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Abstract

Interleukin-10�/� (IL-10) knockout (KO) mice develop an intestinal inflammation that closely mimics human inflammatory bowel

disease (IBD) which is accompanied by inflammation-associated bone abnormalities and elevated serum proinflammatory cytokines. The

objective of this study was to use the IL-10 KO mouse model to determine whether flaxseed oil (FO) diet, rich in a-linolenic acid (ALA),

attenuates intestinal inflammation and inflammation-associated bone abnormalities, compared to a corn oil (CO) control diet. Male wild-type

(WT) or IL-10 KO mice were fed a 10% CO or 10% FO diet from weaning (postnatal day 28) for 9 weeks. At necropsy, serum, intestine,

femurs and lumbar vertebrae were collected and analyzed. IL-10 KO mice fed CO had lower femur bone mineral content (BMC; Pb.001),

bone mineral density (BMD; Pb.001), peak load (P=.033) and lumbar vertebrae BMD (P=.02) compared to WT mice fed either diet.

Flaxseed oil had a modest, favorable effect on IL-10 KO mice as femur BMC, BMD and peak load were similar to WT mice fed CO or FO.

In addition, lumbar vertebra BMD was similar among IL-10 KO mice fed FO and WT mice fed CO or FO. The fact that FO attenuated serum

tumor necrosis factor-a (TNF-a) among IL-10 KO mice suggests that the positive effects of FO on femur BMC, BMD, peak load and

vertebral BMD in IL-10 KO mice may have been partly mediated by changes in serum TNF-a. In conclusion, these findings suggest that a

dietary level of ALA attainable from a 10% flaxseed oil diet results in modest improvements in some bone outcomes but does not attenuate

intestinal inflammation that is characteristic of IL-10 KO mice.

D 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Inflammatory bowel disease (IBD) is characterized by

chronic inflammation of the intestinal mucosa and an

uncontrolled production of the proinflammatory cytokines,

interleukin-6 (IL-6), interleukin-1h (IL-1h) and tumor

necrosis factor-a (TNF-a) [1,2]. These cytokines stimulate

osteoclastogenesis [3] and therefore may play a role in the

mechanism whereby inflammation-associated bone abnor-

malities frequently occur in men [4–9], women [4–9] and

children [10–12] with IBD. Lower bone mineral density

(BMD) at multiple sites is common [4–9,11,13]. Conse-

quently, IBD patients have a 40% greater incidence of spine

or hip fracture compared to the healthy general population

[14,15].
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Children and young adults with IBD are at a disadvantage

in terms of reaching their set point for peak bone mass as

early life experiences are important in achieving an

individual’s full genetic potential [16]. In addition, IBD is

commonly treated with corticosteroids, which can induce

bone loss [17]. Because of the detrimental effects of

corticosteroids on bone, dietary strategies that treat IBD

are of interest, the most common being the omega-3 (n-3)

long-chain polyunsaturated fatty acids (LCPUFA) that are

abundant in fish oil. Fish oil, a rich source of the n-3

LCPUFA eicosapentanoic acid (EPA), has been used to

modulate the dietary omega-6 (n-6) to n-3 ratio, with the aim

to reduce intestinal inflammation and treat IBD [18–20].

Recently, an in vivo study confirmed that bone is sensitive to

changes in the n-6 to n-3 dietary ratio [21]. Moreover, EPA

has been shown to play a positive regulatory role in bone

metabolism [22]. As an alternative to fish oil, flaxseed oil

(FO), which contains approximately 56% a-linolenic acid

(ALA) [23], a precursor to EPA, has generated interest as a
chemistry 16 (2005) 368–374



able 1

omposition of experimental diets1

omponent Amount (g/kg)

Corn Flax

asein 200 200

ornstarch 367.50 367.48

yetrose 132 132

ucrose 100 100

ellulose 50 50

orn oil 100 0

laxseed oil 0 100

Butylhydroquinone 0 0.02

-Cystine 3.0 3.0

holine bitartrate 2.5 2.5

ineral mix2 35 35

itamin mix3 10 10

S.L. Cohen et al. / Journal of Nutritional Biochemistry 16 (2005) 368–374 369
potential anti-inflammatory agent due to the ability of ALA

to be converted to EPA in humans and animals [21,23–25].

