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Short Communication

Anti-colonic Inflammation by Black Raspberries through
Regulating Toll-like Receptor-4 Signaling in Interlukin-10
Knockout Mice
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Ulcerative colitis (UC) is a chronic inflammatory disease of the colon, with a steadily rising prevalence in Western and newly indus-
trialized countries. UC patients have a cancer incidence as high as 10% after 20 years of the disease. Although the importance of
fruits and vegetables in defense against UC is beginning to be appreciated, the mechanisms remain largely unclear. In the current
study, we reported that dietary black raspberries (BRBs) decreased colonic inflammation in the mucosa and submucosa of interleu-
kin (IL)-10 knockout (KO) mice. We then used colon, spleen, and plasma from those mice to investigate whether BRBs exert their
anti-inflammatory effects by correcting dysregulated toll-like receptor (TLR)-4 signaling to downregulate prostaglandin E2 (PGE2).
Other studies reported that spleen is the reservoir of macrophages and depletion of macrophages in IL-10 KO mice prevents the
development of colitis. Our results showed that BRBs decreased the percentages of macrophages in spleens of IL-10 KO mice.
Moreover, mechanistically, the BRB diet corrected dysregulated TLR-4 signaling in cells from the colon and spleen, decreased
PGE2 and prostaglandin 12, and increased 15-lipoxygenase and its product, 13-S-hydroxyoctadecadienoic acid, in plasma of IL-
10 KO mice. Therefore, we have elucidated one of the anti-inflammatory mechanisms of BRBs, and have identified biomarkers that
could be indicators of response in UC patients treated with them. Our findings with BRBs could well apply to many other commonly
consumed fruits and vegetables.
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INTRODUCTION

Ulcerative colitis (UC) is a chronic inflammatory disease of
the colon, and its prevalence is steadily rising in Western and
newly industrialized countries [1]. UC patients have a cancer
incidence as high as 10% after 20 years of the disease, so
patients with longstanding colitis must be monitored for can-
cer development. Therefore, preventing the progression of
UC to cancer remains an important goal, and chemopreven-
tion is a promising approach. The mainstay for treating UC is

5-aminosalicylic acid (5-ASA), an anti-inflammatory medica-
tion [2] with few side effects. Individuals refractory to 5-ASA
treatment require more aggressive treatment, including ste-
roids and anti-TNF drugs. These medications are effective,
but they carry significant long-term side effects and potential
toxicities. There is a clear need for additional UC therapy that
would be relatively nontoxic and complementary to 5-ASA
medication.

Black raspberries (BRBs) are a natural food rich in pro-
tective anti-oxidant and anti-inflammatory compounds such
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as anthocyanins. We have shown that dietary BRBs reduce
chronic inflammation by regulating methylation of Wnt path-
way genes in interleukin (IL)-10 knockout (KO) mice, a model
of UC [3]. In another mouse model that induces UC with
dextran sodium sulfate, a BRB diet reduced colonic injury
[4,5]. This protective effect was associated with regulation of
methylation of Wnt pathway genes [4] and reduced levels of
inflammatory cytokines, such as TNF-qa, IL-1p3, COX-2, pros-
taglandin E2 (PGE2), etc. in colon tissues [5]. BRB studies
in humans also suggest that BRBs protect against colorectal
cancer [6,7] and familial adenomatous polyposis [8]. In both
studies, berries were well tolerated and had minimal side ef-
fects. Because of these advantages and BRBs’ protective ef-
fects in the colon, it is highly likely that the berries will benefit
patients with UC.

