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Blueberries reduce pro-inflammatory cytokine TNF-«
and IL-6 production in mouse macrophages by inhibiting
NF-xB activation and the MAPK pathway
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Blueberries (BB) have been reported to attenuate atherosclerosis in apoE-deficient (ApoE™/7)
mice. The aim of this study was to evaluate the effects of BB in reducing pro-inflammatory
cytokine production in mouse macrophages. ApoE~/~ mice were fed AIN-93G diet (CD) or
CD formulated to contain 1% freeze-dried BB for 5 wk. TNF-o and IL-6 were lower in serum
of BB-fed mice and TNF-o expression in aorta was down-regulated with BB feeding. Protein
level and mRNA expression of TNF-o and IL-6 were significantly lower in the peritoneal
macrophages from mice fed BB without or with LPS or oxLDL stimulation. RAW264.7
macrophages were treated with polyphenol-enriched extracts made from the sera of rats fed
CD (SEC) or CD containing 10% BB (SEB). SEB significantly inhibited LPS-induced mRNA
expression and protein levels of TNF-o and IL-6. Furthermore, SEB inhibited the phos- ~
phorylation of IkB, NF-kB p65, MAPK p38 and JNK. All of these are important signaling Lﬂ
pathways involved in the production of TNF-o and IL-6. .
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Blueberries (BBs) have been implicated in preventing cardi-
ovascular diseases [1], yet the in vivo experimental evidence
that consumption of BBs reduces the risk of cardiovascular
disease and the underlying mechanisms remained
to be determined. In a recent publication by our group,
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apolipoprotein E deficient- (apoE™/") mice fed 1% freeze-
dried BBs developed significantly fewer atherosclerotic
lesions in aorta and certain antioxidant enzymes were up-
regulated [2]. Nevertheless, these findings did not rule out
the possibilities that other mechanisms may also be involved.

It has been widely accepted that inflammation plays a
critical role in the pathogenesis of atherosclerosis. The
recruitment and activation of macrophages is considered as
the most important early event in the development of
atherosclerotic lesions. Activated macrophages release
various pro-inflammatory cytokines that amplify the local
inflammatory response in the lesion [3]. Tumor necrosis
factor-o. (TNF-a) and IL-6 are among the most potent
inflammatory cytokines underlying atherosclerosis. Increa-
ses in TNF-a and IL-6 were proposed as predictive biomar-
kers of cardiovascular mortality [4, 5]. In apoE ™/~ mice, IL-6
was found to exacerbate early atherosclerosis, and it was
suggested that pro-inflammatory cytokines may participate
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in early lesion development [6]. TNF-o was demonstrated to
be actively involved in the progression of atherosclerosis in
apoE™/~ mice, and thus may be a possible target for
prevention of atherosclerosis [7].

BBs or BB extracts have been found to inhibit pro-
inflammatory cytokine production in human subjects [8, 9].
Treatment of BV2 microglial cells with BB extracts has also
been shown to reduce LPS-induced pro-inflammatory
mediators such as TNF-o and IL-1f [10]. The down-regula-
tion effects by BB extracts were suggested to be partly
through mediating nuclear factor kB (NF-kB) signaling
pathways [11]. We now examined the effects of BBs on
inhibiting pro-inflammatory cytokine production and the
possible underlying mechanisms.

Female apoE™/~ mice were fed AIN-93G (CD) or AIN-
93G containing 1% freeze-dried whole BB powder
(15/group) (animal protocol, see Supporting Information)
for 5wk. The serum and thioglycollate-elicited peritoneal
macrophages were collected. The serum of IL-6 level of mice
fed BB was 7.4+ 0.9ng/L, was lower than it in CD-fed mice
at 31.34+6.7ng/L (p<0.01, n=>5). The serum TNF-o
concentration did not differ between the BB (0.6 +0.3 ng/L)
and CD (0.94+0.4ng/L) groups. A quick screening using
pooled aorta samples by RT-PCR array showed that mRNA
expression of TNF-o was down-regulated in BB-fed mice
(52% reduction, p<0.05) (IL-6 was not detected) (for details,
see Supporting Information).

