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Abstract

The purpose of the present study was to test the anti-inflammatory and blood glucose (BG)-regulating capacity of strawberries in a mouse

model of diet-induced obesity. A total of thirty-six male C57BL/6J mice were randomly divided into four groups (nine mice per group).

Mice were fed a low-fat diet (LF, 13 % fat), the LF supplemented with 2·6 % freeze-dried strawberry powder (LFSB), a high-fat diet (HF,

44 % fat) or the HF supplemented with 2·6 % strawberry powder (HFSB). Blood samples were collected to measure BG, inflammation

and systemic markers for endocrine function of pancreas and adipose tissue. Splenocytes were harvested at the end of the study and acti-

vated with either anti-cluster of differentiation (CD) 3/anti-CD28 antibodies or lipopolysaccharide to test immune responsiveness. The HF

increased non-fasted BG, insulin, soluble intracellular adhesion molecule-1, E-selectin, leptin, resistin and plasminogen activator protein-1

(P,0·05). High dietary fat decreased IL-4 production from activated splenocytes (P,0·05). BG concentrations were lower in the mice sup-

plemented with SB (10·64 mmol/l) compared to the non-supplemented mice (11·37 mmol/l; P¼0·0022). BG values were approximately

6·5 % lower in the supplemented mice. Additionally, SB lowered plasma C-reactive protein in the LFSB group compared to the other

three groups (P,0·05). The dietary intake of SB approximated one human serving of strawberries. These results, although modest, support

a promising role for dietary strawberries in reducing the risks associated with obesity and diabetes, and regulating the levels of inflamma-

tory markers in non-obese individuals.
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Obesity is associated with chronic, low-grade systemic inflam-

mation and increases the risks of developing insulin resist-

ance, type 2 diabetes and CVD(1–3). Insulin resistance, a

major metabolic factor in obesity and type 2 diabetes, is

mediated by attenuation or desensitisation of insulin receptor

(IR) signalling by two basic mechanisms: (1) serine phos-

phorylation of the IR and IR substrate (IRS) proteins and/or

(2) dephosphorylation of the activating tyrosine residues of

the IR or IRS(4). Enzymes responsible for the IR-desensitising

process include protein kinase B, phosphoinositide-3 kinase,

glycogen synthase kinase-3, extracellular signal-regulated

kinase, c-Jun N-terminal kinase, IkB kinase and protein tyro-

sine phosphatase 1B(4,5). IkB kinase is notable for its role in

downstream signalling by inflammatory cytokines through

the activation of the transcription factor NF-kB, since chronic

inflammation promotes insulin resistance.

Dysfunction of the vascular endothelium is involved in the

progression of insulin resistance to type 2 diabetes, as well

as the development of atherosclerosis(6). Soluble forms of

adhesion molecules such as soluble intracellular adhesion

molecule-1 (sICAM-1), E-selectin and soluble vascular

adhesion molecule-1 (sVCAM-1) secreted by the vascular

endothelium circulate in the blood and the levels of these mol-

ecules in the circulation are used as secondary measures of

endothelial dysfunction. In both mice and humans, obesity

is associated with increased concentrations of these cellular

adhesion molecules(7–11). Elevated levels of these molecules

predict future risk for type 2 diabetes in previously healthy
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women(10), and are positively correlated with type 2 diabetes

in older adults(9).

In addition to the increased markers of endothelial dys-

function, obesity is associated with elevated circulating levels

of acute-phase proteins, pro-inflammatory cytokines and

decreased levels of anti-inflammatory cytokines. C-reactive

protein (CRP) is an acute-phase protein expressed in the liver

and adipose tissue(12–14). Elevated levels of circulating CRP

are positively associated with increased adiposity(15), and

increased risk for developing diabetes(16–18), CVD(13,18) and

leptin resistance(19). Additionally, an inverse relationship

exists between CRP and adiponectin levels in obesity and the

metabolic syndrome(13,20). Adiponectin is expressed exclusively

by adipocytes(21,22). Recently, it was demonstrated in cell culture

models that adiponectin inhibits CRP production by preventing

NF-kB-mediated transcription of CRP(23). Most evidence indi-

cates that adiponectin becomes dysregulated in obesity and

that the circulating levels of adiponectin decline with increasing

adiposity(24,25). Reduced levels of adiponectin are associated

with undesirable health consequences such as impaired insulin

sensitivity, type 2 diabetes and/or CHD(26,27).

IL-6(12,16,28), TNF-a(15,29), plasminogen activator inhibitor-1

(PAI-1)(30–32), resistin(33,34) and leptin(35,36) are elevated in the

blood of obese humans and rodents. IL-6 is a cytokine produced

by macrophages and T lymphocytes, and approximately one-

third of circulating IL-6 originates from adipose tissue(37). In pri-

mary cultures of human adipocytes, IL-1 and IL-6 induced CRP

production from adipocytes into the medium(38). TNF-a, a cyto-

kine produced by activated macrophages, activates endothelial

cells and T cells. It contributes to the progression of insulin resist-

ance and type 2 diabetes by promoting the phosphorylation of

serine residues instead of tyrosine residues on IRS-1(39). There-

fore, phosphoinositide 3-kinase is prevented from docking with

IRS-1 and the insulin- signalling cascade is blocked. TNF-a was

shown to induce the production of PAI-1, an inhibitor of serine

proteases, in renal cell culture systems(40,41). PAI-1 is produced

in the endothelium, liver, adipose tissue and macrophages. PAI-

1 deficiency protected mice from the negative consequences of

diet-induced obesity(30).

