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Mannose Attenuates Colitis-Associated Colorectal
Tumorigenesis by Targeting Tumor-Associated
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Mannose has recently drawn extensive attention for its substantial anti-cancer activities, but the underlying mechanism remains
largely unclear. The aim of this study was to investigate the effects of mannose on experimental colitis-associated colorectal tumor-
igenesis and underlying mechanisms. Data clearly showed that at plasma concentrations achieved after oral administration, man-
nose slightly affected malignancy of tumor cells or tumor promoter-induced transformation of pre-neoplastic cells, but substantially
suppressed manifestation of the M2-like phenotype of tumor-associated macrophages (TAMs) in a cancer cell and macrophage
co-culture model. Mechanistically, mannose might greatly impair the production of tumor cell-derived lactate which has a critical
role in the functional polarization of TAMs. Importantly, oral administration of mannose protected mice against colitis-associated
colorectal tumorigenesis by normalizing TAM polarization. Collectively, these findings highlight the importance of TAMs in colorectal
tumorigenesis, and provide a rationale for introducing mannose supplementation to patients suffering from inflammatory bowel dis-

eases.
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INTRODUCTION

Colorectal cancer (CRC) is the third most common cancer
worldwide in 2020, and it is estimated that approximately 1.9
million new cases will occur [1]. Despite modern advances in
medicine, the efficacy of CRC therapies remains poor overall.
Fortunately, most of CRC cases are sporadic and colorec-
tal carcinogenesis is a multistage process [2]. Analysis of
colorectal tumors might help discover molecular targets for
CRC chemoprevention. For example, inflammation is linked
clinically and epidemiologically to CRC, and COX-2 appears
to play a causative role [3,4]. Although selective inhibition of
COX-2 has been the gold standard for CRC preventive inter-
ventions, its potential cardiovascular side effects have greatly
dampened enthusiasm for its long-term intake [5]. Given the
high prevalence and poor outcome of CRC, chemoprevention
of CRC is a global priority, and identifying novel preventive
agents for CRC is a clinical aspiration.

Emerging evidence has indicated that tumor microenviron-

ment (TME) mediates cancer progression. In addition to its
pivotal roles in epithelial mesenchymal transition, TME partic-
ipates in tumor-associated angiogenesis and immune escape
[6,7]. The communication between tumor and tumor-associ-
ated macrophages (TAMs) has long been implicated in TME,
while tumor cell-derived lactate was recently reported to act
as an extracellular signaling molecule modulating TAM polar-
ization [8]. Of note, the Warburg effect is a hallmark of cancer,
and resulting accumulation of lactate is a common event in
tumors as well as premalignant lesions [9]. Collectively, lac-
tate might be a new player in TME.

Mannose is a naturally occurring monosaccharide. It is
widely present in various fruits especially in cranberry, peach,
and apple [10-12]. In addition to its anti-bacterial, anti-inflam-
matory and immune-regulatory activities, mannose recently
drew extensive attention for its substantial anti-cancer prop-
erties [13-18]. Administration alone or in combination with
chemotherapy, mannose could suppress tumor growth in
xenograft mouse model [19]. Given that mannose is a C-2
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epimer of glucose, the compound has been proposed to
interfere with glucose metabolism and thereby suppress can-
cer cell growth. However, one caveat is that the concentration
of mannose (25 mM) required to substantially impair cancer
cell viability may be much higher than that reached in plasma
after oral administration. As such, it pointed to the possibility
that other mechanisms may be at play. In the present study,
we investigated whether mannose might prevent CRC by
targeting tumor cell-derived lactate production as well as its
related TAM polarization.

MATERIALS AND METHODS

Materials and chemicals

Primary antibody against hypoxia-inducible factor 1-alpha
(HIF-1a.) was obtained from Abcam (Cambridge, UK). Pri-
mary antibody against F4/80 was obtained from Santa Cruz
Biotechnology (Dallas, TX, USA). All other primary antibodies
(hexokinase Il [HKII], glucose transporters 1 [GLUT1], COX-
2, CD206, and arginase-1 [Arg-1]) were obtained from Cell
Signaling Technology (Danvers, MA, USA). Other chemicals
were purchased from Sigma (St Louis, MO, USA).

