osteoblast activity (177). Activation of PPARy-2 most often
results in terminal differentiation of adipocytes, production of lipoprotein lipase in
bone, and suppression of Runx2/Cbfal signaling (181). Activation of PPARY-1 is
reported to reduce osteocalcin protein expression and overall bone formation, but
does not impair the Runx2/Cbfal pathway. Thus, PPARY-1 signaling produces
adipocyte-like cells that may be converted to osteoblasts by the Runx2/Cbfal
pathway if provided with an osteogenic stimulus (181). Both forms of PPARy
will inhibit bone formation, as seen in PPARY”"” mice that do not express
PPARy-1 or -2 and have increased trabecular thickness in the LS and femur (182).
However, ligands play a critical role in determining the extent of PPARy

activation in bone marrow mesenchymal cells. One ligand that increases
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expression of PPARy-1 is derived from AA (183) and stimulates adipocyte
production (184). It is also known that ligands structurally most alike AA, and
those derived from LA do not cause activation of PPARy-2 that results in terminal
differentiation of mesenchymal cells to adipocytes. Rather, these ligands inhibit
mineralization and osteocalcin protein expression, but cause no change in
Runx2/Cbfal expression (184). While it is known that AA increases expression
of PPARY-2, it is unknown if AA acts as a ligand to terminally differentiate
mesenchymal cells to adipocytes.

In theory, activation of PPARYy-2 by ligands structurally alike AA would result in
slower bone mineralization and reduced osteocalcin secretion in serum, but would
not cause permanent differentiation of mesenchymal cells into adipocytes. In
addition, if terminally differentiated adipocytes were not produced, no permanent
negative effects of lipid accumulation in bone should be observed. This may be
the mechanism responsible for previous observations of slower bone
mineralization in AA supplemented AGA piglets (173) and SGA rodents (118).
Therefore, it may be that AA, by activation of PPARy slows osteoblast
differentiation in very early life such that the trajectory for bone mass is reset for

the remainder of life.

2.7.2 Leptin suppression and bone mass

Leptin is a fat and energy regulating hormone (185) It is secreted by white
adipose tissue and predominantly acts as a satiety signal in the ventromedial
nucleus of the hypothalamus (86). Bone formation is inhibited by serum leptin
concentrations due to the regulatory effect of leptin on several growth hormones,
as well as the binding of leptin to high affinity receptors in bone (186). Leptin
deficient mice have elevated serum osteocalcin and higher bone mass (187).
Simple experimentation with serum leptin concentrations demonstrate that bone is

highly sensitive to serum leptin (188).
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There is evidence that leptin signaling has a dominate role over other hormonal
regulation in bone. Leptin deficient rats have elevated bone mass despite elevated
bone resorption due to hypogonadism (188). In starved mice with lower growth
and sex hormone secretion, leptin prevents decreases in serum osteocalcin (187).
Furthermore, in calorie restricted mice that have 5% and 70% reductions in tibia
length and IGF-I respectively, leptin injections restore tibia bone area, but further
reduce IGF-I by 10% (189). Thus, the role of leptin in bone maintenance and
mineral accretion may supersede that of other bone mediating hormones.
Understandably, suppression of leptin secretion from adipose tissue may be of
potential benefit to improve compromised bone mass. LC PUFA, with the
exception of EPA, are suppressors of leptin secretion and mRNA in adipose

tissue.

Arachidonic acid suppresses basal and insulin stimulated leptin secretion by 15-
20% in cultured rat adipocytes (190) while similar observations were made in
bovine adipose stromal cells treated with a mixture of AA and DHA (191). Pigs
provided with 5.8% of diet as fish oil for 21 d have a 50% reduction in leptin
mRNA in dorsal adipose tissue, though no change in serum leptin was observed
(192), possibly due to the short length of the feeding trial. Conversely, EPA
increases basal leptin mRNA expression in rodent adipocytes (193). In children,
levels of AA in plasma lipids are inversely correlated with serum leptin,
suggesting the suppressive action of AA observed in cell culture persist in vivo
(194). Thus, inhibition of leptin by AA may also promote bone formation in

neonates.

2.7.3 Prostaglandins and bone mass

Prostaglandin E; (PGE;) is the prostaglandin synthesized from AA. The level of
AA in phospholipid membranes can be modulated by the amount of AA and
precursors of AA in the diet and alter concentrations in bone (144) and cartilage
(195). Consequently, it has been shown that PGE; release from tissue, including

bone, can be modulated by the level of AA in the diet.
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Prostaglandins appear to have a diverse and complicated role in bone modeling.
Though PGE; is present in the human skeleton (196, 197) PGE; is the most
abundant eicosanoid in bone, mediates biomechanical bone strength (198), and
stimulates bone turnover (199). PGE; mediates growth factors and hormones,
such as IGF-I (200), and calcitriol (201), and stimulates collagen (202) and
alkaline-phosphatase (203). Cytokines also stimulate the synthesis and release of
PGE; in bone (204, 205) (206-208). Thus, PGE; expression impacts the bone
resorption mediators, but also helps regulate factors involved in bone formation.
For this reason, it appears that both high and low concentrations of PGE; are

detrimental to bone.

There are numerous studies that detail the beneficial actions of systemically
administered PGE; in bone. In brief, increased bone strength (209), proliferation
of osteoblasts (210), cancellous bone formation (211-214), and the prevention of
bone loss due to aging (215-218) and ovariectomy (219, 220) are observed in
animal models and tissue cultures. Other research implicates a negative effect of
PGE; on bone. Associations between dietary n-3 PUFA intake, reduced ex vivo
PGE; production in bone, increased IGF-I synthesis, and elevated tibia bone
formation supports the hypothesis that PGE; may have detrimental effects at
higher concentrations (156). Similarly, DHA has resulted in slowed tooth
movement (221), and lowered ex vivo PGE; biosynthesis in bone (222). Elevated
PGE, reduced osteocalcin production in piglets (151) and dietary AA was
positively associated with urinary markers of bone resorption (164). In vitro,
several studies show an increase in bone formation markers and up regulation of

osteoblast activity with reduced PGE; production in bone (223, 224).

Still other animal studies find no correlation between dietary LC PUFA, elevated
bone mass, and the PGE, present in bone (158). For example, changes in bone
mass were observed by feeding an AA:DHA ratio of 5:1, but no differences in ex

vivo release of PGE, from the tibia were observed (14). This suggests
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independent effects of LC PUFA and PGE; on bone mass. Thus, it is apparent
that the modulation of PGE; biosynthesis only in-part affects bone mineral
homeostasis and can not be the sole mechanism through which LC PUFA

improve bone mass.

2.7.4 RANKL, RANK and bone mass

Receptor activator of NF-xB ligand (RANKL) is expressed on the surface of
osteoblasts and binds to receptor activator of NF-kB (RANK). The RANK is a
transmembrane receptor located on the surface of immature osteoclasts. The
interaction between RANKL and RANK initiates gene sequencing that results in
the differentiation and maturation of the macrophage precursor to an active
osteoclast (225). Receptor activator of NF-«xB ligand gene expression is up-
regulated by calcitriol and parathyroid hormone, glucocorticoids, and PGE,
which stimulate bone resorption (226). Receptor activator of NF-xB ligand
selectively increases COX-2 expression in vitro, elevating synthesis of PGE;
(227). Invitro, T cells produce RANKL and increase synthesis of osteoclasts and
chronic hyper-activation of T cells may lead to continual over-expression of
RANKL (225). It is possible that over-expression of RANKL elevates the rate of
bone turnover in SGA neonates resulting in reduced bone mass with age.
Abnormal regulation of T cell synthesis is observed in preterm infants (228, 229)
may increase RANKL on the surface of osteoblasts. Dietary fish oils (EPA and
DHA) normalize T cell proliferation in the offspring of diabetic rats, and down-
regulate elevation of RANKL expression in T cells using an ovariectomized

mouse model (16).

2.7.5 Insulin-like growth factors (IGF)

IGF are essential factors for bone growth expressed by actively proliferating
osteoblasts that are involved in bone remodeling and type-I collagen synthesis
(230). There are 2 isoforms that are produced locally in bone, IGF-I and IGF-II.
Though IGF-II is produced more abundantly, IGF-I is more closely regulated by
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GH (156). The actions of IGF at the cellular level are mediated by cell membrane
receptors and IGF binding proteins-1 to -6 (IGFBP).

IGF-I is produced locally in bone, or may be derived from circulating
concentrations (231). Regardless of origin, IGF-I is a potent stimulator of both
bone formation and turnover, especially longitudinal bone growth (232, 233).
Circulating levels of IGF-I are associated with biochemical indicators of bone
resorption and formation, suggesting that activity of both osteoblasts and
osteoclasts is mediated by IGF-I (234).

PGE; increases both transcription of IGF-I and IGFBP-3 (235) and the level of
IGF-I in bone tissue of rodents (200). Therefore, higher levels of endogenous
PGE; synthesis in bone may result in elevated rates of bone turnover and if
prolonged, reduced bone mass. Furthermore, plasma and liver IGF-I and ex vivo
PGE; synthesis in bone are reported to be reduced in chicks fed soybean oil in

comparison to those fed menhaden (144).

2.7.6 Calcitriol and parathyroid hormone (PTH)

Calcitriol (1, 25-dihydroxyvitamin D3), the biologically active form of vitamin D,
will only be briefly mentioned as a regulatory hormone in calcium metabolism in
conjunction with PTH. PTH stimulates formation of active vitamin D and serves
to regulate calcium and phosphorus excretion in the kidney. Calcitriol will induce
the release of calcium from the bone matrix into the blood stream when dietary
calcium intake is insufficient to meet cellular requirements. Bone mineralization
is also enhanced by increased calcium absorption and reduced renal excretion
(236). Generally, calcitriol mediated bone formation and resorption seems
independent of LC PUFA metabolism. However, has been observed that
calcitriol-dependent calcium absorption is affected by the composition and
fluidity of intestinal membranes and that intestinal calcium absorption is enhanced

by dietary intake of n-3 LC PUFA consumption in rats (157).
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3.1 Introduction to Paper One
This paper reports the results of the diet interventions in the pups from birth to
sexual maturity at 16 wk of age.

The manuscript was prepared to submit to Prostaglandins, Leukotrienes, and

Essential Fatty Acids.

This thesis was referenced as a whole and references are found on page 105.
Please note:

The introduction to this paper overlaps with information written in the literature
review of the thesis to ensure this paper can stand alone as a manuscript to submit

to a journal.

H. Weiler is a co-author for this paper, whose contributions are detailed in the

letter of co-authorship in Appendix C, page 139.
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3.2 Abstract

Intrauterine growth restriction (IUGR) may result in a neonate born with 10-30%
lower whole body bone mineral content (BMC) and density (BMD) than a healthy
fetus. IUGR neonates also have impaired arachidonic (AA) and docosahexaenoic
acid (DHA) status. Because AA and DHA are important nutrients for optimal
early life bone mineralization, the aim of this longitudinal study was to determine
if providing 0.5% and 0.2% of dietary lipid as AA and DHA respectively would
attenuate the effects of [UGR on bone and body composition in an animal model.
40 pigmented female guinea pigs were mated at 12 wk of age and were
randomized to receive either a control (C) or 50% reduced protein diet (LP)
during pregnancy and the C diet or the same diet with AA+DHA during lactation.
Measurements included body composition and bone mass, serum markers of bone
metabolism, bone strength, and erythrocyte fatty acid analysis. Results indicated
that the LP diet induced IUGR as evidenced by reduced body length and bone
mass in pups. The LP had a more detrimental effect on bone mass in males than
females, and the AA+DHA diet served to improve body length and bone mass in
all LP-pups. Overall AA+DHA elevated lumbar spine BMC by 5% regardless of
age, gender, or gestational diet. Interestingly, the AA+DHA diet had a more
significant effect on bone mass at wk 16 than at any other time point. This is the
first study to show a programming effect of enriching the lactation diet with AA
and DHA and will be continued to identify if these observations are transient or

persist at an older age.
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3.3 Introduction

In North America, intrauterine growth restriction (IUGR) affects 10% of live
births (94). This percentage is predicted to increase due to an older mean age of
women at time of conception, greater use of fertility drugs and cesarean section
deliveries (3). An IUGR fetus fails to reach a genetically determined potential
size, which has chronic consequences for the health and growth of the infant,

including compromised bone mass at birth and beyond (6, 98).

Evidence that birth weight is associated with bone mass is provided by
epidemiological studies that positively correlate birth weight and weight at 1 y of
age with both bone area (BA) and mineral content (BMC) in the 7 and 8" decade
of life (125). The strength of this association may also differ by gender. Birth
weight is more strongly associated with whole body (WB) BMC in women than
in men (r=0.31 in men and r=0.45 in women) (107), which was also observed for
BA of the lumbar spine (LS; r=0.12 vs. r=0.18) and femur (r=0.17 vs. r=0.26)
(12). However, when weight at 1 year of age is correlated with BMC at the LS,
this relationship is stronger in men than in women (r=0.17 vs. r=0.13) (12). These
studies suggest that long-term, females may require an intervention to reverse the
effects of [UGR, while in males, early catch-up growth is important for optimal

bone mass.

Being born IUGR results in low bone mass and/or accelerated bone turnover
immediately post-partum and during childhood and young adulthood (6, 108,
237). IUGR infants at birth are reported to have 20-60% lower BMC at the
humerus, radius, and LS. WB BMC and mineral density (BMD) are also 10-36%
lower (8) and reduced WB BA and BMC persist at 6 mo of age (9). While small
bones are predictable for low birth weight babies, there is evidence that
abnormalities in bone remodeling persist in young adulthood despite achievement
of normal body size. At 20y of age, a pivotal time for attainment of peak bone
mass, [IUGR males have 20% higher serum osteocalcin concentrations than those

born a healthy weight (98), suggesting a higher rate of bone turnover. To
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optimize peak bone mass achievement and inhibit incidence of osteoporosis,
reversing the effects on bone of a nutritionally compromised in utero environment
in early life is important. Long-chain polyunsaturated fatty acids (LC PUFA) are
a component of the neonatal diet that has the potential to reset the trajectory of

bone mass accretion across the lifespan.