Consuming a high-fat diet contributes to elevated concen-

trations of resistin(33), leptin(42) and CRP(15), and has been

shown to alter the immune response(43,44). In rodents, resistin

is produced exclusively by adipocytes, circulating levels of

resistin increase with increasing adiposity, and elevated

levels are associated with decreased insulin sensitivity(33,45).

In humans, however, resistin is produced by macrophages

rather than adipocytes(46–48). Treatment of human vascular

endothelial and smooth muscle cells with resistin suggests

that resistin may play a role in the progression of atherosclero-

sis(49). Leptin is produced by adipocytes and acts in the hypo-

thalamus to suppress food intake. In rodents, leptin levels

increase with increasing adiposity(35,42). CRP may be involved

in facilitating leptin insensitivity by preventing leptin from

properly binding to the leptin receptor(19). Lymphocytes

have leptin receptors and are modulated by leptin(50). The

role of leptin in the activation of immune cells leading to

the production of cytokines such as TNF-a and IL-6 was

recently reviewed(51). A diet high in fat alters the cluster of

differentiation (CD) 4þ T helper (Th) 1 and 2 responses in

mice(24). Interferon-g (IFN-g) is considered the hallmark pro-

inflammatory Th1 cytokine(52). It primes macrophages for

phagocytosis, induces CD4þ T cells towards the Th1 profile

and suppresses differentiation to the Th2 profile. Th2 cells

are considered less inflammatory and instead influence the

B cell antibody response by producing cytokines such as

IL-4 and IL-5, TNF-a and IL-10(52).

Strawberries are a fibre-rich fruit that contain numerous

bioactive compounds including polyphenols with potential

anti-inflammatory activities(53–57). The main objective of the

present study was to evaluate the ability of dietary strawberry

powder (SB) prepared from whole strawberries to prevent

inflammation as well as glucose intolerance associated with

diet-induced obesity. The C57BL/6 mouse is a well-characterised

and widely used model of diet-induced obesity(24,41,58,59).

These mice mimic the human characteristics of the metabolic

syndrome. When fed a diet high in fat, C57BL/6 mice gain

weight as well as display the propensity for inflammation,

hyperglycaemia, hyperinsulinaemia and an increased ten-

dency to develop type 2 diabetes. The specific hypothesis

for this study was that a diet supplemented with 2·6 % SB,

the amount comparable to two servings per d in humans,

would reduce inflammation and inflammatory-mediated

dysfunction associated with obesity in C57BL/6 mice.

Materials and methods

Mice

A total of thirty-six male C57BL/6J mice (approximately

5 weeks of age) were obtained from Jackson Laboratory.

The mice were housed, three per cage, in a pathogen-free

facility on the campus of the University of California, Davis.

All mice had access to food and water ad libitum. Body

weight was measured weekly. The mice were euthanised

after 24 weeks of dietary intervention by CO2 asphyxiation.

Of these, one animal died during the course of the study. Insti-

tutional and national guidelines for the care and use of ani-

mals were followed, and experimental procedures involving

animals were approved by the University of California, Davis

Institutional Animal Care and Use Committee.

Diets

The California Strawberry Commission provided the freeze-

dried SB. The SB was produced from Individually Quick

Frozen kosher, conventional (non-organic) whole strawberries

supplied by Anacapa Foods and Frozsun Foods. The powder

was prepared and packaged by Van Drunen Farms by a com-

mercial food freeze-drying process. The mixture of strawber-

ries used to generate the powder contained University of

California public cultivars Camarosa (37 %), Ventana (13 %)

and Diamante (13 %), and two proprietary varieties (37 %) in

production in 2004. The polyphenolic composition of the

powder was previously defined by others and the main

polyphenolic components were anthocyanidin derivatives of

cyanidin and pelargonidin, quercetin, kaempferol and ellagic
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acid(55,60). For the purpose of this study, four customised,

defined pelleted diets were prepared by Harlan Teklad

(Table 1)(61). The control diets were adjusted to compensate

for the additional sugars provided by the SB. The high-fat

diets were approximately 20 % higher in energy density com-

pared to the low-fat diets and vitamins, minerals, L-cystine and

protein in the HF were adjusted accordingly. Tert-butylhydro-

quinone, an antioxidant, was increased in the high-fat diets to

reduce oxidation of the extra fat. All diets were sterilised by

g-irradiation and vacuum packaged. The diets were stored at

2208C and thawed immediately before use. The mice were

fed a low-fat control diet without SB for 1 week of acclimatis-

ation. After 1 week, the mice were randomly assigned to four

dietary treatment groups (nine mice per group): low-fat con-

trol diet without SB (LF), LF supplemented with 2·6 %

freeze-dried SB (LFSB), high-fat control diet without SB (HF)