While it is known that dietary EPA is more efficient than

dietary ALA in raising tissue EPA concentrations [23], the

extent to which ALA is converted to EPA is controversial. It

has been suggested that the degree of ALA conversion to

EPA and docosahexanoic acid (DHA) is 5–10% and 2–5%,

respectively [26]. Thus, ALA has the potential to alter the

n- 6 to n-3 ratio and may thereby modulate inflammatory

mediators. Moreover, flaxseed oil is readily available in the

diet as flaxseed is incorporated into many commonly

consumed foods such as breads, muffins and cereals.

The n-3 PUFAs in flaxseed oil [27] and fish oil [28–33]

have anti-inflammatory properties that are mediated by the

production of anti-inflammatory eicosanoids, which in turn

offset the production of proinflammatory eicosanoids

through competitive inhibition within their common

metabolic pathway. Limiting the production of proinflam-

matory eicosanoids, such as prostaglandin E2 (PGE2), may

be an important factor in minimizing the production of

IL-6, IL-1h and TNF-a [32], which may mediate

inflammation-associated bone abnormalities. Flaxseed-

derived ALA has been shown to decrease ex vivo PGE2

concentrations in monkey plasma [34] and in rat bone

[35]. In addition, flaxseed oil has been shown to decrease

TNF-a and IL-1h in human peripheral blood mononuclear

cells (PBMC) [23]. Modulation of the dietary n-6 to n-3

ratio has been shown to be beneficial in various clinical

[19,36] and animal [18] inflammatory disease states and

animal models of bone metabolism [3,31]. To date there

are no published data reporting the response of bone

metabolism during intestinal inflammation to a diet rich in

flaxseed-oil-derived ALA.

Previous studies have demonstrated that the interleukin-

10 (IL-10) knockout (KO) mouse develops an intestinal

inflammation that mimics human IBD [1,37–39]. More

recently, it has been shown that IL-10 KO mice also develop

bone abnormalities such as lower bone mass and biome-

chanical strength properties compared to wild-type (WT)

mice [1]. Thus, the overall objective of this study was to

determine whether a 10% FO diet attenuates intestinal

damage as well as abnormalities in bone mineral content

(BMC), bone mineral density (BMD) and biomechanical

strength properties of femurs and lumbar vertebrae in

developing male IL-10 KO mice.

1 Both diets were modified AIN93G standard rodent diet and contained

ither 10% CO or 10% FO.
2 Mineral mix provided (mg/kg of diet): CaCO3, 12,495; K2HP04,

860; K3C6H5O7d H20, 2477.3; NaCl, 2590; K2SO4, 1631; MgO, 840;

eC6H5O7 USP, 212.1; ZnCO3, 57.75; MnCO3, 22.05; CuCO3, 10.5; KIO3,

.35; Na2SeO4, 0.359; (NH4)2MoO4 d H20, 0.278; Na2O3Sid 9H2O, 9.625;

rK(SO4)2d 12H2O, 9.625; LiCl, 0.609; B3O3, 2.853; NaF, 2.223; NiCO3,

.113, NH4VO3, 0.231; sucrose, finely powdered, 7735.9.
3 Vitamin mix provided (mg/kg of diet): niacin, 30; calcium pantothe-

ate, 1.6; pyridoxine HCL, 7; thiamine HCL, 6; riboflavin, 6; folic acid,

; biotin, 0.2; vitamin E acetate (500 IU/g), 150; vitamin B12 (0.1%), 25;

itamin A palmitate (500,000 IU/g), 8; vitamin D3 (400,000 IU/g), 2.5;

vitamin K1/dextrose mix (10 mg/g), 75; sucrose, 9672.3.
2. Methods and materials

2.1. Animals and diets

Male and female WT (129 Sv/Ev, Taconic, Germantown,

NY) or IL-10 KO (129 Sv/Ev IL-10�/� KO, generously

provided by Dr. R. Fedorak, University of Alberta) mice

were bred to obtain 14–19 male mice per group. At 21 days

of life, pups were adapted to solid food over a period of

1 week. Pups were then randomized to one of two modified
AIN93G diets (Dyets, Bethlehem, PA) that contained either

10% corn oil (CO) or 10% FO (Omega Nutrition Canada,

Vancouver, BC) from postnatal day (PND) 28 through PND

91 (Table 1). A 10% FO diet was studied as it represents a

level that is attainable by diet alone, without supplementa-

tion. The total amount of fat in each diet was 100 g/kg.