Long-chain fatty acids are postulated to promote optimal bone health, especially
during growth. Feeding docosahexaenoic acid (DHA) with or without
arachidonic acid (AA) enhances calcium absorption by 20%, elevates WB BMC
and BMD by 5% and femoral and LS BMD by 8-12% in weanling rats and piglets
(18, 157, 238). It is presently unknown whether AA and DHA have similar
benefits in human bone compromised by IUGR. There is evidence that providing
formula with 0.2% (w/w) DHA to preterm infants reduces body weight and length
by 4-10% in males (239). When combined with AA, DHA enhances total lean
body mass by 6% and reduces fat mass by 20% in both males and females (128),
suggesting these LC PUFA are mediators of growth and body composition for
IUGR infants.

AA and DHA are promising candidates to improve bone mass in [UGR neonates.
While they can be made endogenously and are obtained through breast milk,
IUGR infants have lower rates of endogenous LC PUFA synthesis (21, 240). AA
tissue concentrations are positively correlated with bone (135) and thus it is
postulated that inadequate endogenous synthesis and stores of AA and DHA may

exacerbate the long-term sequelea of IUGR on bone mass.

There is consensus that lactating women should consume 200 mg or 0.2% of
dietary fat as DHA for optimal health of the infant (241). It is thought that dietary
intake of AA is adequate for lactating women, necessitating only a DHA
recommendation (241). To establish the benefits of an LC PUFA supplement on
peak bone mass in humans would require 25 to 40 y of study. Such question is

suitable to address in an animal model of IUGR that takes only months to reach
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peak bone mass. For animals however, a source of AA is uncommon,
necessitating supplementation of both AA and DHA to replicate the most current
recommendations for lactating mothers. Given this, the objective of the study was
to determine the effects of a maternal lactation diet containing 0.5% of AA and
0.2% of DHA on bone mass and metabolism, body composition, and tissue fatty

acids from birth until 16 wk of age in [UGR offspring.

40



3.4 Materials and methods

Animals and diet

The pigmented guinea pig was the animal model selected for this study. The
guinea pig fetus mineralizes in utero, enabling assessment of bone mass
immediately following birth. In comparison to other small animal models, guinea
pigs have a long gestation (70-80 d), ensuring lengthy exposure to the intrauterine
environment (46). Additionally, guinea pigs have similar BMC g/kg body weight

to infants, making the guinea pig a suitable model of bone in the human infant.

Ethical approval for this study was obtained from the Macdonald Campus Facility
Animal Care Committee of McGill University. All procedures followed the
Canadian Council on Animal Care guidelines (242). Female guinea pig sows
(n=40) and males boars (n=10) were purchased from Elm Hill Laboratories
(Chelmsford, MA, USA) at 4 wk of age and acclimatized for 8 wk. Prior to
mating, sows were randomized to receive one of two pregnancy diets, a purified
control (C) or low-protein (LP) diet. They were also randomized a priori to one
of two lactation diets, the C diet or the same diet enriched with LC PUFA
(AA+DHA). Sows were randomized to a male boar and mated at 12 wk of age.
The pregnancy diet (diet during gestation) was provided at the onset of mating.
Following confirmation of conception, sows were separated from the boar and
housed individually until delivery, at which time the lactation diet was
immediately provided. Sows were maintained on the lactation diet for 21 d. At
weaning, pups were fed a C diet (Harlan Teklad 2041, Madison, W1, USA) which
was nutritionally identical to the C diet for sows, but was not purified. This was
to maintain health over the long term. Pups were housed in same sex pairs until
16 wk post-partum. Rooms were maintained on a 12 h light-dark cycle at 22-
24°C.

The purified diets were purchased from Purina Testdiet (Richmond, IN, USA).
The C diet was suited for growth and reproduction following AIN-93G

specifications (243). The LP diet was balanced for energy and mineral content,
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but contained half the protein than the C diet (Table 1). The AA+DHA diet was
also balanced for energy and mineral content. The LC PUFA sources were
ARASCO® and DHASCO® (Martek Biosciences, Columbia, MD, USA). AA and
DHA was provided in a 2.5:1 ratio per kg of diet, or as 0.5% and 0.2% of dietary
lipid respectively (Table 1). All diets were apple flavored to prevent the sows
from perceiving changes in diet, which is known to cause stress in this species
(57). Investigators were blinded to the identity of diet groups through letter
coding. All test diet was kept frozen to preserve the LC PUFA and sows were

provided with fresh diet every 24 hr to ensure minimal oxidation of the LC
PUFA.

Sampling

Pup body weight was measured weekly for the entire study duration. At time of
DXA, in an anaesthetized state, body length was measured from nose to rump.
Food disappearance per cage was monitored thrice weekly for sows during

pregnancy and during lactation.

When a litter had more than 2 pups, the pups were randomized to the study
endpoints of d 3, d 21 or to 16 wk. Pups randomized to d 3 or d 21 were removed
at those ages to provide for bone strength assessment. Where feasible, 1 male and
1 female from each litter remained in the study. Pups removed atd 3 and d 21
were anaesthetized with isoflurane (Aerrane, Baxter, Deerfield, IL, USA) prior to
cardiac puncture. The femurs, tibias, and lumbar vertebra (LS) were removed,
cleaned of soft tissue, wrapped in 0.9% saline soaked gauze and stored at -20°C

for analysis.

In the pups studied to wk 16, blood samples were taken from the saphenous vein
atd3,d 21, 8 wk, and 16 wk post-partum. Serum and plasma (lithium heparin)
were obtained after centrifugation (1800 G for 20 min) and stored at -80°C. Red
blood cells (RBC) from the plasma sample were then rinsed with 0.9% saline to
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remove additional plasma, flushed with nitrogen, and stored at -80°C for a

maximum of 28 d before analysis for fatty acid content.

Bone quality assessment

In an anesthetized state, bone mass was measured for the WB, LS, femur, and
tibia using DXA (small animal software package; 4500A, Hologic Inc., Bedford,
MA, USA) atd 3, d 21, 8 wk, and 16 wk post-partum. Body composition was
also assessed by DXA. All scans were analyzed by the same investigator (LB).
Average CVs were 2.5, 3.0, and 5.7 for replicate BMC scans of the whole body,

regional right femur, and scan analysis of the right femur respectively.

Pups removed at d 3 and d 21 were also scanned using DXA in an identical
manner as above prior to necropsy. Excised femurs and tibias were measured for
length, diaphysis width, head width (femur only), neck width and height (femur
only), and the width of the distal diaphysis (knee) using digital calipers (Control
Company, Friendswood, TX, USA). Biomechanical tests were performed using
an Instron 5544 (Instron, Canton, MA, USA). Bone strength was only assessed in
a sub-sample of pups, genders pooled, terminated at d 3 and d 21. For all bone
strength measurements n=9 for d 3 (5 LP, 4 C) and n=24 for d 21 (6 per each
combined pregnancy x lactation diet group). Prior to all tests, bones samples
were warmed and hydrated for 10-15 min in 37°C 0.9% saline. For the long
bones, the middle of the diaphysis was measured and marked and the bone placed
between 2 supports spanning 12 mm. The anvil was aligned at the middle of the
diaphysis and a load applied (0.05 mm/min) until a fracture in the long bone was
detected. For femoral neck strength testing, the proximal end of the femur was
mounted in resin (Coltene Whaledent, Cuyahoga Falls, OH, USA) and a load was
applied (0.05 mm/min) to the femoral head until fracture of the neck. For these
tests, the head remained intact and there was no visible evidence of compression.
LS strength was assessed by removing the cortical processes from the vertebral
bodies and isolating the 4™ and 5™ vertebrae. The 5™ vertebra was mounted in

resin (as above) to provide stability during the compression test and load was

43



applied (0.05 mm/min) until full compression of the 4™ vertebral body. All
results were obtained from the load deformation curve and calculated using
Bluehill software (Version 2.0, Instron, Canton, MA, USA).

Biochemistry

Plasma osteocalcin was measured in duplicate using an ELISA
(MetraOsteocalcin, Quidel, San Diego, CA, USA). This assay is validated for
measuring osteocalcin in guinea pigs (244). Serum total deoxypyridinoline
(DPD) was also measured with an ELISA (MetraDPD, Quidel, San Diego, CA,
USA) and inter-assay CVs were 3.2 and 3.0 for each ELISA respectively. This
assay is known to have cross-reactivity with guinea pig DPD according to

manufacture specifications.

Fatty acids from RBC were extracted using a modified Folch technique and
methylated with methanolic HCI for 1 h as previously described (151). Methyl
esters were identified using gas chromatography (Varian, CP 3800, Varian Inc,
Cary, NC, USA). For each sample, 1ul was injected in splitless mode at 200°C,

with a column run time of 47 minutes and final oven temperature of 350°C.

Statistical analysis

The sample size estimate of n=80 pups (n=20 per group) was based on the ability
to detect a 5% difference in femur and whole body BMC with a power of 0.80
and alpha of 0.05. It was assumed sows would deliver a minimum of 2 pups per
litter, hence a sample of n=40 sows. A factorial ANOVA was performed to
determine differences between diet groups for sows. For pups, a mixed model
ANOVA was used with fixed effects of time (d 3, d 21, wk 8, wk 16), gender
(male, female), and pregnancy diet (control, LP), and lactation diet (control,
AA+DHA) and the random effect of the error associated with all 4 fixed effects.
The litter size was tested in the model as a covariate, but found to have a
negligible affect on the fit of the model and was therefore not included. Data was

tested for normality using a Shapiro-Wilk test and residuals were plotted for
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random distribution. Post-hoc tests were adjusted using Bonferroni’s correction.
All statistics were analyzed using SAS, Version 9.1 (Cary, NC, USA) and P<0.05
was considered significant. Results presented are mean + SD (text, tables) or
SEM (figures).
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3.5 Results

Pregnancy and delivery

Thirty-two sows conceived and delivered healthy pups. Of those that did not, 2
sows died prior to conception from causes unrelated to the study, 3 died at/prior to
d 7 post-partum from delivery complications and 3 sows either did not conceive
or delivered stillborn litters and were excluded from the study. Average daily
food intake in the last 3 wk of pregnancy (approximately the 3" trimester) did not
differ between groups (C: 42.2 +£20.7 vs. LP: 37.3 £ 17.1 g/d, P=0.4) nor did
average weekly weight gain during this time (C: 64.3 £ 31.0 vs. LP: 57.9 £ 22.2
g/wk, P=0.5). The effect of the AA+DHA diet on the sows is reported in Paper
2.

The number of live-born pups per litter that survived beyond 48 h was
significantly lower in sows fed the C diet than those fed the LP diet (2.2 £+ 0.9 vs.
3.5+ 1.1 pups, P=0.02). Following birth, 2 pups died within 48 h of delivery and
were not included in the data analysis. All pups that survived 48 h appeared
healthy for the study duration and a total of 56 pups were followed to study

completion.

Body weight and length

Main effects of the pregnancy (LP) diet (P<0.0001) and time (P<0.0001) were
observed, and an interaction between these variables (P=0.05) showed the effect
of the LP diet was not present at d 3, but caused lower weights thereafter (Table
2a). The LP diet did not interact with gender for body weight. A main effect of
the lactation diet was not observed (P=0.79) and did not interact with the LP diet
(P=0.09), time (P=0.17) or gender (P=0.85). A main effect of gender (P=0.002)
was observed in addition to time as stated above, but an interaction between these
(P<0.001) showed mean body weight was the same in males and females at d 3

and d 21, but thereafter was greater in males than females (Table 3a).
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For length, main effects of the LP diet (P<0.0001), lactation diet (P=0.23), time
(P<0.0001) and gender (P=0.52) were superseded by a 4-way interaction
(P=0.0006, Figure 1). This showed that the LP diet resulted in reduced body
length at d 3 in both males and females, but by d 21 the males continued to be
shorter unless they received the AA+DHA diet that caused recovery of length at d
21 and wk 16. For females, those in the LP diet group showed temporary catch-
up growth at d 21 regardless of diet during lactation. Additionally the interaction
showed that in females, the AA+DHA supplement resulted in reduced length for
control pups at 8 and 16 wk, while it enhanced length in the LP pups at wk 8 and
16. Body length also increased from d 3 to wk 16, but did not differ overall
(P=0.05) between males and females (Table 3).

Body composition

The pregnancy diet had a main effect on lean body mass (P<0.0001) and an
interaction with time (P<0.027) showed that the LP group had similar lean mass
as the C group at d 3, but thereafter had lower values (Table 2a). The lactation
diet did not have a main effect on lean mass (P=0.84) or interaction effects with
pregnancy diet (P=0.06), time (P=0.27) or gender (P=0.68). Lean mass also
increased as a function of time (P<0.0001) and gender (P<0.001), but an
interaction (P<0.001) showed that increments were observed at each time-point
while the effects of gender were not observed until 8 wk of age (Table 3a). No

other interactions were observed for lean body mass.

The pregnancy (P=0.54) and lactation (P=0.87) diets did not have a main effect on
body fat (%), although an interaction between the pregnancy diet and time
(P<0.04) revealed that values were lower in the LP group at d 3, not different at d
21 and wk 8 and eventually higher than the C group by wk 16 (Table 2a).
Pregnancy (P=0.23) and lactation (P=0.42) diets did not interact with gender.
Main effects of gender (P=0.0001) and time (P<0.0001) interacted (P<0.0001)
such that fat (%) did not differ between males and female until wk 8 and wk 16
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and that values did not significantly increase between d 3 and d 21, but did so
thereafter (Table 3a).