Cell culture

Human colon cell lines HCT116, HT29, and SW620, colon
cell line CT26, the human monocytic leukemia cell line THP-
1, and the mouse JB6 P+ cells were purchased from Ameri-
can Type Culture Collection (Manassas, VA, USA). HCT116,
HT29, SW620, CT26, and THP-1 cells were incubated in
RPMI1640 medium containing 10% calf bovine serum at
37°C and 5% CO,. JB6 P+ cells were incubated in Eagle’s
minimum essential medium (EMEM) medium contained 5%
calf bovine serum at 37°C and 5% CO..

Cell viability

Cell viability was measured by the MTS assay. Colorectal
cancer cells (5 x 10%) were inoculated in 96-well plates. After
mannose treatment for 48 hours, cell viability was measured
according to the standard method.

Anchorage-independent growth assay

Malignant transformation was measured by the soft agar
assay as described [20,21]. Firstly, agar growth medium
was applied over the bottom of a 6-well plate. Next, JB6 P+
cells (8 x 10°) were added in a 6-well plate over this layer,
and were treated with 10 ug/mL 12-O-tetradecanoylphor-
bol-13-acetate (TPA) or 10 ug/mL epidermal growth factor
(EGF) to induce neoplastic transformation. The number of
colonies was analyzed for neoplastic transformation. For un-
anchored growth of colorectal cancer cells, 3 mL basal mod-
ified Eagle’s medium (BME) with 1.25% agar was added to
6-well plates. HCT116 and HT29 cells (8 x 10%) were seeded
on the upper layer of 6-well plates with 0.5% agar BME me-
dium. After fourteen days of culture, colony formation in soft
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agar was counted [22].

Real-time qPCR assay

RNA was isolated from colonic tissues and cellular samples
by Trizol. For gPCR analysis, total RNA (1 ug) was reverse
transcribed into cDNAs. cDNAs were used for gPCR analysis
according to the manufacturer’s protocols [23]. All primers
used are listed in Table S1. The mRNA levels were presented
as relative values compared with 3-actin.

Western blot analysis

Protein sample was isolated from colonic tissues and cellular
fragments by radio-immunoprecipitation assay (RIPA) buffer.
The western blot assay was performed on the basis of pre-
vious protocols [24]. The protein blots were detected by an
enhanced electrochemiluminescence (ECL) chemilumines-
cence reaction reagent.

Animal study

The protocols for all animal experiments were approved by
the Institutional Animal Ethics Committee of Jiangnan Univer-
sity (JN. No 20201230c04601317 [387]). Seven-week-old-
male C57BL/6N mice (Beijing Vital River Laboratory Animal
Technology Co., Ltd., China, Beijing) were raised at the barri-
er facility in the experimental animal center of Jiangnan Uni-
versity. The conditions of the barrier facility are photological
cycle (12/12 hours dark/light period), constant humidity (50 +
5%), and stable temperature (20 + 2°C).

Animal model of AOM/DSS-induced colorectal
cancer

After adaptation for 1 week, all mice were divided into five
groups: Control group; azoxymethane (AOM)/dextran sodium
sulfate (DSS) group; AOM/DSS + L Mannose group (1,000
mg/kg); AOM/DSS + H Mannose group (2,000 mg/kg); Man-
nose alone group (2,000 mg/kg). Mice received 10 mg/kg
AOM by i.p. injection. After 7 days, 3% DSS was provided in
the water bottle for 1 week. Then mice were switched to nor-
mal water for 2 weeks [25]. The above period was repeated
three times. Meanwhile, mannose groups were treated with
1,000 or 2,000 mg/kg mannose via gavage once per day.
The body weight and the survival rate of all groups were re-
corded weekly during the experimental period. At week 13,
mice were sacrificed, and colorectal tumors were counted.
After gross examination, the sectional tumors were fixed.

