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Abstract

The rapid rate of postmenopausal bone loss is mediated by the inflammatory cytokines
interleukin-1, interleukin-6, and tumor necrosis factor alpha. Dietary supplementation
with fish oil, flaxseeds, and flaxseed oil in animals and healthy humans significantly
reduces cytokine production while concomitantly increasing calcium absorption, bone
calcium, and bone density. Possibilities may exist for the therapeutic use of the omega-
3 fatty acids, as supplements or in the diet, to blunt the increase of the inflammatory
bone resorbing cytokines produced in the early postmenopausal years, in order to
slow the rapid rate of postmenopausal bone loss. Evidence also points to the possible
benefit of gamma-linolenic acid in preserving bone density.

(Altern Med Rev 2001;6(1):61-77)

Introduction

The National Institutes of Health Consensus Development Conference Statement on
Osteoporosis Prevention, Diagnosis and Therapy, published in March 2000 states:

“Osteoporosis, once thought to be a natural part of aging among women, is no longer
considered age or gender-dependent. It islargely preventable due to the remarkable progressin
the scientific understanding of its causes, diagnosis and treatment. Optimization of bone health
IS a process that must occur throughout the lifespan in both males and females. Factors that
influence bone health at all ages are essential to prevent osteoporosis and its devastating conse-
guences.”?

In the United States today, eight million women have osteoporosis and 15 million more
have osteopenia, placing them at increased risk for osteoporosis. One out of two women will
have an osteoporosis-related fracture in their lifetime. Osteoporosis is responsible for more
than 1.5 million fractures annually, with an associated cost for direct expenditures in 1995
(hospitals and nursing homes) of $13.8 billion.?2 The most typical sites of osteoporosis related
fractures are the thoracic and lumbar vertebral bodies (T8 through L3), the proximal femur,
distal radius, humerus, pelvis, and ribs. Of all osteoporotic fractures, those at the hip are associ-
ated with the highest risk of morbidity and mortality.?

Many factors contribute to the lifetime accumulation or declinein bone mineral density
(BMD), including levels of the nutrients vitamin D, calcium, sodium, and protein, as well as
lifestyle factors such as body mass index, exercise, drug and alcohol use, and smoking.'2
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Figure1: Effect of IL-1, IL-6, and TNFa on Osteoclast

Differentiation.

IL-1, IL-6 and TNF enhance the proliferation of hemopoietic osteoclast precursors.
IL-1 and TNF induce the differentiation of these cells into inactive, but more mature
osteoclasts. IL-1 and TNF rapidly induce osteoclast activation via osteoblast (OB)
cells. IL-1 and TNF inhibit osteoclast cell death, elongating osteoclast lifespan.
Adapted from Pacifici R. Estrogen, Cytokines and Pathogenesis of PMP
Osteoporosis. J Bone Miner Res 1996;11(8):1043-1051.

as age-related osteoporo-
Sis (1-2% per year on av-
erage), which may persist
indefinitely and may ac-
celerate once more after
the age of 70.°> The rapid
declinein BMD at meno-
pause is the major factor
contributing to the high
rate of disabling bone
fractures in postmeno-
pausal women.®

Biology of
Cytokines

Bone cells and
hematopoietic cells share
the same progenitors, re-
spond to some of the same
cytokines (Figure 1), and
enjoy a symbiotic rela-

Remodeling of bone takes place throughout
adult life, with osteoclasts resorbing old bone
and osteobl asts creating new bone. Thesecells
continuously renew the skeleton while
maintai ning itsstrength and density. Normally,
in the adult skeleton, three percent of cortical
bone and 25 percent of trabecular bone is
remodeled each year. The primary
characteristic of osteoporosisisareductionin
bone mass due to an increase in bone
resorption over bone formation.
Postmenopausal osteoporosisis characterized
by an accelerated loss of bone tissue (2-4%
per year on average) that begins after natural
or surgical menopause, and lasts 5-10 yearsin
the absence of treatment. Fractures are most
likely to occur within 15-20 yearsafter ovarian
function ends.*

Postmenopausal bone loss is associ-
ated with an increase in both the number and
activity of osteoclastsin trabecular bone. This
rapid decline in BMD at menopause is often
followed by agradual declinein BMD, known

tionship. Osteoclasts and
osteoblasts are both formed in the bone mar-
row. The progenitors of osteoclasts are from
the hematopoietic cell line and the osteobl asts
originatefrom the marrow stroma. Osteoclasts
only develop in the presence of stromal/osteo-
blast cells, which mediate the effects of
cytokines and systemic hormones.”
Cytokines include interleukins (IL),
interferons, colony stimulating factors, tumor
necrosis factor alpha (TNFa), and transform-
ing growth factors. Cytokinesare secreted pro-
teins that induce cells to proliferate and dif-
ferentiate. They are produced by both lympho-
cytes and monocytes and vary tremendously
in function and biochemical properties. How-
ever, cytokinesdo have several characteristics
in common: (1) cytokinesareall glycosylated
proteins; (2) cytokines act only on cells that
express specific receptors for that cytokine;
and (3) cytokines may have several functions,
acting on several different types of cells.
Cytokinesregul ate hematopoiesis, theinflam-
matory response, and immunity.® Three
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Figure 2. Regulationof IL-1, IL-6
and TNFa Production.