Whole body (WB) bone mass

There was a main effect of time (P<0.0001) and the pregnancy diet (P<0.0001) on
WB BA and an interaction between time and the pregnancy diet indicated there
was transient catch-up in the LP group at wk 8 (Table 2a). There were no main
(P=0.84) or interaction effects with time (P=0.21), gender (0.81) or the pregnancy
diet (P=0.15) for the effect of the lactation diet on WB BA. Gender (P=0.0003)
had a main effect on WB BA and in an interaction with time, genders differed
only at wk 8 of life (Table 3a).

Like WB BA, the LP diet reduced WB BMC at all time points except wk 8
(Table 2a) and there was no interaction between the LP diet and gender (P=0.17).
There were no main (P=0.95) or interaction effects of the lactation diet with time
(P=0.51), gender (P=0.48) or the pregnancy diet (P=0.36) on WB BMC prior to
adjustment for body weight. Overall, males had higher WB BMC than females
(Table 3a).

After adjustment for body weight, the C and LP pups did not differ overall in WB
BMC (P=0.93). There was an interaction between the pregnancy and lactation
diets, time, and gender. In males, the LP pups that received the AA+DHA
through the sows’ milk during lactation had higher adjusted WB BMC than the
LP pups that received the C diet but this difference was not observed in females
(Figure 2).

WB BMD was reduced by the LP diet (P=0.005, Table 2a) and overall, was
higher in males than females (Table 2a). Further interactions between time,
gender and the pregnancy diet showed that the effect of the LP diet was gender-
specific, whereby at d 21 WB BMD was reduced in LP males (C: 0.156 + 0.007
vs. LP: 0.142 + 0.008 g/cm?, P=0.003), but not females (0.148 + 0.007 vs. 0.146 +
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0.008 g/cm?, P=0.48). This finding was observed at d 21 post-partum only.
There were no main (P=0.12) or interaction effects of the lactation diet on WB
BMD.

Regional bone mass measurements

Femur

There was a main effect (P<0.0001) of the pregnancy diet on femur BA (Table
2b) and an interaction with gender (P=0.008) showing LP females had only a 5%
lower femur BA (1.0 + 0.4 cm?) than C females (1.1 + 0.4 cm?), which was not
statistically significant (P=0.28) whereas LP males had 14% lower (P<0.0001) F
BA (0.9 + 0.4 cm?) than C males (1.1 0.4 cm2). Therefore, the LP diet appeared
to have a greater detriment in males than females. There was no main effect of
the lactation diet on femur BA but there was an interaction between gender, time,
and the lactation diet (P=0.05). At wk 8, females had lower femur BA if were
nursed by sows fed the AA+DHA diet (1.4 £ 0.1 vs. 1.3 £ 0.1 cm?, P=0.05) but
boys tended to be higher with AA+DHA enrichment (1.3 +0.17 vs. 1.4 £0.15
cm2, P=0.1). There was no main effect of gender for femur BA (Table 3b).

There was a main effect of the pregnancy diet on femur BMC (P=0.0002), but not
femur BMD (P=0.09) and the pregnancy diet did not interact with time for both
measurements (P>0.05, Table 2b). In an interaction with gender (P=0.008), the
LP diet had a greater effect on femur BMC in males, whereby male LP pups had
16% lower femur BMC than male C pups (C: 0.40 £ 0.31 g vs. LP: 0.33 £0.29 g,
P<0.0001), while female LP pups were only 9% lower than female C pups (C:
0.36 + 0.26 vs. LP: 0.33 + 0.26 g, P=0.18). The lactation diet had no effect on
femur BMC but for femur BMD the LP pups that received the AA+DHA did not
differ from C pups while LP pups that did not receive AA+DHA remained
compromised (Figure 3). Unlike femur BA, femur BMC was higher in males than
females (P<0.0001), as was femur BMD (P<0.0001). Further interactions
indicated that genders differed at wk 8 and 16 only for femur BMC, and at all
time points except d 3 for femur BMD (Table 3b).
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Tibia

The LP diet reduced all tibia bone mass measurements (Table 2b). There were
no interactions between the pregnancy diet and time (P=0.46), gender (P=0.76) or
lactation diet (P=0.73). For tibia BMD there was a significant 3-way interaction
(P=0.003) between time, gender, and pregnancy diet, whereby LP males were
significantly lower than C males at d 3 (P=0.0003) and d 21 (P=0.004), but C
females did not differ that LP females at any time point prior to wk 16 (P=0.001,
Figure 4a). There were also no main (P=0.14) or interaction effects of the
lactation diet on tibia BA or BMC. However, for tibia BMD there was a
significant interaction between the lactation diet and gender (P=0.02) that was
superseded by a 3-way interaction between time, gender, and the lactation diet.
This interaction indicated that groups did not differ prior to wk 16, at which time
the C females had significantly lower tibia BMD than females that received the
AA+DHA diet, but males did not differ (P=0.001, Figure 4b). There was a main
effect of gender for all tibia bone mass measurements (P<0.0001) and in an
interaction with time, males and females differed only at 16 wk of life for tibia
BA (Table 3b), and at 8 wk and 16 wk for tibia BMC (Table 3b). Tibia BMD
did not differ between genders (Table 3b).

Lumbar spine

Lumbar spine (LS) bone mass was reduced by the LP diet (P<0.001) and
interacted with time for BMC and BMD, whereby groups differed at wk 8 and wk
16 but not before (Table 2b). For LS BA, there was a greater detriment of the LP
diet observed in rriales, whereby C males had 10% higher BA than LP males (1.5
+ 0.5 vs. 1.3 £ 0.6 cm?, P=0.01), and C females had 7% higher BA than LP
females (1.4 +0.5vs. 1.3+0.5 cm?, P=0.05). There was no main effect of the
lactation diet (P=0.14), but there was a 2-way interaction between the lactation
diet and time (P=0.01), which was superseded by a 3-way interaction between
time, and both pregnancy and lactation diet (P=0.04). This indicated that the C
pups fed the AA+DHA during lactation had higher LS BA at wk 8 than the C
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pups fed the C diet during lactation while no effects of the AA+DHA diet were
observed in the LP pups at this time. At wk 16 this observation persisted in the C
pups and AA+DHA fed LP pups did not differ significantly from C pups (Figure
5). A main effect of the lactation diet was observed for LS BMC (P=0.05),
whereby all AA+DHA fed pups had 4% higher BMC than C pups (C: 0.29 + 0.18
vs. AA+DHA: 0.30 + 0.19 g). With a significant interaction with time (P=0.002),
the AA+DHA diet elevated LS BMC at wk 16 of life (C: 0.6 + 0.1 vs. AA+DHA:
0.7 £ 0.1 g) but were no significant increases at previous time points. There were
no main (P=0.64) or interaction effects of the lactation diet on LS BMD. For all
LS bone mass measurements, males had greater bone mass than females and for
BMC and BMD, gender interacted with time so that at wk 8 and wk 16 males and
females were significantly different (P<0.001, Table 3b).

Biochemistry

Blood markers of bone metabolism decreased over time (data not shown).
Osteocalcin was 60% lower at wk 16 than d 3 and similarly, DPD was 50% lower
awk 16 thand 3. There was no main effect of the pregnancy diet (P=0.24) but in
an interaction with time the LP diet reduced osteocalcin at d 3 only (C: 53.1 +
15.7 vs. LP: 44.6 + 11.6 nmol/L, P=0.01) but did not differ at other time points.
There was no main effect of the lactation diet (P=0.57) but in an interaction with
time, the AA+DHA pups had lower osteocalcin than C pups at d 3 only (52.9 +
14.4 vs. 44.7 £ 13.2 nmol/L, P=0.005). There was also a 2-way interaction
between the lactation and pregnancy diets. For the pups given the C diet in utero,
the AA+DHA diet significantly lowered osteocalcin concentrations to values that
did not differ from the LP pups (Figure 6). There was a main effect of gender on
osteocalcin to show males had higher concentrations than females (30.7 + 13.7 vs.
34.4 + 15.1 nmol/L, P=0.03).

For DPD, there was no main effect of the pregnancy diet (P=0.12) but there was a
significant interaction with time (P=0.004) to show that DPD was highest in C
pups atd 3 (C: 12.1 +£2.9 vs. LP: 10.6 £+ 3.3 nmol/L) and at all other times C and
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LP pups did not differ in this bone resorption marker. There was no main effect
of the lactation diet (P=0.24) or gender (P=0.89), but in an interaction between the
lactation diet and gender (P=0.03) the AA+DHA diet reduced serum DPD by 20%
in females (C: 6.82 + 3.55 vs. AA+DHA: 6.30 + 2.01 nmol/L, P=0.01), but there
was no difference in males (C: 6.60 + 2.6 vs. AA+DHA: 6.49 + 3.01 nmol/L,
P=0.07).

RBC AA and DHA concentrations both differed with time, with levels steadily
increasing from d 3 to wk 8, but at wk 16 concentrations were no different from
those at wk 8 (data not shown). There were no main or interaction effects of the
LP diet on RBC AA and DHA (data not shown). For the lactation diet effects,
there was a trend towards elevated RBC AA in all pups that received the
AA+DHA diet (C: 10.6 £ 2.6 vs. AA+DHA: 11.0 £2.1 g/100g, P=0.07). Overall,
RBC DHA concentrations were 30% higher in the AA+DHA fed pups (C: 0.364 +
0.175 vs. AA+DHA: 0.508 £+ 0.155 g/100g, P<0.0001). Furthermore, pups fed
AA+DHA had elevated RBC DHA at d 21, but also at wk 16 (Figure 7). There
was a significant difference between males and females in RBC AA (males: 10.6
+ 2.5 vs. females: 11.2 + 2.3 g/100g, P=0.02), but not DHA (0.443 + 0,150 vs.
0.439 + 0.201 g/100g, P=0.09). Both AA and DHA were elevated by 40% and
80% respectively in sow milk for those sows fed the AA+DHA diet and this is
reported in greater detail in Paper 2.

Bone biomechanics
Only main effects of diets were tested owing to lack of repeated measures and

inability to test for gender effects in the smaller sub-sample.

Femur

The LP diet did not alter femur wet weight, length, or any morphometric
measurements at d 3 or d 21 (data not shown). The lactation diet group was not
different that controls at d 3 for any morphometric measurements (data not
shown). Atd 21 the AA+DHA diet group had reduced femur wet weight (C:
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0.349 + 0.060 vs. AA+DHA: 0.267 + 0.070 g, P=0.03) and length (24.0 + 1.4 vs.
22.1 = 1.5 mm, P=0.04) but no other measurements were affected (data not
shown). The LP diet affected Young’s modulus, load and extension at break, and
ultimate stress (Table 4). There was an interaction between the pregnancy and
lactation diets at d 21 for the femur whereby C pups that received the AA+DHA
diet during lactation had a significantly lower load at break than other groups
(Figure 8a).

Tibia

There was no effect of the LP diet on tibia measurements or wet weight (data not
shown). The lactation diet group was not different than controls at d 3 (data not
shown) but the AA+DHA diet decreased diaphysis width (2.00 = 0.20 vs. 1.81 +
0.23 mm, P=0.01) and there were no interaction effects of the diets (data not
shown). The LP diet reduced strain and extension at break, but elevated Young’s

modulus, maximum stress, and load at break (Table 4).

4™ Vertebral body

The height of the 4™ vertebral body was unaffected by diet (Table 4). Young’s
modulus for the stress vs. strain curve was reduced by the LP diet (Table 4) but
this did not reach significance. Maximum compressive load and stress were also
reduced by the LP diet (Table 4). There were no effects of the lactation diet (data

not shown).

Femoral neck

There was no effect of diet on neck size (Table 4). There was no main effect of
the pregnancy diet (Table 4). The AA+DHA fed pups at d 21 had higher
maximum strain (C: 0.016 + 0.005 vs. AA+DHA: 0.030 = 0.011 kgf, P=0.008)
and Young’s modulus (C: 31.4 £ 12.0 vs. AA+DHA: 43.8 + 20.2 MPa, P=0.03)
regardless of pregnancy diet. An interaction between the diets for Young’s
modulus was observed in that the C pups that received the AA+DHA diet had the
highest modulus (Figure 8b).
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3.6 Discussion

The AA and DHA content of the early-life diet is now recognized as a factor that
affects optimal bone development. Fish oil fed to young chicks enhances tibia
bone mass (156), but may reduce vertebral bone strength in female rats (159).
Recent research young adults shows that DHA enriched diets reduce bone
formation, elevate bone resorption and serum 25-OH-vitamin D (161). Studies
providing both AA and DHA to suckling piglets have identified that these lipids
when given together, elevate whole body and regional bone mass. Because these
LC PUFA can change tissue lipid profiles, well designed animal trials advise that
the optimal ratio of dietary AA:DHA is 5:1 (14, 164). It is also clear that in
human neonates, both AA and DHA are required for optimal growth (239). This
study is the first to examine the effect of LC PUFA on IUGR compromised bone
mass. Because recommendations are now emerging for lactating women to
consume 0.2% of dietary fat as DHA (241) investigation is needed to determine if
AA and DHA have prolonged effects on bone mass.

Intrauterine growth restriction was achieved using the LP diet. Pups were shorter
at birth and beyond and body weight and bone mass were reduced across 16 wk of
life. Body weight did not significantly differ between groups at birth, suggesting
that the pups were not born prematurely. Lower lean body mass accompanied by
5-8% greater body fat percentage was also observed in the [IUGR pups, which is
consistent with previous observations in growth restricted fetal guinea pigs (43)
and in infants and children born small (100). At 16 wk, or 112 d of age, the LP
diet had a more detrimental effect on BA in males than females. Similar gender
differences were observed by Kind and colleagues studying the effect of in utero
programming in the multi-coloured guinea pig using a calorie restricted model. In
this model, there was an effect of growth restriction on systolic blood pressure

(53) and glucose tolerance (51) in males, but not females.
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The lactation diet intervention affected both healthy and compromised bone mass.
There was an overall outcome of the AA+DHA diet to elevate LS BMC by 5%
overall and by 8% at wk 16 of life and tibia BMD by 10% in both genders. It is
significant that BMC was elevated in these regions by the diet intervention, as the
LS is a frequent site of mineral loss, fracture and compressive deformities in
children with poor bone quality (245).

