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Abstract
Blueberry, rich in antioxidant and anti-inflammatory phytochemicals, has been demonstrated to lower inflammatory status in adipose induced
by high-fat diet (HFD) and obesity. The effect of blueberry on systemic immune functions has not been examined. C57BL/6 mice were
randomised to one of three diets – low-fat diet (LFD), HFD and HFD plus 4% (w/w) blueberry (HFD+B) – for 8 or 12 weeks. Ex vivo T-cell
mitogens (concanavalin A (Con A); phytohaemagglutinin), T-cell antibody (anti-CD3; anti-CD3/CD28)-stimulated T-cell proliferation and
cytokine production were assessed. After 8 weeks, both HFD groups weighed more (>4 g) than the LFD group; after 12 weeks, HFD+B-fed
mice weighed more (>6 g) and had 41% more adipose tissue than HFD-fed mice (P< 0·05). After 12 weeks, T-cell proliferation was less in
both HFD groups, compared with the LFD group. HFD-associated decrements in T-cell proliferation were partially (10–50%) prevented by
blueberry supplementation. At 12 weeks, splenocytes from HFD mice, but not from HFD+B mice, produced 51% less IL-4 (CD3/CD28) and
57% less interferon-γ (Con A) compared with splenocytes from LFD mice (P< 0·05). In response to lipopolysaccharide challenge, splenocytes
from both HFD groups produced 24–30% less IL-6 and 27–33% less TNF-α compared with splenocytes from LFD mice (P< 0·05), indicating
impaired acute innate immune response. By demonstrating deleterious impacts of HFD feeding on T-cell proliferation and splenocyte immune
responses, our results provide insights into how HFD/obesity can disrupt systemic immune function. The protective effects of blueberry
suggest that dietary blueberry can buttress T-cell and systemic immune function against HFD-obesity-associated insults.
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Obesity is associated with chronic, low-grade inflammation,
which has been suggested to underlie the pathogenesis of
various obesity-related morbidities including type 2 diabetes,
CVD and the metabolic syndrome(1–3). The inflammatory state of
adipose tissue resulting from either genetically or diet-induced
obesity has been well described (reviewed in Wensveen et al.(4)

and Huh et al.(5)), and it has been suggested that obesity-induced
inflammation may also be systemic(6). Emerging evidence sug-
gests that, as a consequence of increased adiposity, cell-mediated
immune functions are dysregulated and impaired, which may
contribute to compromised host defence(7,8). Impaired host
defence is the main factor contributing to increased susceptibility
to infection in obese individuals(9,10). The spleen is the largest
lymphoid organ in the body involved in the regulation of
peripheral immune responses (reviewed in Bronte & Pittet(11)). In
rodents, diet-induced obesity reduces splenic mRNA expression
of pro-inflammatory cytokines(12), in contrast to the inflammatory

state in adipose tissue. Further, spleen-derived IL-10, a potent
anti-inflammatory cytokine, has been shown to mediate inflam-
matory processes in other metabolic tissues, namely adipose and
liver(13). This suggests that the systemic inflammatory processes,
in the context of obesity, may be involved in mediating inflam-
mation in other metabolically active tissues. However, informa-
tion regarding the impact of high-fat diet consumption and the
resulting obesity on inflammatory and adaptive immune
responses in peripheral lymphoid tissues is limited.

Dietary intervention is an appealing approach to ameliorating
metabolic consequences and co-morbidities of obesity. Many
plant-based foods and plant-derived bioactive phytochemicals
have been shown to have varied efficacy in this regard. Among
them, blueberry has been associated with several cardiovas-
cular and metabolic health benefits(14–16). The beneficial effects
of blueberry may be related to the fact that they are rich in
anthocyanins, phenolics, ascorbic acid and other bioactive
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compounds that have antioxidant and anti-inflammatory
properties(17,18). As individual bioactive compounds, antho-
cyanins have been shown to reduce the concentration of
pro-inflammatory cytokines and mediators, both in vivo and
in vitro(19). As a whole food, supplementation with blueberry to
genetically(20) and diet-induced(21) obese rodents reduced
expression of pro-inflammatory cytokines in adipose tissue.
These observations suggest that blueberry or blueberry-derived
bioactive components may attenuate obesity-associated
dysfunctional inflammatory processes within adipose tissue.
However, little is known about the effect of blueberry supple-
mentation on immune and inflammatory responses in peri-
pheral lymphoid tissues and thus on host defence and regulation
of inflammation. To address this issue, in this study we inves-
tigated the effects of dietary blueberry supplementation on
cell-mediated immune and inflammatory responses in mice
made obese by high-fat-diet (HFD) feeding.