Each arrow indicates a stimulatory effect of a
cytokine on its own synthesis or the synthesis of
another cytokine. Adapted from Jilka RL. Cytokines,
bone remodeling and estrogen deficiency: A 1998
update. Bone 1998;23(2):75-81.

cytokines, interleukin-1 (IL-1), interleukin-6
(IL-6), and TNFa are described as inflamma-
tory cytokines;® they are active in the patho-
physiology of osteoporosis, increasing osteo-
clast formation, activity, and lifespan.’

IL-1and TNFa, produced primarily by
monocytes and macrophages, stimulate their
own and each other’s synthesis.’® IL-1 and
TNFa stimulate stromal/osteoblast cells to
produce IL-6.21L-6 regulates osteoclast pro-
genitor differentiation and stimul atesthe early
stages of osteoclastogenesis in human and
murine cultures, suggesting that it acts on os-
teoclast hemopoietic precursors, but does not
activate mature osteoclasts. IL-1 and TNFa are
powerful stimulators of bone resorption and
inhibitors of bone formation. They cause bone
resorption in vitro and hypercalcemia when
infused in vivo. They activate mature osteo-
clasts indirectly through osteoblasts, inhibit
osteoclast cell death, and stimul ate osteoclast
progenitor formation.®

Due to feedback interactions of the
cytokines (Figure 2), asmall increasein IL-1
and TNFa formation leads to a significant

increase in levels of all three cytokines.
Conversely, the lack of any one of these
cytokineswill deceasethelevelsof the others,
possibly inhibiting osteoclast formation and
bone loss.*°

Estrogen replacement therapy is use-
ful in the reduction of postmenopausa bone
loss.’2 Studies suggest estrogen acts to reduce
bone resorption by inhibiting the release of
cytokinesfrom bone marrow and bone cells.**1¢

Review of Fatty Acids

Therearetwo classes of essential fatty
acids (EFAs): omega-3 and omega-6. Humans
(like all mammals) are unable to synthesize
EFAs so they must be provided in the diet.'’
EFAsarerequired for membraneintegrity, vi-
sual and neurological function, and their defi-
ciency is associated with neurological and
immunological disease.® Small changesinthe
fatty acid composition of the cell membrane
can significantly alter cell function.®

The parent compound in the omega-6
fatty acid family islinoleic acid (LA), while
the parent compound of the omega-3 fatty acid
family is a-linolenic acid (ALA). These par-
ent compounds are metabolized to longer-
chain fatty acids (which play other, moreim-
portant roles in the body) by a series of elon-
gation and desaturation steps (Figure 3). LA
is first converted to gamma-linolenic acid
(GLA), then to dihomogamma-linolenic acid
(DGLA) and arachidonic acid (AA), while
ALA is converted to eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA).*°

Although the omega-3 and omega-6
fatty acids compete for the desaturation en-
zymes, the D 4 and D 6 desaturases favor the
omega-3 fatty acids.!” Generally, the
desaturation steps are slow and rate limiting,
whilethe elongation steps usually proceed rap-
idly. Factors known to inhibit fatty acid
desaturation are aging, smoking, diabetes, high
sodium intake, and biotin deficiency, whereas
calcium deficiency can impair essential fatty
acid elongation.*®
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Figure 3: Elongation and Desaturation Pathways for the Omega-3 and Omega-6 Fatty Acids.

n-6 Fatty Acids Enzyme

n-3 Fatty Acids

Linoleic : Alpha-linolenic (ALA)

! A6-desaturase !
Gamma-linolenic (GLA) Octadecatetraenoic

! elongase !
Dihomogamma-linolenic (DGLA) Eicosatetraenoic

! A5-desaturase !
Arachidonic (AA) Eicosapentaenoic (EPA)

! elongase !
Adrenic : Docasapentaenoic

! elongase !
Tetracosatetraenoic Tetracosapentaenoic

! A4-desaturase !
Tetracospentaenoic Tetrahexaenoic

! [-oxidation !
Docosapentaenoic Docosahexaenoic (DHA)

From Kruger MC and Horrobin DF. Calcium metabolism, osteoporosis and essential fatty acids: a review. Prog Lipid Res 1997;36(2/3):131-151.
Reprinted with permission.

Fatty fish are the magjor source of EPA
and DHA intheU.S. diet, whilevegetableails,
especially soybean and canola oils, are the
primary sources of ALA. Although flaxseed
oil contains approximately 57-percent ALA,
it is not commonly used in food preparation.
Nuts, seeds, vegetables, and somefruit, aswell
asegg yolk, poultry, and meat contribute small
amounts of omega-3 fatty acidsto the diet.

