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ABSTRACT

EFFECTS OF DOCOSAHEXAENOIC ACID CONSUMPTION ON
ENTERIC REOVIRUS INFECTION: IMMUNOGLOBULIN RESPONSES
AND VIRUS CLEARANCE

By

Eleni Beli

The possibility that dietary factors can modulate the immune system is of great
interest to health professionals and the public. The n-3 polyunsaturated fatty acids, PUFA,
found in fish oil, have well recognized anti-inflammatory effects. However, there is
concern that these might impair resistance to infectious microbes. Herein, we tested the
hypothesis that consumption of the n-3 PUFA, docosahexaenoic acid, DHA, interferes
with the in vivo immune response to enteric reovirus infection. Mice fed DHA-enriched
diets for 4 wks had increased incorporation of DHA and other n-3 PUFA in their
membrane phospholipids at the expense of arachidonic acid. Mice fed with DHA-
enriched and high-oleic safflower diets were orally infected with reovirus to access
antibody production and viral clearance. DHA consumption only transiently interfered
with reovirus clearance, but did not affect the humoral responses in the gastrointestinal
and systemic compartments or the overall resolution of the intestinal infection.
Accordingly, these data are not indicative of a profound impairment of the immune

response to reovirus infection.
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CHAPTER 1

INTRODUCTION

The possibility that food constituents can modify the immune system and
attenuate disease is of great interest. Among the nutrients that have become popular as
supplements are the n-3 polyunsaturated fatty acids (PUFA) that are found in high
concentrations in fish oil. Millions of people in United States take n-3 PUFA supplements
in the form of commercially available fish oil capsules and other fortified products.

Nutritionists have long endorsed fish as part of a heart-healthy diet, and the Food
and Drug Administration (FDA) in 2004 gave "qualified health claim" status to the n-3
PUFA, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) especially against
coronary heart diseases (1). Besides heart-related diseases (2-4), there is cumulative
experimental and clinical evidence that other inflammatory diseases are benefited by n-3
PUFA consumption. These diseases include rheumatoid arthritis (5), inflammatory bowel
disease (IBD) and colitis (6, 7). Additionally, n-3 PUFA are claimed to be a promising
preventive therapy for the progression of renal diseases (8-15). There is also some
indication that n-3 PUFA contribute to cancer prevention (16). Moreover, studies have
shown that DHA promotes the normal brain development of the fetus and the newborn
(17-19). The role of n-3 PUFA on neurological and psychological diseases has also been
another recent research focus (20-23).

Studies in our laboratory have used an experimental mouse model of human IgA

nephropathy (IgAN) to examine the mechanisms of the beneficial effects of n-3 PUFA in



retarding renal disease progression. In this model, a mycotoxin, deoxynivalenol (DON),
specifically modulates mucosal immune responses of the mouse, targeting the
development, differentiation, and homing of IgA-producing plasma cells in mucosal sites
(24). DON dramatically increases IgA in the serum and IgA deposition in kidney.
Overall, DON induces in the mouse clinical signs that resemble human IgA nephropathy
(25). Dietary supplementation with fish oil retards the progression of DON-induced
IgAN- like disease in the mouse by reducing IgA immune complexes in blood and
mesangial IgA deposition in kidney (14). The mechanisms by which n-3 PUFA mediate
these effects are likely to involve altered balance of n-6 and n-3 derived eicosanoids and
reduced inflammatory responses. Among the inflammatory responses generated with
DON, interleukin 6, (IL-6), a critical cytokine in promoting differentiation and
proliferation of plasma cell precursors, is reduced significantly in n-3 PUFA-fed mice
(26). However, it is not known whether fish oil reduces IgA production during normal
responses to mucosal pathogens.

Interest in the health benefits of fish oil began with epidemiological studies on
Greenland Eskimos (27). It was found that consumption of fats high in n-3 PUFA
correlated with low incidence of cardiovascular and inflammatory/autoimmune diseases
among the indigenous population. On the other hand, additional studies indicated a higher
than normal incidence of tuberculosis infection among this population (28). Many people
believed that Eskimo nutritional habits could have reduced their resistance to infections.
However, a link between the Eskimo diet and high tuberculosis rates has never been
proven epidemiologically, rather, the poor and crowded living conditions among the

endogenous population was considered main factor for the prevalence of the epidemic



(29). Human studies addressing exposure to n-3 PUFA and infection did not give clear
evidence that a diet rich in n-3 PUFA increases susceptibility to infections (30).
Nevertheless, these concerns raised questions about the net health benefits of n-3 PUFA
in the view of potentially reduced resistance to infections and a number of animal studies

with fish oil gave evidence for possible immunosuppressive effects (31).

Several studies measuring specific cell functions ex vivo have shown
immunomodulatory effects of n-3 PUFA. However, it is not clear whether modifying the
immune function with n-3 PUFA supplementation would have any effect on host
resistance to infections. Furthermore, it is not yet determined whether the incidence and
severity of infections is increased in populations that are exposed to rich in n-3 PUFA
diets during naturally occurring episodes. Thus, measuring the in vivo immune responses
to an infectious challenge is a reliable method to address potential modulation of the
immune system with nutritional interventions. Since, host resistance to infectious
diseases is the cumulative result of cellular incorporation, production and activation of
various molecules, whole animal infectious models can give strong evidence on the effect
of dietary supplementations in infections. Typical endpoints used in similar studies are,
general well-being, duration and magnitude of symptoms, clearance of the infectious
agent, assessment of antigen-specific antibodies, and markers of innate immunity and

anti-inflammatory mediators (32).

To evaluate immunosuppressive effects of fish oil and potential interference with
the clearance of infectious microorganisms, numerous mouse models have been used
involving both bacterial and viral infectious agents (31). The type of n-3 PUFA, the dose

and time period of supplementation, the nature of the pathogen, the route of



administration, and genetic variation of the host can affect determining whether n-3
PUFA impair, enhance, or have no effect on host resistance. To our knowledge, there are
no n-3 PUFA studies that address these questions using enteric viral infection as a model
for common gastroenteritis (33).

Enteric infection with respiratory enteric orphan virus (reovirus) that is a well-
characterized viral host resistance model, has been used with success to evaluate
intestinal immunotoxicity (34-37). Reovirus belongs to the Reoviridae family, which is
the largest of the six families of viruses including some human pathogens that cause
common enteric diseases. Enteric reovirus infection has recently been used to study the
antiviral effects of 3,3-diindolylmethane, a derivative from indole-3 carbinol found in
Brassica vegetables that is considered therapeutic for numerous forms of cancer (38).
The same model was employed in this study to assess possible suppression of the normal
activation of the gut immune system by long-term supplementation with n-3 PUFA.