Diets were isocaloric and differed only in the source of fat.

Fresh food was provided every second or third day, and

food intakes were calculated at each feeding. Body weight

was measured weekly. At PND 91, mice were asphyxiated

with carbon dioxide, blood was collected by cardiac

puncture and mice were then killed by cervical dislocation.

Femurs, lumbar vertebrae (LV1–LV4) and colons were

immediately removed.

This protocol was approved by the Faculty Advisory

Committee on Animal Services at the University of Toronto

and conducted according to the guidelines established by the

Canadian Council of Animal Care [40].

2.2. Serum fatty acid profile

2.2.1. Sample preparation

Total lipids were extracted [41] with chloroform–

methanol (2:1, v/v) and saponified with a potassium

hydroxide methanol solution. Added to each 50-Al aliquot
of serum sample was 200 Al of internal standard

(heptodecanoic acid, 25 Ag/ml in methanol), 4 ml of

chloroform–methanol (2:1, v/v) and 1 ml of 0.9% saline

solution. The mixtures were shaken continuously for

approximately 15 min and centrifuged at 2000 rpm for
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5 min. The lower chloroform layers were collected and

evaporated under nitrogen gas flow. The residues were

saponified with 1 mol/L potassium hydroxide methanol

solution at 908C for 1 h. The resultants were mixed with

0.9% saline solution and extracted with hexane to remove

cholesterol. The aqueous phases were neutralized with

concentrated hydrochloric acid and extracted with hexane.

The collected hexane layers, which contained total free fatty

acids, were dried under nitrogen gas flow. The free fatty

acids were converted into their methyl esters using a

mixture of 14% boron–trifluoride etherate and methanol

and heated at 908C for 15 min. The resultants were mixed

with 0.9% saline solution and extracted with hexane to

collect fatty acid methyl esters. Hexane layers were dried

under nitrogen gas flow. The fatty acid methyl esters were

redissolved in 200 Al of hexane prior to injection for gas

chromatography-mass spectrometry (GC-MS).

2.2.2. Fatty acid analyses

The serum fatty acid profiles were determined using a

Hewlett-Packard (Avondietle, PA, USA) GC-MS (Mod-

el 5890 gas chromatograph, Model 5971 mass-selective

detector). A DB-23 fused-silica capillary column (30 m�
0.32 mm I.D., 0.25 Am film thickness) was used for

separation. The flow rate of the carrier gas, helium, was set

at 0.6 ml/min, and a splitless inlet was used. The GC oven

temperature was programmed from 50 8C (2 min hold) to 170

8C at a rate of 20 8C/min for 1 min and then 212 8C at a rate of

3 8C/min for 10 min. The temperature of the detector and

injector were 280 8C and 265 8C, respectively. The mass

spectrometer was operated at 70 eV in the electron impact

(EI) mode, and the scan mode was used for quantifying 17

fatty acid methyl esters in serum [data shown for linoleic acid

(LA), ALA, arachadonic acid (AA), EPA and DHA]. The

injection volume was 1 Al.

2.3. Intestinal histological assessment

Colons were removed immediately at necropsy (PND

91), rinsed with ice cold saline, fixed in 10% phosphate-

buffered formalin and embedded in paraffin. Sections (5 Am)

from the proximal colon were stained with hematoxylin

and eosin for light microscopy. The severity of intestinal

inflammation was assessed using a scale of 0–4,

with 0 representing no inflammation and 4 representing
Table 2

Daily food intake and body weight at PND 21 and 911

WT

Corn2 Flax2

Food consumed (g/day) 2.34F0.05ab 2.28F0.05

Body weight at PND 213 (g) 10.10F0.59 10.52F0.33

Body weight at PND 914 (g) 24.01F0.59 23.67F0.40

1 All data are expressed as meanFS.E.M.; means within a row having differe
2 Dietary treatments were formulated by modifying the total amount of dieta
3 PND 21 represents age at weaning.
4 PND 91 represents age at necropsy.
severe inflammation characterized by widespread infiltra-

tion with inflammatory cells, mucosal thickening, sub-

mucosal cell infiltration, a decrease in goblet cells

and destruction of architecture as previously described

[1,42–44]. A minimum of three sections per mouse was

examined to determine the mean histological colonic

inflammatory score. Intestinal inflammation was scored

by one investigator (A.M.M.) who was blinded to the

dietary interventions.