Animal models of DSS-induced colitis

As the same as CRC model, mice were divided into five
groups: Control group; DSS group; DSS + L Mannose group
(1,000 mg/kg); DSS + H Mannose group (2,000 mg/kg); Man-
nose control group (2,000 mg/kg). Mannose groups received
1,000 mg/kg and 2,000 mg/kg mannose by gavage once dai-
ly for 2 weeks. From the 8th day, 3% DSS was provided for
7 days and the body weight was recorded, whilst the disease
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activity index (DAI) was calculated according to the method Histology and immunohistochemistry assays
of Liu et al. [26]. At the 14th day, mice were eutanized, and a Pathologic analysis was performed by hematoxylin-eosin
series of apparent data was collected. (H&E) staining. The fixed colons were embedded and cut into

thin sections followed by H&E staining. Immunohistochemical
staining for F4/80 and CD206 was performed by using an
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Figure 1. Mannose attenuated colitis-associated tumorigenesis. (A) Experimental protocol for CRC animal model. Normal mice (Control); mice
were treated with 2,000 mg/kg mannose (Man); mice treated with AOM plus DSS (AOM/DSS); mice treated with AOM plus DSS and 1,000 mg/kg
mannose (AOM/DSS + L Man; mice treated with AOM plus DSS and 2,000 mg/kg mannose (AOM/DSS + H Man). (B) Representative photos of the
colons. (C) Effect of mannose on the ratio of colon weight to colon length. (D) Effect of mannose on the number of tumors. (E) Effect of mannose on
the percentage of different neoplasms sizes. (F) Representative H&E staining of the colon from each group of mice. Data represent the mean + stan-
dard deviation (n = 10). CRC, colorectal cancer; AOM, azoxymethane; DSS, dextran sodium sulfate. *P < 0.05 and ***P < 0.001 compared with the
AOM/DSS group.
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Figure 2. Mannose alleviated DSS-induced colitis. (A) Effect of mannose on weight loss rate. Normal mice (Control); Mice treated with 2,000 mg/
kg mannose (Man); Mice treated with DSS (DSS); Mice treated with DSS and 1,000 mg/kg mannose (DSS + L Man); Mice treated with DSS and 2,000
mg/kg mannose (DSS + H Man). (B) Effect of mannose on DAI. (C) Representative photos and the length of colon. (D) Representative H&E staining
of the colon from each group of mice. (E) Effect of mannose on oxidative stress (GSH, MPO, and LPO). (F) Effect of mannose on the intestinal barri-
er. Data represent the mean + standard deviation (n = 10). DSS, dextran sodium sulfate; DAI, disease activity index; GSH, reduced glutathione; MPO,
myeloperoxidase; LPO, lipid peroxide. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the DSS group.
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immunohistochemistry kit (D601037-0020; Sangon Biotech,
Shanghai, China) on the basis of the manufacturer’s proto-
cols.

Statistical analysis

Statistical analysis used GraphPad Prism 8.0 Software
(GraphPad Software, Inc., San Diego, CA, USA). All results
were presented as mean * standard deviation (SD). Data
were analyzed by one-way ANOVA. Statistical significance
was described as *P < 0.05, **P < 0.01, and ***P < 0.001
compared with controls and models.