Further measurements of gene expression and protein
levels of IL-6 and TNF-o were performed in cultured
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thioglycollate-elicited peritoneal macrophages from apoE ™/~
mice (for detailed method, see Supporting Information).
Gene expression of IL-6 and TNF-a were lower in peritoneal
macrophages from mice fed BB compared with mice fed CD
(p<0.05) (Fig. 1A and B). When stimulated with LPS and the
comparisons were made between CD and BB groups, TNF-o
and IL-6 mRNA expression increased by ~120-fold and
~550-fold in macrophages from CD-fed mice, respectively,
but only by ~16-fold and ~6-fold in macrophages from BB-
fed mice, respectively (p<0.05) (Fig. 1C and D). Similarly, the
oxidized LDL (oxLDL) also induced marked increases in TNF-
o and IL-6 mRNA expression by ~12-fold and ~70-fold in
macrophages from CD mice; while in macrophages from BB
mice, TNF-o expression increased ~3-fold and IL-6 was
unchanged (p<0.05) (Fig. 1C and D). Without simulation,
the protein levels of IL-6 were lower in the macrophages from
BB-fed mice (p<0.05) (Fig. 1E), while TNF-o. protein was
barely detectable in macrophages and no difference was
observed between the two diet groups, probably due to the
detection limit and thus huge variations. Both IL-6 and
TNF-o. protein levels were significantly elevated in the
macrophages from two diet groups with LPS or oxLDL
stimulation. BB intervention attenuated the elevation of both
IL-6 and TNF-u protein levels (p<0.05) (Fig. 1E and F). It is
clear that not only did BB reduce basal levels of these two pro-
inflammatory cytokines; it also increased the resistance of
secretion of these two cytokines by macrophages in response
to inflammatory stimuli LPS and oxLDL. Since TNF-o and
IL-6 are key players in the vascular inflammation underlying
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Figure 1. BB intervention suppressed TNF-o and IL-6 mRNA expression in thioglycollate-elicited peritoneal macrophages from apoE ™~
mice (A, B). Stimulated by LPS or oxLDL, TNF-a and IL-6 mRNA expressions were significantly increased, which were attenuated by BB
(C, D). The protein levels without or with LPS or oxLDL stimulation in macrophages from BB fed mice were lower comparing to mice fed
CD (E, F). Comparisons were made between CD and BB groups. Mean+SEM, *p<0.05, n=5.
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atherosclerosis, reducing pro-inflammatory cytokine TNF-o
and IL-6 could be an important mechanism underlying the
protective effects of BB.

Owing to limited sources of peritoneal macrophages, the
mechanistic study was conducted in murine macrophage
cell line RAW 264.7. We came to realize that the results
from RAW?264.7 macrophages may not be directly applied to
the animal models. However, they could provide us some
good indications for the possible mechanisms. Polyphenol-
enriched extracts from Sprague-Dawley rats fed CD (SEC)
and CD containing 10% BB (SEB) were used as testing
materials (animal protocol and preparation of extracts, see
Supporting Information). While 1% BB was studied for in
vivo studies, a higher level of 10% was used to obtain serum
with sufficient bioactive material to test in vitro. RAW264.7
cells treated with SEB followed by LPS stimulation led to the
reduction of both gene expression and protein levels of IL-6
and TNF-o (Fig. 2A-D), suggesting that SEB contains
promising bioactive compounds to inhibit pro-inflammatory
cytokine production. SEC treatment only reduced TNF-o
protein level (Fig. 2D). It is worthwhile mentioning that
until recently, treating cells with fruit or berry extracts is still
a common approach in evaluating the bioactivities/
mechanisms of a given fruit or berry including BB [11].
Polyphenols such as anthocyanin and proanthocyanidin are
widely considered as major bioactive compounds in BB
responsible for their protective effects against vascular
diseases [12, 13]. However, it has been well known that
absorption of polyphenols is very low [14]. So, the obvious
drawback of this approach is that the compounds being
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Figure 2. SEB treatment suppressed LPS-induced TNF-o and IL-6
mRNA expression (A, B) and protein levels (C, D) in RAW264.7
macrophages. SEC treatment did not show inhibitory effects
against mRNA expression of IL-6 and TNF-o as well as IL-6
production, but reduced the TNF-a protein level (D). Mean+
SEM, means with different letters are significantly different
(p<0.05, n=5).
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tested may not even exist in the body. In this study, we used
polyphenol-enriched extracts prepared from rats fed BB.
This approach was adopted for two major reasons. First,
serum contained metabolites that expose to target tissue,
hence are biological relevant. It would be ideal to use serum
from apoEf/ ~ mice in this study; however, mice were not
able to provide enough blood for the test. Rats were chosen
because their metabolism was similar to mice and have been
used as animal models in demonstrating the cardio-protec-
tive effects of BB recently [15, 16]. Second, since only a small
portion of testing materials can be added in cell culture
media, plus the protein in the serum may interfere with
culture media, a concentrated extract, rather than original
serum, was used to treat cells. Solid-phase extraction was
used to concentrate polyphenols and to remove proteins.