The objective of this study was to test potential immunosuppressive effects of n-3
PUFA in a mouse model that mimics human gastrointestinal viral infections (39). We had
two hypotheses: (1) n-3 PUFA consumption would increase incorporation of these fatty
acids into major immune cell populations involved in mucosal and systemic immunity;
and (2) n-3 PUFA consumption will result to reduced immunoglobulin responses to

reovirus infection and will interfere with viral clearance.



CHAPTER 2

LITERATURE REVIEW

2.1  EFFECTS OF N-3 PUFA ON HOST RESISTANCE

Host resistance models represent the most reliable approach to study the influence
of different agents, (toxicants or nutrients) on the functional integrity of the immune
system and its ability to eliminate invading pathogens (40). An intact immune system
integrates complex signals at the local and systemic level with innate and adaptive
mechanisms that initiate both humoral and cell-mediated mechanisms. A complete,
functional immune system eliminates most pathogens, while an immunocompromised
one encounters difficulties (40). In all these models, a comparison between groups that
receive a treatment (such as a drug, a nutrient, or a toxicant) and a placebo is made to
estimate the ability of the subjects to deal with the infectious agent. Whether the
treatment enhances or suppresses an immune response can be determined by accessing
several functions of the immunocompetent cell populations, and the overall clearance of
the pathogen from the host. Finding a significant difference in one of the immunological
parameters between treatment and control groups will not always yield a definite answer
about potential immune stimulation or suppression. This is because it is not always
known what percent change in each of the immunological parameters correlates with
increased susceptibility and what alternative compensatory mechanisms might be evoked
(40). However, clearance of the infectious agent is the outcome of an integrated immune

response and, therefore, a strong indicator of possible immune modulation.



Most host resistance models used to test possible adverse immunomodulatory
properties of n-3 PUFA, to date, have employed bacteria as the infectious agents (31).
Although influenza, cytomegalovirus and murine retrovirus have also been used, there
are no studies to our knowledge addressing susceptibility to enteric viruses (31). Relative
to foodborne diseases, enteric viruses are among the leader causes of gastroenteritis cases
correlated with consumption of contaminated fresh produce or water. Enteric infections
induce complex immune responses in the gut, including both non-specific innate
responses and adaptive immunity mediated by cytotoxic T-cells and B-cells. Since the
majority of diarrheal diseases are attributed to enteric viral infections, a model studying

susceptibility towards an enteric viral infection is of great importance.

Effects of n-3 PUFA on the immune responses

There is an extensive literature about the effects of n-3 PUFA on different
immunological parameters that ostensible serve as indicators for immune modulation.
Since adaptive immunity is absolutely necessary for clearance of most pathogens, the
effect of n-3 PUFA on antibody production and cytotoxic T-cell expansion is of interest.
In the mucosal compartment, secretion of mucosal IgA is very important protective
mechanism and therefore could determine susceptibility of the host. n-3 PUFA down-
regulate DON-induced IgA production in serum of the mouse (13, 14), indicating that
their consumption might also affect regulation of IgA production in the mucosa. In an
influenza host resistance model, it was shown that virus-specific serum IgG and lung IgA
production is significantly lower by 7 d post infection (PI) in fish oil-fed mice compared

to control-fed mice (41). However, human patients suffering from distal proctocolitis,



administered with n-3 PUFA had the same percentage of IgA and IgG containing cells in
the rectal mucosa but significantly reduced IgM cells (7). Finally, significant positive
correlations were found between fish oil supplementation and the concentration of IgA in
breast milk (42).

Production of antibodies and cytotoxic responses is regulated by T lymphocytes
and therefore, the effect of fish oil on this cell population has been studied extensively in
vitro and in vivo (13, 43-48). Some studies report that administration of n-3 PUFA
reduces T-cell proliferation and proliferation ex vivo in an agonist specific fashion (49-
51). Other studies report no effect of n-3 PUFA on antigen-specific CD4+ and CD8+ T
lymphocyte proliferation in vivo (45, 52). When Byleveld et al, (2000) examined the
effect of fish oil on the proliferative and cytotoxic capacities of viral-specific T-cells,
they found that spleen T-cell proliferation ex vivo was higher, whereas cytotoxicity of
lung virus-specific T-cells was significantly lower with fish oil supplementation (46).

Lymphocyte proliferation takes place after antigen-priming of antigen presenting
cells (APC). It has been suggested that fish oil might affect antigen presentation process
(53-55). APC express major histocompatibility complexes (MHC) on their surfaces that
display both self and non-self antigens. When non-self antigens are presented, an immune
response is mounted. The nature of the peptide-MHC complex determines which set of
lymphocytes will be activated with MHC class I activating CD8+ T cytotoxic cells and
MHC class II activating CD4+ T helper cells. In vitro studies showed that treatment with
n-3 PUFA reduced the expression of MHC-II on IFN-y activated monocytes and their
ability to present antigens to autologous lymphocytes (53, 54). Similarly, treatment in

vitro with PUFA resulted in B lymphoblasts with lowered susceptibility to lysis by



cytotoxic CD8" T-cells, suggesting an effect of PUFA on the HLA class I pathway, as the
human MHC is named (55). n-3 PUFA have also been shown to interfere with LPS-
induced dendritic cell maturation evidenced by the expression of cell surface markers,
critical intracellular signaling pathways and cytokine production (56). Thus, n-3 PUFA
supplementation might reduce MHC molecule expression and subsequent antigen
presentation that drives the adaptive T-cell responses.

The most desirable outcome of the immune responses generated during infection
is clearance of the infectious agent. While several n-3 PUFA studies have shown a delay
in pathogen clearance (41, 52, 57), the specific part of the immune system that is targeted
by n-3 PUFA is unknown. Apart from the adaptive responses the role of innate immune
system in mounting a strong immune response is important. EPA, more than DHA, has
been shown to reduce innate cellular responses as evidenced by decreased natural killer
activity against target cells (58). EPA and DHA were shown to inhibit pathogen killing
by macrophages, which are also important in innate immunity (59). One suggested
mechanism is that n-3 PUFA interfere with actin nucleation in phagosomes and
subsequent with phagocytosis and fusion of the phagosomes with late endocytic
organelles, an essential step to kill pathogens. Thus, n-3 PUFA supplementation affects
not only adaptive but also innate responses. The magnitude of their impact to immune
responses is determined by the specific pathogen encountered, since different pathogens
provoke different immune responses.