RESULTS

Mannose attenuated colitis-associated
colorectal tumorigenesis in mice

To assess the potential efficacy of mannose in colorectal can-
cer chemoprevention, a well-established colitis-associated
carcinogenesis mouse model was adopted (Fig. 1A). Data
clearly showed that oral administration of mannose for 14
weeks greatly reduced colonic mucosal thickening, the num-
ber and the size of tumors (Fig. 1B-1E). Pathological analysis

A
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showed that the thickness of the colon increased due to the
tumor burden. There were many areas of inflammatory cell
infiltration. However, these symptoms were lessened after
mannose treatment (Fig. 1F). Inflammatory bowel disease is
well-known as a risk factor for CRC. We found that mannose
treatment greatly improved the symptoms of experimentally
induced ulcerative colitis including body weight loss, colon
shortening, and DAI (Fig. 2A-2C). Pathological analysis
showed that crypt structures were destroyed and goblet cells
decreased in colitis mice. These symptoms were lessened af-
ter mannose treatment (Fig. 2D). In addition, mannose ame-
liorated oxidative stress injury and intestinal barrier damage
(Fig. 2E and 2F). Collectively, mannose protected against
colitis-associated colorectal tumorigenesis in mice.

Effects of mannose on malignant transformation
of epithelial cells

Malignant transformation of epithelial cells is a key factor for
tumor development. To investigate the effect of mannose
on malignant transformation in the early stage of CRC, we
used JB6 P+ cells. For EGF-induced malignant transforma-
tion, mannose did not inhibit the colony formation (Fig. 3A).
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Figure 3. The effect of mannose on the neoplastic cell transformation. (A) Mannose (Man) did not prevent the TPA-induced transformation of
JB6 P+ cells (x100). (B) Mannose did not prevent the EGF-induced transformation of JB6 P+ cells (x100). Data represent the mean * standard devi-
ation. EGF, epidermal growth factor; TPA, 12-O-tetradecanoylphorbol-13-acetate; ns, not significant compared with the TPA or EGF groups.
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Figure 4. Mannose disturbed the glucose metabolism in colon cancer cells without affecting their growth. (A) Effect of mannose (Man) on cell
viability (HCT116, HT29, SW620, and CT26). (B, C) Effect of mannose on the anchorage-independent growth of colon cancer cells (x100). (D) Effect
of mannose on the consumption of glucose in HCT116 cells. (E) Effect of mannose on production of lactate in HCT116 cells. (F) The protein levels of
GLUT1 and HK Il in HCT116 cells. The cells were treated with 1, 3, and 10 mmol/L mannose for 24 hours. Data represent the mean + standard devia-
tion. HK II, hexokinase Il; GLUT1, glucose transporters 1; ns, not significant. *P < 0.05 and ***P < 0.001 compared with the control group.
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Likewise, mannose did not inhibit the TPA-induced malignant
transformation (Fig. 3B). In general, our results showed that
mannose did not affect malignant transformation of the colonic
epithelial cells.

Effects of mannose on colon cancer cell
viability and anchorage-independent growth
Limitless replicative potential and unanchored growth are two
important malignant features of tumor cells. To elucidate the
mechanism by which mannose exerted its cancer chemopre-
ventive activity, we examined the effects of mannose on the
viability and anchorage-independent growth of colon cancer
cells. Unexpectedly, at concentrations reached in plasma or
colon after oral administration of mannose, it failed to affect
either cell viability or anchorage-independent growth ability in
a panel of colorectal cancer cell lines (Fig. 4A-4C).

Mannose inhibited production of lactate in
colon cancer cells

Given that mannose might not directly affect malignant
characteristics of cancer cells, we hypothesized that man-
nose prevented colorectal cancer via some indirect effects.
Interestingly, at concentrations reached in plasma after oral
administration of mannose, it could inhibit the consumption
of glucose and the production of lactate in HCT116 cells (Fig.
4D and 4E). Then we tried to explain how mannose regulat-
ed the glucose metabolism in tumor cells. We found that the
expression of HK Il and GLUT1 decreased after mannose
treatment in HCT116 cells (Fig. 4F). Generally speaking, our
results suggested that mannose might inhibit the production
of lactate via HK II.