2.4. Serum cytokines

Serum was obtained by centrifuging whole blood at

10,000 rpm for 15 min and was stored at �708C. Serum
levels of three proinflammatory cytokines (IL-1h, IL-6,

TNF-a) were quantified using commercially available

enzyme-linked immunoassays that are specific for mice

(Quantikine Murine; R&D Systems, Minneapolis, MN). The

detectable limits for each ELISA were 3.0 pg/ml (IL-1h),
1.6 pg/ml (IL-6) and 5.1 pg/ml (TNF-a).

2.5. Femur dimensions

Femur weight was measured using a digital scale

accurate to four decimal places, and femur length and width

were measured using digital calipers accurate to 0.01 mm

(Cedarlane Laboratories, Hornby, ON) [45]. Femur width

was measured at the midpoint of the bone shaft in the

mediolateral and anterior–posterior positions, as femurs are

not cylindrical at the midpoint where three-point bending is

performed. All measurements were obtained after femurs

had rehydrated in phosphate buffered saline for 4 h in

preparation for biomechanical strength testing (i.e., three-

point bending).

2.6. Biomechanical bone strength testing

Three-point bending of femurs and compression testing

of LV3 were conducted using a materials testing system

(Model 4442, Instron, Canton, MA).

2.6.1. Three-point bending

Three-point bending was performed to test the structural

properties of the right femurs at the midpoint as previously

described [45]. Femurs were placed on two supports

separated by a distance of 5 mm with the crosshead

directly over the midpoint of the femur. Force was applied
IL-10 KO P

Corn Flax

ab 2.22F0.02b 2.37F0.02a 0.010

9.02F0.27 9.39F0.30 NS

23.61F0.76 24.93F0.49 NS

nt superscripts are statistically different, P b.05. NS, not significant, P N.05.

ry fat to 100 g of FO or CO per kilogram of diet.



Table 3

Serum fatty acid profiles1

Fatty acid WT IL-10 KO P

(ng fatty acid/200 Al serum)
Corn2 Flax2 Corn Flax

LA 39,779F3368a 25,896F6339b 36,502F2477a 21,705F1660b b .001

ALA 536F141b 13,447F1065a 335F119b 11,701F1203a b .001

AA 24,679F1319a 3889F265b 22,298F3103a 5479F1714b b .001

EPA 347F66b 12,169F847a 174F83b 9384F879a b .001

DHA 5310F318b 7999F633a 6010F448ab 7346F624a b .001

1 All data are expressed as meanFS.E.M.; means within a row having different letters are statistically different, P b.05. NS, P N.05.
2 Dietary treatments were formulated by modifying the total amount of dietary fat to 100 g of FO or CO per kilogram of diet.
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at a rate of 6 mm/min until the femur fractured. From the

load–deformation curve generated by specialized software

(Series IX Automated Materials Tester, version 8.15.00,

Instron), several strength properties were determined: yield

load (a measure of the elastic limit of the femur); peak

load (a measure of the fracture threshold of the femur);

resilience (a measure of energy absorbed by the femur up

until the yield load was reached); toughness (a measure of

the energy absorbed by the femur up until the peak load

was reached); and stiffness (a measure of the extrinsic

rigidity of the femur).

2.6.2. Compression testing

The strength of an individual vertebra, LV3, was

determined by compression testing as previously described

[45]. LV3 was isolated from the other vertebra and placed in

anatomical position on the center of a stainless-steel plate. A

second suspended steel plate descended at a constant rate of

2 mm/min until LV3 was compressed. Peak load was

determined from the load–deformation curve.