Methods

Animals and diets

Male C57BL/6 mice were obtained from Jackson Laboratories
at 5 weeks of age and housed individually at the Jean Mayer
USDA Human Nutrition Research Center on Aging, as
previously described(21,22). After acclimation for several days,
mice were randomly assigned to receive one of three pelleted
experimental diets (n 9–11/group). Diets were fed ab libitum
for either 8 or 12 weeks. Experimental diets (from Research
Diets) were as follows: low-fat diet (LFD) containing 10%
energy from fat (no. D12450B), HFD containing 60% energy
from fat (no. D12492) or HFD supplemented with 4% (wt:wt)
freeze-dried whole blueberry powder (HFD+B). Experimental
diet composition and anthocyanin composition of the blueberry
powder has been previously described and reported by
DeFuria et al.(21). The total anthocyanin content of the
blueberry powder was 31·44 g/kg dry weight and the major
anthocyanins included peonidin-3-glucoside (44·3%), malvidin-
3-arabinoside (29·0%), peonidin-3-arabinoside (13·9%) and
delphinidin-3-galactoside (4·4%)(21). Briefly, the blueberry
powder provided by US Highbush Blueberry Council was
a 1:1 blend of Vaccinium ashei (Tifblue) and Vaccinium
corumbosym (Rubel). Energy from total carbohydrates and
sucrose was balanced in the HFD and HFD+B diets. The
blueberry power provided 14·5MJ/kg, and contributed 2·7% of
total energy in the HFB+B diet. The relevance of the experi-
mental diet supplemented with 4% blueberry powder to human
consumption was calculated based on previous calculations(23).
On the basis of the average consumption of 3 g diet/d per
mouse, a diet containing 4% blueberry powder would provide
mice with a daily intake of 0·12 g of blueberry powder or
4·8 g/kg body weight for a mouse weighing 25 g. The intake per
body weight in mice was converted to intake per body weight
in humans by using an isoenergetic calculation (based on
mice consuming 50 kJ/d (12 kcal/d) and humans consuming
8368 kJ/d (2000 kcal/d) or using a factor of 14). As such,
4·8 g/kg body weight for mice is equivalent to 0·34 g of blue-
berry powder/kg body weight for humans or 24 g/d for a

70-kg person. As fresh blueberries contain approximately 85%
water, consuming 24 g of dried blueberries/d is equivalent to
160 g of fresh blueberries, or roughly one cup (150 g) per day.

The institutional and national guidelines for the care and use
of animals were followed, and all experimental procedures
involving animals were approved by the Tufts University
Institutional Animal Care and Use Committee.

Ex vivo T-cell proliferation

After 8 or 12 weeks, mice were euthanised and spleens were
collected aseptically, weighed and single-cell suspensions were
prepared as previously described(24). Splenocytes were seeded
into ninety-six-well round-bottom cell culture plates (2×105/well)
and incubated in the presence of T-cell mitogens: concanavalin A
(Con A) (Sigma-Aldrich) at 0·5, 1·5 or 3 µg/ml; phytohaemagglu-
tinin (PHA) (Difco Laboratories) at 2·5, 5 or 20 µg/ml; or plate-
coated anti-T-cell receptor antibodies (anti-CD3) at 1 or 5 µg/ml
without or with soluble anti-CD28 (anti-CD3/CD28; BD Bios-
ciences) at 2 µg/ml for 72h. Cultures were pulsed with 0·5 µCi
[3H]-thymidine during the final 4 h of incubation. Cells were
harvested onto glass fibre filter mats, and cell proliferation was
quantified as the amount of [3H]-thymidine incorporation into
DNA by liquid scintillation counting in a 1205 Betaplate counter
(Wallac). Data are expressed as counts per min.