and HF supplemented with 2·6 % SB (HFSB). The Food and

Drug Administration recommends extrapolation of doses

from animals to humans by normalisation to body surface

area(62,63). We estimated that the average weight of the mice

would reach 30 g overall during the study and predicted that

they would consume an overall average of 5 g of food/d. In

this study, one human serving of frozen strawberries (80 g)

was used to calculate the amount of powder needed per ser-

ving. And here, two human servings of strawberries in the

form of the freeze-dried powder weighed 22 g and for the pur-

poses of the calculations we used a 70 kg adult as a reference

point (22 g SB/70 kg body weight ¼ 314 mg/kg) for the calcu-

lations described next. Based on these assumptions, the

animal equivalent dose for the human servings was derived

using the following formula: animal equivalent dose (mg/

kg) ¼ 314 mg/kg £ mouse Km factor 37/human Km factor

3(62,63). We then determined that 2·6 % SB/kg of mouse diet

would be comparable to two servings per d in humans. Esti-

mates of daily food intake were determined by dividing the

loss of food mass from the wire food trough by the number

of mice per cage and the number of days between feedings.

Blood glucose measurements

Blood was obtained from the ventral tail artery of non-fasted

mice to monitor blood glucose (BG) using an Accu-Check glu-

cose monitor (Roche Diagnostics)(64–66). The glucose meter

was used to reduce the total amount of blood taken per

month and remain within our maximum safe bleed volumes

designated by the University of California, Davis Institutional

Animal Care and Use Committee. BG tests were conducted

at the end of the 1-week acclimatisation period (baseline),

and subsequently at 4, 6, 8, 14, 16, 20, 22 and 24 weeks on

the diets. An intraperitoneal (i.p.) glucose tolerance test

(GTT) was performed at week 12. Mice were fasted overnight

before receiving an i.p. injection of 2 g D-glucose/kg body

weight (50 % dextrose, injectable; Hospira, Inc.). BG levels

were monitored at 0 min (before the i.p. injection), and at

15, 30, 60 and 120 min following the glucose injection.

Immunohistochemistry

Harvested pancreases were fixed in 4 % paraformaldehyde

overnight, paraffin embedded and serially sectioned at a thick-

ness of 5mm. For immunohistochemistry, the sections were

deparaffinised, rehydrated and the antigen unmasked for a

subset of mice (four mice per group). Antigen retrieval was

done by boiling the slides for 20 min in 0·1 M-Tris buffer (pH

10·0). The guinea pig polyclonal insulin antibody (1 mg/ml)

was purchased from Abcam and diluted in a 1:100 ratio. Preim-

mune guinea pig serum (Jackson ImmunoResearch) was

concentration matched and used as a negative control. The

VECTASTAIN ABC system (Vector Laboratories) was used for

secondary antibody staining and 3,30-diaminobenzidine sub-

strate kit for peroxidase (Vector Laboratories) was used to

stain the tissue. Digital images of the pancreatic tissue sections

were taken using a Nikon Eclipse 800 (Diagnostic Instrument,

Inc.). Insulin-positive stained areas were counted as islets

(four mice per group, one section per mouse, seven to thirty

islets per section). Estimated measures of islet area were cap-

tured with SPOT Advanced Imaging Software, version 4.6

(Diagnostic Instruments, Inc.) using the calibrated ‘region’ tool.

Systemic markers of inflammation

Plasma was isolated from mice at baseline, and at 10, 18 and 24

weeks after dietary interventions to determine the levels of sys-

temic cytokines. Approximately 50–300ml of blood were col-

lected into lithium heparin microvette tubes (Sarstedt). The

blood was centrifuged (900g, 48C) for 10min and plasma was

recovered and stored in aliquots at 2808C until the time of use.

Plasma was assayed using Milliplex immunoassay kits (Milli-

pore) as per the manufacturer’s protocol. All samples were

measured in duplicate. Briefly, neat or diluted plasma samples,

standards and quality controls were incubated with antibody

Table 1. Composition of diets*

Ingredients
LF

(g/kg)
LFSB
(g/kg)

HF
(g/kg)

HFSB
(g/kg)

Casein 180 180 220 220
L-Cys 2·7 2·7 3·2 3·2
Sucrose 200 194·8 200 194·8
Maize starch 341·5 341·5 89·6 89·6
Maltodextrin, 10 100 100 120 120
Maize oil 10 10 10 10
Anhydrous milkfat 40 40 210 210
Cellulose 50 50 59·6 59·6
AIN-93G mineral mix† 35 35 42·6 42·6
Calcium phosphate dibasic 2·5 2·5 3 3
AIN-93 vitamin mix† 15 15 18·2 18·2
Choline bitartrate 2·5 2·5 3 3
Tert-butylhydroquinone 0·01 0·01 0·04 0·04
Fructose 10·4 0 10·4 0
Dextrose 10·4 0 10·4 0
Strawberry powder 0 26 0 26
Energy density (kJ/g) 15·48 15·48 19·25 19·25

LF, low-fat diet; LFSB, LF supplemented with 2·6 % freeze-dried strawberry pow-
der; HF, high-fat diet; HFSB, HF supplemented with 2·6 % strawberry powder;
AIN, American Institute of Nutrition.