This is the first known report of positive outcomes in bone mass following a diet
intervention during the suckling period only. This is evidence that the fatty acid
composition of maternal milk has an effect on bone development from birth to
sexual maturity. Prior investigations providing AA and DHA in formula to
healthy early-weaned pigs (for 15 d) readily observed positive outcomes in bone
post-supplementation (158, 164). This study observed immediate positive effects
of the AA+DHA diet on body length, femur bone mass and bone formation, but
also observed further benefits to tibia BMD and LS bone mass emerge at wk 16 of
life. This is evidence that pre-weaning diet supplementation with AA and DHA
has sustained benefits after the supplement is withdrawn. This is of interest given
that further benefits of AA and DHA became apparent at a time post-puberty

when the achievement of peak bone mass is of concern (246).

Not only did the AA+DHA diet positively affect uncompromised bone mass, but
also body size and bone that was compromised by [UGR. Body length was lower
in JUGR pups not receiving AA+DHA, while those that received the AA+DHA
were not different from the controls. Body size is an important predictor of BMD
in children and adolescents and may have increased in the LP pups as a result of
improved growth. AA and DHA are known to elevate lean mass in pre-term
infants (128) and similarly, this study reports catch-up growth in body length.
Because short stature may be associated with morbidity in young life (247) this
may be a clinically relevant finding. Furthermore, IUGR infants often have rapid
gain in weight but height does not follow the same pattern, which contributes to a

predisposition to obesity later in life (248). This study suggests that AA and

55



DHA may assist with achieving normal linear growth, which may help reduce

morbidities and mortality amongst the IUGR population.

The AA and DHA had a moderate affect on bone metabolism. The LC PUFA diet
reduced serum DPD notably (20%) in females, which may have contributed to
higher tibia BMD.  Furthermore, in control pups the AA+DHA diet reduced
plasma osteocalcin, which suggests overall reduced bone turnover. In LP pups,
the opposite effect was observed. Osteocalcin was elevated in these pups to a
mean value not significantly different from controls, suggesting the AA+DHA
diet normalized bone formation in [UGR pups. This observation is highly
relevant in the [UGR neonate, as IUGR rat pups are reported to have abnormal
bone modeling (89). Whole body BMC, femur BMD, and LS BA were increased
by 5%, 2%, and 4% respectively in the LP pups that received the AA and DHA.
Similar to findings that AA and DHA elevates whole body bone mass in healthy
piglets (18) this study now shows similar benefits to bone compromised by IUGR
and a possible resetting of the trajectory of bone mass. Though the positive
findings in our study should not be overlooked, we report lower magnitudes of
change than previous research. In rodents, DHA elevated femur and LS BMD by
7-8% (17), and in piglets, AA alone or a 0.6:0.1 ratio AA:DHA elevated WB and
femur bone mass by 15-20% (18, 164). In agreement with our findings, Groh-
Wargo and colleagues report that AA and DHA (2:1) fed to preterm neonates had
no effect on WB BMC or BMD (128). This study may have found greater
magnitude of change had we met the desired sample size (n=20 pups per group)
or had less variability between animals. It is difficult to determine whether the
small magnitude of change is due to the IUGR model, or from the amount and

ratio of the fatty acid supplement.

In all pups, the AA and DHA was well incorporated into tissues by elevating RBC
DHA by 56% and 20% at d 21 and wk 16 respectively. It is evident that there
was preferential incorporation of DHA into the RBC, which is known to occur in

infant metabolism (140, 239). Whether or not there would have been a greater
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effect of the supplement observed in bone if the RBC DHA concentrations were
lower is unknown. As previously stated, supplementing DHA alone and up-
regulating the elongation of n-3 fatty acids is detrimental to growth in infants
(239), to bone mass in young adults (161), and impairs bone strength in young
mice (41, 159). Conversely, the improvements in body length and bone mass
observed at wk 16, post-supplementation, may have been resulting from the
higher DHA concentration in the RBC. In older male rats, ovariectomized rats,
and post-menopausal women, DHA and other long-chain n-3 fatty acids elevate
bone mass (15, 23, 134). Additionally, epidemiological studies associated high
consumption of fish oils with higher radial BMD in women, and overall a greater
intake of n-3 fatty acids is associate with greater total hip BMD in older men and
women (146). Why the elevation at wk 16 occurred is unclear, as RBC fatty acid
profiles should represent the last 3-4 wk of fatty acid consumption in the diet.
Perhaps the supplement altered the production of enzymes responsible for
endogenous elongation of AA and DHA precursors, so these pups had the
propensity towards higher circulating DHA and lower AA concentrations post-
weaning. While it would be optimal to measure the fatty acid concentrations in
other tissues, RBC fatty acid profiles are a fairly good estimation of the

concentrations in other tissues (26).

Measurements of bone strength suggest that the LC PUFA was detrimental to
bone quality by reducing the load required to fracture the long bones. Previous
studies report a negative, but transient, effect on femur strength and strength of
the 5™ vertebral body following supplementation with fish oil in young male and
female mice (41, 159). In the present study, the vertebral body strength was
improved by AA and DHA (assessed by Young’s modulus) in the control pups.
Alike the findings for bone mass, perhaps in this study the amount of DHA in the
diet was too high to observe optimal benefits to bone. Furthermore, the bone
strength results in this study must be interpreted with caution because of the small

sample size.
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The guinea pig was a good model in which to observe the emergence of gender
differences at sexual maturity. Both males and females were considered sexually
mature by 12 wk of life, though females can be bred as early as 4 wk of age,
maturing earlier than males. The results from this study suggest that the LP and
AA+DHA diet affected genders differently. Males appeared to be compromised
by the LP diet earlier in life (d 21) and catch-up with or without intervention later
in life (wk 16). Conversely, females appeared to be uncompromised early in life
(d 21), but compromised at an older age (wk 16). For whole body BMC, the
males appeared to require the LC PUFA intervention to achieve an
uncompromised BMC relative to controls, but in females, this was not seen.
These observations may have been a result of the timing of sexual maturity.
Estrogen production in females begins to elevate around d 21 of life and continues
to increase throughout sexual maturity, whereas males likely experienced elevated
sex hormones later, by wk 8 post-partum (49). Perhaps the increase in female sex
hormones served to rescue bone mass and growth in the IUGR pups so that the
AA+DHA supplement was not needed at this time. Males may require the

intervention due to later production of testosterone, known to benefit bone mass.

In conclusion, this study supports the growing body of literature that identifies LC
PUFA as essential nutrients for optimal neonatal bone mass and indicates that the
benefits to bone persist across the lifespan. Recently, there is consensus that
lactating women should consume 0.2% of dietary fat as DHA (241), and this
study suggests that when consumed with 0.5% of dietary fat as AA, there are
benefits to growth and bone mass that persist into post-pubertal age. Most
importantly, AA and DHA appear to rescue the trajectory of growth, femur bone
mass, and bone mineralization in neonates born following i»n utero growth
restriction (241). While the multi-coloured guinea pig is an appropriate model in
which to study the effects of in utero growth restriction on bone and early life
intervention, future clinical studies in neonates are essential to confirm the

findings in this study.
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Table 1: Diet composition

Ingredient’ Control Low-protein AA+DHA
Soy protein 161.0 80.5 161.0
Casein 53.0 26.5 53.0
L-Cystine 0.5 0.5 0.5
L-Methionine 3.0 3.0 3.0
Corn starch 217.9 325 217.9
Cellulose 140.0 140.0 140.0
Sucrose 290.0 290.0 290.0
Soybean oil 60.0 60.0 60.0
2ARASCO® oil (38-44% AA) None None 0.8205
DHASCO® oil (40-45% DHA) None None 0.3283
Ascorbic acid, coated (97.5%) 2.3 23 23
Vitamin Mix 10.0 10.0 10.0
Potassium acetate 20 20 20
Calcium phosphate 14.8 14.8 14.8
Calcium carbonate 12.1 12.1 12.1
Potassium citrate 7.0 7.0 7.0
Magnesium oxide 5.0 5.0 5.0
Sodium chloride 3.0 3.0 3.0
Ferric citrate 0.6 0.6 0.6
Manganese sulfate 03 0.3 03
Zinc carbonate 0.11 0.11 0.11
Cupric sulfate 0.03 0.03 0.03
Chromium potassium sulfate 0.01 0.01 0.01
Potassium iodate 0.01 0.01 0.01
Sodium selenite 0.0004 0.0004 0.0004
tert-butylhydroquinone 0.012 0.012 0.012

"Ingredients g/kg of diet. *0.3118 g of AA or 0.5% of dietary fat and 0.1313 g of
DHA or 0.2% of dietary fat. Thus a ratio of approximately 2.5:1 AA:DHA
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Table 2a: The effect of the pregnancy diet on body compeosition and whole body bone mass over time.

Measurement’ Diet Day 3 Day 21 Wk 8 Wk 16 P value
i . 110£17° 303+39° 616+69° 911+98 7 Lme et IxD
Body weight (8 Comrlcilp 816" 267:31° STEL109 8401168 <0.0001  <0.0001  0.05
o coly TN B2 gm0
’ 3 ’ 2 LP 14:3:8:0: 14:1*2:12 14:3¢3:5‘: 19:O:i:4:4df <0.0001  <0.0001  0.01
VOPAE) TS MAl wsae  7eois  sasis <0001 <0001 <0001
o ooy iy B SEE SRR e v
oy TP 01140010 014420008 019%001F 027s0015t <0001 NS 0.0006

'Values reported are mean + SD. Different letters represent a significant difference between time points and pregnancy
diet groups. 2Sample size: n=26 Control, n=24 LP. °Abbreviations: whole body (WB), bone area (BA), bone mineral
content (BMC), bone mineral density (BMD), time by diet interaction (T x D), not significant (NS).
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Table 2b: The effect of the pregnancy diet on regional mass over time.

1 Pregnancy P value
Measurement di Day 3 Day 21 Wk 8 Wk 16 . Pregnancy
1et Time diet
Femur BA® (cm”) Control’  0.7+0.1° 0.9+0.15¢ 1.4+0.1° 1.7+0.18
LP 0601 0.8+0.1¢ 1.4+0.2 1.6£0.13" 00001 <0.0001
Femur BMC (g) Control  0.09+0.02*°  0.28+0.08°  0.57+0.09°  0.86+0.10°
LP 0.06£0.02°  0.22+0.03°  0.54+0.11'  0.80+0.11" <0.0001 0.0004
Femur BMD Control 0.127+0.027° 0.289+0.059° 0.408+0.052° 0.502+0.049¢ <0.0001 NS
(g/em®) ; LP 0.105+0.025° 0.272£0.042° 0.398+0.069° 0.499+0.067¢
Tibia BA (cm?) Control  0.9+0.1° 1.3£0.1° 1.8+0.2° 2.1+0.28
LP  0.70.1° 1.240.1¢ 1.7+0.2f 2.0t070 00001 <0.0001
Tibia BMC (g) Control  0.08+0.02°  0.20£0.04°  0.40+£0.06°  0.61+0.07%
LP  005:0.01° 0.16:0.02% 03720.07° 057008 ~0-0001 0.0002
Tibia BMD (g/cm?) Control 0.089+0.017% 0.147+0.022° 0.219+0.014° 0.297+0.0628 <0.0001 0.001
LP 0.073£0.017° 0.131+0.012° 0.216+£0.024" 0.285+0.026" : '
LS BA (cm?) Control  0.8+0.1% 1.4+0.1° 1.940.1° 2.3+0.28
LP 07401 12400 1.80.1° 212020 <0:0001  <0.0001
LS BMC* (g) Control  0.15+0.04>  0.21£0.04 0.41£0.04°  0.64+0.10°
LP  0.1140.02° 0.1840.03°  03940.07° 059+0.07° 00001 <0.0001
LS BMD (g/cm?) Control 0.184+0.019* 0.150+0.015° 0.215+0.020° 0.280+0.025° <0.0001 0.002
LP 0.170£0.022% 0.143+0.011° 0.213£0.017° 0.265+0.019° ' :

'Values reported are mean + SD. Different letters represent a significant difference between time points and pregnancy
diet groups. 2 Abbreviations: lumbar spine (LS), bone area (BA), bone mineral content (BMC), bone mineral density
(BMD), not significant (NS). 3Sample size: =26 Control, n=30 LP. *LS BMC and BMD had a significant interaction

between the pregnancy diet and time, P<0.004. Differences between groups are identified by different letters.
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Table 3a: Gender differences in body composition and whole body bone mass over time.