2.7. Bone mineral content and BMD of femurs and lumbar

vertebrae (LV1–LV4)

Bone mineral content and BMD of femurs and lumbar

spine (LV1–LV4) were determined using PIXImus dual-

energy X-ray absorptiometry (DEXA) (Lunar Corp., General

Electric Medical Systems) and specialized software (Lunar

Corp., Lunar Software, version 1.46). Femurs and LV1–LV4

were scanned on a plastic tray in air at room temperature.

2.8. Statistical analysis

Statistical analyses were performed by one-way ANOVA

and Tukey’s test was used to compare multiple means.
Table 4

Serum cytokines1

Cytokine WT

(pg/ml serum)
Corn2 Flax2

IL-6 24.33F1.28b 24.02F2.60b

IL-1h 6.84F1.80 7.97F0.75

TNF-a 26.72F5.56b 17.54F4.87b

1 All data are expressed as meanFS.E.M.; means within a row having differ
2 Dietary treatments were formulated by modifying the total amount of dieta
Analyses were performed using SigmaStat 2.0 (Jandel, San

Rafael, CA). Differences were considered significant if P was

less than .05. All data are expressed as meanFS.E.M.
3. Results

3.1. Food intake and body weight

IL-10 KO mice fed FO consumed more (Pb.05) food

compared to IL-10 KO mice fed CO. Body weight at the

start of the study intervention (PND 28) or necropsy (PND

91) did not differ among groups (Table 2).

3.2. Serum fatty acid profile

Both WT and IL-10 KO mice fed FO had higher serum

ALA (Pb.001) and EPA (Pb.001) and lower serum LA

(Pb.001) and AA (Pb.001) compared to WT and IL-10 KO

mice fed CO (Table 3). SerumDHAwas higher inWTand IL-

10 KO mice fed FO compared to WT mice fed CO (Table 3).

3.3. Intestinal histological assessment

Intestinal scores were higher (Pb.001) among IL-10 KO

mice compared toWTmice, irrespective of the diet provided.

Intestinal scores were the following: WT CO=0.73F0.25;

WT FO=0.14F0.09; IL-10 KO CO=2.08F0.33; IL-10 KO

FO=2.13F0.37. Severe intestinal inflammation, in particular

inflammatory cell infiltration and destruction of architecture,

was observed in all of the IL-10 KO mice.

3.4. Serum cytokines

Serum IL-6 was higher (P=.004) in IL-10 KO mice fed

CO or FO compared to WT mice fed either diet (Table 4).

Serum TNF-a of IL-10 KO mice fed CO was higher
IL-10 KO P

Corn Flax

44.27F6.40a 42.43F6.40a .004

13.35F3.71 12.32F1.52 NS

41.55F5.93a 31.64F4.87ab .037

ent letters are statistically different, P b.05. NS, P N.05.

ry fat to 100 g of FO or CO per kilogram of diet.



Table 5

Femur weight, dimensions, biomechanical strength properties, BMC and BMD1

WT IL-10 KO P

Corn2 Flax2 Corn Flax

Femur weight (mg) 58.72F0.001 58.90F0.001 55.00F0.001 59.62F0.001 NS

Femur length (mm) 14.50F0.08 14.47F0.07 14.01F0.06 13.94F0.05 NS

Width A (mm)3 1.17F0.01 1.20F0.01 1.16F0.01 1.18F0.01 NS

Width B (mm)4 1.36F0.02 1.40F0.02 1.32F0.02 1.37F0.02 NS

Yield load (N) 14F0.6 13F0.5 12F0.4 12F0.4 NS

Resilience (J�10�3) 0.51F0.04a 0.40F0.02ab 0.37F0.11b 0.37F0.08b .004

Stiffness (N/mm) 239F9 253F5 242F6 234F7 NS

Peak load (N) 25F1.0ab 26F0.6a 22F0.8b 25F0.8ab .033

Toughness (J�10�3) 4.82F0.72 5.36F0.46 5.66F0.72 7.07F0.52 NS

BMC (mg) 24.18F0.87a 25.13F0.69a 21.10F0.52b 23.62F0.53a b .001

BMD (mg/cm2) 59.93F0.99a 60.71F0.69a 56.31F0.78b 58.70F0.66ab b .001

1 All data are expressed as meanFS.E.M.; means within a row having different letters are statistically different, P b.05. NS, P N.05.
2 Dietary treatments were formulated by modifying the total amount of dietary fat to 100 g of FO or CO per kilogram of diet.
3 The anterior–posterior width.
4 The mediolateral width.
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(P=.005) thanWTmice fed CO or FO, while IL-10 KOmice

fed FO did not differ from WT mice. There were no sig-

nificant differences in serum IL-1h among groups (Table 4).