There also has been extensive research on the effects of n-3 PUFA on the
production of cytokines, which are central mediators of immune responses. n-3 PUFA

consumption was shown to reduce expression of Thl cytokines, such as IL-1, IL-2, TNF-



a, and IFN-y ex vivo (41, 44, 60-62). Mice fed with fish oil and infected with influenza
virus, have impaired IFN-y production, whereas the IFNo/p response remains unchanged
(41). Mice fed with fish oil and infected with murine retrovirus, produce less TNF-a, IL-
1B, IL-2 and IFN-y in spleen cultures (63). Reduced IFN-y production is also observed in
studies with mice fed fish oil and infected with Listeria monocytogenes (64, 65),
sometimes even prior to infection (65). However, DHA has also been shown to impact
Th-2 cytokines, like IL-10. A study with piglet neonates immunized with an inactivated
influenza vaccine and fed a PUFA-enriched formula, showed significant up-regulation of
IL-10 in peripheral blood monocytes accompanied by reduced ex vivo virus specific

CD4+ and CD8+ T-cells responses (66).

Mechanisms of n-3 PUFA immunomodulatory effects

The most widely accepted mechanism of n-3 PUFA anti-inflammatory properties
is their ability to change the lipid mediators of inflammation. Supplementation with n-3
PUFA changes the fatty acid profile of cell membranes and therefore products that are
generated by their oxidation. Upon stimulation, PUFA are released from cell membranes
and they are converted enzymatically to eicosanoids. Eicosanoids are the most important
class of lipid mediators of inflammation and are mainly derived from free C20 fatty acids
(67). Since ARA is the dominant C20 fatty acid found in cell membranes of mammals fed
with a typical meat-based diet, eicosanoids derived from ARA are important lipid
mediators. Metabolism of ARA by cyclooxygenase enzymes (COX) gives rise to the 2-
series prostaglandins (PGs) and thromboxanes (TXs), while metabolism by the 5-

lipoxygenase (5-LOX) gives rise to hydroxyl- and hydroperoxy- derivatives (5-HETE



and 5-HPETE) and the 4-series leukotrienes (LTs), LTA4, B4, Cs4, D4 and E4 (68). Both
PGE; and LTB4 have strong proinflammatory properties such as the induction of fever,
increase of vascular permeability, induction of chemokinesis and release of lysosomal
enzymes, and enhancing generation of reactive oxygen species and inflammatory
cytokines like TNF-qa, IL-1 and IL-6 (30, 68, 69).

Increased consumption of n-3 PUFA results in high proportions of those fatty
acids in cell membrane phospholipids partly at the expense of ARA. The anti-
inflammatory action of n-3 PUFA has mainly been attributed to reduction of the
proportion of ARA as a substrate for synthesis of the subsequent proinflammatory
eicosanoids (67, 68). Furthermore, n-3 PUFA alter the phospholipid composition of cell
membranes reducing the activity of phospholipases involving in the release of ARA from
cell membranes (70). Additionally, EPA, as another C20 fatty acid, when is incorporated
in membrane phospholipids competitively gains access to the same enzymes that produce
eicosanoids from ARA and gives rise to alternative classes of eicosanoids, the 3-series
PGs and TXs and the S-series LTs (68) and other novels lipid mediators termed E-series
resolvins. Similarly, DHA gives rise to D-series resolvins, docosatrienes and
neuroprotectins (71). These alternative series of lipid mediators are less potent inducers
of inflammation and in certain cases exert anti-inflammatory properties counteracting the
proinflammatory potential ARA-derived eicosanoids exert (67, 71).

Incorporation of n-3 PUFA into plasma membrane not only alters the lipid
products derived from membrane lipids, but also the microenvironment in the membrane.
Thus, they could modify the conformation, lateral organization and vertical orientation of

molecules involved in interactions with other cells or other molecules (72). Additionally,

10



because n-3 PUFA also incorporate into internal membranes, uptake of n-3 PUFA can
affect molecule trafficking on cell surface (55). Lipid modulation of APC membranes and
MHC presentation on their surface possibly has biologically significant effects on viral
clearance (72, 73). Moreover, DHA has been shown to inhibit trafficking of RAS and
other lipidated proteins to plasma membrane through the secretory pathway (55, 75).

The degree to which the aforementioned mechanisms can explain the effect of n-3
PUFA on host responses is not known. Host resistance is the cumulative result of cellular
incorporation and different molecule production and activation. Thus, animal infectious
models can give the best indications of the role of n-3 PUFA upon infectious disease
resistance. Both bacterial and viral infectious agents have been used to give insight in
possible immunosuppressive effects (31). These studies include a wide variety of
different bacteria, from Gram-negative, such as Klebsiella sp (76), Salmonella sp (77,
78), Bacteroides spp (79), Pseudomonas aeruginosa (77, 80) to Gram-positive
microorganisms, such as Staphylococcus aureus (79), Group B Streptococcus sp (81),
and Listeria monocytogenes (43, 57, 61, 65, 82-84). The usual endpoint in these studies is
host survival, and occasionally, clearance of the infectious agent and specific
immunological parameters are measured. In these studies, fish oil has been reported to
both enhance and suppress host survival. These differential results indicate that failure to
survive a specific infection may be related to the degree in which an overwhelming
immune response is the cause of death or the pathogen itself. Apparently, the type of
pathogen used and the type of disease it elicits is of particular importance to predict the

outcome.

11



Viral models that have been used to estimate immunomodulatory effects of n-3
PUFA on host resistance include cytomegalovirus (CMV), murine retrovirus (MAIDS),
and influenza virus. Mice infected with cytomegalovirus and supplemented with fish oil
did not show effects on susceptibility to the infection (80). Mice infected with murine
retrovirus and fed with fish oil for 8 wk had significant enhanced survival compared
control mice (85). However, using same virus Xi et al, (63) demonstrated that serum
levels of IgG and IgM were reduced in mice fed fish oil. Additionally, fish oil
consumption reduced virus induction of TNF-a, IL1-B, IL-2 and IFN-y during the
infection. In studies with influenza virus, Byleveld et al (41) reported that fish oil feeding
interfered with viral clearance from lungs and reduced IgA secretion in lungs.
Furthermore, IFN-y mRNA expression was found to be down regulated by fish oil
supplementation. Overall, those studies suggest that fish oil can enhance or impair

immune responses to virus depending on the type of virus used.