Ex vivo cytokine production

Splenocytes in twenty-four-well culture plates (3× 106/well)
were cultured in the presence of Con A (1·5 µg/ml) or lipopo-
lysaccharide (LPS, 1 µg/ml) for 24 h for IL-1β, IL-6, TNF-α or in
the presence of Con A (1·5 µg/ml) or anti-CD3 (5 µg/ml)/anti-
CD28 (2 µg/ml) for 48 h for interferon-γ (IFN-γ), IL-2, IL-4 and
IL-10 production. The supernatants were collected at the end of
incubation and measured using ELISA kits according to the
manufacturer’s instructions for IL-1β (R&D Systems), IL-6,
TNF-α, IFN-γ, IL-2, IL-4 and IL-10 (all from BD Biosciences). All
measurements were recorded in duplicate with CV<10%.

Statistical analyses

Data are reported as means with their standard errors unless
indicated otherwise. Data were analysed using one-way
ANOVA in IBM SPSS Statistics (version 22) with diet as the
main effect. In cases in which a significant main effect of diet
was found, post hoc analysis was performed using the Duncan
adjustment to determine differences between diet groups.
Sample size was determined by power calculation using the
SYSTAT Software (Systat Software, Inc.). A clinically relevant
and meaningful change at 30% in inflammatory markers was
used to assess statistical power of the study. The conditions
were as follows: one-way ANOVA, three groups, expected
mean difference at 30% with standard deviation at 20%, with
power >80% and α= 0·05. Expected mean difference of 30%
is a meaningful and clinically relevant level of change, and 20%
SD is a common level of variation for C57BL/6 mice in terms of
individual differences and response to intervention. Variables
that were not normally distributed were log-10-transformed

1394 E. D. Lewis et al.

https://doi.org/10.1017/S0007114518001034  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114518001034


before statistical analysis. The following variables were log-
10-transformed before statistical analysis: liver weight, sub-
cutaneous fat weight, gonadal fat weight, 12-week proliferation
with Con A 3, PHA 5, PHA 20 and anti-CD3, 8-week IL-2 with
Con A, 8-week IL-10 with CD3/28 and PHA. Differences at
P≤ 0·05 (two-sided) were considered significant.

Results

Effects of blueberry on high-fat diet-induced body weight
gain and fat accretion

After 12 weeks, mice in both HFD groups had gained sig-
nificantly more weight (Fig. 1), and had greater final body
weights (Fig. 1, Table 1) and fat mass (both subcutaneous and
visceral depots) compared with LFD-fed mice (Table 1). Among
the two HFD groups, HFD+B-fed mice gained insignificantly
more weight (10%) than HFD-fed mice, reflecting significantly
greater fat accretion in both subcutaneous and visceral depots
(P< 0·001; Table 1). Greater weight gain and adipose mass
among HFD+B mice can be attributed to approximately 17%
greater daily energy intake as compared with mice fed HFD
alone (Table 1).

Ex vivo T-cell proliferation

In the ex vivo cell proliferation experiments, different con-
centrations of Con A, PHA, anti-CD3 or anti-CD3/CD28 were
used. The optimal concentrations of each stimulation used to
induce T-cell proliferation are shown in Fig. 2 (12 weeks) and
online Supplementary Fig. S1 (8 weeks). Similar results were
obtained with the non-optimal concentrations of Con A (0·5µg/ml)
and PHA (2·5µg/ml) (results not shown).

Impacts of HFD and HFD+B feeding on T-cell proliferation
were observed after 12 weeks of feeding (Fig. 2), but not after
8 weeks (online Supplementary Fig. S1). Relative to mice fed
LFD, T-cell proliferation in response to Con A was reduced in
mice fed HFD (Fig. 2). Notably, the inhibitory effect of HFD on
T-cell proliferation in response to Con A or anti-CD3 was par-
tially attenuated by HFD+B feeding (Fig. 2). In response to
5 ug/ml anti-CD3, T cells from HFD+B-fed mice evinced
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Fig. 1. Body weight of C57BL/6 mice fed a low-fat diet (LFD, ), high-fat
diet (HFD, ) or a high-fat diet with blueberry (HFD+B, ) for
12 weeks. Values are means with their standard errors. Multiple comparisons
between diet groups have been performed with Duncan adjustment. a,b Mean
body weights from each diet group with unlike letters were significantly different
(P< 0·05).