* LF and LFSB contained 70 % kJ from carbohydrate, 17 % kJ from protein and
13 % kJ from fat. HF and HFSB contained 39 % kJ from carbohydrate, 17 % kJ
from protein and 44 % kJ from fat.

† The mineral and vitamin concentrations for these diets come from the AIN-93G
mixes(58).
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beads overnight at 48C. Neat plasma was used in the adipokine

panel (leptin, resistin, PAI-1, insulin, IL-6, TNF-a and monocyte

chemoattractant protein-1), whereas the remaining assays that

required the plasma to be diluted in assay buffer were as follows:

CRP was diluted 1:200, sICAM-1, sVCAM-1 and E-selectin were

diluted 1:100 and adiponectin was diluted 1:5000. Assays were

runonaBio-RadBioplex instrument. Plasma isolatedat baseline,

and at 10, 18 and24weeks after dietary interventions wasused to

determine the levels of CRP, sICAM-1, E-selectin, sVCAM-1 and

adiponectin. The concentration of leptin, resistin, PAI-1, insulin,

IL-6andTNF-awasexaminedat baseline, andat 10 and24weeks

on the modified diets.

Primary splenocyte culture

Spleens were dissected under sterile conditions, placed in

Roswell Park Memorial Institute (RPMI). 1640 supplemented

with 1 mM-sodium pyruvate, 2 mM-L-glutamine, 60 mg/l peni-

cillin, 100 mg/l streptomycin (Invitrogen) and 10 % fetal

bovine serum (Sigma). Immediately after dissection, each

spleen was perfused with the medium and the splenocytes

were dispersed by shredding the tissue. Erythrocytes were

removed from the splenocyte mixture by washing the cells

one or two times in an erythrocyte lysis buffer as previously

described(67). Cells were counted and diluted to 2 £ 106

cells/ml in modified RPMI-1640 with b-mercaptoethanol (Invi-

trogen) supplemented with 10 % fetal bovine serum, and then

plated in ninety-six-well plates at a final concentration of

2 £ 105 cells/well. The stimulatory treatments were plates

pre-coated with anti-CD3/anti-CD28 antibodies (BD Pharmin-

gen) overnight (48C) at a final concentration of 1 mg/l each or

lipopolysaccharide (LPS; Sigma) was added to the splenocytes

at a final concentration of 10mg/l and incubated at 378C in 5 %

CO2. After 24 or 72 h, the cells were harvested and centrifuged

at 200 g for 10 min at 48C. The controls for the CD3/CD28

stimulation were wells coated with isotype antibody and for

the LPS treatment control, the cells were treated with endo-

toxin-free water. Supernatants were collected and stored in

aliquots at 2708C until the time of analysis. The supernatant

from cells challenged with LPS was collected after 24 h and

IL-6, IL-1b and TNF-a were measured to test innate immune

response by monocytes/macrophages. The concentration of

IFN-g, TNF-a, IL-4 and IL-10 was measured in the supernatant

collected from the cells that were incubated with anti-CD3/

anti-CD28 for 72 h to test the Th1/Th2 response. All samples

were run in duplicate using multiplex kits from Millipore

according to the manufacturer’s protocol. The assays were

run on a Bio-Rad Bioplex instrument using multiplex kits

from Millipore according to the manufacturer’s protocol.

Oxygen radical absorbance capacity assay

The overall antioxidant capacity of plasma for mice from each

dietary group was determined using the oxygen radical absor-

bance capacity assay as previously described(68). Trolox

(6-hydroxy-2,5,7,8-tetramethylchoman-2-carboxylic acid) was

used to generate the standard curve. The loss of the fluor-

escein signal due to oxidation by peroxyl radicals from the

breakdown of 2,20-azobis(2-methylpropionamidine) dihy-

drochloride was measured over time. Calculations of plasma

Trolox equivalents were determined by comparing the areas

under the curves of fluorescence intensity v. time. The exci-

tation wavelength was 490 nm, the emission wavelength was

515 nm, and the assay was run for 2 h at 378C on a SpectraMAX

GeminiXS spectrofluorometer using SoftMAX PRO v4.0 soft-

ware (Molecular Devices).

Statistical analyses

Statistical analyses were performed with SAS Software version

9.2 for Windows. Outcome variables were assessed for confor-

mance to the normal distribution, and transformed, if needed,

using Box–Cox power transformations (logarithm was used

for E-selectin, adiponectin, leptin, resistin, BG, 24 h IL-6, 72 h

IL-6 and insulin-positive area; reciprocal square root was

used for body weight, insulin; IL-6 and 72 h TNF-a). All data

were analysed using PROC MIXED; fixed effects were dietary

fat, SB and time (if appropriate), as well as the interactions of

the fixed effects. Outcome variables were compared with the

repeated-measures ANCOVA where appropriate. Subject was

included as a random effect for repeated data in the analysis

of body weight, BG, GTT, CRP, sICAM-1, E-selectin, sVCAM-

1 and adiponectin. Baseline values were used as covariates

in the analysis of CRP, sICAM-1, E-selectin, sVCAM-1, adipo-

nectin, resistin, leptin, PAI-1, insulin and systemic IL-6.