2.2 REOVIRUS

Enteric reovirus infection, a well-studied viral host resistance model, has been
used effectively to estimate immunotoxicity in the gastrointestinal tract (37). Li et al
successfully utilized this model to access modulation of the normal immune responses to
an enteric viral infection by natural occurring mycotoxins (34-36, 86). We chose to use
the same model to predict possible immunosuppression of the normal immune responses

in the gut by long-term supplementation with n-3 PUFA. The following section describes
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the enteric reovirus model, and reviews both aspects of reovirus molecular biology and

immunity induced upon infection

Genome and life cycle

Reoviridae is the biggest of the six families of viruses with double stranded RNA
genome that includes many genera: Orthoreovirus, Aquareovirus, Cypovirus, Fijivirus,
Oryzavirus, Orbivirus, Phytoreovirus and the human pathogens Rotavirus and Coltivirus
(Colorado tick fever virus). Orthoreovirus genus is the prototype of the Reoviridae
family called also mammalian orthoreovirus or reovirus (respiratory enteric orphan

virus).

Reoviruses are grouped in three serotypes: 1, 2 or 3 based on hemagglutination-
inhibition tests (87). Prototypical viruses are the Type 1 Lang (T1L) which was isolated
from a healthy child, and Type 2 Jones (T2J) and Type 3 Dearing (T3D) that were
isolated from children with diarrhea (87). From serological studies it has been shown that
the reovirus strains differ mostly in a capsid protein, the o1 protein. TIL S1 gene is more
closely with the T2J than the T3D S1 gene. Despite these differences o1 protein in all
strains share at least five conserved domains. The rest capsid or core proteins of all

strains are quite conserved, sharing a 90-98% homology (87).

The reovirus genome consists of 10 distinct segments of double stranded RNA
that encode all the proteins the virus needs and comprises a genome of around 23,600 kb
(88). The 10 RNA segments have different sizes and are categorized in three groups as
large (L1, L2, L3), medium (M1, M2, M3) or small (S1, S2, S3, S4) (87). During

infection with different viral strains, reassortment might take place, generating new
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viruses containing segments from both strains. Each segment is transcribed to plus-strand
RNAs, serving as viral mRNAs. Each mRNA has a long open reading frame, ORF. Each
ORF encodes one protein. However, there are 10 RNA segments and the virus encodes
twelve proteins. Eight segments code for one protein each from the mRNAs and two
segments code for two proteins each. The latter segments include S1 and M3 gene. S1
gene encodes the ols and ol proteins and M3 gene encodes the pNSC and p3 proteins.
Those extra proteins are encoded from AUG frames within the ORF of the main proteins.
Among the 12 translated proteins, eight are structural (A1, A2, A3, ul, p2, ol, 02 and 63),
and the rest four are non-structural (uNS, uNSC, oNS, and ols) (87, 89) and facilitate

viral survival, infectivity, replication and assembly to new viruses.

The mature structural form of infectious viruses is the virion released from
infected cells. During infection, viral particles undergo a serial of conformational changes
that facilitate their entrance in the cytoplasm. The intact virion consists of two capsids
composed of structural proteins. The outer capsid is made up largely of 63 and pu1 protein
and is stabilized by interactions with the A2 protein (87). During infection, virions
undergo partial uncoating to yield two types of subvirion particles, infectious subviral

particles (ISVPs) and cores.

Viral particles mediate infection by attachment of the virion to cellular receptors.
Attachment is mediated by binding of the viral ol protein. The ol protein contains
receptor binding domains (RBD) that determine cell tropism of the variant reovirus
strains (90). Until now, two cellular receptors have been recognized, but others remain to
be elicited (91). The identified receptors are: a-linked sialic acid and junctional adhesion

molecule (JAM) that can be independently bound by reovirus strains (90).
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Upon binding, the virion enters the cell by receptor-mediated endocytosis (Fig.
2.1, step 2). In endosomes the virion undergoes acid-dependant proteolytic cleavages and
forms the ISVPs (Fig. 2.1, step 7). When ISVPs are formed in the lumen by intestinal
proteases, entry of ISVPs into the cell does not depend on endocytosis (Fig. 2.1 step 5)
(87, 89). ISVPs are released from the endosome in the cytoplasm as cores (Fig. 2.1, step
8). Replication of reovirus starts within the core particle in the cytoplasm (Fig. 2.1, step
9), with synthesis of 10 capped RNA that serve both as mRNA for translation and as
templates for minus-strand synthesis. These RNA are exported from the core and are
translated in the cytoplasm (Fig. 2.1, step 10). Transcription of reoviral genomes occurs
in two phases: primary transcription occurs within the cores from infecting viral particles
the first 6 to 8 hours of infection, while secondary transcription occurs in particles
assembled by newly formed proteins reaching maximum rates to 12 hours after infection
(Fig. 2.1, step 14-15). Secondary transcription contributes to the majority of RNA
transcript produced during infection (87). Shortly after the onset of infection, synthesis of
reoviral proteins increases at the expense of cellular proteins (87). Moreover, regulation
of the transcription rates occurs with the longer segments to be transcribed at lower rates.
Assortment of the viral RNAs occurs when 10 viral mRNAs are packed within a newly
formed viral particle (Fig. 2.1, step 13). Generation of the double-strand segments occurs
within the nascent particles with synthesis of a minus strand for each plus strand viral

RNA that remains associated with each other to form a ds RNA segment (87).

Endosomal and intestinal lumen proteases result to cleavage of the 63 protein of
the intact virion and to generation of ISVPs. Cleavage of the o3 protein promotes