Measurement' Gender  Day 3 Day 21 Wk 8 Wk 16 PTVif;‘;e g::('l‘g InIt)e::lcltl:on
. 2 a b C €
P A T T
. ‘
R T D
R i~ S = . SN
Body fat (%) Male 144:29°  13.142.1°  12.542.1°  16.844.2°

Female  15.343.5° 14.042.2° 15.543.6° 2054314 00001 <0.0001  <0.0001

WB BA? (cm?) Male  23.1+4.1° 47 .5+5.0° 79.3+8.2° 102.7+8.2°

Female 27.943.6°  46.644.1° 7424599 956457 ~0-0001 0.003  <0.0001

WB BMC (g) Male 3.032077°  7.15+1.17°  16.04+2.49°  24.41+2.78f

Female 3.0260.60°  6.89:0.85°  1426£1.77°  21.03+1.68* <0.0001  <0.0001  <0.0001
WB BMD Male 0.117+0.008* 0.150+0.010° 0.200£0.010° 0.237+0.011°
(gfcm? Female 0.11840.010° 0.147+0.007° 0.190+0.011° 0222+0.010f ~0-0001 <0.0001  <0.0001

Values reported are mean + SD. Different letters represent a significant difference between time points and genders.
*Sample size: n=33 male, n=23 female. 3 Abbreviations: whole body (WB), bone area (BA), bone mineral content
(BMC), bone mineral density (BMD), not significant (NS).
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Table 3b: Gender differences in regional bone mass over time

Measurement' Gender Day 3 Day 21 Wk 8 Wk 16 PTV;‘I'I‘;“ 2:1?(11::' Inlt)e::lcltlieon

P B’ e 0L Gem  lamr  1jeq  0O00L NSNS

FmrBVC® ol Oione  gaidos 0500 Opmope 00001 <00 <o
a b f

D e s bt oot ool <aowi oo

THABMC@) e 0onor  0Leoot  0aibes’  Gesgey 0001 <0000 <0000

Tibia BMD Male 0.082£0.021* 0.141+0.021° 0.221+0.021° 0.295+0.023¢

(g/cm?) Female 0.080&:0.037*‘ 0.137i0.0&7b 0.213i0.0019° O.286i0.0d66d <0.0001 NS NS

LSBAG@M) il g70m 100 1s0r g 0001 NS 00

LSBMC®  pomic 015008 010000 0an00F  0gmopu 000 <0001 <000l
a ¢

D e e By LIS owi ooz oo

'Values reported are mean + SD. Different letters represent a significant difference between time points and genders.
2 Abbreviations: lumbar spine (LS), bone area (BA), bone mineral content (BMC), bone mineral density (BMD), not
significant (NS). >Sample size: n=33 male, n=23 female.



Table 4: The effect of the pregnancy diet on measurements of bone strength

Bone strength measurement’ Control’ Lo“i P-value
protein
Femur
Length 32.4+0.7 30.5+1.6 NS
Young’s modulus (MPa) 766+195 1246+259 0.02
Load at break (kgf) 1.67+0.31 2.01+0.32 NS
Extension at break (mm) 1.36+0.82  0.760+0.056 NS
Ultimate stress (MPa) 29.5+10.1 41.8+15.9 NS
Ultimate strain (mm/mm) 0.041+0.008 0.049+0.008 NS
Tibia
Length 27.244.5 26.0+4.3 NS
Young’s modulus (MPa) 19494302 35794521 0.01
Load at break (kgf) 1.96+0.34 2.46+0.56 0.004
Extension at break (mm) 2.53+0.42 1.41+0.23 0.03
Ultimate stress (MPa) 63+11 117+20 0.02
Ultimate strain (mm/mm) 0.080+0.005 0.032+0.002  0.02
4th vertebral body
Height 7.00+0.71 7.01+£0.33 NS
Young’s modulus (MPa) 60.1+12.6 40.0+£9.0 NS
Maximum compressive load (kgf) 16.0+0.9 5.13+5.01 0.009
Maximum compressive extension (mm)  5.21+2.68 3.01+1.26 NS
Ultimate stress (MPa) 1.95£1.6  0.602+0.423 0.03
Ultimate strain (mm/mm) 0.056+0.027 0.037+0.014 NS
Femoral neck
Height 1.53+0.51 1.42+0.67 NS
Young’s modulus (MPa) 42.2+14.6 32.9+11.1 NS
Maximum compressive load (kgf) 2.04+0.88 1.49+0.64 NS
Maximum compressive extension (mm) 0.689+0.009 0.483%0.005 NS
Ultimate stress (MPa) 0.255+0.021 0.186+0.009 NS
Ultimate strain (mm/mm) 0.029+0.009 0.017+0.006 NS

'Results presented are mean + SD. 2Sample sizes: n=15 control, n=17 low

protein.
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Figure 1: Gender differences in the effect of the pregnancy and lactation diets on body length over time. Values
are mean + SEM, P=0.0006 for the 4-way interaction. Different letters indicate a significant difference between groups
(P<0.05). Diet groups (pregnancy-lactation) are represented as the following: solid black bars are control-control (male
n=8; female n=6); solid white bars are control-AA+DHA (male n=9; female n=5); stripped bars are low-protein-control
(male n=7; female n=5); black and white dotted bars are low-protein-AA+DHA (male n=9; female n=7).
Abbreviations: C=Control, AA+DHA=AA and DHA diet, LP=low protein
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Figure 2: Gender differences in the combined effect of pregnancy and
lactation diets on whole body bone mineral content (BMC) adjusted for body
weight. Values are mean = SEM, P=0.03 for the interaction. Different letters
indicate a significant difference between groups (P<0.05). Diet groups
(pregnancy-lactation) are represented as the following: solid black bars are
control-control (male n=8; female n=6); solid white bars are control-AA+DHA
(male n=9; female n=5); stripped bars are low-protein-control (male n=7; female
n=35); black and white dotted bars are low-protein-AA+DHA (male n=9; female
n=7).
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Figure 3: The combined effect of the pregnancy and lactation diets on femur
BMD. Values are mean + SEM, P=0.04 for the interaction. Different letters
indicate a significant difference between groups (P<0.05). Diet groups
(pregnancy-lactation) are represented as the following: solid black bars are
control-control (n=14); solid white bars are control-AA+DHA (n=14); stripped
bars are low-protein-control (n=12); black and white dotted bars are low-protein-
AA+DHA (n=16).
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Figure 4: Gender differences in the effect of the pregnancy diet (a) or
lactation diet (b) on tibia bone mineral density (BMD). Values are mean +
SEM, P=0.003 (panel a) P=0.01 (panel b) for the interaction. Different letters
indicate a significant difference between groups (P<0.05). Abbreviations:
AA+DHA=AA and DHA diet, LP=low protein
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Figure 5: The effects of the pregnancy and lactation diets on lumbar spine
bone area (BA) over time. Values are mean + SEM, P=0.04 for the interaction.
Different letters indicate a significant difference between groups (P<0.05). Diet
groups (pregnancy-lactation) are represented as the following: solid black bars are
control-control (n=14); solid white bars are control-AA+DHA (n=14); stripped
bars are low-protein-control (n=12); black and white dotted bars are low-protein-
AA+DHA (n=16). Abbreviations: C=Control, AA+DHA=AA and DHA diet,
LP=low protein.
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Figure 6: The effects of the pregnancy and lactation diets on osteocalcin.
Values are mean += SEM, P=0.03 for the interaction. Different letters indicate a
significant difference between groups (P<0.05). Diet groups (pregnancy-
lactation) are represented as the following: solid black bars are control-control
(n=14); solid white bars are control-AA+DHA (n=14); stripped bars are low-
protein-control (n=12); black and white dotted bars are low-protein-AA+DHA
(n=16).
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Figure 7: The effect of the lactation diet on red blood cell (RBC)
docosahexaenoic acid (DHA) over time. Values are mean = SEM g/100 g fatty
acids, P=0.002 for the interaction. Different letters represent a significant
difference between groups (P<0.01). Solid dark bars represent control pups
(n=27). Light bars represent AA+DHA pups (n=26).
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Figure 8: The combined effect of the pregnancy and lactation diets on femur
load at break (a) or on Young’s modulus for femoral neck compression test
(b). Values are mean = SEM, P=0.01 (panel a), P=0.02 (panel b) for the
interaction. Different letters indicate a significant difference between groups
(P<0.05). Diet groups (pregnancy-lactation) are represented as the following:
solid black bars are control-control (n=6); solid white bars are control-AA+DHA

(n=6); solid gray bars are low-protein-control (n=6); black and white checked bars
are low-protein-AA+DHA (n=6).
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3.9 Preface to Paper 2

During the design of the study reported in Paper 1, there was opportunity to
research the effect of AA and DHA on maternal bone mass during lactation. To
the best of the author’s knowledge, this is novel experimentation that has not been
reported in the literature. Furthermore, it was important to understand the effect
of the AA and DHA supplement on maternal bone mass to eliminate the
possibility of a detrimental effect. The following chapter will describe the study
as it pertains to the maternal bone mass. The addition of this paper complements

the findings in Paper 1 to more thoroughly draw conclusions from this research.
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Paper Two

Diet enrichment with arachidonic and docosahexaenoic acid during lactation

improves bone mineral content and density in pigmented guinea pigs
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4.1 Introduction to Paper Two
This paper reports the data collected and analyzed from the guinea pig sows. It
contains data related to feed intake and weight gain during pregnancy, body

composition and bone mass measurements, and biochemistry.

The manuscript was prepared to submit to the British Journal of Nutrition.
The thesis is referenced as a whole and references are found on page 105.
Please note:

H. Weiler is a co-author for this paper, whose contributions are detailed in the

letter of co-authorship in Appendix C, page 139.
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4.2 Abstract

The magnitude of bone mineral loss from the adult female skeleton is greatest
during lactation. Bone recovery is necessary for the preservation of bone mass
throughout adulthood until menopausal bone resorption commences. Arachidonic
(AA) and docosahexaenoic acid (DHA) are shown to increase femoral neck bone
mineral density (BMD) by 2% and prevent bone loss at the lumbar spine in post-
menopausal women. In a similar state of hormone-driven bone resorption, this
study aimed to determine whether moderate diet enrichment with AA and DHA
would affect bone mass during lactation and post-weaning. 40 guinea pig sows
were randomized to either a control diet or the same diet with 0.5% and 0.2% of
lipid as AA and DHA respectively during lactation. Following delivery of a
healthy litter, the lactation diet was provided for 21 d prior to weaning, at which
time all sows were fed the control diet until 8 wk post-partum. Bone mass was
assessed by dual-energy x-ray absorptiometry and blood collected prior to mating,
and atd 3, d 21, and 8 wk post-partum. Results indicate that the diet intervention
had no effect on whole body bone mass or composition. Tibia and lumbar spine
bone mass were positively affected with 3-11% increased bone mineral content
and 5-7% increased density. In sows fed the fatty acids, AA and DHA were 30%
and 80% greater respectively in milk lipid and DHA was 22% greater in red blood
cells. In summary, this study shows for the first time that a lactation diet enriched
with AA and DHA increases regional BMD in females. Fatty acids were
effectively incorporated into sow milk and tissues. As LC PUFA are encouraged
in the diet of lactating women for the health of the neonate, this study indicates

there is additional benefit to maternal bone mass.
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4.3 Introduction

The rate of bone loss during lactation is greater than the annual rate of mineral
loss in post-menopausal women (25). During lactation, minerals from the
maternal skeleton are released into circulation for production of breast milk (249)
This may result in a 4% decrease in maternal total body bone mineral density
(BMD) and a 5-7% decrease in lumbar spine and hip bone mineral content (BMC)
and BMD (250-252).

Following lactation, there is a rapid transition from bone catabolism to anabolism
(131). Osteoblast progenitor cell proliferation and high rates of osteoblast activity
are noted on the bone surface of rodents (253). In humans, osteocalcin becomes
elevated at this time (24). A proportion of the bone mass lost during lactation is
recovered, though bone mass may be lower following lactation than prior to
conception for women that have yet to attain peak bone mass (254). Long-chain,
polyunsaturated fatty acids (LC PUFA) may be an advantageous supplement as
they are known to enhance calcium absorption and improve bone mass in women
(134).

Dietary long-chain, polyunsaturated fatty acid (LC PUFA) consumption has not
been investigated for potential benefit to maternal bone recovery. LC PUFA,
most notably arachidonic (AA) and docosahexaenoic (DHA) acid elevate whole
body BMD and LS BMD by 5-20% in young, aged, and ovariectomized animal
models (14-16). Feeding 8 mo old ovariectomized mice 0.5% (w/w) DHA daily
protected against BMD loss at the lumbar spine as measured by dual-energy x-ray
absorptiometry (DXA) and maintained lumbar spine trabecular bone mass (16).
In post-menopausal women, providing an 18 mo diet supplement of LC PUFA in
a 10:1 n-6:n-3 ratio increased femoral neck BMD by 1.5% and protected against
LS bone loss, while women not receiving LC PUFA lost 2-3.5% of BMD in these
areas (23). Given these positive outcomes of low-dose LC PUFA

supplementation in a hormone-driven state of high bone resorption, enriching the
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maternal diet with AA and DHA during lactation may slow mineral loss and

promote bone mass recovery.

Canada’s present public health policy regarding nutrient intake during early
neonatal life states the optimal amount of fatty acids in breast milk is an
unresolved issue in the composition of the infant diet (255). Despite the lack of
public policy, there is now consensus in the literature that lactating women should
consume 0.2% of dietary fat as DHA (241). Long-chain fatty acids are critical
nutrients for neonatal neural and visual development (256). The most recent
report of LC PUFA content in the breast milk of North American women states a
mean of 0.4 £ 0.03% AA and 0.25 £ 0.08% DHA, or an approximate 2:1 ratio of
AA:DHA (20). However, the amount of AA and DHA present in the breast milk
of Canadian women is decreasing in association with the decline in dietary intake

of these fatty acids, especially DHA (139, 140).

Given the impact of maternal LC PUFA status during lactation on neonatal
development and evidence that LC PUFA may protect against BMD loss, the aim
of this study was to determine if diet enrichment with 0.5% and 0.2% of dietary
lipid (w/w) as AA and DHA respectively improve maternal bone mass during and
following lactation in an animal model. The pigmented (multi-coloured) guinea
pig was chosen for this study for its relatively long gestation (62-70 d) and small
litter size (1-5), making this model representative the reproductive demands
placed on pregnant and lactating women due to fetal and neonatal bone mineral

accrual.
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4.4 Materials and methods

Animals and diet

Ethical approval was obtained from the Macdonald Campus Facility Animal Care
Committee of McGill University in accordance with the Canadian Council on
Animal Care guidelines (242). Female guinea pig sows (n=40) and male boars
were purchased from Elm Hill Laboratories (Chelmsford, MA, USA) at 4 wk of
age and acclimatized for 8 wk. Prior to mating, guinea pigs were randomly
assigned to a control (C) or LC PUFA enriched (AA+DHA) diet during lactation.
Sows were mated at 12 wk of age after random assignment to a male boar.
Following confirmation of conception, sows were separated from the boar and
housed individually until delivery, at which time the lactation diet was
immediately provided. Sows were maintained on the lactation diet for 21 d and
upon weaning, were housed in pairs and fed a control diet (Harlan Teklad 2041,
Madison, WI, USA) until 8 wk post-partum. Rooms were maintained on a 12 h
light-dark cycle at 22-24°C.