Table 1. Anthropometric measurements and energy intake of C57BL/6 mice fed a low-fat diet (LFD), high-fat diet (HFD) or a
high-fat diet with blueberry (HFD+B) for 12 weeks*
(Mean values with their standard errors)

LFD HFD HFD+B

Mean SEM Mean SEM Mean SEM

Final body weight (g) 30·7b 0·9 36·7a 2·0 39·9a 1·4
Final body length (cm) 9·5 0·1 9·8 0·1 9·9 0·1
Liver weight (g) 1·5 0·1 1·5 0·1 1·5 0·1
Total weight gain (g) 9·2b 0·4 15·0a 1·4 18·4a 0·7
Fat mass

Subcutaneous (g) 0·67c 0·04 1·4b 0·17 1·9a 0·11
Gonadal (g) 0·97c 0·08 1·8b 0·13 2·6a 0·07

Energy intake (kJ/d) 47·9b 2·0 52·6a,b 4·9 61·3a 3·9

a,b,c Mean values within a row with unlike superscript letters were significantly different (P<0·05).
* Multiple comparisons between diet groups have been performed with Duncan adjustment.
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Fig. 2. Effect of feeding a low-fat diet (LFD, ), high-fat diet (HFD, ) or a
high-fat diet with blueberry (HFD+B, ) for 12 weeks on T-cell proliferation
following stimulation of C57BL/6 mice. ConA, concanavalin A; PHA,
phytohaemagglutinin; CD, cluster of differentiation. Splenocytes were cultured
in the presence of T-cell mitogens Con A (1·5 or 3 µg/ml), PHA (5 or 20 µg/ml)
or anti-T cell receptor (anti-CD3; 1 or 5 µg/ml) without or with soluble
anti-CD28 (2 µg/ml) (CD3/CD28) for 72 h. Cultures were pulsed with [3H]-
thymidine during the final 4 h of incubation. T-cell proliferation was quantified as
the amount of [3H]-thymidine incorporation into DNA by liquid scintillation
counting, and data are expressed as counts per min (cpm). Multiple
comparisons between diet groups have been performed with Duncan
adjustment. a,b T-cell proliferation from each diet group with unlike letters
were significantly different (P< 0·05).
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1·2-fold greater cell proliferation as compared with HFD-fed
mice (P= 0·028), making it not significantly different from that
observed in LFD-fed mice (Fig. 2).

Ex vivo production of cytokines by splenocytes

CD3/CD28-stimulated splenocytes from mice fed HFD or
HFD+B for 8 weeks produced significantly (54%) less IL-4 as
compared with splenocytes from mice fed LFD (Table 2).
Feeding HFD or HFD+B diet for 8 weeks had no significant
effect on the ex vivo production of any other cytokines mea-
sured (Table 2). When feeding extended to 12 weeks, spleno-
cytes from HFD-fed mice continued to produce less IL-4 in
response to anti-CD3/CD28; additionally, they produced sig-
nificantly less IL-6 and TNF-α in response to LPS and less IFN-γ
in response to Con A as compared with splenocytes from LFD-
fed mice (P< 0·05 for all; Table 3). These results indicate that
12 weeks of HFD feeding compromised the acute inflammatory
response (see Discussion). Notably, the protective effects of
blueberry supplementation on cytokine production emerged
after 12 weeks of dietary treatment. At this time, splenocytes
from mice fed HFD+B produced IL-4 comparable with that
seen in LFD-fed mice but significantly higher compared with
HFD-fed mice (Table 3). No difference was found among diet
groups in production of IL-1β, IL-2 or IL-10 (Table 3).

Discussion

The bioactive components anthocyanins, as well as phenolics and
ascorbic acid, present in blueberry have been demonstrated to have

high antioxidant capacity and anti-inflammatory potential(18,25,26).
It has recently been suggested that dietary supplementation with
blueberry may also ameliorate the immune dysfunction that occurs
in the context of obesity (reviewed in Shi et al.(27)). In the present
study, we demonstrate that diet-induced obesity impairs peripheral
T-cell-mediated and inflammatory responses and show for the
first time that supplementing a HFD with blueberry powder may
partially attenuate these impaired functions.