conformational changes of the ol structural protein that becomes like an expanded
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Figure 2.1. Attachment, endocytosis, replication, assembly and release of reovirus.
(1) infectious viral particles; (2) cell attachment via viral protein, 1 interactions with
sialic acid and/or JAM receptors on target cells and receptor-mediated endocytosis; (3)
intestinal proteases produce intermediate subviral particles (ISVPs); (4) ISVPs; (5) ISVPs
enter target cell via endocytosis; (6) endosomes and lysosomes become acidified; (7) the
virion undergoes acid-dependant proteolytic cleavages and forms the ISVPs; (8) release
of reovirus ISVPs in the cytoplasm; (9) reoviral cores in the cytoplasm; (10) ISVPs
penetrate directly through the cell membrane; (11) transcription occurs within reovirus
cores and capped mRNAs are released; (12) primary translation of all 10 mRNA using
host translation machinery; (13) viral mRNAs are packed within newly formed viral
proteins where new cores assemble; (14) secondary transcription of viral genomes and
viral mRNA occurs in particles assembled by newly formed proteins; (15) translation of
the secondary viral RNA; (16) assembly of the viral particle with preformed self-
assembled complexes of outer-capsid proteins added to subviral particles; (17) mature
viral particles are released from the cell by lysis. (Figure reproduced from Flint et al.,
Principles of Virology, second ed., ASM Press, Washington, 2004 [87]).
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flexible fiber. The ol protein is considered as the reovirus cell-attachment protein and its
conformational change is believed to mediate interaction with cellular receptors and
increase infectivity. The other protein of outer capsid, pl, facilitates interaction with the
membrane bilayers and thus mediates release of ISPVs from endosomes into cytoplasm.
Cores are produced by further release of the ol fibers and pl subunits and are
mostly composed by A1 and 62 proteins. In the transition from ISVP to core, parts of the
A2 protein change conformation and rotate to form a turret-like structure, which facilitates
entry of nucleotides into the core and exit of newly synthesized viral mRNAs (87, 89).
Assembly of reovirus particles occurs at different stages. In each stage the
particles have different functional properties. Before the formation of viral particles,
simple complexes are formed by the assembly of RNA with proteins. In more advanced
stages, structured particles can be recognized, and transcription of the minus strand
occurs. Further, more stable viral particles are formed and finally complete viral particles
(87). In the final steps of capsid assembly, preformed self-assembled complexes of outer-
capsid proteins are added to subviral particles (Fig. 2.1, step 16) and mature viral
particles are released from the cell by lysis (Fig. 2.1, step 17) (87). It is believed that
reovirus assembly takes place in specific cytoplasmic inclusions observed during

infection, named viral factories (87).

Reovirus effects on host cells

Reovirus infection induces a number of structural and functional changes in the

host cell. Part of these changes facilitate viral survival, while others mediate host cell
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efforts to alert immune system for the ongoing infection, or to protect the body from
systemic spread of the infection. Numerous cell structural changes facilitate viral (89)
replication and assembly while others initiate sophisticated signaling cascade to attract
immune cells to the focus of infection and evoke responses to eliminate the invading
pathogen.

One of the changes that reovirus induces in host cells is the development of
cytoplasmic inclusions, called viral factories. Viral factories contain dsRNA, viral
proteins and nascent viral particles that are associated with cytoskeleton. These viral
factories do not associate with cellular membranes. These inclusions appear as dense
granules in the cytoplasm and during infection, increase in size and move towards the
nucleus (87). Viral factories do not contain ribosomes, thus, active translation of viral
RNA does not occur there. Viral factories are associated with microtubules that play a
role in transportation of the viral particles. When cells get infected by reovirus, their
cytoskeleton is continuously altered, disrupted and reorganized, changing the shape of the
cell constantly (87). Overall, there is agreement that viral factories have a role in viral
assembly and maturation of infectious particles (87).

Virus-infected cells undergo further changes that put them into an antiviral state.
This state is elicited by a complex cellular signal transduction and gene expression
initiated with secretion of interferons (IFNs) (89, 92). The various strains have different
capacities to induce IFNs, with reovirus T3 to be the most effective. IFNs promote the
activation of more than 300 genes participating in the antiviral response that results in
cessation of protein synthesis. Inhibition is selective for reovirus proteins and not for

cellular proteins (92, 93). Among the key components of this antiviral response is the
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RNA-dependent protein kinase, PKR, which inhibits the elF-2 protein synthesis initiation
factor by phosphorylation. Reovirus has however evolved mechanisms to override this
cellular defense. Reoviral 63 protein, which has been demonstrated to bind to ds RNA
(87, 94), can prevent activation of PKR in vitro (87). Activation of PKR has been related
to host cell shut off and enhanced viral translation (87). Another important IFN inducible
factor, RNase-L, degrades most of cellular and viral RNA (89). PKR together with
RNase-L activation contribute to immediate host defense response as evidenced by a
general host shutoff. However, reovirus replication is not inhibited neither by PKR nor
RNase-L (87). In contrast, reovirus replicates to higher yields in the presence of PKR and
RNase-L. Because deletion of these proteins results in impaired reovirus replication,
reovirus seems to have evolved effective mechanisms to avoid the actions of these classic
IFN-stimulated antiviral responses possibly by benefiting from their expression (94).
Another consequence of reovirus infection is inhibition of cellular DNA synthesis
and induction of apoptosis. T3 serotype typically is a more potent inducer of apoptosis
than other strains. Reovirus replication is not required for the cell to go to apoptotic death
(90, 95). Binding of reovirus outer capsid to cellular receptors is efficient to activate a
number of signaling cascades, including c-Jun N terminal kinase (JNK) and extracellular
signal related kinase (ERK) that result to apoptotic pathways (90, 95). These signaling
cascades activate NF-kB and c-Jun transcription factors, both of which are involved in
inducing apoptosis in infected cells, particularly those infected with reovirﬁs T3 (89, 90).
Moreover, increased NF-xB activation is linked with increased production of
chemokines, cytokines and possibly surface markers signaling the immune cells for the

ongoing infection.
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Enteric reovirus infection

The various reovirus serotypes differ in their tropism, pathogenesis and potency
of the infection. TIL and T3D strains are both able to infect host via the intestine but
their capacities to spread and cause disease are different (96). After infection by the oral
route, both types bind to M-cells that overlay Peyer’s Patch (PP) -dome in the small
intestine (96) but only reovirus T1L can replicate in intestinal tissue (95). T3D serotype
spreads from the intestinal tract into mononuclear cells of PP, is transmitted to the
adjacent neurons and reaches the brain through the vagus nerve (95). T1L serotype
spreads to mononuclear cells of PP and mesenteric lymph nodes and concludes in the
spleen. Differences occur both in the regions of the intestine they infect, with T3D
infecting intestinal intraepithelial lymphocytes and T1L epithelial cells, and on the

disease induced with T3D reovirus to be the only one that can cause encephalitis (95).

T1L reovirus has been widely used as a model to study interactions between the
mucosal immune system and gut infection. The mucosal immune system is mainly
comprised of the gut associated lymphoid tissues (GALT). GALT consists of discrete
populations of cells located in PP and gut lamina propria. PP contain B-cells in germinal
centers surrounded by mantles of T-cells. Enteric reovirus infection specifically targets
PP, ensuring high exposure of virus to mucosal immune cells (34-37). Virus-specific T-
and B-cells are primed in the patch and migrate via the afferent lymphatics to the
mesenteric lymph node and spleen. From the spleen, primed effectors disseminate via the
blood stream to other mucosal sites and the intestine, where they home to the lamina

propria. Mature plasma cells secrete antibodies that are transported into the lumen, while
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viral-specific cytotoxic T-cells are developed among the intraepithelial lymphocyte
populations (97). Migration and specific homing of the effector cells in the intestinal
tissues and the sites of infection is mediated with tissue-specific adhesion molecules and
chemokine interactions (98).