Diets were purchased from Purina Testdiet (Richmond, IN, USA) and formulated
to our specifications. The LC PUFA sources were ARASCO® and DHASCO®
(Martek Biosciences, Columbia, MD, USA) and fed as 0.5% and 0.2% of dietary
lipid respectively. The LC PUFA diet was fed every 24 h and uneaten food
discarded. This diet was stored at -20°C to prevent oxidation of the fatty acids.
Both diets have been previously detailed in Paper one. Investigators responsible
for providing diet and performing data collection and analysis were blinded to the

treatment groups.

Sampling and measurements
Body weight was measured weekly for the entire study duration and at time of
DXA. Food disappearance per cage was monitored tri-weekly during pregnancy

and during lactation but not following weaning.
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Blood samples were taken from the saphenous vein prior to mating (baseline), d
3,d 21, and 8 wk post-partum, spun at 2000 G for 20 min, and serum and plasma
stored at -80°C. Red blood cells (RBC) were rinsed with 0.9% saline to remove
additional plasma, flushed with nitrogen, and stored at -80°C for a maximum of
28 d before analysis.

Bone mass was measured under anesthetic for the whole body, lumbar spine,
femur, and tibia using DXA (4500A, Hologic Inc., Bedford, MA, USA) with the
small animal software package at (baseline), d 3, d 21, and 8 wk post-partum.
Body composition was also assessed by DXA. All scans were performed and
analyzed by the same operator. Average CVs were 2.5, 3.0, and 5.7 for replicate

whole body scans, regional scans, and scan analysis respectively.

Milk samples were collected on d 7 post-partum, which is a peak day of milk
production. Sows were removed from pups and an intra-peritoneal injection of
0.3 ml oxytocin was administered 30 min prior to sampling. Milk was manually
expressed under anesthetic. Samples were flushed with nitrogen and stored at -

80°C prior to analysis for fatty acid content.

Biochemistry

Plasma osteocalcin was measured in duplicate using an ELISA
(MetraOsteocalcin, Quidel, San Diego, CA, USA) known to cross-react with the
guinea pig (244). Serum deoxypyridinoline (DPD) was also measured with an
ELISA (MetraDPD, Quidel, San Diego, CA, USA) that cross-reacts with the
guinea pig (as per manufacturer’s specifications) and inter-assay CV's were 3.2

and 3.0 for each ELISA respectively.

Fatty acids from milk and RBC were extracted using a modified Folch technique
and methylated with methanolic HCI for 1 h as previously described (151).
Methyl esters were identified using gas chromatography (Varian, CP 3800, Varian
Inc, Cary, NC, USA).
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Statistical analysis

A factorial ANOVA was performed to determine differences between the main
effects of time (baseline, d 3, d 21, wk 8) and diet (control, AA+DHA). Post-hoc
interactions between time and diet were adjusted using Bonferroni’s correction.
Data was tested for normality using a Shapiro-Wilk test and residuals were plotted
for random distribution. All statistics were analyzed using SAS, Version 9.1
(Cary, NC, USA) and P<0.05 was considered significant. Results presented are
mean + SD (text, tables) or SEM (figures).

(Please note: This study was initially designed to analyze the offspring of the
sows. Thus, sample size for the study was determined based on outcomes
measured in the sows’ pups. However, calculating a sample size based on the
data collected, a sample size of n=12 sows per group would be sufficient to detect
a 5% difference in whole body BMC between diet groups with a power of 0.8 and
alpha of 0.05.)
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4.5 Results

Conception and delivery

Thirty-two sows successfully conceived, delivered and nursed héalthy litters until
weaning and are included in the analysis. Of the sows that did not, 2 died prior to
conception from causes unrelated to the study, 3 died at or prior to d 7 post-
partum from delivery complications/sepsis and 3 sows either did not conceive or

delivered stillborn litters twice and therefore were not mated again.

Feed intake and weight gain

Average daily food intake in the last 3 wk of gestation (approximately the 31
trimester) did not differ between groups (C: 42.2 £ 20.7 vs. AA+DHA: 37.3
17.1 g/d, P=0.41) nor did average weekly weight gain during this time (34.3 +
31.0 vs. 27.9 £ 22.2 g/wk, P=0.5). Intake of the lactation diet did not significantly
differ between groups (30.2 = 15.3 vs. 35.3 £ 18.9 g/d, P=0.23).

Body weight and composition

There was no main effect of diet on body weight (P=0.92), body fat mass
(P=0.65), body fat percentage (P=0.16) or lean body mass (P=0.10). Body
weight, fat mass and lean mass increased significantly over time (P<0.0001), but
did not change between d 3 and d 21 post-partum (Table 1), with the exception of
body fat percentage, which was lowest at d 21 than any other time point.

Whole body bone mass

There was no main effect of diet on whole body bone area (BA, P=0.06), bone
mineral content (BMC, P=0.28), or bone mineral density (BMD, P=0.55). All
three measurements increase with time at the whole body level (Table 2). Diet
did not interact with time (P=0.8). There was a steady rate of growth was noted
between 12-22 wk of life, or from conception to parturition, with peak BMC and
growth at this time, and a plateau from 22-33 wk of life.
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Regional bone mass

There was no effect of diet on femur BA (P=0.28), BMC (P=0.51), or BMD
(P=0.17). Diet had a main effect on tibia and LS bone mass. The AA+DHA diet
reduced tibia BA (P=0.04), but did not affect BA of the LS (P=0.40, Figure 1).
In both regions, BMC was increased by the AA+DHA diet, but this only reached
significance in the LS (P=0.04, Figure 2). Lastly, BMD was greater in the tibia
and LS in the sows fed the AA+DHA diet (P<0.05, Figure 3). There were no
interaction effects between time and the AA+DHA diet for regional bone mass

measurements (P>0.05).

Time had a significant effect on all regional bone mass measurements (P<0.009)
with the exception of femur BMD (P=0.73, Table 2). Femur, tibia, and LS BA
followed the same trend as whole body BA for growth, with noticeable growth
between conception and delivery. Following delivery there was a plateau in BA
acquisition, with the exception of lumbar spine BA which increased significantly
between weaning (d 21) and wk 8 post-partum (Table 2). Femur and tibia BMC
and BMD were significantly reduced at d 21 in comparison to wk 8 post-partum
and also reduced from d 3 post-partum (Table 2). However, there seemed to be
sparing of mineral at the LS, as this region showed no change between d 3 and d
21 post-partum (Table 2).

Biochemistry

Diet had no effect on osteocalcin (P=0.15). There was a significant effect of time
(P=0.02) as serum osteocalcin was higher at baseline (18.3 + 4.0 nmol/L) and d
21 post-partum (17.7 £ 5.5 nmol/L) than at d 3 (10.0 + 3.1 nmol/L) and wk 8
(14.2 £+ 3.8 nmol/L, P=0.002). DPD was also not affected by diet (P=0.13).
There was a significant effect of time (P<0.001) as DPD was significantly higher
at d 3 post-partum (7.01 = 2.25 nmol/L) than any other time points.

Milk fatty acid analysis confirmed the incorporation of the LC PUFA into sow
milk as both AA (0.184 £ 0.02 vs. 0.284 + 0.04 g/100 g fatty acid) and DHA
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(0.013 + 0.005 vs. 0.071 + 0.007 g/100 g fatty acid) were significantly (P<0.001)
elevated in milk of the guinea pigs fed the AA+DHA diet.

There was a main effect of the AA+DHA diet to increase RBC DHA (0.511 +
0.150 vs. 0.655 + 0.128 g/100 g fatty acid, P<0.001), but not RBC AAto a
significant level (11.9+ 1.7 vs 12.5 + 1.6 g/100 g fatty acid, P=0.1). Lastly, in an
interaction with time, RBC DHA was highest overall in the AA+DHA group at d
21 (0.383 = 0.073 g/100 g fatty acid vs. 0.674 + 0.095 g/100 g fatty acid,
P=0.001).
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4.6 Discussion

Repletion of bone loss following pregnancy and lactation is important to maintain
bone quality and density throughout reproductive life (249). Conservation of
maternal BMC and BMD during lactation translates to less recovery of bone mass
post-weaning (257) This study has shown that a modest maternal diet supplement
with AA and DHA provided exclusively during lactation elevates tibia and
lumbar spine BMC and BMD in the pigmented guinea pig model.

Previous research studying ovariectomized mice and post-menopausal women
indicates DHA elevates LS and femur BMD by 2-4% (23). In a similar state of
hormone-driven bone resorption in the lactating guinea pig, 0.5% AA and 0.2%
DHA (w/w) in the maternal diet increased tibia and LS BMC by 3% and 11%
respectively, and BMD by 7% and 5% respectively. Given that BMC and BMD
loss from the lumbar spine in lactating women ranges between 5-7% of pre-
lactation bone mass (250) the magnitude by which the AA and DHA supplement

in this study elevated regional bone mass is significant.

Change in body weight and composition over time indicated that there was a 15-
20% increase in body weight and lean mass over the duration of pregnancy, but
that fat mass and body fat percentage decreased by 20% and 27% respectively.
Between delivery and the end of lactation there was a 9% decrease in body
weight, 15-20% decrease in fat mass and body fat percentage, but only a 3%
decrease in lean mass, indicating a sparing of lean mass and utilization of fat mass

to compensate for additional energy requirements during lactation.

Bone mass was attained during gestation. Whole body and femur BA, BMC and
BMD increased by 12-14%, 15-18%, and 5% respectively over this time,
indicating a positive mineral balance in these areas during gestation. However,
the tibia did not follow the same trend. While BA increased by 13%, BMD
decreased by 10% in the tibia. Thus, this region appeared to be growing during
gestation but BMD was compromised. Importantly, AA and DHA elevated and
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BMD in this region when fed during lactation and therefore may be of benefit

during pregnancy.

During lactation, whole body BA remained constant, and BMC and BMD showed
moderate (2%) increases. Similarly lumbar spine BA remained constant and there
was a 4% increase in both BMC and BMD. Thus, whole body and lumbar spine
mineral content was preserved. However, the femur and tibia both displayed 2-
4% increases in BA, but a 2% decrease in both BMC and BMD. Areas rich in
trabecular bone, such as the lumbar spine, are believed to be the first and frequent
sites of bone resorption in pregnancy, due to the porous, woven structure of this
bone (258). However, these results indicate that in this model, it may have been
the endocortical surfaces of the long bones resorbed to accommodate the
increased demand for mineral in the body. Moreover, because there was
continued tibia and femur growth, there was likely intra- and endocortical
resorption to continue this growth. Due the decrease in BMC and BMD it appears
that the periosteal apposition during lactation was insufficient at maintaining bone
integrity, similar to the observations made for lumbar spine and tibia bone mass
during pregnancy. Concurrently, serum markers of bone metabolism indicate the
sows were in a state of bone catabolism at the onset of lactation, but anabolism by

weaning.

Osteocalcin concentrations were high at baseline, which is understandable given
the sows were still in a phase of growth, and at d 21 post-partum. Forty-five
percent higher osteocalcin concentrations at d 21 indicate bone was in a high state
of turnover, possibly to compensate for mineral lost between d 3 and d 21 post-
partum. DPD was highest at d 3, declining by d 21 post-partum and remaining
unchanged at wk 8. It is not surprising that DPD was lower at d 21 because milk
production is considerably reduced by this time in the sow (49), and thus the
stress on bone placed by milk production has subsided. Peak lactation occurs
between d 4 and d 7 post-partum (46) and thus it would be expected that at d 3,
bone resorption would be very high, and gradually decline across the course of
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lactation. Therefore, at d 21 it seems augmented formation compensated for
mineral loss during lactation, which served to elevated whole body and regional
BMC and BMD at wk 8 post-partum. Both the femur and tibia that lost mineral
between d 3 and d 21, had gained 10-15% BMC and 5-13% BMD by wk 8 post-
partum.

The diet was successful at increasing both AA and DHA in sow milk by 36% and
82% respectively, demonstrating the preferential incorporation of DHA into the
milk despite the 2.5:1 ratio of AA:DHA in the diet. In lactating women, dietary
fish oil also elevates DHA in breast milk and is reflected in the plasma
phospholipid concentrations (259), as was the AA+DHA diet reflected in the
RBC fatty acid concentrations in the present study.

In conclusion, providing dietary supplementation for 21 d with AA and DHA
effectively elevated tibia and lumbar spine BMD and moderately improved BMC
in these regions. Given that these regions are more susceptible to mineral and
density loss during gestation, this supplement may help recover bone following
pregnancy. AA and DHA are recognized as essential nutrients during fetal and
neonatal development (139) and this study demonstrates that these fatty acids also

support maternal bone maintenance.
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4.8 Tables and figures for Paper Two
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Table 1: Changes over time in body composition.

Measurement’ Baseline® Day 3 Day 21 Wk 8 P-value
Body weight (g) 753+15° 839+15° 769+26% 973+18° <0.0001
Whole body fat mass (g) 133+6° 108+6" 87+5° 162+9° <0.0001
Body fat (%) 17.4+0.5% 12.8+0.5" 10.9+0.5° 17.1£0.5° <0.0001
Whole body lean mass (g) 620+11° 728+11° 710+11° 804+13° <0.0001

"Measurements are reported as mean + SEM, P<0.05. Different letters indicate a significant effect of time, n=32/time

point. *Baseline is at 12 wk of age (pre-pregnancy).



Table 2: Changes over time in whole body and femoral bone mass.