The typical American diet has a high
ratio of omega-6:0mega-3 fatty acids.?® Stud-
ies show that the consumption of increased
amounts of fish,? fish oil,?*% flaxseed oil , %
or canola oil?” will result in the incorporation
of the longer-chain omega-3 fatty acids EPA
and DHA into the plasmaand cell membranes
of platelets, erythrocytes, neutrophils, mono-
cytes, and liver cells. Thisleadsto achangein
the ratio of omega-6:0mega-3 fatty acids in
the membranes, % a change in the function
of the membranes,?® and a decrease in the pro-
duction of IL-1, IL-6 and TNFa.?%

Experimental and Clinical Evidence
for the | nvolvement of Essential

Fatty Acidsin Osteoporosis

Studies in rats have shown that EPA
inhibits bone loss due to ovariectomy,® that
fish oil can inhibit bone resorption,® and
supplementation of essential fatty acids as
GLA and EPA can increase calcium absorp-
tion,* and enhance bone calcium.®* A pilot
study in humans, supplementing GLA and
EPA, aso showed an increasein BMD.*

Inthisreview, the MEDLINE database
was searched for research to support or refute
the question: Do essential fatty acids (espe-
cially EPA, DHA, and GLA) slow the rapid
loss of bone at menopause? The relationships
between cytokines and menopausein humans,
omega-3 fatty acids and cytokinesin humans,
and omega-3 and omega-6 fatty acidsand bone
in rats and humans are explored.
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Clinical Studies of the Effect of

M enopause on Cytokines

A series of small cross-sectiona and
prospective studies (Table 1) performed by
Pacifici et al,**4* on cultured periphera blood
mononuclear cells (PBMC), supportstheidea
that cytokines and loss of estrogen at meno-
pause effect postmenopausal osteoporosis.
Under normal conditions circulating cytokine
levels in healthy humans are extremely low.
Therefore, in most human studies, PBMCsare
isolated, cultured for 24 hoursand then stimu-
lated in vitro to produce detectable cytokine
concentrations. Thesetests measure the capac-
ity for PBMCs to produce cytokines.

INna1987 cross-sectional study, Pacifici
et a* werethefirst torecognizethat IL-1 was
secreted in higher amounts from the PBMCs
of patientswith “high turnover” osteoporosis.
“High turnover” osteoporosisisrecognized as
the hallmark of postmenopausal osteoporosis.
Thirty-six individuals were enrolled from the
Jewish Hospital of St. Louis, Missouri. The
participants were healthy, ambulatory, and
voluntarily sought treatment. Patients previ-
ously treated for osteoporosis or with second-
ary osteoporosiswere excluded from the studly.

There were 14 control subjects ages
44.0 £ 9.2 years (range 30-59 years). Their
history was negative for back pain, fractures,
or loss of height, and they had normal verte-
bral mineral density (137.0 £ 5.4 mg Ca/cm?)
by quantitative CT scan. The twenty-two sub-
jects with a mean age of 51.4 + 12.8 years
(range 29-77 years), had apositive history for
at least one spontaneous spinal fracture and
evidence of osteopeniaon lateral lumbar spine
X-rays. Their vertebral mineral density was
significantly lower than controls (60 £ 7.4 mg
Calcm3; p< 0.001). Monocytes from both the
normal and osteoporotic subjectswere cultured
for 48 hours and found to secrete IL-1 sponta-
neoudly at all dilutionstested. The mean IL-1
secretion was significantly higher in the sub-
jects (14.8 + 3.0; p < 0.001) than the controls
(3.1+0.8).

The osteoporaotic subjects could befur-
ther separated into two groups. those whose
cultured monocytes secreted high amounts of
IL-1 (26.5 + 3.4; p< 0.05), and those whose
cultured monocytes secreted low amounts of
IL-1 (3.2 = 0.4). Levels of immunoreactive
bone 4-carboxyglutamic acid protein, amarker
of bone formation, were positively correlated
with high IL-1 levels, indicating an increased
rate of boneformationinthe high IL-1 group.

In asmall cross-sectional study on 57
pre- and postmenopausal osteoporotic and
non-osteoporotic women, Pacifici et al*® re-
ported that menopause without hormone re-
placement therapy (HRT) was positively cor-
related with a marked increase in peripheral
blood monocyteIL-1 production (101.2 + 42.1
units/mL) that was suppressed by estrogen
therapy (1.2 £ 0.5 units/mL; p<0.01). Addi-
tionally, they found asignificant negative cor-
relation between IL-1 production and years
since menopause; however, non-osteoporotic
postmenopausal women showed a reduction
in IL-1 to premenopausal levels within eight
years postmenopause, while osteoporotic
women continued to demonstrate high IL-1
levels.

In a second prospective study within
this report, HRT consisting of conjugated es-
trogen (0.625 mg/d for days 1-25 of the month)
and medroxyprogesterone acetate (10 mg/d for
days 15-25 of the month) wasinitiated inthree
non-osteoporotic and five osteoporotic post-
menopausal women. HRT decreased PBMC
secretion of IL-1 significantly from amean of
79.1 = 47.5 units/mL before treatment to a
mean of 2.1 + 1.0 unitmL (p< 0.01) within
one month of treatment.