As expected, feeding a HFD for 12 weeks resulted in obesity
with elevated final body weight and fat mass compared with LFD-
fed mice. Mice fed the HFD supplemented with 4% (w/w) blue-
berry powder (HFD+B) were not protected against diet-induced
obesity, which is consistent with the findings in human studies that
dietary blueberry supplementation does not reduce weight gain in
obese subjects(15,16,28). Rather, HFD+B-fed mice were approxi-
mately 3g heavier at the end of the 12-week dietary treatment and
had greater gonadal and subcutaneous fat accretion compared
with mice fed HFD (Table 1). These findings of enhanced weight
and adiposity in mice fed HFD+B are consistent with the previous
studies using mouse models but with varied obesogenic diets,
blueberry formulations and/or feeding time courses(21,29,30). The
enhanced weight gain and fat accretion reported for mice fed
blueberry-supplemented obesogenic diets reflects, in whole or
part, greater food (thus energy) intake (Table 1;(29,30)). As the HFD
and HFD+B diets used in our earlier(21) and present study are
balanced for total carbohydrate and sucrose content, greater intake
of the HFD+B diet is likely to reflect greater palatability. Clearly,
pair-feeding studies are required to rigorously determine the
effects of blueberry or blueberry constituents on body mass and
composition, independent of energy intake.

Table 2. Effect of feeding a low-fat diet (LFD), high-fat diet (HFD) or a high-fat diet with blueberry (HFD+B) for 8 weeks on
ex vivo cytokine production by stimulated splenocytes* of C57BL/6 mice
(Mean values with their standard errors)

LFD HFD HFD+B

Mean SEM Mean SEM Mean SEM P†

IL-2 (pg/ml)
Con A 574 66 718 114 673 60 0·437
PHA 59 4 73 8 77 5 0·068
CD3/CD28 13173 3817 10 206 2748 10478 2748 0·745

IL-10 (pg/ml)
Con A 209 68 232 36 137 17 0·368
PHA 16 6 14 5 5·3 1·7 0·214
CD3/CD28 2519 876 2290 530 1389 245 0·293

IFN-γ (ng/ml)
Con A 16 9 16 4 15 5 0·990
PHA 3424 588 4163 679 2180 904 0·681
CD3/CD28 229 63 242 68 183 25 0·681

IL-4 (pg/ml)
CD3/CD28 352a 90 160b 33 134b 13 0·010

IL-1β (pg/ml)
LPS 153 23 178 34 108 20 0·176

IL-6 (pg/ml)
LPS 1000 97 1166 143 913 129 0·366

TNF-α (pg/ml)
LPS 303 20 286 23 246 14 0·123

Con A, concanavalin A; PHA, phytohaemagglutinin; CD, cluster of differentiation; IFN-γ, interferon-γ; LPS, lipopolysaccharide.
a,b Mean values within a row with unlike superscript letters were significantly different (P< 0·05).
* Cytokine concentrations in spleen supernatant after culture for 24 h (IL-1β, IL-6, TNF-α) stimulated with LPS (1 µg/ml), or 48 h (IL-2, IL-4, IL-10 and

IFN-γ) with mitogens (Con A (1·5 µg/ml), CD3 (5 µg/ml) or CD28 (2 µg/ml). Each of the measures were conducted in duplicate (CV< 10%).
† P value of the main effect of diet analysed by one-way ANOVA. Multiple comparisons between diet groups have been performed with Duncan

adjustment.
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Inflammation is the body’s protective response to injury from
infection and trauma, and it is vital for eliminating both the
causes of injury (e.g. microbes) and the consequences of injury
(e.g. dead tissues). Inflammation is resolved after recovery from
injury. In contrast, obesity-associated inflammation is a chronic
(non-resolving), low-grade inflammatory state, which is
suggested not only to be involved in the pathogenesis of several
major chronic, non-infectious diseases (reviewed in Lumeng &
Saltiel(31)), but also to impair normal immune responses against
pathogens (reviewed in Milner & Beck(32)). In the present study,
we used bacterial endotoxin LPS and T-cell mitogens/T-cell
receptor (TCR) antibodies as ex vivo stimulatory agents to mimic
antigen/pathogen-induced inflammatory and T-cell-mediated
responses within the spleen, a major organ of the peripheral
immune system. We observed that feeding a HFD for 12 weeks
inhibited T-cell proliferation, indeed suggesting that diet-
induced obesity results in dysfunction of the systemic immune
system. Supplementation of HFD with blueberry attenuated the
HFD-associated reduction in ex vivo T-cell proliferation when
splenocytes were stimulated with anti-CD3 and also, to a less
degree, when stimulated with Con A depending on the con-
centrations used. Protective actions of blueberry in the context
of HFD were also observed when other effector functions
of T cells were examined, specifically the anti-CD3/CD28-
stimulated production of T helper (Th) 1 cytokine IFN-γ and Th2
cytokines IL-4 and IL-10 (Table 3). IL-4 is an anti-inflammatory
cytokine and hallmark of Th2 differentiation(33,34), in which
Th2-polarised cells are involved in a positive feedback loop to
produce more IL-4, among other Th2 cytokines (IL-13). In
response to IL-4, in vitro adipocyte macrophage differentiation