The kinetics of oral enteric reovirus infection have been well characterized (99).
The part of the intestine affected the most is the distal small intestine. Inmediately after
oral administration, reovirus antigens are found at the dome of M cells, and within 2 d
they are detected in PP, where reovirus replication occurs while an immune response is
initiated. By the 5™ d after inoculation, viral antigens are mostly found in enterocytes of
the crypts. Productive infection is limited to immature crypt enterocytes, due to a
requirement for an activated RAS signaling pathway that promotes translation of reovirus
mRNAs and viral replication (94). Virus is released from cells in the crypts and infects
adjacent epithelial cells or is shed in the lumen. By the sixth day after infection, viral titer
decreases dramatically in all segments of the intestine except the ileum, where the viral
titer can be 2 to 3 log higher compared to other tissues. In neonate mice, the infection
spreads systemically, but in adult mice the infection is limited to the mucosa, although
viral antigens and antigen-activated cells appear later in the mesenteric lymph nodes and
the spleen. Twenty days after infection, the intestine seems to have normal morphology
and viral antigens are only detected in mononuclear cells residing in lamina propria.

Reovirus infection triggers significant antibody and cytotoxic responses. The
antibody responses are characterized by increased secretion of mucosal IgA and elevation
of serum IgG (100, 101). Secretory IgA has a major protective role for the mucosal

system. It is a polymeric antibody that is secreted on the mucosal surfaces and neutralizes
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the invading pathogens (89, 97, 102, 103). The role of IgA in reovirus infection becomes
important for protection against secondary infections (102). While an initial infection can
be cleared by mice that lack IgA by other antibodies in the mucosa, upon a secondary
infection, the same mice become infected again whereas wild mice were protected (102).
Reovirus infection increases the polymeric immunoglobulin receptor (pIgR) mRNA and
protein in mucosal epithelial cells, facilitating the transport of IgA to the lumen (104).
Thus an intact viral-specific IgA response is essential for protection and clearance of the

virus in the guts.

Activation of B-cells by CD4+ T-helper cells with the secretion of cytokines,
activation of B1 cells by T-cell independent mechanisms and a pleiotropic redundancy
among many cytokines in the intestine are among the mechanisms involved in mucosal
IgA production (105). Other thymus-independent mechanisms through y3 T-cells are
equally important for the induction of IgA (105). Almost up to 40% of IgA production in
the murine gastrointestinal tract is derived by B1 cells (105). Induction of IgA is also
upregulated by cytokines as IFN-y, IL-4, TNF-a and IL-1 and the transcription factor
IRF-1 (105, 106). Other cytokines such as IL-5, IL-6 and IL-10 also regulate production
of IgA in the gut (103, 106). The biological role of all these cytokines on the secretion of
IgA is not clearly defined. IL-6 is considered a major regulator of mucosal IgA induction,
however genetic deficiency in IL-6 does not abrogate antigen specific IgA in the gut,
demonstrating the complexity of the regulatory mechanisms for mucosal IgA generation
(107). Retinoic acid potentially synergizes with IL-6 or IL-5 in the mucosal compartment
to regulate IgA secretion (105). The organism has developed many complementary ways

to maintain intact IgA production indicating its critical role for the protection (105).
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In addition to mucosal IgA, specific IgG is induced upon enteric reovirus
infection. The majority of reovirus-specific serum IgG is IgG2a and IgG2b, while levels
of virus-specific IgG1 are low (97, 106, 108). Reovirus-specific IgG prevents viral
infection by inhibiting virus-cell interactions, penetration and uncoating of the virus. In
addition to being produced in systemic lymphoid tissue and found in serum, antigen
specific IgG is also detected in mucosal tissues (97). In the absence of virus-specific IgA,
passive transfer of specific IgG facilitates clearance of reovirus in severe
immunodeficient mice (SCID) and immunoglobulin knockouts (101). However, in
immunocompetent mice, systemic administration of reovirus-specific IgG cannot inhibit
viral replication in the intestine (101). So the role of IgG antibodies seems to be

important in preventing viral systemic spread rather than within the gut mucosal surfaces.

After oral reovirus infection, a robust cellular response is induced. CD4+ T helper
cells are differentiated mostly towards Thl cells while a weaker Th2 response is
promoted (109). Th1 cells produce cytokines such as IFN-y, TNF-a, TNF-p and IL-2 that
activate cell-mediated immune responses, whereas Th2 cell produce cytokines such as
IL-4, IL-5, IL-10 and TGF-B that mediate antibody production. Reovirus infection
induces IFN-y in PP and intraepithelial lymphocytes (IEL), synthesis of IL-5, iL-6 and
IFN-y in PP cultures (109) and synthesis of IL-12 and IFN-y in mesenteric lymph nodes
(110). In IEL, 4 d post infection (PI), the strong inflammatory cytokines IL-6, IL-12 and
IFN-y that lead to T-cell activation are expressed. Additionally, IEL express IL-17 and
stem cell factor (SCF), the colony-stimulating factors GSCF and GM-CSF, and the
proteins MCP-1 and MCP-5, which contribute to the mobilization and/or cell

proliferation of dendritic cells, monocytes and macrophages (111). IEL from reovirus
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infected mice have been shown to have elevated levels of IL-10 (111), while PP have less
IL-10 expression (110) suggesting differential expression of cytokines in different
tissues. IL-10 has been suggested to delay viral clearance (112-114). Other cytokines
such as IL-2 and IL-4 were shown to be only modestly increased in reovirus infected
mice at 4 d PI compared to non-infected mice (106, 109, 111), suggesting that these two
cytokines may be expressed at earlier time points or may be part of an ongoing process of
lymphocyte proliferation in non-infected mice to maintain a homeostatic process of T-

cell and/or B-cell expansion in the small intestine (111).