The effect of oophorectomy and
subsequent estrogen replacement therapy
(ERT) on the spontaneous secretion of IL-1
and TNFa from PBMCs was evaluated in a
prospective study in 1991.* The study
population consisted of 15 heathy Caucasian
premenopausal women, 41.9 + 2.4 years,
undergoing total hysterectomy with bilateral
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oophorectomy, and nine healthy control
premenopausal Caucasian women, 39.8 + 2.3
years, undergoing hysterectomy without
oophorectomy. Surgery was performed for
uterine myomas or uncontrollable non-
neoplastic bleeding. All women had normal
BMD. The women who underwent
hysterectomy without oophorectomy did not
show any changes in estrogen levels, indices
of bone turnover, or cytokine release. In the
women who underwent oophorectomy, 17[3-
estradiol levelsdecreased significantly within
oneweek and significant elevationsin IL-1 and
TNFa (p< 0.05), aswell as urinary indices of
bone resorption (p< 0.01), were seen within
two weeks of surgery. Six women did not take
ERT and their levels of IL-1, TNFa, and
indices of bone turnover continued to increase
throughout the eight weeks of the study. Inthe
nine women who took ERT, estrogen levels
increased to preoperative levels within one
week of treatment (week 5 after surgery) and
IL-1 and TNFa decreased significantly
(p<0.05) after two weeks of ERT, reaching
preoperative levels by the fourth week of
treatment. This study appears to demonstrate
that it isthe change in ovarian hormone status
that accountsfor the postovariectomy cytokine
increase, not the surgical stress, asno risein
cytokines was seen in the hysterectomy-
without-oophorectomy group. The study
would have been strengthened if the women
had been followed for alonger period of time.

A cross-sectional study by Bismar et
al*® examined cytokine levelsin bone marrow
aspirates of patientswith localized breast can-
cer without metastasis, inflammatory diseases,
or intake of drugs known to affect bone me-
tabolism (except HRT). Forty women partici-
pated in the study: 12 were premenopausal (41
* 7 years, range 28-51); five were within five
years of menopause (51 + 5 years, range 44-
57 years, 2.3 + 1.6 years since menopause);
18 were postmenopausal for over eight years
(70 £ 6 years, range 62-83, 18 + 8 years since
menopause); and five (61 + 5 years, range 55-

69, 15 + 15 years since menopause) had been
receiving estrogen for 3, 5, 9, 18, or 38 years,
respectively, and had discontinued estrogen
within one month of surgery. Significantly
higher levels of IL-1, IL-6 and TNFa were
seen in the bone marrow cell cultures of
women who had recently discontinued estro-
gen therapy than pre- or postmenopausal
women. The highest cytokinelevelswere seen
in the three women who had been receiving
estrogen therapy for over eight years.

Thisstudy demonstrated that estrogen-
associated changes in cytokine secretion that
have been observed in PBMCsin culture also
occur in human bone marrow. Bone marrow
cells from early postmenopausal women or
from women who have recently discontinued
HRT have an increased potential for cytokine
secretion. Long-term estrogen therapy doesnot
prevent increased cytokine production on dis-
continuing estrogen. The increase in cytokine
production after natural menopause appearsto
be self limiting, asbone marrow culturesfrom
women morethan eight years after menopause
had dightly lower cytokinelevelsthan the pre-
menopausal women. This correlates with the
rapid self-limiting increase in bone turnover
that occurs after menopause. This study did
not have a control group of non-breast cancer
patients and therefore an effect of the breast
cancer itself cannot be ruled out, although the
results were in line with the results of other
studies that have looked at cytokine levelsin
PBMCs.

A 1995 study by Cantatore et al*® ex-
amined the effect of estrogen replacement on
bone metabolism and serum cytokine levels
insurgical menopause. No significant changes
inlL-1or IL-6 were observed in women with-
out oophorectomy. Significant increasesin IL-
1 and IL-6, as well as parathyroid hormone
(PTH) were seen six months post-surgical
menopause in women with oophorectomy and
without HRT. The long interim period (six
months) rules out the possibility of inflamma-
tion causing the rise in cytokines. Therisein
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alkaline phosphatase, indicating increased
bone remodeling, was positively correlated
with therisein PTH and cytokines. It isinter-
esting that this study was conducted on serum
cytokine levels, not on cultured PBMCs.

McKane et al* studied eighty normal,
healthy women (24-87 years). Cytokineswere
measured in fasting morning blood, and IL-6
was positively correlated with both anincrease
in age (increasing three-fold over the 24-87
year range in age of the women (p< 0.001))
and with type | collagen carboxyl-terminal
tel opeptide (p< 0.05), amarker of bone break-
down. IL-1 levelsdid not appear to be associ-
ated with age, menopausal status, serum estra-
diol, bone mineral density, or bone biochemi-
cal markers. The contradictory results of this
study point to the possibility that an increased
production of bone resorbing cytokines may
occur only intheloca environment of thebone
or bone marrow, and may not easily be de-
tected in the serum. Or, since the authors did
not divide the postmenopausal women into
early (5-10 years) and late (>10 years)
postmenopause, the results may have been
obscured, as the rise in cytokines occurs, as
stated in the previous papers, in early
postmenopause in most women, returning to
normal levels after eight years
postmenopause.t*®* Proper division of the
women might have altered the results as
cytokinevaluesinlate menopausal women can
return to premenopausal levels.