When significance was detected among the fixed effects,

Tukey’s test was used for post hoc analysis. Graphs were gen-

erated using GraphPad Prism software version 5.00 for Win-

dows. All data are presented as means with their standard

errors. Differences were considered significant at P,0·05.

Results

Body weight

Asexpected, themice fedadiethigh in fat gainedmoreweight than

themice fed adiet low in fat (P,0·001; Fig. 1), beginning atweek 3

until the end of the study. There was also a significant dietary

fat £ SB interaction (P,0·001). Post hoc analysis of the repeated-

measures analysis of body weights revealed that the HF and

HFSB mice did not differ in body weights. The LF mice weighed

more than the LFSB mice, noticeably during 6–12 weeks on the

diet, but not at the end of the study. To determine if the differences

in overall food intake may have contributed to the differences

between the LF and LFSB groups, estimated feed intake records

(by cage) were analysed. Mice in the high dietary fat groups ate

less feed per day compared to mice in the low dietary fat groups

(low-fat groups 2·88 (SEM 0·02) g/d v. high-fat groups 2·64 (SEM

0·03) g/d, P¼0·0005). However, SB supplementation did not

affect theestimated food intakeandno interactionswereobserved.

Strawberry supplementation lowered non-fasted blood
glucose levels in mice, but did not alter response during
intraperitoneal glucose challenge

Non-fasted BG levels were monitored throughout the course

of the study. Mice fed the LF had lower BG levels than mice
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fed the HF (LF and LFSB groups v. HF and HFSB groups,

P¼0·0426; Fig. 2(A)). There was a significant main effect of

SB on the BG concentration. BG concentrations were signifi-

cantly lower in the SB-supplemented mice (10·64 mmol/l for

LFSB þ HFSB) compared to the non-SB-supplemented mice

(11·37 mmol/l for LF þ HF, P¼0·0022; Fig. 2(B)). BG values

were approximately 6·5 % lower in mice supplemented with

SB. There was no dietary fat £ SB interaction. BG concen-

trations also changed over time across all four dietary

groups (P,0·0001). During the 12th week of the study, all

mice underwent a GTT. Mice in the high dietary fat groups

had higher maximum BG levels in response to the i.p. glucose

challenge (P ¼ 0·0003; Fig. 3). Mice fed HF also experienced

marginally delayed glucose clearance compared to the mice

fed either of the LF (P¼0·0686 for dietary fat £ time inter-

action). Supplementing the diet with SB did not make an

impact on the response to the i.p. glucose challenge. To deter-

mine if long-term consumption of dietary SB made an impact

on islet morphology and insulin production in the pancreas

under ‘normal’ conditions (LF) and in combination with a per-

sistent HF, immunohistochemical analysis of pancreases from

a subset of mice was performed. No differences were detected

in insulin-positive staining, islet morphology or the number of

islets per tissue section (data not shown).

Systemic markers of inflammation

Systemic inflammation was monitored by measuring inflam-

matory cytokines in plasma of the mice. Plasma samples

were collected at baseline (study week 0), and then again at

predetermined intervals. An interaction between dietary fat

and strawberry made an impact on circulating CRP concen-

trations (P¼0·034). The post hoc analysis revealed that the

LF group supplemented with SB (LFSB group) had lower over-

all CRP levels compared to the other three groups (Fig. 4). No

effect of time, or any interaction between SB and time

occurred in relation to CRP.

Mice fed the HF had increased circulating sICAM-1 and E-

selectin compared to mice fed the LF (P¼0·047, P¼0·038,

respectively; Table 2). E-selectin levels were also modified

by time, regardless of the dietary group (P¼0·001; Table 2).

Neither dietary fat nor time affected sVCAM-1 levels in these

mice. Strawberry supplementation did not affect sICAM-1,

E-selectin or sVCAM-1. As expected, consumption of the HF

resulted in elevated leptin, PAI-1, resistin and insulin levels

(P,0·05; Table 2) and marginally increased circulating IL-6

levels compared to the mice fed the LF (P¼0·051; Table 2).

The interaction of the HF and time resulted in elevated

PAI-1 levels (P¼0·031), whereas time contributed indepen-

dently to increased concentrations of leptin, resistin and IL-6

(P,0·025; Table 2). Supplementation with SB did not amelio-

rate the dietary fat or time effect. There were no differences in
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Fig. 2. Dietary fat and strawberry (SB) supplementation influenced non-

fasted blood glucose (BG) in mice. A small puncture was made in the ventral

tail artery and 5ml of blood were collected on a test strip to measure non-

fasted BG levels using an Accu-Check blood glucose monitor. Values are

means, with their standard errors represented by vertical bars (n 8–9).
a,b Mean values with unlike letters, as analysed by repeated-measures