IL-10 affects the growth and differentiation of many he-
mopoietic cells in vitro; in particular, it is a potent suppressor
of macrophage inflammatory functions [9]. Conventionally
bred IL-10 KO mice spontaneously develop colitis because
their macrophages preferentially differentiate into pro-inflam-
matory subsets that produce large amounts of IL-12, IL-23,
and TNF-a [10]. Although circulating monocytes migrate to
the colonic mucosa and rapidly respond to microbial triggers
in the lumen, depletion of macrophages prevents IL-10 KO
mice from developing colitis [10,11]. In contrast, IL-10 KO
mice kept under specific pathogen-free conditions develop
only local inflammation, which is limited to the proximal colon
[9]. These results indicate that the bowel inflammation in IL-
10 KO mice originates from uncontrolled immune responses
stimulated by microbial antigens and that IL-10 is an essential
immune regulator in the intestinal tract [9]. They also indicate
that macrophages are one of the key participants in colonic
immune defenses [9,11]. Although IL-10 effectively treats
colitis in animals, recombinant IL-10 induced only modest
responses in patients with mild-to-moderate UC [12]. One
possible reason is failure to achieve high local concentrations
of IL-10 in the colon [13].

Toll-like receptors (TLRs) are broadly distributed in immune
cells and intestinal epithelial cells [14]. They are the immune
sensors of invading pathogens and microbial products. They
activate signaling pathways that induce the expression of im-
mune and pro-inflammatory genes. However, TLRs have also
been implicated in several immune-mediated and inflamma-
tory diseases, including UC [14]. There are 13 TLRs, TLR-1
to TLR-13, and except for TLR-4, most signaling helps main-
tain intestinal homeostasis [14]. In contrast, TLR-4 functions
through its adaptor, MYD-88, to activate NF-«B which, in turn,
upregulates COX-2 and PGE2 expression and promotes cell
proliferation [14,15]. However, TLR-4-mediated inflammatory
signaling is inhibited by anti-inflammatory agents such as
prostaglandin 15-deoxy-A""-prostaglandin J, [16]. In addi-
tion to IL-10"MYD-88" mice, IL-10"TLR-4" mice exhibited
less colitis than IL-10" mice, indicating that TLR-4 signaling
plays an important role in inducing colitis [17]. Through as-
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yet-unknown mechanisms, TLR-4 expression is upregulated
in patients with UC [14]. Chronic inflammation probably in-
creases the expression of TLR-4 in colonic epithelial cells,
although, in humans, it is unclear whether this is a cause or
an effect of pro-inflammatory cytokine secretion [14].

In the current study, we showed that BRBs decreased the
percentages of macrophages in spleens of IL-10 wild type
(WT) mice, which are the reservoir of macrophages [18].
Mechanistically, BRBs significantly decreased serum amyloid
A (SAA), an apo-lipoprotein produced by the liver responding
to proinflammatory cytokines from activated monocytes, in
the circulating blood of IL-10 KO mice. Furthermore, the BRB
diet decreased upregulated TLR-4 signaling in cells from
the colon and spleen, decreased PGE2 and prostaglandin
12 (PGI2) (eicosanoids in the COX pathway), and increased
15-lipoxygenase (15-LOX) and its product, 13-S-hydroxyoc-
tadecadienoic acid (13-S-HODE) (eicosanoids in the lipox-
ygenase pathway), in plasma of IL-10 KO mice. Therefore,
our results elucidated the anti-inflammatory mechanisms of
BRBs and identified pathways and/or biomarkers that could
be indicators of response in UC patients treated with those
berries.

MATERIALS AND METHODS

Animals and BRB treatment

All protocols were carried out in accordance with the institution-
al guidelines for animal care dictated by the Medical College of
Wisconsin Animal Care and Use Committee (AUA2430). Ani-
mals and BRB treatments were described in our previous pub-
lication [3]. Briefly, 3-4-week-old WT and IL-10 KO male mice
were purchased from The Jackson Laboratory (Bar Harbor,
ME, USA). Beginning one week later, these animals received
a control or 5% BRB diet for 8 weeks: WT mice on the control
diet (n = 5), KO mice on the control diet (n = 15), KO mice on
5% BRBs (n = 15). At the end of that period, colons were par-
affin-embedded, and plasma and spleen were collected for
the following assays.