Enteric infection with reovirus induces strong cell-mediated immune responses in
the gut that are characterized by the appearance of CD8" virus specific cytotoxic
lymphocytes in PP and IEL. Virus-specific precursor cytotoxic T-cells are found in a
frequency of 200 every 10® CD8" IEL, and they express o/f TCR (115). Their role is to
lyse virus-infected cells in an MHC-restricted manner (98). Reovirus infection induces
monoclonal or oligoclonal expansion of TCR subpopulations (115). Additionally,
thymus-independent cytotoxic T-cells contribute to reovirus clearance from the gut.
Thymus-deficient mice are resistant to reovirus infection, indicating a role for thymus-
independent lymphocytes, natural killer cells and macrophages (97, 115). SCID mice,
which do not have any T and B-cells but still have natural killer cells, are not able to
overcome reovirus infection and die from the induced disease, confirming the role of

thymus-independent T-lymphocytes in protection (115).

In general, the complexity of the immune responses in the mucosa is
demonstrated by the synergistic action of different concurrent mechanisms and

intracellular signaling events. Apart from the adaptive responses, innate mucosal
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responses are equally important upon a viral infection. Secretion of antibodies of low
specificity, complement activation, expression and activation of Toll-like Receptors
(TLR), production of type I IFNs and cell mediated innate responses seem to play a role
in dealing with the infection (92). Innate cell response includes the first cells to arrive at
the site of infection and involves neutrophils, macrophages, natural killer cells and other
granulocytes. Innate responses in the mucosa include also peristalsis of mucosal smooth
muscle, mucus and enzyme secretion, and defensins; these mucosal functions are
considered to have a contribution to protection against pathogens. However, we know
that specifically for reovirus infection, defensins do not play important role since they are
only effective against enveloped viruses or bacteria (116).

Among the innate responses responsible for viral clearance, induction of the type
I IFNs, IFN-a and IFN-B, has been shown to be critical. These cytokines put the cell into
an antiviral state and help evoke further adaptive responses. A recent study on the role of
type I IFNs on reovirus infection showed that these cytokines are indispensable for
reovirus clearance in the intestine (73). The study suggested that the major source of type
I IFNs is PP, the first site of the intestine that encounters the virus (117), were resident
dendritic cells take up antigens. In contrast, epithelial cells, natural killer cells or TLR
signaling were shown not to be as critical as IFN signaling for reovirus clearance (74).
Based on these findings, more extensive studies need to be done focusing on how
nutritional modifications such as those of n-3 PUFA supplementation shape the innate
immune responses.

Overall, studies on reovirus-induced immunity have been well-characterized, and

thus reovirus can be a good tool to study alterations of the immune system in response to
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external factors. Thus, it is possible to assess modifications of normal responses to
interventions with nutrients, drugs and toxicants. Furthermore, because quantitative
judgments about overall immune function are very difficult, a common practice is to
measure aspects of immunity (certain cell functions, cytokine production, phagocytosis,
etc) to have a possible insight for the status of the immune system. Since reovirus is the
subject of ongoing research about the innate and adaptive immune responses, it is feasible
to employ the appropriate tests and measurements to study immune modulation with
nutrients, xenobiotics and drugs.

In the present study, we contribute to a growing field of research focusing on
targeting the immune system with functional foods or nutritional supplements. The
possibility that with selective nutritional choices we can enhance the immune system is
particular interesting for science and attractive for the food industry. Several nutrients
have been shown to be essential for a sufficient immune function, such as essential amino
acids, the essential fatty acid linoleic acid, vitamin A, folic acid, vitamin B6, vitamin
B12, vitamin C, vitamin E, Zn, Cu, Fe, and Se (118). Their deficiency leads to decreased
immune responses to pathogens and increased susceptibility. Increased intakes of some
nutrients above habitual and recommended levels can enhance certain aspects of immune
function. However, excess amounts of other nutrients might impair immune functions. It
is not clear, however, whether a normal immune function can be “improved”. Yet, it is
possible to measure aspects of the immune function and thus, we can define the status of
the immune system. This study describes the effects of a dietary manipulation on the in

vivo response to an enteric viral challenge, and the antibodies in peripheral blood and
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fecal secretions in response to the virus. Also we determined the severity of the infection

in the mouse, tracking the eradication of the infectious agent (30).
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CHAPTER 3
DHA SUPPLEMENTATION MODULATES THE LIPID PROFILE OF

LYMPHOID ORGANS AND PERITONEAL MACROPHAGES

3.1 ABSTRACT

Consumption of n-3 polyunsaturated fatty acid- (PUFA-) enriched diet for an
extended period alters the lipid profile of cells within human and animal tissue. Such a
change might impact the anti-iflammatory effects n-3 PUFA. The purpose of this study
was to test the hypothesis that consumption of fish oil will result in elevation of n-3
PUFA membrane lipid profile of lymphoid organs and peritoneal macrophages. Female
B6C3F1 mice were fed AIN-93G semipurified diets containing 1% corn oil and either
6% fish oil enriched in docosahexaenoic acid (DHA diet) or 6% safflower enriched in
oleic acid (control diet). To determine if these diets resulted in elevated n-3 PUFA in
spleen, PP and the peritoneal macrophage cell population, these lymphoid tissues were
isolated after 2, 4, and 6 wk feeding. Membrane phospholipids were extracted, esterified
and analyzed with flame ionization gas chromatography. Fatty acid profiles from the
experimental samples reflected the compositions of the diets. The DHA diet increased n-
3 PUFA concentration in all tissues at the expense of n-6 PUFA but the kinetics of these
changes varied among the various tissues. From this study it was determined that 4 wk
feeding was sufficient for incorporation of n-3 PUFA and reduction of arachidonic acid

in all excised tissues.
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3.2 RATIONALE

Consumption of a n-3 PUFA-enriched diet for an extended period alters the lipid
profile of cells within human and animal tissue. Since it is assumed that an alteration in
the immune function must be preceded by a change in fatty acid composition of tissues of
interest, it is necessary to determine the appropriate feeding period required to attain
maximal n-3 PUFA incorporation. In this study we fed mice with DHA enriched diet for
various time periods to track the extent of n-3 PUFA incorporation into two lymphoid
tissues, spleen and Peyer’s Patches‘ (PP), and into peritoneal macrophages. The goal of
this study was to determine the kinetics of possible changes within cell membrane lipid

profiles.