€6

Measurement’ Baseline Day 3 Day 21 Wk 8 P-value
Whole body BA (cm”) 90.7+1.0° 102.3+1.1° 102.9£1.0° 110.4£1.1°  <0.0001
Whole body BMC (g) 20.26£0.57°  23.87+0.32°  24.21+0.34°  26.91+047°  <0.0001
Whole body BMD (g/em?)  0.221+0.002®  0.233£0.002°  0.236+0.002°°  0.243+0.001°  <0.0001
Femur BA (cm?) 1.6+0.1° 1.9+0.1° 1.9+0.1° 1.9+0.1° <0.0001
Femur BMC (g) 0.71£0.02° 0.86£0.01°  0.85+0.03*  0.95:0.02®  <0.0001
Femur BMD (g/cm?) 0.443£0.016*  0.460£0.011*°  0.456£0.012°  0.484+0.009° NS
Tibia BA (cm?) 1.8£0.1% 2.120.1° 2.1+0.1° 2.1+0.1° <0.0001
Tibia BMC (g) 0.55+0.02° 0.57+0.01° 0.57+0.01° 0.65:0.01°  <0.0001
Tibia BMD (g/cm?) 0.300£0.015  0.273£0.004°  0.271+£0.004°  0.308+0.007°  0.009
LS BA (cm?) 1.9+0.1° 2.3+0.1° 2.3+0.1° 2.4£0.1° <0.0001
LS BMC (g) 0.52:0.02° 0.61+0.01° 0.63+0.06° 0.71£0.01°  <0.0001
LS BMD (g/cm?) 0.264£0.004>  0.266£0.004*  0.275+0.005*  0.296+0.005°  <0.0001

"Measurements are reported as mean + SEM. Different letters indicate a significant effect of time, P<0.05, n=32/group.

Abbreviations: bone area (BA), bone mineral content (BMC), bone mineral density (BMD), lumbar spine (LS)



2_
({\
g 15
N’
[ ]
L
]
g 1
Q
A
0.5 -
0—4

Tibia 1S

Figure 1: The main effect the lactation diet on tibia and lumbar spine (LS)
bone area. Values are means = SEM, P<0.05. The control group (n=17) is
identified by a solid bar and the AA + DHA group (n=15) is identified by a
patterned bar. Significant difference between groups is indicated by different

letters.
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Figure 2: The main effect the lactation diet on tibia and lumbar spine (LS)
bone mineral content. Values are means = SEM, P<0.05. The control group
(n=17) is identified by a solid bar and the AA + DHA group (n=15) is identified
by a patterned bar. Significant difference between groups is indicated by different
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Figure 3: The main effect the lactation diet on tibia and lumbar spine (L.S)
bone mineral density. Values are means + SEM, P<0.05. The control group
(n=17) is identified by a solid bar and the AA + DHA group (n=15) is identified

by a patterned bar. Significant difference between groups is indicated by different
letters.
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5.0 Chapter Five

Conclusions and future directions
5.1 Conclusions

5.2 Strengths and limitations
5.3 Future directions

97



5.1 Conclusions

The objectives of this study were to determine the effect a lactation diet enriched
with AA and DHA on maternal and offspring bone mass and body composition in
healthy and growth restricted guinea pigs. Furthermore, the effects of this diet
from birth to sexual maturity were to be evaluated. The culmination of the animal
trial showed that providing 0.5% and 0.2% of dietary lipid as AA and DHA
respectively to lactating guinea pigs modestly improved both maternal and pup
bone mass and increased length in the IUGR pups. This study confirms that there
is fetal programming of bone mass, as IUGR reduced bone mass from birth until
wk 16 of life. However, there is also indication that the effects of [UGR on body
length, whole body BMC, and regional bone mass can be reversed with additional
AA and DHA in the diet prior to weaning.

5.1.1 The animal model

The guinea pig was selected on the basis that it was a) a small animal b) would
permit valid bone mass assessment within the first 48 h of life (39) and c) relative
to other small animals, has a long gestational length. This model is not commonly
used in bone research, and this was the first guinea pig study conducted in our lab.
Therefore, further strengths and weaknesses of the model were identified
throughout the animal trial.

The sows adapted well to gradual changes in diet. It is well established that
guinea pig are fastidious in food choice and will resist abrupt change in diet
composition (260). For this study, 2 control diets were used: one purified and
another made with natural ingredients and roughage (See Paper 1). Both diets
were nutritionally identical. To encourage transition to the purified diet, the 2
control diets were mixed prior to mating. The purified diets were also apple-
flavored so the sows would not perceive a diet change after delivery. The
flavoring also served to mask any taste of the LC PUFA that might be detected.
This method seemed to successfully encourage adequate intake of diet. The

energy requirements of guinea pigs (600 g) are stated to be 136 kcal/kg/d of
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energy (excluding fiber that is not metabolized for energy) (260). There are no
requirements indicated for a pregnant animal. The purified diets contained 3.3
kcal/g and based on mean intake of diet (g/d) the sows consumed 160 kcal/kg/d
during pregnancy. Specifically the LP sows consumed 157 kcal/kg/d, which
indicates energy-restriction should not be considered a factor in this [IUGR model.
It is understandable the pregnant sows would consume above the
recommendations, especially since weight prior to mating was >600 g and
continued to increase over pregnancy. During lactation sows ate an average of
126 kcal/kg/d, which is below the given requirements. This may have occurred
due to stress from delivery or multiple procedures, such as DXA scans and milk

sampling.

Unfortunately 3 sows died post-delivery after 48-72 h of lethargy, dyspnea, and
lack of food and water intake. There were 3 other sows that delivered stillborn
litters (See Paper 1). All 6 sows likely had a form of toxaemia of pregnancy (58).
Risk factors include breeding at >6 mo of age, excessive fetal size, and sow
obesity. Toxaemia results in stillbirth, ketosis and death may occur within 1-5
days. To the best of the researchers’ ability, stress was minimized and diet intake

was monitored closely to prevent toxaemia of pregnancy in this study (58).

The guinea pig proved to be an appropriate, useful model for the study of bone.
The CVs for BMC of the whole body for sows and pups were <10. For all pups,
33% had a birth weight <2 SD below the mean birth weight of all pups,
suggesting 1/3 of the pups in this study were born SGA. Whole body BMC (g/kg)
in human infants is approximately 20 g/kg at birth (261), and similarly the control
guinea pigs in this study had a mean of whole body BMC of 34 g/kg. Thus, the
guinea pig appears to accrue mineral in utero similarly to humans. For the LP
pups, whole body BMC was 29 g/kg in comparison to controls. However, the
most recent report of whole body BMC at birth in human SGA neonates is 13
g/kg (8). This indicates that despite being growth restricted, the [IUGR guinea pig
had bone at birth that was less compromised than that in [UGR humans.
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Therefore, it can not be concluded that the AA and DHA supplement would have
similar effects in a human cohort. Despite this, the study provides an important

contribution to the literature on bone mass and fatty acids.

5.1.2 Fatty acids, bone and IUGR

AA and DHA are highly important nutrients for neonatal neurological
development and the amount required in the infant diet to complement
endogenous synthesis is unclear (262). However, this study shows that a
supplement of these fatty acids, in a ratio (2.5:1 AA:DHA) that provides slightly
more AA than the amount typically in the milk of lactating North American

women (2:1) provides some benefit to both maternal and neonatal bone.

The fatty acids in the sow diet were well incorporated into milk (see Paper 2).
The LC PUFA enriched milk contained 80% and 40% more DHA and AA
respectively. This translated into 12% and 5% greater DHA and AA respectively
in sow RBC and 30% and 4% higher DHA and AA respectively in pup RBC. For
all tissues, it is evident that DHA was incorporated preferentially over AA. This
is a phenomenon that is reported in the literature (140). Observing the high
amount of DHA in pup RBC study emphasizes the need to identify the amount of
DHA that will provide benefits to growth and bone, but will not detrimentally
alter AA status, which was observed in preterm infants (239). For pups, the
amount of DHA in RBC was elevated by twice the concentrations observed for
the sows. This may suggest that there is preferential uptake of DHA in neonatal
life in the guinea pig. In rats, supplementing the diet with AA and DHA
suppresses uptake of dietary long chain lipids (263), suggesting it was not diet
that encouraged uptake of DHA in the pups.

The optimal amount of AA and DHA for bone has been studied, and it has been
suggested that the ratio of AA:DHA is the determining factor in the effects on
bone mass (14, 164). Inrats, a 3:1 and 4:1 ratio of n-6:n-3 lipids increases bone

calcium content but ratios of 2:1 and 1:1 have little effect on bone (163). Itis
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known that AA alone (18) and providing a higher AA:DHA ratio than what was
given in this study elevates BMD in young piglets (151). Furthermore, a 5:1 ratio
(AA:DHA) supplied in greater quantity does not provide additional benefits to
bone (14), again indicating it is the ratio that is important. This study used a 2.5:1
ratio of AA:DHA to mimic the amount of LC PUFA in human milk and infant
formula (129) and perhaps this provided too much DHA without AA to most
favorably affect bone.

Despite small improvements in whole body BMC, femur BMD and LS BA, itis a
novel, significant finding that the supplement during lactation had lasting effects
until 16 wk of age. It is known that IUGR programs for outcomes in body
composition (43), lipid synthesis (52), and cardiovascular health (53) in guinea
pigs. In human SGA neonates, programming of cardiovascular health (264) and
body composition (108) is also observed. It is agreed that the neonate is highly
susceptibility of the first weeks of life to the environment and diet during this time
can affect health across the lifespan (265, 266). This study not only has
contributed the LP guinea pig as a novel model of in utero programming of bone
mass, but also demonstrates that LC PUFA can correct the insult to body length

and bone mass experience by this model in utero.

It is also important that there was benefit to both maternal and offspring bone
mass. This consolidates the applicability of this animal study to the human
scenario. The finding that AA and DHA improved sow bone mass during

lactation is a novel contribution to the literature.

5.2 Strengths and limitations of this research

Strengths

The greatest strength of this research is the application to nutrition and health.
While mechanisms responsible for the effects of IUGR and LC PUFA on bone
were not investigated, the results from this study indicate that AA and DHA
benefit overall whole body bone mass and growth and are not detrimental. These
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LC PUFA elevate BA and BMC as measured by DXA and improve body length,

which clinically, is relevant to human health.

This study was conducted long-term, and the remaining 2 time points in which
these pups were sampled (wk 24 and wk 32 of life) will be included in Paper 1
prior to publication. The duration of the trial will help conclude that findings
reported were not transient and will provide foundation for future research in

human infants.

This is the first study to induce IUGR in a guinea pig model using a low-protein
diet. It provides data on longitudinal bone growth and mineralization in both
healthy and low-birth weight guinea pigs which is not presently in the literature.
While the sample size was not optimal, it is significantly higher than other recent
studies in the literature that have used this model to study in utero programming
of disease (43, 51-53). This research contributes a new animal model to the

growing body of research on developmental programming of disease.

Limitations

The guinea pig is not frequently used in research trials that study bone and thus,
measurements such as serum IGF-1 and PTH concentration, was not feasibly
conducted. Prior to publication, the possibility of assessing these parameters will
be considered. Other limitations to using the guinea pig were the variability in
successful mating and deliveries. A recent publication discourages the use of
guinea pigs in studies in which the diet is modified due to the poor acceptance of
changes to diet in this model (57).

The sample size estimate was calculated based on whole body BMC and BMD
means + SD of 12 mo old guinea pigs (23.4 + 2.4 g and 426 + 14 mg/cm’
respectively) published by Kipp and colleagues (32), and whole body and femur
BMC values of guinea pig fetuses at 60 d gestation (1.45+ 0.1 gand 18.3 +0.8 g)
published by Rummens and colleagues (45, 267). The aim of the present study

102



was to detect a 5% difference in these measurements between the 4 main diet
groups with a power of 0.8 and alpha of 0.05. Give the published means + SD, it
was calculated that a sample of 10-22 pups per group was necessary. Therefore,
the study used 40 sows to obtain 80 pups, or 20 pups/diet group. However, with
pregnancy, delivery, and litter size complications, the size of the 4 main diet
groups at wk 16 ranged from 12-16 pups, which is still within the calculated

required sample size of 10-22, but was not optimal.

Calculating the sample size based on the whole body BMC means = SD of the 4
diet groups in this study (Control-Control 11.04 + 7.8 g; Control-AA+DHA 10.7
+ 7.7 g; LP-Control 9.6 + 7.7 g; LP-AA+DHA 9.9 + 7.3 g), with a power of 0.8
and alpha of 0.05, a sample size of 200, or 50 pups/group (25 pups per gender)
would have been optimal, given the large SD of the data. Therefore, the fact that

significant results were observed in an underpowered study is fairly significant.

Lastly, this study did not explore the mechanisms by which LC PUFA are
benefiting bone mass. As discussed in the literature review, there are many
possible mechanisms by which AA and DHA may modulate bone mass. There
are likely several factors that improved bone mass and growth in this [UGR

model.

5.3 Future directions

To add to the findings in this study, future research should explore possible
mechanisms for the affects of IUGR and LC PUFA on bone. This might include
assessing RANK/RANKL, leptin, IGF, calcium absorption, and PTH, which
appear to be promising candidates that have a role in AA and DHA metabolism
and bone. To do this research, using the guinea pig or rat model would be
suitable. Bone cultures from IUGR pups would also be useful to determine how
the LC PUFA affects the cell proteins and gene expression. Because of the large
difference in RBC DHA between the supplemented and control pups, it may be
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beneficial to repeat this study with a similar design and use a higher ratio of
AA:DHA.