ANCOVA, were significantly different. (A) Mice in the high dietary fat groups

(–X–, high-fat and high-fat strawberry) had higher overall BG levels compared

to mice in the low dietary fat groups (–W–, low-fat and low-fat strawberry),

P¼0·0426. (B) SB supplementation lowered overall BG concentrations regard-

less of the level of dietary fat. Mice not receiving the strawberry powder (–D–,

low dietary fat þ high dietary fat groups) had greater overall BG than mice

receiving SB supplementation (–O–, low dietary fat strawberry þ high dietary

fat strawberry), P¼0·0022.
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Fig. 1. Growth curves over 24 weeks during the dietary intervention. Weekly

body weights were obtained for all mice throughout the study. Dietary

groups: high-fat (–W–), high-fat strawberry (–X–), low-fat (–D–), low-fat

strawberry (–O–). Values are means, with their standard errors represented

by vertical bars (n 8–9). a,b,c Mean values with unlike letters were significantly

different. Mice in the high dietary fat groups gained more weight than mice in

the low dietary fat groups (P,0·001). A post hoc analysis of a dietary fat £

strawberry interaction revealed that the mice receiving the low-fat diet

weighed more than the mice receiving the low-fat strawberry diet at 6–12

weeks (P,0·001).
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adiponectin levels among the dietary groups. TNF-a and

monocyte chemoattractant protein-1 levels fell below the

detectable limits of the assay.

Effect of diet on immune response in supernatants of
primary cultured splenocytes

To test the ability of dietary SB to prevent diet-induced pertur-

bation of the immune response, we cultured primary spleno-

cytes with LPS for 24 h or with anti-CD3/CD28 for 72 h and

analysed cytokine production in the cell supernatants. The con-

centrations of secreted TNF-a, IL-1b and IL-6 were analysed to

determine the innate immune response to pathogens. There

was a trend towards an elevated IL-6 response in the supernatant

from the mice fed the HF compared to those in the low dietary fat

groups, but this difference did not reach the level of significance

(P¼0·079; Table 3). There was no effect of SB or interaction

between dietary fat and SB on IL-6 production. The levels of

TNF-a and IL-1b secreted in response to the LPS challenge did

not differ among the groups at 24 h. We analysed the Th1 and

Th2 cytokine profiles of the adaptive response by measuring

the concentration of IFN-g, TNF-a, IL-4 and IL-10 in the super-

natant after 72 h. The diets did not affect the concentrations of

IFN-g, TNF-a or IL-10 after 72 h activation with anti-CD3/CD28

(Table 3). However, 72 h T cell stimulation resulted in reduced

IL-4 concentration in the supernatant from the mice fed HF com-

pared to the mice fed LF (P¼0·009; Table 3). SB supplemen-

tation did not attenuate this effect.

Strawberry powder supplementation did not increase the
antioxidant capacity of plasma in mice

The antioxidant capacity of the plasma was tested after

24 weeks of dietary intervention using the oxygen radical

absorbance capacity assay. The level of fat in the diet did

not influence the antioxidant capacity of the plasma

(P¼0·8885). Strawberry supplementation, regardless of the

level of fat in the diet, did not have any effect on the antiox-

idant capacity of the plasma (P¼0·6488), and there was no

interaction between dietary fat and SB (P¼0·1017).

Discussion

In the present study, we investigated the ability of dietary

strawberries, in the form of freeze-dried powder, to prevent

inflammation and glucose intolerance associated with diet-

induced obesity in male C57BL/6J mice. We found that the

estimated intake of SB per mouse was equivalent to approxi-

mately one human serving of strawberries per d rather than

the target of two servings. However, even with this low

level of intake, our analysis revealed a novel and unexpected

interaction between the LF and strawberry supplementation,

such that the LFSB group had lower CRP concentrations

than the other groups. The absence of an effect on CRP in

the HFSB group does concur with what others have recently

reported. In one study, no change in CRP levels occurred

after a 4-week intervention during which women with the

metabolic syndrome drank beverages made from freeze-

dried SB(69). There is evidence, however, that supports a

potentially protective role of dietary strawberries in terms of

CRP levels and cardiovascular risk. A moderate but significant

reduction in overall risk for developing elevated CRP levels

was observed among women from the Women’s Health

Study that reported consuming at least three servings of straw-

berries weekly v. women who consumed no servings(70).

Recently, strawberries were reported to decrease the plasma

levels of CRP in response to a high-fat meal in human volun-

teers(71). Multiple polyphenols found in the strawberries were

detected in the plasma of these subjects. Analysis of National

Health and Nutrition Examination Survey (NHANES) data

showed an inverse association between CRP levels and
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Fig. 4. Strawberry (SB) supplementation reduced plasma C-reactive protein

(CRP) in mice fed a low-fat diet (LF), but not in mice fed a high-fat diet (HF).