3.3 INTRODUCTION

Lipids, as macronutrients, are rapidly taken up from food and distributed to every
cell membrane in the body. Thus, the type of fat consumed with diet can influence the
lipid profile of cell membranes. Eicosapentanoic acid (EPA) and docosahexaenoic acid
(DHA) are among the longest unsaturated n-3 PUFA derived from fish oil. EPA has 20
carbons and 5 double bonds and DHA has 22 carbons and 6 double bonds. These n-3
PUFA have beneficial effects on several inflammatory responses in cells. While the n-6
PUFA content in tissues is typically high, consumption of diets rich in EPA and DHA

significantly increase n-3 PUFA (119-124). In most tissues, these fatty acids are mainly
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esterified in phosphatidylcholine and phosphatidylethanolamine classes of membrane
phospholipids (125, 126). There are great differences among tissues and organs relative
to lipid level and type. Some tissues are more resistant than others in changes imposed by

the diet fatty acid composition (127).

Among different cell types, neuronal cells are characterized by endogenously high
PUFA content. This high level of PUFA is assumed to contribute to the unique properties
of neuronal membranes, which include increased ability to fuse or exfoliate membrane
vesicles at high speed (127, 128). It is thus suggested that increased incorporation of n-3
PUFA in other cell types can change their membrane properties towards those of
neuronal cells. In in vitro studies, membranes rich in DHA are thinner, more permeable
and less stable, a fact that enhances vesicle exfoliation, fusion and flip-flop (129).
Moreover, enrichment of membranes with DHA induces unique packing arrangements of
the membrane lipids that can affect protein trafficking to membranes and therefore cell
signaling (130). Thus, n-3 PUFA content of cell membranes influences major aspects of
cell functionality and may have important implications to immune responses.

A well-accepted mechanism for the anti-inflammatory properties of n-3 PUFA is
their ability to incorporate into cell membrane phospholipids. It is known that upon
stimulation, arachidonic acid, (ARA) is released from cell membranes and is metabolized
enzymatically to eicosanoids, potent proinflammatory factors (67). Cyclooxygenase
(COX) and 5-lipoxygenase (5-LOX) enzymes will convert free arachidonic acid to give
rise to the 2-series prostaglandins (PGs) and thromboxanes (TXs), hydroxyl- and
hydroperoxy derivatives (5-HETE and 5-HPETE) and the 4-series leukotrienes (LTs)

(68). Both PGE; and LTB, promote production of cytokines like TNF-a, IL-1 and IL-6
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(30, 68, 69). Increased consumption of n-3 PUFA results in high incorporation of those
fatty acids in cell membrane at the expense of ARA reducing the proportion of ARA as
an available substrate for synthesis of proinflammatory eicosanoids (67, 68).
Additionally, EPA and DHA incorporated into membrane phospholipids can
competitively gain access to the same enzymes that produce eicosanoids from ARA and
give rise to alternative classes of eicosanoids. EPA results to the 3-series PGs and TXs,
the S-series LTs and the E series resolvins (68) and DHA to D-series resolvins,
docosatrienes and neuroprotectins (71). These alternative series of lipid mediators have
less proinflammatory properties and in certain cases exert anti-inflammatory effects (67,
71). Thus, incorporation of n-3 PUFA can differentially impact inflammation.

Immune cells are distributed through the body and can be found in higher
numbers concentrated in the lymphoid tissues. One of the secondary lymphoid organs of
the immune system is the spleen. Spleen contains a variety of immune cells concentrated
in the white pulp region. In the spleen, T- and B - lymphocytes contact antigen presenting
cells, macrophages and dendritic cells to survey for possible evidence of infectious agents
or other contaminants. It has been reported altered splenic fatty acid composition with
diets rich n-3 PUFA characterized by substantial increases of n-3 PUFA and reductions
of n-6 PUFA (121, 131). Additionally, functional modifications have been reported such
as suppression of lymphocyte proliferation and I1-2 secretion (132).

Peyer’s Patches (PP) are lymphoid tissue aggregations associated with the mucosa
within the small intestine. They are composed mostly of B-cells that are organized in
large, domed follicles. T-cells occupy the areas between follicles. A specialized

epithelium made up of M cells covers the surface of the follicle. Antigen presenting cells,
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macrophages and lymphocytes are the main immune cells in PP. To our knowledge, there

is little information about n-3 PUFA incorporation in this tissue.

While spleen and PP are organized aggregations of lymphocytes, macrophages,
are another important immune cell population distributed throughout all the body.
Macrophages are generated from circulating monocytes in the blood and upon
stimulation they migrate to the tissues. Macrophages play a key role in host responses
against pathogens with their ability to phagocytose, release important cytokines and
produce cytotoxic mediators. Moreover, macrophages are significant message-producing
cells characterized by an intense oxidative and lipid metabolism generating reactive
oxygen species and lipid mediators; thus, their functions partly depend on their lipid
composition (133). Dietary n-3 PUFA can potentially modulate many of these functions.
Feeding n-3 PUFA diets results in macrophages that produce less eicosanoid upon LPS
stimulation (134). Macrophages from mice fed with fish oil diet produce significantly
lower levels of proinflammatory cytokines such as TNF-qa, IL-1B (135) and IL-6 (134). In
addition higher levels of IL-10, an anti-inflammatory cytokine, are observed upon fish oil

feeding (135).

This study was conducted to test the hypothesis that a DHA-enriched diet alters
the fatty acid profile of major lymphoid tissues. Specifically, a diet enriched in DHA was
administered to mice for different time periods and the fatty acid profiles of spleen, PP
and peritoneal macrophages were determined using flame ionization gas chromatography.
We observed that feeding with DHA diet enriched these tissues in n-3 PUFA at the
expense of n-6 PUFA, but the extent of the change varied among the three different

tissues.
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34 MATERIALS AND METHODS

Materials. All chemicals were purchased from Sigma (St. Louis, MO) unless
otherwise noted. To identify fatty acid composition among isolated phospholipids, the
following standards were used: PUFA-1 marine source (Supelco, PA), PUFA-2 animal
source (Supelco, PA), GLC #538 which consisted from 21 fatty acid methyl esters
(FAMEs) and GLC#463 which consisted from 52 FAMEs (Nu-CHECK, MN). All
included EPA, DHA and ARA. Detailed description of all methyl esters for each standard

is provided at the appendix.

Animals. Female B6C3F1 mice (4 wk old) were purchased from Charles River
Laboratories (Portage, MI). Housing, handling and sample collection procedures
conformed to the policies and recommendations of MSU Laboratory Animal Research
Committee and were in accordance with guidelines established by the National Institutes
for Health. Mice were housed three per cage in a humidity (45-55%)- and temperature
(23-25°C) controlled- university animal care facility room with a 12 hr light and dark
cycle. Mice were acclimated for 1 wk prior to experiment initiation a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>