A 1998 cross-sectional study by
Rogers and Eastell®” assessed the effects of
ERT on the secretion of cytokines in the pe-
ripheral blood. The subjects were ten women
ages 56-59 years, between threeand nineyears
postmenopause, who took ERT for at least two
years. Ten age-matched women, age 54-59
years, between four and ten years
postmenopause, without ERT in the previous
two years acted as controls. The authors did
not mention ruling out illness or other medi-
cal treatmentsthat could affect bone. The study
showed a trend toward decreased levels of

IL-1in ERT women, but this was not signifi-
cant. The difference in results in this study
compared to the studies by Pacifici et al*14%
can be attributed to the different methods of
sample collection. This study used whole
blood, as compared to PBMCs in the studies
by Pacifici et al. The lack of increased serum
cytokine levels in estrogen-deficient women
isconsistent with theideathat cytokinerelease
requires the adherence to a solid substrate
(bone); therefore, estrogen deficiency is un-
likely to stimulate cytokine secretion from cir-
culating cells.®

Clinical Trials of the Effect of
Essential Fatty Acid

Supplementation on Cytokines

Omega-3 fatty acids have been inves-
tigated for their possible anti-inflammatory
effects in rheumatoid arthritis, psoriasis, ul-
cerative colitis, and heart disease. Originally,
the anti-inflammatory effects were thought to
be modulated by the production of prostag-
landins and leukotrienes. More recent studies
point to a decrease in cytokine production as
another potential mechanism for their anti-in-
flammatory effects.® Clinical trials on the ef-
fects of omega-3 fatty acid supplementation
on cytokine production in humans are re-
viewed here (Table 2).

Two studies showed dramatic de-
creases in cytokine production following
omega-3 fatty acid supplementation. Endres
et a? gave 18 g/d MaxEPA® fish oil contain-
ing 2.7 g EPA and 1.85 g DHA to nine healthy,
young (21-39 years) male volunteers for six
weeks. Production of IL-1 and TNFa by stimu-
lated PBM Cs was assessed four times during
the study: at baseline, after six weeks of
supplementation, and 10 and 20 weeks after
ending supplementation; PBMC fatty acid pro-
files were also analyzed. The results showed
that dietary supplementation with omega-3
fatty acids reduced the inducible production
of IL-1f3 (43%, p=0.048) at six weeks. Ten
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weeks after the end of supplementation there
was a further decrease (61%, p=0.005). The
production of IL-13 returned to pre-supple-
mentation level s 20 weeks after supplementa-
tion ended. IL-1a and TNFa levelsfell in a
similar pattern. Although the decreasesin IL-
la and TNFa were not significant at six
weeks, they were significant 10 weeks after
the end of supplementation (IL-1a decreased
39%, p=0.022; and TNFa decreased 40%,
p=0.008). Twenty weeks after the end of
supplementation the production of these
cytokines had returned to pre-supplementation
levels. The control group did not show any of
these changes.

In the same study, the results from a
sample of five subjects showed a significant
increase in the omega-3 fatty acid composi-
tion of mononuclear-cell membranes (from a
baseline value of 3.0 £ 0.3% to 7.1 + 1.1%)
after six weeks of supplementation, anincrease
of more than 100 percent (p< 0.03). Theratio
of AA:EPA in the mononuclear-cell mem-
branes was significantly changed after six
weeks of supplementation when compared to
baseline. Theratio of AA:EPA remained lower
than baseline ten weeks after supplementation
was discontinued (20.9 £ 2.2 at baseline; 2.4
+ 0.2 at six weeks; 12.0 £ 2.1 at ten weeks
after supplementation).

In a second clinical trial, Meydani et
al? measured the effect of dietary omega-3
fatty acids on cytokine production in young
and older women. Six healthy young women
(23-33 years, mean age 26.7 £ 1.7 and non-
menopausal) and six healthy older women (51-
68 years, mean age 60.7 £ 2.9 and naturally
postmenopausal for at least two years) supple-
mented their typical American diet (35-40%
of energy from fat, 300-400 mg chol esterol/d)
with omega-3 fatty acids daily for 12 weeks.
Each subject received 1.68 g EPA and 0.72 g
DHA daily. Blood samples were collected at
baseline and at one, two, and three months to
measure IL-1, IL-2, IL-6 and TNFa. Compli-
ancewas confirmed by the significant increase

in plasma EPA and DHA noted in both groups,
with aten-fold increasein EPA in older women
and a five-fold increase in EPA in younger
women. AA was significantly decreased only
inthe older women, but theAA:EPA ratio was
significantly decreased in both groups (young
women: p< 0.003 and ol der women: p< 0.001).
The production of the pro-inflammatory
cytokines, IL-1, IL-6, and TNFa, wasnot sig-
nificantly different between young and older
women prior to omega-3 fatty acid supplemen-
tation. Omega-3 fatty acid supplementation for
athree-month period significantly suppressed
the inducible production of IL-1, IL-6, and
TNFa, aswell asIL-2in both young and ol der
women. The synthesisof IL-1 and TNFa was
reduced by more than 50 percent in an eight-
week period and continued to decline at 12
weeks. While the decrease in inducible pro-
duction of IL-1, IL-6, TNFa, and IL-2 was
present in both younger and older women, the
decrease was greater in older women, even
though the baseline levels were similar. The
authors noted that the decrease in IL-2 could
negatively impact the immune response and
lead to an increased risk of infections and tu-
mors, particularly in the older women. How-
ever, Wu et al* demonstrated that in the pres-
ence of adequate vitamin E levels, increasing
theintake of EPA and DHA could increaselL-
2 production. All values returned to
presupplementation levelsat 20 weeksand no
significant change was seen in cytokine pro-
duction in the control group not taking fatty
acid supplements.