Blood was collected from mice at baseline, and at 10, 18 and 24 weeks

during dietary intervention. Milliplex immunoassay kits were used to assay

plasma CRP on a Bio-Rad Bioplex instrument. Repeated-measures

ANCOVA analysis revealed an overall dietary fat £ SB interaction after 24

weeks of feeding (P,0·05). The data represent the combined means for

weeks 10, 18 and 24 for each dietary group. a,b Mean values with unlike

letters were significantly different. HFSB, high-fat strawberry powder; LFSB,

low-fat strawberry powder.
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Fig. 3. Consumption of a high-fat diet impaired glucose tolerance in mice

after 12 weeks on the diet and this effect was not ameliorated by strawberry

(SB) supplementation. Mice were fasted overnight and then injected intraperi-

toneally with 2 g glucose/kg body weight. A small puncture was made in the

ventral tail artery and 5ml of blood were collected onto a test strip and read

using an Accu-Check blood glucose monitor. Blood glucose concentrations

were measured at baseline, and at 15, 30, 60 and 120 min after glucose

administration. Values are means, with their standard errors represented by

vertical bars (n 8–9). a,b Mean values with unlike letters were significantly

different. Mice fed high-fat diets (–W–, high-fat and –X–, high-fat SB) had

delayed glucose clearance compared to mice fed low-fat diets (–D–, low-fat

and –O–, low-fat SB); P,0·05. No effects of SB or interactions were

observed.
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Table 3. Cytokine production in supernatants from primary splenocyte cultures after 24 or 72 h stimulation with lipopolysaccharide or anti-CD3/anti-CD28

(Mean values with their standard errors)

LF LFSB HF HFSB P*

Cytokines Mean SEM Mean SEM Mean SEM Mean SEM Dietary fat SB Fat£ SB

24 h
n 8–9 8–9 9 7–8
IL-6 (pg/ml) 22·88 8·64 11·78 2·09 137·11 88·38 124·49 72·53 0·079 0·498 0·842
IL-1b (pg/ml) 10·78 2·21 7·08 1·51 8·22 1·15 8·11 2·36 0·673 0·299 0·327
TNF-a (pg/ml) 14·54 2·48 13·03 1·78 20·44 3·10 17·97 5·24 0·108 0·548 0·885

72 h
n 9 9 9 7–8
IL-4 (pg/ml) 342·20 61·04 425·25 44·61 308·69† 18·07 229·88† 27·66 0·009 0·914 0·072
IFN-g (pg/ml) 243 753 24 122 217 521 15 857 242 369 17 418 229 266 16 482 0·786 0·307 0·731
TNF-a (pg/ml) 297·04 29·01 290·89 21·78 315·20 29·23 265·46 30·01 0·768 0·407 0·353
IL-10 (pg/ml) 1681·34 298·28 1669·77 189·14 1767·89 301·84 1450·84 222·05 0·801 0·532 0·561

LF, low-fat diet; LFSB, LF supplemented with 2·6 % freeze-dried strawberry powder; HF, high-fat diet; HFSB, HF supplemented with 2·6 % strawberry powder; SB, strawberry; IFN-g, interferon-g.
* Data were analysed using $ PROC MIXED repeated-measures ANCOVA. P value was significant when P,0·05. All supernatant samples were measured in duplicate.
† Mean values of the high dietary fat groups were significantly different from the mean values of the low dietary fat groups in the same row.

Table 2. Circulating cytokines and insulin levels in mice by time and dietary fat group

(Mean values with their standard errors, n 4–9 per dietary group)

Low dietary fat groups (LF þ LFSB) High dietary fat groups (HF þ HFSB) PROC MIXED*

10 weeks 18 weeks 24 weeks 10 weeks 18 weeks 24 weeks P

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Fat Time Fat£ time

sICAM-1 (pg/ml) 38·9 1·6 35·9 1·8 37·3 2·3 41·7 2·8 43·6 1·8 39·7 1·6 0·047 0·534 0·924
E-selectin (pg/ml) 88·7 6·1 74·8 8·0 74·4 5·3 120·6 14·3 80·1 5·2 73·8 6·0 0·038 0·001 0·317
sVCAM-1 (pg/ml) 1782 106 1622 236 1273 229 1297 197·0 1741 215 1388 166 0·996 0·143 0·138
Leptin (pg/ml) 7037 530·3 – – 11 743 590 13 601 1978 – – 23 163 1591 ,0·001 ,0·001 0·300
PAI-1 (pg/ml) 1292 318 – – 1496 137 2253 212 – – 3079 339 ,0·001 0·071 0·031
Resistin (pg/ml) 1462 88 – – 3735 210 2065 164 – – 5400 385 ,0·001 ,0·001 0·956
IL-6 (pg/ml) 6·0 1·4 – – 14·3 2·3 23·4 7·3 – – 20·5 4·6 0·051 0·021 0·120
Insulin (pg/ml) 712 99 – – 1565 193 1090 163 – – 2174 348 0·024 ,0·001 0·222
CRP (ng/ml) 130·52 6·65 127·93 7·86 139·77 8·29 136·51 5·78 147·28 7·56 147·11 5·60 0·084 0·237 0·482
Adiponectin (ng/ml) 16 367 1611 16 285 1542 17 748 1504 18 705 1142 15 864 1326 14 752 1176 0·472 0·217 0·261

LF, low-fat diet; LFSB, LF supplemented with 2·6 % freeze-dried strawberry powder; HF, high-fat diet; HFSB, HF supplemented with 2·6 % strawberry powder; sICAM-1, soluble intracellular adhesion molecule-1; sVCAM-1, soluble
vascular adhesion molecule-1; PAI-1, plasminogen activator inhibitor-1; CRP, C-reactive protein.