is polarised to an M2, or ‘alternatively activated’ macrophage
phenotype(35). M2 macrophages are associated with the
resolution of inflammation by down-regulating production of
pro-inflammatory cytokines and by reciprocally up-regulating
anti-inflammatory cytokine production (reviewed in Gordon(36)).
Therefore, we hypothesise that restoration of IL-4 production
may be an alternative mechanism whereby the systemic
immune system mediates the previously demonstrated anti-
inflammatory actions of blueberry on adipose tissue(21).
Impaired lymphocyte proliferation and cytokine production
observed in our study are consistent with previously reported
impaired T-cell proliferative responses in animal studies using
HFD-induced obesity mouse models(12,37), as well as human
studies in obese human subjects compared with non-obese
controls(38). The fact that a diet supplemented with 4% blueberry
powder was able to restore some of the obesity-associated sys-
temic immune dysfunction in mice is very promising. This is
equivalent to a human (based on a body weight of 70 kg) con-
suming approximately one cup (150g) of fresh blueberries
per day, which is a physiologically relevant and attainable amount
of blueberry that could be easily incorporated into the human diet.

Relative to the spontaneous, low-grade inflammatory state at
the systemic level, stimulation-induced inflammation is a key
step in initial host defence responses. In this study, we exam-
ined the production of pro-inflammatory cytokines IL-1β, IL-6
and TNF-α after LPS stimulation. The primary sources of these
cytokines in spleen are innate immune cells including mono-
cytes/macrophages, natural killer cells and dendritic cells, in
particular macrophages. LPS as a bacterial endotoxin can bind
to the pathogen recognition receptor, toll-like receptor-4, to

Table 3. Effect of feeding a low-fat diet (LFD), a high-fat diet (HFD) or a high-fat diet with blueberry (HFD+B) for 12 weeks on
ex vivo cytokine production by stimulated splenocytes* of C57BL/6 mice
(Mean values with their standard errors)

LFD HFD HFD+B

Mean SEM Mean SEM Mean SEM P†

IL-2 (pg/ml)
Con A 688 34 723 82 870 127 0·328
PHA 74 4 101 12 84 6 0·064
CD3/CD28 4078 812 4304 559 5250 770 0·485

IL-10 (pg/ml)
Con A 197 38 101 21 149 34 0·110
PHA 7·3 15 7·0 2·8 10·5 3·6 0·561
CD3/CD28 3326 637 2253 419 3284 596 0·312

IFN-γ (ng/ml)
Con A 49·9a 5·6 21·7b 3·9 28·3b 6·3 0·003
PHA 5·0 0·8 5·6 0·8 4·8 1·0 0·815
CD3/CD28 295 52 207 36 273 29 0·287

IL-4 (pg/ml)
CD3/CD28 371a 39 181b 31 322a 49 0·007

IL-1β (pg/ml)
LPS 90 22 47 16 51 10 0·150

IL-6 (pg/ml)
LPS 891a 76 673b 82 623b 31 0·019

TNF-α (pg/ml)
LPS 185a 16 135b 18 124b 7 0·012

Con A, concanavalin A; PHA, phytohaemagglutinin; CD, cluster of differentiation; IFN-y, interferon-γ; LPS, lipopolysaccharide.
a,b Mean values within a row with unlike superscript letters were significantly different (P<0·05).
* Cytokine concentrations in spleen supernatant after culture for 24 h (IL-1β, IL-6, TNF-α) with LPS (1 µg/ml) or 48 h (IL-2, IL-4, IL-10 and IFN-γ)

with mitogens (Con A (1·5 µg/ml), CD3 (5 µg/ml) and CD28 (2 µg/ml). Each of the measures were conducted in duplicate (CV<10%).
† P value of the main effect of diet analysed by one-way ANOVA. Multiple comparisons between diet groups have been performed with Duncan