In contrast to the results seen in the
above studies, a 1997 study by Blok et a
found no difference in cytokine production
between the placebo and omega-3 treatment
groups at any point during the one-year ran-
dom blinded intervention. Fifty-eight monks
ingood health rangingin agefrom 21-87 years
(56.2 + 16.5 years) participated in the study.
The study consisted of a two-week baseline
period, a one-year intervention, and a six-
month follow-up. The subjectswere randomly
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and blindly divided into four groups. onegroup
received no omega-3 (n = 14); asecond group
received 1.06 g omega-3/d (n = 15); a third
group received 2.13 gomega-3/d (n = 15); and
afourth group 3.19 gomega-3/d (n=14). The
supplementation was in the form of fish ail
capsules.

Theproduction of IL-1 and TNFa was
not significantly different among the four diet
groups at 26 or 52 weeks of supplementation
or 4, 8 or 24 weeks post-supplementation. In-
terestingly, inall three treatment groupsaswell
as the placebo group, endotoxin-stimulated
secretion of IL-1 wassignificantly higher dur-
ing oil supplementation. The study found lev-
elsof EPA in erythrocyte membranesincreased
significantly in all groups except placebo.
However, the baseline values of EPA in the
membranes were amost one-percent of total
fatty acidsin all of the treatment groups, and
approached one-percent even in the placebo
group during the study. A study by Caughey®
noted that as little as one-percent EPA in the
membrane was necessary to inhibit IL-1 and
TNFa production. It should also be noted the
cytokines were measured ex vivo in whole
blood, not from cultured PBM Csasinthe other
studies.

Dietary Effectson Cytokine

Production

Itispossibletoinfluence cytokine pro-
duction by dietary manipulation. The National
Cholesterol Education Panel Step 2 diet
(NCEP Step 2) for the reduction of cholesterol
recommends a fat intake of <30 percent of
calories (<7-percent calories from saturated
fatty acids, 10-15 percent of calories from
monounsaturated fatty acids, and <10 percent
of caloriesfrom polyunsaturated fats (PUFA))
with a cholesterol intake of <200 mg/d.

Meydani et al? studied the effects of
long-term (24 weeks) feeding of the NCEP
Step 2 diet with or without fish-derived omega-
3 fatty acids on in vitro and in vivo cytokine

production. The 30-week clinical trial period
was divided into two diet phases and all food
was supplied by the study. Twenty-two healthy
men and women volunteers over the age of 40
(range 50-73 years) were initially fed a typi-
cal American diet for six weeks. For the fol-
lowing 24 weeksthe group wasdivided in half;
each half consumed low-fat, low-cholesterol,
high PUFA diets based on the NCEP Step 2
recommendations. Onediet wasrichin omega-
3fatty acids (low-fat, highfish: 0.54% or 1.23
g/d EPA and DHA, equal to 121-188 g fish/
d), while the other was low in omega-3 fatty
acids(low-fat, low-fish: 0.13% or 0.27 g/d EPA
and DHA, equal to 33 g fish/d).

Inducible IL-1p (40%; p=0.03), IL-6
(34%; p< 0.05), and TNFa (35%; p=0.4) were
all significantly decreasedinthelow-fat, high-
fish diet group. The low-fat, low-fish diet
caused a significant increase in inducible IL-
1B (62%; p< 0.05) and TNFa production
(47%; p<0.05). This dietary intervention
showsthat omega-3 fatty acids supplied asfish
(121-188 g/d (4.3-6.7 oz/d) from tuna, filet of
sole and salmon) can have similar cytokine
lowering effects as fish oil supplements.