Isolation of murine splenocytes and detection
of macrophages using flow cytometry

Mice were euthanized by CO, asphyxiation. Spleen was
collected and placed into a wet 40 um cell strainer on top
of a 50 mL centrifuge tube. Then the spleen was smashed
in the cell strainer, which was rinsed with 5 mL of medium.
The cell suspension collected in the tube was centrifuged
at 1,000 rpm for 5 minutes. The pellet was re-suspended in
5 mL red blood cell lysis buffer (containing 0.15 M NH4CI,
0.01 M KHCO3, and 0.1 Mm EDTA), and incubated at 4°C
for 5 minutes. Then the cell suspension was centrifuged and
rinsed with PBS (containing 5% FBS). Splenocytes in the
final pellet were suspended in RPMI1640 medium containing
20% FBS for further applications. A portion of the splenocytes
was stained with surface-marker antibodies (BD Biosciences,



Franklin Lakes, NJ, USA) for macrophages. The gating strat-
egies were CD45°CD11b*Gr-1"F4/80". The samples were
analyzed on an LSRII flow cytometer (BD Biosciences), and
FlowJo (Tree Star, Ashland, OR, USA) was used to analyze
the results. The data were presented as % positive cells.

Real-time PCR

mRNA was extracted from pathologically confirmed paraf-
fin-embedded entire mouse colon tissues, using the Recover-
Al™ Total Nucleic Acid Isolation Kit for FFPE (Ambion, Grand
Island, NY, USA). Two micrograms of total RNA per colon or
splenocyte sample was reverse transcribed, using Super-
script lll RT (Invitrogen, Carlsbad, CA, USA). ATLR Superar-
ray was purchased from Qiagen, Inc. (Venlo, Netherlands) to
determine mRNA expression of 84 genes and the assay was
performed according to the manufacturer’s protocol. Mouse
TLR-4, MYD-88, NF-xB, and COX-2 primers were purchased
from IDT, Inc. (Coralville, IA, USA). These primers were vali-
dated and tested by IDT, Inc. and are commercially available
for purchasing. The relative expression of a gene was de-
termined by comparing the threshold cycle (Ct) of the gene
against the Ct of the housekeeping gene glyceraldehyde
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3-phosphate dehydrogenase (GAPDH).

Human plasma

Plasma samples from 10 healthy donors and 10 UC patients
were obtained from the Cooperative Human Tissue Network
(CHTN). Obtaining and using the specimens was approved
by the Institutional Review Board of the Medical College of
Wisconsin (PRO00016238).

Measurement of eicosanoids and SAA in
mouse and human plasma

A portion of each mouse and human plasma sample was
used to detect PGE2, PGI2, 15-LOX, 13-S-HODE, and SAA,
using an enzyme immunoassay kit (MyBioSource, San Di-
ego, CA, USA).

Statistical analysis

GraphPad Prism was used to analyze percentages of macro-
phages and mRNA levels of genes involved in TLR-4 signal-
ing and levels of SAA, PGE2, PGI2, 15-LOX, and 13-S-HODE
in plasma (unpaired, two-tailed t-test). A P-value less than
0.05 was considered statistically significant. Heatmap data
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Figure 1. Black raspberries (BRBs) decreased colonic ulceration (A; H&E, x 40), the percentage of macrophages in spleen (B), and serum
amyloid A (SAA) levels in plasma (C) of interleukin (IL)-10 knockout (KO) mice. Representative photos from colons of a wild type (WT) mouse
and an IL-10 KO mouse bearing colitis were shown. WT, WT mice fed control diet; KO, IL-10 KO mice fed control diet; BRBs, IL-10 KO mice fed 5%

BRB diet. *P < 0.05, **P < 0.01.
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were calculated as (BRB/WT — KO/WT)/(KO/WT) x 100 and
presented as percentages.