3.5. Femur weight, dimensions, biomechanical strength

properties, BMC and BMD

Femur weight, width and length did not differ among

groups (Table 5). Femur resilience was higher (P=.004)

among WT mice fed CO compared to IL-10 KO mice fed

CO or FO diet. Femur peak load was higher among

(P=.033) WT mice fed FO compared to IL-10 KO mice

fed CO (Table 5). With respect to other femur biomechan-

ical properties, yield load, stiffness and toughness did not

differ among groups (Table 5). IL-10 KO mice fed FO and

WT mice fed CO or FO had a higher (Pb.001) femur BMC

than IL-10 KO mice fed CO (Table 5). IL-10 KO mice fed

CO had a lower (Pb.001) femur BMD than WT mice fed

CO or FO, while IL-10 KO mice fed FO had a femur BMD

that was intermediary to WT mice fed CO or FO, and IL-10

KO mice fed CO (Table 5).

3.6. Lumbar vertebrae (LV3) peak load and LV1–LV4 BMC

and BMD

The peak load of LV3 was lower (Pb.001) among

IL-10 KO mice compared to WT mice fed CO or FO diet

(Table 6). BMC of LV1–LV4 did not differ among groups,

but BMD of LV1–LV4 was lower (P=.02) among IL-10

KO mice fed CO compared to WT mice fed CO or FO
Table 6

Peak load of LV3 and BMC and BMD of LV1–LV41

WT

Corn2 Flax2

Peak load (N) 44.00F2.00a 42.25F3.06a

BMC (mg) 31.68F0.94 31.13F1.04

BMD (mg/cm2) 59.14F0.75a 59.21F1.03a

1 All data are expressed as meanFS.E.M.; means within a row having differ
2 Dietary treatments were formulated by modifying the total amount of dieta
(Table 6). IL-10 KO mice fed FO had a BMD that was

intermediary to the IL-10 KO mice fed CO and WT mice

fed either CO or FO (Table 6).
4. Discussion

It has previously been demonstrated that IL-10 KO mice

develop an intestinal inflammation that is accompanied by

elevated serum proinflammatory cytokines and bone abnor-

malities, including lower femur and lumbar vertebrae BMD

and biomechanical bone strength properties such as

vertebral peak load, compared to WT mice [1]. Results of

the present study indicate that a dietary intervention

consisting of 10% FO, a level that is attainable by diet

alone, provides modest protection against some of the

inflammation-associated bone abnormalities in IL-10 KO

mice. For example, IL-10 KO mice fed FO had similar

femur BMC, BMD, peak load and lumbar vertebra BMD to

WT mice fed CO or FO. In contrast, IL-10 KO mice fed CO

had lower femur BMC, BMD and peak load and lumbar

vertebrae BMD compared to WT mice fed either diet. While

these findings indicate that the FO diet attenuated the

inflammation-associated bone abnormalities, FO diet did

not result in significant improvements over CO diet, except

for femur BMC in IL-10 KO mice.

Cortical bone, found largely in the femur compared to the

lumbar vertebrae, is thought to be less vulnerable to changes

in bone mass, because its primary role is to provide
IL-10 KO P

Corn Flax

26.92F2.62b 29.46F3.20b b .001

29.34F0.71 31.23F1.22 NS

56.05F0.70b 57.91F1.04ab .02

ent letters are statistically different, P b.05. NS, P N.05.

ry fat to 100 g of FO or CO per kilogram of diet.
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structural support rather than acting as a metabolic reservoir

of minerals. Findings from our previous study reported that

cortical bone is compromised in IL-10 KO mice with

chronic intestinal inflammation [1]. In this study, bone

abnormalities in femurs were attenuated to a greater extent

than the lumbar vertebra as both femur BMD and peak load

were similar among IL-10 KO mice fed FO and WT mice.