Human studies to explore these findings further are also necessary. It would be
possible to design this trial using a convenience sample of babies born [IUGR who
receive commercial formula fortified with AA and DHA (2:1 ratio) and measure
bone mass at birth, 6 mo, 1y, 3y, 5y etc. A randomized, double-blind, placebo
controlled long-term trial would also ascertain whether the observed benefits of
AA and DHA to bone mass in animal models is observed in human infants.
Breastfeeding women could be randomized to receive an AA and DHA
supplement, and milk fatty acids would have to be measured and correlated with
bone mass measurements, given the variability in maternal milk. For this type of
trial, the effects of AA and DHA on maternal bone mass during lactation could

also be assessed.
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Purified Guinea Pig Diet, Apple Flavored

FEEDING DIRECTIONS

“Feed ad libitum. Plenty of fresh, clean water

should be available at ail times.

CAUTION:

I'HI-

upon receipt store In a cool dry
e == blace, refrigeration recommended.

DESCRIPTION NUTRITIONAL\PROFILEI
Purified guinea pig diet. Protein, % 19.3 Minerals
Storage conditions are particuianly critical to Arginine, % * 143 Calcium, % 1.08°
TestDiet® products, due to the absence of - Histidine, % 0.56 Phosphorus, % 0.65
anttioxidants or preservative agents. To provide Isoleucine, % 1.06 Phosphorus (available), % 0.52
maximum protection against possibie changes o R
during storage, store in a dry, cool location. Leucine, % 1.79  Potassium, % 0.80
Storage under refrigeration (2° ﬁ)f;s Lysine, % 1.42 Magnesium, % 010
* recommended. Maximum sheif life is six months. L oy N
{If long term studies are'involved, storing the diet MekrTmmne, % 0.40 Sodium, % 035
at -20° C or coider may proiong shelf life.) Be Cystine, % 0.24 Chiorine, % 0.40
certain to keep in air tight containers. Phenylalanine, % 1.14 Fluorine, ppm 15.9
Tyrosine, % 0.92 fron, ppm 75
Threonine, % 0.81 Zinc, ppm 70
Tryptophan, % 0.31 Manganese, ppm 78
Product Forms Available* Catalog # Valine, % 1.04 Copper, ppm 13.0
3/16" Pellet ’ 1811248 Alanine, % 0.94 Cobalt, ppm 3.1
I Aspartic Acid, % 231 lodine, ppm, 058
Glutamic Acid, % 4.62 Chromium, ppm 1.6
, Glycine, % 0.80 Moiybdenum, ppm 0.58
. Profine, % ’ 151  Selenium, ppm 0.30
cr Serine, % 1.15
*Qther Forms Available By Request o Taurine, % 0.00 Vitamins
INGREDIE S (%) .
s Vitamin A, iUfg 33.0
ucrose 28.9009 o
Com Starch : 21.8000 |Fat % 6.1 Vitamin D-3 (added), IU/g 12
Soy Protein Isclate 167171 Cholestercl, ppm 0 Vitamin E, Uikg 50.0
Powdered Cellulose 14.0000 Linoleic Acid, % 307 Vitamin K (as menadione), ppm 240
Soybean Cil 6.0000 Linolenic Acid, % 047 Thiamin Hydrachioride, ppm 9.3
C?seir} - Vitamin Free 5.0000 Arachidonic Acid, % 0.00 Riboflavin, ppm 8.2
Dicalcium Phosphate 2.8434 Omega-=3 Fatty Acids, % 047 Niacin, ppm 6
Pr assium Citrate, Tribasic 11323 Total Saturated Fatty A 0.8 PP
Monohydrate aturated Fatty .88 Ppantathenic Acid, ppm 19
Calcium Carbonate 1.1283 TF'U‘a‘ xgg°u$mﬁ194 126 FolcAcid, ppm 3.0
Potassium Carbonate 0.67%0 atty Adds, o “> Pyridoxine, ppm 4
Sait l . 0.5508 Polyunsaturated Fatty Acids, % 3.53 Biotin, ppm 03
Artificial Flavors 0.5000 :
- Vitamin B-12, mea/k 10
Choline Chloride 02643 | Fiber (max), % 14.0 . ea
"y . Choline Chloride, ppm 1,850
Ascorbic Acid 0.2335 .
Magnesium Oxide 0146s | Carbohydrates, % 50.8  Ascorbic Acid, ppm. 2,300.0
b Uttamin and Mineral Premix 0.1468 2 1. Based on the latest ingredient analysis
Vitamin K Premix 0.0628 Energy (kcal/g) . 3.33 information. Since nutrient composition of
L-Methionine 0.0539 From: keal % natural ingredients varies, analysis will
Enonyqun  resanatvs) ooz | Prowin a2 70 e ateoringly Nofiens cxprosseda
Fat (ether extract) 0.548 164  gycapt where othenwise indicated.
Carbohydrates 2031 606 2: Energy (kcal/gm) - Sum of decimal

fractions of protein, fat and carbohydrate x

4,9,4 keal/gm respectively.

For labaratory animal experimentai use oniy,

NOT for human consumption.

3/24/2006
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Low Protein Purified Guinea Pig Diet, Apple Flavor 5TYN
DESCRIPTION NUTRITIONAL PROFILEY
Modification of TestDiet® 5TYJ Semi-Purified Diet | Protein, % 9.9 Minerals )
with low crude protein and appie flavoring. Argini ne, % 0.70 Calcium, % 1.08 |
Storage conditions are particutary critical to Histidine, % 028 Phosphorus, % 0.66
TestDiet® products, due to the absence of isoleucine, % 052  Phosphorus (availabls), % 0.60°
antioxidants or preservative agents. To provide L ) )
maximum protection against possible changes Leucine, % 0.88  Potassium, % 0.80
‘during storage, store in a dry, cool-location. Lysirie, % 0.70 Magnesium, % 0.25
Storage under refrigeration (2° C) is P, ’ )
recommended. Maximum shelf iife is six months. Meth'xomne. % 047 Sodxu‘m‘ % 0.35 |
(If long term studies are invoived, storing the diet Cystine, % 0.16 Chiorine, % 041 |
at ;tza? ?D‘Ll; :°|d'era'$ii¥ﬁ{°l°ﬂgizhe" life.) Be Phenylaianine, % 0.56  Fluorine, ppm 15.8
cerain pin alrlight comtainers. Tyrosine, % 046  lron, ppm 75
Threonine, % 040 - Zinc, ppm . 70
Tryptophan, % 0.15 Manganese, ppm 78
Praduct Forms Available*® Catalog # Vvaline, % 0.51 Copper, ppm 13.1
3/16" Pellet . < 1811266 Alanine, % 0.46 Cobalt, ppm 33
! Aspartic Acid, % 1.13 lodine, ppm 0.59
Glutamic Acid, % T227 Chromium, ppm 1.8 ‘i
Glycine, % 039  Molyhdenum, ppm 0.47 |
+
Profine, % 0.75 Selenium, ppm 0.24
_ s Serine, % 0.56 :
*Cther Forms Available By Request ina. o Vitamins
INGREDTENTS %) Tausins, % 0.00 ,
5 Vitamin A, U/g 330
Com Starch 31.3237 o
Sucrose , 2g.0000 | Fati % 6.1 viamin D-3 (added), U/g 12
Powdered Cellulose 14,0000 Cholesteral, ppm : 0 VitaminE, lUnkg 499
Soy Protein Isoiate 8.0400 Linaleic Acid, % 307  Vitamin K (as menadione), ppm 2.40
Soybean Oil . 6.0000 Linolenic Acid, % 0.47  Thiamin Hydrochioride, ppm 9.3
Dlﬁl(':lum Phosphate 3.0899 . Arachidonic Acid, % 0.00 Riboflavin, ppm DX |
gaf:'"j W’é'::‘t:f:eb ?—?ggg Omega-3 Fatty Acids, % 047 Niacin, ppm 66
otassium Citrate, Tribasic 2. '
Monohydrate Total Saturated Fatty A 0.88  pantathenic Acid, ppm 19
Calcium Carbonate 0.9060 Total X‘?g"”;‘:a‘”'a‘“ 125 FoficAcd, ppm i 3.0
Sait . 06128 Fatty Acids, o : Pyridoxine, ppm 4.1
Artificial Flavars 0.5000 Polyunsaturated Fatty Acids, % 3.53 Biatin, ppm 03
Magnesium Oxide 0.4083 i
" Vitamin B-12, mcg/kg 10
L-Methionine 03000 | Fiber (max), % 140 ine Chiosd 1850
Vitamin/Mineral Premix 0.2736 oline Giorice, ppm ’
Choline Chioride 02643 | Carbohydrates, % 60.4  Ascomic Acid, ppm 2,300.0
Ascorhic Acid 0.2335 2 1. Based on the latest ingredient analysis
Sodium Phosphate 0.1171 En ergy (kcallg) 3.34 information. Since nutrient composition of
Vitamin K Premix 0.0628 From: keal %.  natural ingredients varies, analysis will
Protein 03% 11.8 differ accordingly. Nutrients expressed as
L-Cystine. | 0.0500 . 548 . percent of ration on an As Fed basis
Ethoxyquin (a preservative) ¥ 0.0012 Fat (ether extract) 0. 16.3 except where otherwise indicated.
Carhohydrates 2418 719 2. Energy (kcallgm) - Sum of decimal

FEEDING DIRECTIONS

fractions of pretein, fat and carbohydrate x
. 4,9,4 kcal/gm respectively.

Feed ad libitum, Plenty of fresh, clean water

shouid be available at ail times.

CAUTION: oo —
Perishable, upon receipt store in a cool dry
place, refrig jon r ded.

For lab y | experim use only,

NOT for hurnan consumption.

4/10/2008
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Purified Guinea Pig Diet, Apple Flavor, w/DHASCO and ARASC 5A3Z

DESCRIPTICN

Purified guinea pig diet with apple flavoring and
DHASCO and ARASCO. .

Storage conditions are particuiarly criticai to
TestDiet® praducts, due to the absencs of
antioxidants or preservative agents. To provide
maximum protection against possibie changes
during storage, store in a dry, ool location.

- Storage under refrigeration (2° C) is
' recommended. Maximum shelf life is six months.

(if long term studles are involved, storing the diet
at -20° C or coider may prolong sheiflife.) Be
certain to keep in air tight containers.

Product Forms Available® Catalog #
3/16" Pellet . 1811497
3/16" Pellet 1‘ . 1811497
r
*Qther Forms Available %R?um
INGREDIE S (%)
Sucrose . 28.2685
Com Starch 21.8000
Soy Protein Isolate 16.7171
Powdered Cellulose 14.0000
Casein - Vitamin Free §.000C
Saoyhean Qii " 4.8511
Dicalcium Phosphate 2.6990
Potassium Clirate, Tribasic 218687
Monchydrate
Calcium Carbonate 1.1028
ARASCO 0.8208
Salt 0.5534
Artificial Flavors ~ 0.5060
Magnesium Oxide 0.4048
DHASCO 0.3283
Choline Chioride 0.2643
Ascorbic Acid 0.2335
Vitamin and Minerai Premix 0.1320 '
Vitamin K Premix 0.0628
L-Methionine 0.0539
EMOxyql;xin (a preservative) 0.0012

FEEDING DIRECTIONS

NUTRITIONAL PROFILE

Protein, % 19.3
Arginine, % 143
Histidine, % 0.56
Isoleucine, % 1.08
Leucine, % 1.79
Lysine, % 1.42
Methionine, % . 0.40
Cystine, % 0.24
Phenylalanine, % 144
Tyrosine, % 0.82
Threonine, % 0.81
Tryptophan, % 0.31
Valine, % 1.04
Alanine, % 0.94
Aspartic Acid, % 231
Glutamic Acid, % 4.62
Glycine, % 0.80
Proline, % 1.51
Serine, % 1.1§
Taurine, % 0.00

Fat, % 6.7
Cholesterol, ppm 0
Linoleic Acid, % 2.54
Linolenic Acid, % Q.40
Arachidonic Acid, % 0.00
Omega-3 Fatty Acids, % 0.38
1:uta| Saturated Fatty A 0.7
Total Monounsaturated
Fatty Acids, % 1.02
Polyunsaturated Fatty Acids, % 2.86

Fiber (max), % 14.0

Carbohydrates, % 5§0.1

Energy (kcal/g)® 3.31
From: keal %
Protein 0772 232
Fat (ether extract) 0.548 165
Carbohydrates 2.005 80.3

Feed ad libitum. Plenty of fresh, clean water
should be available at all times.

CAUTION:
Perishable, upon receipt store in a cool dry

—place, refrigeration recommended: -

Far lab ry animai experimy

ental use only,
NOT for human consumption.

4/11/2008
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. percent of ration on an As Fed basis

" Minerals

Calciumn, % 1.08
Phospharus, % 0.66
Phosphorus (available), % 0.53
Potassium, % 0.80
Magnesium, % 0.28
Sadium, % . 035
Chlorine, % : 0.40
Figorine, ppm . 15.3
Iron, ppm 75
Zinc, ppm 70
Manganese, ppm 76
Copper, ppm 13.0
Cabalt, ppm ' 341
lodine, ppm : 0.59
Chromium, ppm 1.6
Molybdenum, ppm 0.57
Selenium, ppm 0.24
Vitamins

Vitamin A, iU/g - 33.0
Vitamin D-3 (added), IU/g 1.2
Vitamin E, IU/kg 53.9
Vitamin K (as menadione), ppm 2.40
Thiamin Hydrochioride, ppm 83
Riboflavin, ppm 8.2~
Niacin, ppm 66
Pantothenic Acid, ppm 18
Folic Acid, ppm : 3.0
Pyridoxine, ppm 41
Biotin, ppm 03
Vitamin B-12, meg/kg 10
Choline Chioride, ppm 1,850
Ascorbic Acid, ppm 2,300.0

1. Based an the iatest ingredient analysis
information. Since nutrfent composition of
naturai ingredients varies, analysis will

differ accordingly. Nutrients expressed as

except where otherwise indicated."

2. Energy {kcal/gm) - Sum of decimal
fractions of protein, fat and carbohydrate x
4,9,4 kcal/gm respectively.

|
|
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