RESULTS AND DISCUSSION

Dietary BRBs reduce colonic inflammation and
decrease macrophage levels in spleen of IL-10
KO mice

Representative H&E staining of normal and UC colon tissues
are shown in Figure 1A. Dietary administration of BRBs sig-
nificantly reduced colon ulceration in mucosa and sub-muco-
sa (Fig. 1A). Ulceration was not observed in the colons of WT
mice (data not shown). This result agrees with our previous
study [3]. Whole spleen cells were analyzed for macrophage
percentages, using flow-cytometry. The percentages of mac-
rophages in the spleens of the IL-10 WT mice were much
lower than in those of the KO mice, which were significantly
reduced by BRBs (Fig. 1B). These results are important be-
cause bowel inflammation in IL-10 KO mice originates from
uncontrolled immune responses stimulated by microbial
antigens, and IL-10 is an essential immune regulator in the
intestinal tract [9]. Furthermore, depletion of macrophages
in IL-10 KO mice prevents the development of colitis [10,11].

Our results suggest that BRBs’ anti-inflammatory effects in IL-
10 KO mice associate with the ability to reduce macrophage
levels. SAA, an inflammation marker, was measured in blood
samples collected from both the WT and KO mice. As shown
in Figure 1C, SAA levels were very low in the WT mice, and
BRBs significantly decreased SAA in the KO mice. These
results suggest that blood markers might be used to monitor
response to BRB treatment.

A BRB diet protectively modulates TLR-4
signaling in colon and spleen cells from IL-10
KO mice

BRB treatment of IL-10 WT and IL-10 KO mice is described
above. Whole cells of colons and spleens of 8-week-old WT
and KO mice were collected, and mRNA was extracted from
a portion of those cells for TLR Superarray (Qiagen, Inc.).
A heatmap suggested that the BRB diet had differentially
altered the expression of genes in TLR pathways (Fig. 2A).
In general, the IL-10 KO mice had higher mRNA expression
of TLR-4 and its downstream genes, MYD-88, NF-xB, and
COX-2, than the WT mice (Fig. 2B), and TLR-4 signaling
was upregulated in their colon and spleens. This was likely
stimulated and activated by microorganisms and their prod-
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Figure 2. Black raspberries (BRBs) corrected dysregulated toll-like receptor (TLR)-4 signaling in colon and spleen of interleukin (IL)-10
knockout (KO) mice. Heatmap of BRB-induced changes in genes in TLR pathways (A) and mRNA expressions of TLR-4, MYD-88, NF-«xB, and
COX-2 (B). WT, wild type (WT) mice fed control diet; KO, IL-10 KO mice fed control diet; BRBs, IL-10 KO mice fed 5% BRB diet. *P < 0.05, **P < 0.01,
***P <0.001.
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ucts, because UC has been suggested as a disease of gut
dysbiosis [19]. However, BRBs significantly reduced mRNA
expression of TLR-4 and its downstream genes in colons and
spleens of the KO mice. Studies have shown that TLRs are
broadly distributed in immune cells and intestinal epithelial
cells, where they are the immune sensors of invading patho-
gens and microbial products [14]. They activate signaling
pathways that induce the expression of immune and pro-in-
flammatory genes.

It is highly likely that BRBs regulate microorganisms and
their products in the gut of IL-10 KO mice. Indeed, we have
several lines of evidence that feeding BRBs alters the com-
position of the gut microbiota in WT rats [20] and increases
benzoates that are produced when gut bacteria metabolize
BRB components in WT mice [21], ApcMin™ mice [22], and
colorectal cancer patients [7]. Whether the presence of gut
microorganisms is required for dietary BRBs to suppress co-
lonic inflammation warrants further investigation.