Caughey et al® examined the effects of
a flaxseed oil-based diet on IL-1 and TNFa
levelsin healthy malevolunteers. A sunflower
based diet was compared with a flaxseed oil
based diet in parallel groups. The flaxseed oil
group (n=15) wasinstructed to maintain adiet
high in omega-3 fatty acids by using flaxseed
oil and a flaxseed oil and butter spread (2:1)
inplaceof their usual cooking oilsand spreads.
The flaxseed oil contained 56-percent ALA
and 18-percent LA, and the flaxseed oil and
butter spread contained 23-percent ALA and
8-percent LA. The control group (n=15) was
instructed to maintain a diet high in omega-6
fatty acids by using sunflower oil, and sun-
flower-based spreads and salad dressings. The
diets were maintained for eight weeks. After
thefirst four weeks, both groups supplemented
their diets with 1.62 g/d EPA and 1.08 g/d
DHA from fish ail.
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The average dietary intake of ALA in
the flaxseed group was 13.7 g/d and resulted
in amembrane EPA content of 0.4-percent of
total fatty acids. ALA inhibited the inducible
production of IL-13 and TNFa by approxi-
mately 30 percent (p< 0.05) after four weeks.
EPA ingestion of 1.6 g/d in the second four-
week period resulted inamembrane EPA con-
tent of 1.6- and 1.7-percent of total fatty acids
in the sunflower and flaxseed groups, respec-
tively, and inhibited the inducible production
of IL-13 and TNFa by 70-80 percent (p< 0.05)
in both the sunflower and flaxseed oil groups.
The suppression of both cytokines was maxi-
mal when the membrane EPA content reached
approximately one percent. Further suppres-
sion of cytokine secretion was not seen with
higher membranelevelsof EPA, indicating that
high doses of fish oils may not be necessary
to provide maximal cytokine inhibition. This
study demonstrated that free-living subjects
could elevate their membrane EPA concentra-
tions and decrease inducible cytokine produc-
tion with the use of flaxseed oil in their own
domestic food preparation. However, flaxseed
oil isnot suitablefor all aspects of food prepa-
ration, such as frying, due to its high degree
of unsaturation. The study further demon-
strated a greater decrease in cytokine produc-
tion with the addition of EPA supplementa-
tion.

Animal Studies of the Effect of

EFAson Bone

Sakaguchi® was the first to report on
the interaction of estrogen deficiency, EPA,
and bone activity inrats. Ovariectomy and low
calcium diet caused adecrease in bone weight
and bone strength (both p< 0.01). EPA pre-
vented the loss of bone weight and bone
strength in the ovariectomy and low calcium
diet group, but it failed to show an increasein
bone weight and strength in the normal cal-
cium group.

Claassen et a* studied the effects of
feeding different ratios of GLA and EPA on
bone status and parameters of bone collagen
breakdown by assessing free urinary
pyridinium cross links (Pyd) in growing rats,
age 5-12 weeks. Pyd excretion was signifi-
cantly lower in all the groups receiving the
diets containing GLA and EPA. No abnormal
bone growth stimulation or restriction was seen
in any of the supplemented groups. After six
weeks of supplementation the 3:1 and 1.1
(GLA:EPA) diet groups showed significantly
higher levels of bone calcium than controls
(24.7% and 9.0%, respectively, p< 0.05), and
bone calcium was significantly higher in the
3:1 diet group than in the 1:1 diet group (p<
0.05). The 1:3 diet group experienced astatis-
tically insignificant decrease in bone calcium
compared to the control group.

Claassen et al*? further explored the
effect of GLA:EPA on calcium absorption in
the same group of rats. Calcium absorption
(calcium intake minus fecal excretion) after
the six-week supplementation period wassig-
nificantly higher in the 3:1 and 1:3 supple-
mented groups (41.5% and 21.4%, respec-
tively) as compared to the control group (p<
0.001 and p< 0.05, respectively). This study
shows that essential fatty acid supplementa-
tion may have arole in reducing the age-re-
lated decline in calcium absorption.

Kruger et al* used ovariectomized
(OVX) female rats to study the relationship
between EFAS, bone turnover, and bone cal-
cium. The rats were supplemented from age
12-18 weeks with a semi-synthetic diet con-
taining different ratios of GLA:EPA+DHA
(9:1,3:1,1:3,1.9) added to the diet. LA:ALA
(3:1) was used as a control in a sham-oper-
ated and OV X group (n=7 per group). DGLA
(r=0.54; p=0.007), DHA (r=0.65; p=0.002)
and EPA (r=0.59; p=0.003) were al signifi-
cantly and positively correlated with calcium
concentration in the femur. DGLA (r=-0.61;
p=0.002), DHA and EPA were negatively cor-
related with deoxypyridinoline (Dpyd), a
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marker of bone degradation but only DGLA
reached significance. DGLA may havean ana-
bolic effect on bone, indicated by the positive
correlation with bone calcium and the nega-
tive correlation with Dpyd.

Schlemmer et al*! tested the effect of
GLA and EPA, in the form of anovel diester,
in the prevention of bone loss in the ovariec-
tomized rat. The ovariectomy + placebo (OV X/
P) group showed lower femur calcium levels
and increased Dpyd levels. The one-percent
linoleic acid + estrogen (linoleic/E) and the
diester + estrogen (diester/E) groups both
showed significant increases in mg calcium/
mm (12.6% and 17.5%, respectively; p=<
0.05) when compared to OV X/P. Additionally,
linoleic/E and diester/E had significantly lower
excretion of Dpyd compared to OVX/P and
the effect of estrogen was enhanced in the di-
ester/E group by the diester. In thisstudy, only
the groups with the estrogen implant showed
significant increases in bone calcium and sig-
nificant decreases in bone turnover as mea-
sured by Dpyd, although the diester alone did
increase bone calcium toward baseline levels.