Similarly, lumbar vertebrae BMD was similar among these

same three groups, but the peak load of LV3 was

significantly lower in both IL-10 KO mice compared to

WT mice, regardless of diet intervention. Because peak load

measures primarily the contribution of matrix proteins to

bone strength, it is possible that the intestinal inflammation

compromised the production of bone matrix proteins or

stimulated the degradation of bone matrix proteins. It was

recently reported that decreased bone formation is the

mechanism of inflammation-associated bone abnormalities

in IL-10 KO mice [46]. A suppression of bone formation

was demonstrated by a smaller trabecular surface and

mineralizing surface, lower trabecular number and lower

levels of serum osteocalcin [46].

It has been hypothesized that the pathogenesis of bone

abnormalities in IBD patients is due in part to increased

circulating proinflammatory cytokines such as TNF-a and

IL-6 [5,6,12]. From our findings, it appears that FO

attenuated the rise in TNF-a that is characteristic of IL-10

KO mice as only IL-10 KO mice fed CO, but not FO, had a

higher serum TNF-a than WT mice. It is possible that some

of the improvements in bone outcomes (femur BMC, BMD

and peak load; lumbar vertebra BMD) were mediated in part

by lower serum TNF-a. In contrast, serum IL-6 was not

attenuated among IL-10 KO mice fed FO, suggesting that

the positive effects of FO on femur BMC, BMD, peak load

and vertebral BMD in IL-10 KO mice were not mediated by

changes in serum IL-6. It is possible that the paracrine

action of circulating cytokines is not the primary mechanism

or the only mechanism responsible for the pathogenesis of

inflammation-associated bone abnormalities in IL-10 KO

mice. Indeed, serum cytokines may not be representative of

local effects in bone [47]. To determine the mechanism by

which a diet rich in ALA modulates bone tissue, future

studies should investigate whether a FO diet attenuates

elevated proinflammatory cytokines in bone.

The intestinal injury scores of WT and IL-10 KO mice

are similar to those previously reported [48]. It is possible

that the FO diet did not attenuate the intestinal inflammation

because of the genetic modification of the IL-10 KO mice.

IL-10 is a potent regulatory cytokine, and while the

deletion of IL-10 is effective in generating an inflamma-

tory condition in the IL-10 KO mice, it is possible that the

dysregulated immune response that results is too severe to

be attenuated by a dietary intervention.

Based on serum analyses, the ratio of n-6 to n-3 fatty

acids was altered by feeding the FO diet. As expected, mice

fed the FO diet had higher serum ALA compared to mice

fed the CO diet. Furthermore, IL-10 KO mice were shown
to convert ALA to LCPUFAs such as EPA and docosahex-

aenoic acid (DHA). Although both EPA and DHA suppress

the immune system and the production of proinflammatory

cytokines [33], EPA but not DHA is a precursor for the

production of anti-inflammatory eicosanoids [49]. In rats fed

a diet rich in ALA, there is an accumulation of DHA in the

femur marrow, with the intermediate EPA being virtually

absent [21]. In contrast, in rats fed a diet rich in fish oil, a

direct source of EPA, there is a significant increase in femur

marrow EPA and no change in the DHA content [31]. It is

therefore possible that a flaxseed oil diet may not contribute

to eicosanoid production to as great an extent as a fish oil

diet. However, it is also important to consider the fact that

DHA has been shown to have the ability to retro-convert to

EPA (9.4% in humans) and may thereby indirectly influence

the production of eicosanoids [50].

In conclusion, this study has demonstrated that a level of

ALA that is attainable from a 10% flaxseed oil diet does not

attenuate intestinal inflammation but does have some positive

effects on the skeleton of IL-10 KO mice. It is possible that a

supplemental dose may be required to observe positive

therapeutic effects on intestine and to achieve greater effects

on bone. Altering the timing of the dietary intervention, such

as exposure in utero or from birth throughout the life cycle,

may prove more efficacious at attenuating intestinal inflam-

mation and reducing the risk of developing inflammation-

associated bone abnormalities.
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