adjustment.
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activate macrophages eventually leading to gene activation and
synthesis of cytokines. In addition, one of the most important
effector functions of CD4+T cells (helper T cells) is to activate
macrophages by releasing IFN-γ. Therefore, the decrease in IFN-γ
production following a HFD is also hypothesised to result in
impaired macrophage activities. However, one limitation
of this study is that we did not examine cell phenotypes
(proportion of cell type) present in the spleen. Thus, we cannot
determine whether the production of different cytokines
following stimulation is due to alterations in cell activity, numbers
or both. The lower cytokine production observed in spleen of
HFD-fed mice in our study is consistent with a previous study
demonstrating a lower IL-6 and TNF-αmRNA expression in spleen
of mice fed a HFD for 5 weeks compared with the controls(12).
Interestingly, these findings in spleen are in contrast to a higher
pro-inflammatory profile observed in the adipose tissue of obese
mice and humans(21,39). These results may represent an impaired,
acute innate immune response in the context of defence function
rather than reduced chronic inflammatory state. Collectively, these
data indicate that HFD-induced obesity impairs both T-cell
proliferative response and their cytokine production induced by
mitogens (Con A) or TCR antibodies (anti-CD3/C28), as well
as production of pro-inflammatory cytokines induced by the
bacterial endotoxin LPS, which targets accessory cells (macro-
phages and B cells). Furthermore, the reduced accessory cell
response may also contribute to T-cell function because some of
the cytokines they produce are essential for T-cell activation.
These findings suggest that feeding a HFD, and the resulting
obesity, may impair the ability of the peripheral immune system to
appropriately defend against bacterial and antigenic challenges.
These results are supported by the observation that impaired
peripheral cytokine response is associated with increased mor-
bidity and mortality in diet-induced obese mice following
bacterial(40) or viral(41) challenges. It is also consistent with pre-
vious studies reporting higher rates of infection (reviewed in
Falagas & Kompoti(42)) and impaired wound healing (reviewed in
Pierpont et al.(43)) within the obese human population, which may
be partially attributed to impaired responses of the peripheral
immune system.
The present study also demonstrates that the measurable

effect of both HFD and blueberry supplementation on periph-
eral immune functions is time-dependent and non-uniform.
Altered inflammatory state in adipose tissue was found at
8 weeks of HFD, with or without blueberry supplementation, as
previously reported by DeFuria et al.(21). In contrast, we
observed little effect on the peripheral immune system after
8 weeks of dietary treatment. However, after 12 weeks of HFD,
with or without blueberry supplementation, peripheral immune
functions were impaired, suggesting that it may take longer
for host defences to be altered by HFD and its resulting
diet-induced obesity. Future studies should elucidate the
heterogeneity and temporal sequence by which other immune
functions and immune tissues are affected by HFD and
obesity. As we did not have a group fed LFD supplemented
with blueberry, we have no direct evidence to conclude
whether or not the immune-modulating effects of blueberry
would have been observed in LFD or normal chow-fed mice.
However, our speculation is that this would be unlikely

because blueberry may, similar to many other similar functional
foods or nutrients, only prevent/reverse the impaired immune
functions induced by consuming HFD and associated
obesity, but without affecting the normal state of immune and
inflammatory responses assumed to be the case with LFD or
normal chow. The finding that blueberry had little effect on mice
fed HFD for 8 weeks provided further support to this speculation.

Conclusion

In the present study, we observed that blueberry supple-
mentation with a HFD may partially restore some of the HFD/
obesity-induced immune dysfunction. To our knowledge, this is
the first study to report that blueberry supplementation partially
restores T-cell proliferative capacity and acute innate immune
responses as indicated by inflammatory cytokine production in
the context of obesity. The observed suppression of T-cell
proliferation in HFD-fed mice may also be related to the
reduced production of inflammatory cytokines (IL-6, TNF-α,
IFN-γ). Decreased production of inflammatory cytokines by
splenocytes from HFD-fed mice, in contrast to the reported
inflammation in adipose tissue and peripheral blood of obese
animals and humans, suggests that obesity-induced inflammation
is tissue specific, but all related to a dysregulated inflammatory
milieu. In addition to the adipose tissue, the systemic immune
system may be an important site of action for the protective effects
of blueberry on obesity and its associated morbidities. Further
studies are needed to determine whether the observed changes
in immune function are owing to a direct effect of HFD or a
secondary effect owing to obesity induced by HFD.
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