Inhibiting NF-kB and mitogen-activated protein kinase
(MAPK) pathways have been suggested as the two major
mechanisms underlying the attenuation of LPS-induced
inflammatory cytokine production [17, 18]. Previous studies
have shown that exposure of the murine macrophage cell
line RAW 264.7 to LPS increases phosphorylation of the
MAPK family members ERK1/2, p38 and JNK1/2 in a time-
dependent manner [19]. NF-xB plays a crucial role as tran-
scription factor in regulating many of the pro-inflammatory
cytokine genes [17]. LPS stimulation elicits a cascade leading
to the activation of NF-kB [20]. The down-regulation effects
towards pro-inflammatory cytokines by BB extracts
were suggested partly through mediating NF-kB signaling
pathways [11].

LPS stimulates the activation of MAPK, including ERK,
JNK, and p38 pathways. These pathways are used to directly
or indirectly phosphorylate transcription factors such as
Elk-1, c-Jun, ATF-1. Activation of NF-kB mainly occurs via
IkB kinase-mediated phosphorylation of inhibitory mole-
cules, including IxBa. Optimal induction of NF-xB target
genes also requires phosphorylation of NF-kB proteins, such
as p65 [21]. For signaling pathway analysis, two commercial
PathScan ELISA kits were employed to determine the
effects of BB on NF-kB and MAP kinase signaling pathways
(for detailed method, see Supporting Information). SEB
selectively reduced phosphorylation of IkB, NF-kB p65,
MAPK p38 and JNK (Fig. 3), indicating the in vivo meta-
bolites following BB consumption were able to inhibit
NF-kB and MAPK pathways. These could be important
mechanisms contributing to the reduction of IL-6 and
TNF-o associated with BB feeding. Notably, Erk1/2 was
inhibited with SEC treatment as well, suggesting that
certain endogenous compounds in rat serum unrelated to
dietary intake could also influence MAPK pathway. This
may partly explain the reduction of TNF-a production in the
macrophages treated with SEC (Fig. 2D). Based on these
results, the mechanisms by which BB inhibited TNF-o and
IL-6 production were summarized (Supporting Information
Fig. 1, see Supporting Information), in which BB were
proposed to reduce phosphorylation of several key compo-
nents in NF-kB and MAPK pathways.

www.mnf-journal.com



1590 C. Xie et al.

1.4, Lps [ Lps+sec Ml LPS+SEB
1.2
a a
1.0 T 2 : a7 2 i
2. N NEN] Ne N N
K N N N N
£% N\ N N N N
235 0.6 N N N
e N N N N N
g2 N N N
| N N
044 R N
N N
N N N N
02 N N
NE NENENE NE R
0.0 LN N N N N N

p-NFkBp65 p-lkBo p-p38 p-JNK p-Erk1/2 p-STAT3
NF-xB MAPK

Figure 3. Effects of SEB in inhibiting LPS-induced phosphoryla-
tion of IkB, NF-kB p65, p38 and JNK. Mean+SEM, means with
different letters are significantly different (p<0.05, n=5).

Another question raised by our studies is the nature and
identity of Dbioactive components in SEB that may be
responsible for the observed anti-inflammatory effects. Our
initial attempts to identify these compounds using HPLC
with various conditions (column and mobile phases) failed
to yield meaningful difference between SEB and SEC (data
not shown), which may indicate at least two possibilities: the
concentration of bioactive compounds was very low; and/or
the bioactive compounds may not have UV absorption.
Further characterization of bioactive compounds is currently
ongoing at our lab.

Overall, the present study showed that BB effectively
inhibited inflammatory cytokines TNF-o0 and IL-6
production in mouse macrophages. The down-regulatory
effects by BB were partly mediated through inhibiting
NF-kB activation by reducing phosphorylation of NF-kB p65
and IkB proteins, as well as inhibiting MAPK p38 and
JNK phosphorylation. This study also indicated that sera
from rats fed BB contained promising in vivo bio-
active compounds, though their actual forms are yet to be
determined.
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