A BRB diet protectively modulates eicosanoids
in circulating blood of IL-10 KO mice
Data in Figure 2 show that dietary BRBs significantly de-
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creased COX-2 expression in the colon and spleen of IL-
10 KO mice. We then asked if BRBs could also regulate
eicosanoids. Figure 3A and 3B shows that BRBs decreased
PGE2 and PGI2 levels in the plasma of IL-10 KO mice. Pre-
viously, we showed that BRBs also decreased COX-2 mRNA
expression in the esophagus and PGEZ2 levels in the plasma
of carcinogen-treated rats [23]. Prostaglandins (e.g., PGI2)
have been shown to affect macrophage recruitment [24], and
UC patients have increased PGI2 protein expression [25].
Because BRBs decreased PGI2 (measured as 6 keto-PG-
F1alpha) in the plasma of IL-10 KO mice (Fig. 3B), it is likely
that regulating PGI2 is one mechanism by which BRBs de-
crease the macrophage population in the spleen of IL-10 KO
mice. Thus, it is clear that BRBs exert their anti-inflammatory
effects by regulating eicosanoids in the COX pathway.

We then asked if BRBs could also regulate eicosanoids
in the lipoxygenase pathway. Results showed that BRBs
increased 15-LOX and its product, 13-S-HODE, in plasma
of IL-10 KO mice (Fig. 3C and 3D). Therefore, BRBs protec-
tively regulated both the COX and lipoxygenase pathways. In
comparison with healthy individuals, 15-LOX and 13-S-HODE
levels were decreased in plasma of UC patients (Fig. 4) sug-
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Figure 3. Black raspberries (BRBs) decreased prostaglandin E2 (PGE2) (A) and prostaglandin 12 (PGI2) (B) levels and increased
15-lipoxygenase (15-LOX) (C), and 13-S-hydroxyoctadecadienoic acid (13-S-HODE) (D) levels in plasma of interleukin (IL)-10 knockout (KO)
mice. WT, wild type (WT) mice fed control diet; KO, IL-10 KO mice fed control diet; BRBs, IL-10 KO mice fed 5% BRB diet. **P < 0.01, ***P < 0.001,

***p < 0.0001.
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Figure 4. Levels of 15-lipoxygenase (15-LOX) and 13-S-hydroxyoctadecadienoic acid (13-S-HODE) in plasma from 10 healthy individuals

and 10 ulcerative colitis (UC) patients. *P < 0.05, **P < 0.01.

gesting a dysregulated lipoxygenase pathway. Therefore,
these markers could be used in future trials of BRB interven-
tion in UC patients.

Studies have suggested that marine fish-oil supplements,
rich in n-3 fatty acids, may decrease colonic inflammation in
UC by increasing the synthesis of anti-inflammatory eicosa-
noids [26]. Indeed, we showed that the BRB diet contained
30-fold higher levels of linolenate than the control diet, result-
ing in significantly increased levels of multiple n-3 polyunsatu-
rated fatty acids, including stearidonate, docosapentaenoate,
eicosapentaenoate, and docosahexaenoate, in livers of BRB-
fed mice [21]. Therefore, our results suggest that BRBs reg-
ulate both the COX and lipoxygenase pathways to suppress
colonic inflammation in UC.

CONCLUSIONS

UC is a chronic inflammatory disease of the colon with a
steadily rising prevalence in Western and newly industrial-
ized countries [1]. A meta-analysis of 14 case-control studies
suggested that higher consumption of fruits and vegetables
associated inversely with the risk of UC [27]. Although the
importance of such a diet to the etiology of UC is beginning
to be appreciated [27], the protective mechanisms remain
largely unclear. Using berries as an example, we showed that
BRBs decreased the percentage of macrophages in spleens
of IL-10 KO mice. Mechanistically, we showed that a BRB
diet corrected dysregulated TLR4 signaling in cells from the
colon and spleen, decreased PGE2 and PGI2, and increased
15-LOX and its product, 13-S-HODE, in plasma of IL-10 KO
mice. This anti-inflammatory mechanism for BRBs that we
have uncovered could well apply to many other commonly
consumed fruits and vegetables.
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