Clinical Studies of the Effect of

EFAson Bone

In a single-blind, randomized study,
Kruger et al** studied 65 osteoporotic or
osteopenic women, confirmed by bone densi-
tometry, mean age 79.5 + 5.6. All of thewomen
wereliving in the same institution for the eld-
erly and fed the same low-calcium, non-vita-
min D enriched foods, and had similar amounts
of sunlight. The study was conducted for 18
months and at the end of the study all of the
women were offered the option of continuing
treatment for another period of 18 months. A
total of 21 women agreed to continue, includ-
ing 11 women who had previously been on
placebo. The subjects received a 6 g mixture
of evening primrose oil and fish oil. Analysis
of the capsules showed 60-percent LA, 8-per-
cent GLA, 4-percent EPA, and 3-percent DHA.

The placebo capsules contained 6 g coconut
0il (97% saturated fat and 0.2% LA). Thefatty
acids were supplied as 500 mg capsules and
four were taken three times daily with meals.
Inaddition, all patientsreceived 600 mg/d cal-
cium, as calcium carbonate, which brought
their daily calcium intake to 1253 + 249 mg/d.
Fatty acids and calcium were supplemented
for 18 months.

The marker of bone degradation,
Dpyd, measured in urine, was decreased sig-
nificantly in both the treatment and placebo
groups (p< 0.05), perhapsindicating an effect
due to the increase in calcium intake in both
groups. A Lunar DPX-L densitometer was
used to measure the lumbar spine BMD at
baseline, and at 12 and 18 months. It was mea-
sured again at 36 months in those continuing
treatment. During the first 18 months of the
study lumbar spine BMD stayed the same in
the treatment group, while it decreased 3.2
percent in the placebo group. Femoral bone
density increased 1.3 percent in the treatment
group and decreased 2.1 percent in the pla-
cebo group. Thedifferenceinrisk for fracture
at 18 months between the two groupswas sig-
nificant (p=0.037) with the treatment group
having alower risk. At 36 months the lumbar
spine BMD of the group who had received
continual treatment increased 3.1 percent,
while the change 18 months earlier to active
treatment from placebo increased lumbar spine
BMD 2.3 percent. Femoral neck BMD re-
mained the same in the treatment group but
increased 4.7 percent in patients who changed
from placebo to active treatment. Theincreases
in BMD in the groups continuing treatment
may possibly indicate a specific effect dueto
the EFAS, as the calcium was maintained in
both groupsthroughout the length of the study.
Table 3 summarizes the EFA and bone studies.
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Conclusion

Although low peak bone mass contrib-
utes to postmenopausal osteoporosis, an ova
rian hormone-dependent increase in bone re-
modeling and accelerated loss of bone in the
early years postmenopause appear to be the
main pathologic factors. The NIH Consensus
Statement calls for HRT and consumption of
recommended dietary intakelevelsof calcium
and vitamin D as the most effective way to
build bone mass at menopause.! However, a
proper balance of the essential fatty acids,
without theinclusion of HRT, may also play a
role in minimizing bone loss at menopause.®
342 Most women are very concerned with
menopausal weight gain and may diet exten-
sively to control their weight. A study by
Salamone et a* demonstrated that this could
have deleterious effectson BMD, astheinter-
vention group of perimenopausal women (av-
erageage46.7 + 1.7 years), who modified their
lifestyle to lose weight by lowering fat intake
and increasing physical activity, had atwo-fold
greater rateof lossin hip BMD (p=0.015) com-
pared to anon-dieting control group. Theloss
of BMD with dieting may be induced by al-
terations in the total body content of the es-
sentia fatty acids, such asby membrane deple-
tion or preferential utilization and excretion.*

None of the studies reviewed can de-
finitively concludethat increasing thelevel of
omega-3 fatty acids or manipulating the ratio
of GLA:EPA in the diet will low the rapid
loss of bone at menopause. However, thereare
interesting associations that deserve further
attention. Inflammatory cytokines are pro-
duced in thelocal bone environment at meno-
pause,***and monocytes are the primary pro-
ducers of IL-1 and TNFa in the local bone
environment.® Supplementation of omega-3
fatty acids as fish oil, dietary fish, and flax-
seed oil decreases the production of IL-1, IL-
6, and TNFa in cultured PBMCs. 2 Thefatty
acidsGLA, EPA, and DHA in plasmaand cell
membranes are positively correlated to bone
calcium.®

Incorporating higher amounts of the
omega-3 fatty acids into the diet, thereby al-
tering the ratio of omega-6:0mega-3, while
concurrently increasing vitamin E intake to
inhibit lipid peroxidation, may have apositive
effect on calcium absorption and bone den-
Sity. There is also aneed for additional study
to further understand the rel ationships between
fatty acids, calcium, and vitamin D. Such stud-
ies could supplement different ratios of the
parent fatty acidsLA:ALA, different ratios of
GLA:EPA+DHA, or different ratios of
GLA:ALA, while controlling for current
LA:ALA levels in the diet, saturated and
monounsaturated fat, vitamin D and calcium
intake, and measuring BMD, Dpyd, serum
25(OH)D, and PTH in pre- and postmeno-
pausal women.
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