* Data were analysed using PROC MIXED repeated-measures ANCOVA with baseline values as the covariate (baseline data not shown). P value was significant when P,0·05. All plasma samples were measured in duplicate.
No significance was found for the main effect of strawberry or strawberry £ time interactions (data not shown). The 18-week time point was not assessed for leptin, resistin, PAI-1, resistin, IL-6 and insulin.
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intake of quercetin, kaempferol and anthocyanins in

humans(72). Taken together, these data suggest a role for

dietary polyphenols in the reduction of CRP observed in the

present study.

Obesity-related perturbations to the immune system have

been described(24,43) and we further demonstrated this in

our study. The immune response from mice in the high dietary

fat groups was skewed as detected by the exaggerated

reduction of IL-4 production in response to the T-cell acti-

vation stimuli and a trend towards increased IL-6 production

after LPS stimulation. The small sample size used in this

study may explain why the 24 h IL-6 data did not reach the

level of significance despite large differences in mean

values. We selected a low level of dietary SB that would be

easily attainable by the human population. Starting with a

low level of SB and somewhat over-estimating how much

feed per d the mice would consume, the daily level of SB

intake in this study was lower than expected. Therefore, it is

certainly possible that the actual level of dietary SB used in

this study was inadequate to ameliorate the negative conse-

quences associated with long-term consumption of a HF on

immune function.

To our knowledge, we are the first to report that long-term

consumption of SB reduces non-fasted BG levels in mice,

regardless of the level of fat in the diet. These data suggest

that this pattern of consumption may play a role in maintain-

ing or lowering non-fasted BG levels. Recently, Torronen

et al.(73) reported that a single dose of a mixed berry purée

containing strawberries along with other berries improved

postprandial glucose response in healthy human subjects

during GTT. In other studies(69,74), however, BG levels

remained unchanged after SB supplementation trials. The

human BG values were obtained on fasted subjects, whereas

we obtained non-fasted BG concentrations. Our BG tests

were conducted at the same time each week during the

non-active time of day. Torronen et al.(73) specifically exam-

ined postprandial responses to glucose challenges in metabo-

lically healthy subjects, whereas the other two studies looked

at longer-term effects of strawberry consumption on glucose

parameters. The participants in the Basu et al.(69) study were

obese and had the metabolic syndrome. The Jenkins et al.(74)

study was part of a 5-year ongoing cholesterol-lowering diet-

ary intervention in which the hyperlipidaemic participants had

already been involved in the study for approximately 2·5 years

before the start of the strawberry supplementation. The par-

ticipants were encouraged to eat 1 lb/d (about 450 g/d) of

fresh strawberries for 1 month while they continued with the

low-cholesterol diet. In our study, mice started SB supplemen-

tation at the same time they were placed on the LF or HF. The

timing of supplementation in relation to exposure to the other

dietary components may contribute to the overall effect of SB

supplementation on lowering BG values in our mice. Glucose

tolerance as assessed by GTT was also affected by the HF.

The observation that high-fat feeding delays clearance of

glucose from the blood and contributes to insulin resistance

is well documented in the literature(36,42,75). Similar to our

findings, another group observed that SB supplementation

did not prevent diet-induced glucose intolerance in mice

during GTT(76).

Adiponectin most often decreases with increasing obesity

and the resulting hypoadiponectinaemia is associated with

decreased anti-inflammatory and insulin-sensitising poten-

tial(21,22,25,59). Although we expected to detect a decrease in

adiponectin in the HF groups, the lack of change in adiponec-

tin levels between the dietary groups does agree with at least

one other study that used C57BL/6 mice fed a HF(77). Other

systemic inflammatory markers we examined in this study

did change as we expected and the outcomes do concur

with the existing body of evidence regarding the positive

relationship between obesity and leptin(35,42), PAI-1(30,78),

resistin(33,34), and IL-6(15,79), sICAM-1(10,11) and E-selectin(9,80).

The actual level of dietary SB supplementation employed in

this study did not ameliorate these effects.

Obesity increases the risk for the development of type 2 dia-

betes, CVD and risks for complications during infection. In the

present study, we found that the obese hyperglycaemic mice

that consumed a diet supplemented with SB powder for 24

weeks had improved BG. Strawberries have a low glycaemic

index(81,82), which makes this fruit an acceptable and desirable

part of the diet of hyperglycaemic or diabetic individuals.

Interestingly, anthocyanin-rich whole cherries and anthocya-

nin-enriched extracts from bilberries have shown glucose-

lowering effects in other animal studies(83,84), supporting a

promising role for strawberries as a dietary means for reducing

hyperglycaemia in humans. The obese mice in the present

study also showed a unique dietary fat £ SB interaction, result-

ing in lower CRP concentration in the LFSB group. These find-

ings suggest that regular consumption of strawberries

equivalent to at least one serving per d may contribute to

the maintenance of BG in obesity, and may be beneficial in

regulating aspects of systemic inflammation in non-obese

individuals.
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