Mannose attenuated colitis-associated
tumorigenesis by targeting TAM polarization
According to the previous reports, tumor-derived lactate could
induce polarization of TAMs. Our results also confirmed that
lactate could induce TAM polarization through upregulation of
HIF-1a (Fig. 5C). TAMs possessed some important homeo-
static actions that supported tumor maintenance and growth
[27]. So we proposed that mannose attenuated colitis-associ-
ated tumorigenesis by targeting TAM polarization. Firstly, we
incubated MO macrophages with the medium of colon cancer
cells to induce TAMs in vitro (Fig. 5A). Our results showed
that mannose could inhibit TAM polarization in vitro. The
expressions of TAM marker proteins including VEGF, Arg-
1, and HIF-1a decreased after mannose treatment (Fig. 5B).
Next, immunohistochemical analysis suggested that all CRC
groups expressed high levels of the macrophage marker
(F4/80). However, the expression of the TAM marker (CD206)
decreased after mannose treatment (Fig. 6A). Moreover, con-
sistent with the above observation, the expression levels of
VEGEF, Arg-1, and HIF-1a decreased in the tumor tissues of
each group after mannose treatment (Fig. 6B and 6C). Lastly,
we confirmed that mannose inhibited the expression HK II. At

Mannose is a Dietary Preventative Factor for Colon Cancer

the same time, the expression levels of Arg-1, HIF-1a, COX-
2, and HK Il were significantly increased in tumor tissues
compared with the normal adjacent tissues (Fig. 6C). Taken
together our results suggested that mannose alleviated coli-
tis-associated tumorigenesis by targeting TAMs.

DISCUSSION

CRC is a serious malignancy associated with colonic mucosa
inflammation [28]. Dietary factors are thought to modulate the
risk of colorectal cancer [29]. For example, fruit and vegeta-
ble intake might reduce the risk of colorectal cancer [30,31]
whereas red meat consumption would increase the risk of
colorectal cancer [32]. So it is particularly important to select
proper dietary factors for colorectal cancer prevention. Man-
nose is a natural monosaccharide present in lots of plants
and fruits, such as cranberry and peach. Previous reports
showed that mannose possessed numerous biological ac-
tivities and a health-beneficial function [16,19]. However, its
potential in colitis-associated colorectal cancer chemopreven-
tion remains unclear.

In this study, we demonstrated that mannose inhibited coli-
tis and colitis-associated colorectal cancer. In line with our re-
sults, revious studies suggested that the whole component of
cranberry could be used as a dietary factor for colitis-related
carcinogenesis [33,34]. It is noticeable that, fructose is also
an isomer of glucose and has a high content in fruits. But
within the tumors, fructose is converted to fructose-1-phos-
phate, resulting in activation of glycolysis and accelerating
synthesis of fatty acids which promote tumor growth [35]. Our
study provided a valuable suggestion for replacing fructose
with mannose in food industry.

Furthermore, we found that mannose attenuated colitis and
colitis-associated colorectal cancer by inhibiting inflammation
and inducing TAM polarization. At the beginning of CRC, the
inflammation has the most critical role in the pathogenesis
[28]. Considering the fact that mannose has anti-inflammato-
ry activity, its chemopreventive function against CRC might
partly be attributable to the anti-inflammatory actions. Never-
theless, mannose inhibited lactate production in colon cancer
cells through inhibition of HK II. As a result, TAM polarization
induced by tumot-derived lactate was regulated. After man-
nose treatment, the expression of TAM markers (Arg-1 and
VEGF) decreased. TAMs represent an important part of the
TME. TAMs have some important homeostatic actions that
contribute to tumor maintenance and growth [36]. The role of
VEGF in promoting blood vessel formation and supporting
tumor growth has been widely reported [37]. Arg-1 is involved
in polyamines metabolism. Polyamines are essential metab-
olites for cell division and promote tumor cell proliferation in
vitro [38]. These would be beneficial to the growth of tumor
cells.

In previous studies, 25 mM mannose could inhibit tumor
cell growth by interfering with glucose metabolism. But, it is
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Figure 5. Mannose regulated TAM polarization by lactate in vitro. (A) Schematic diagram of method for construction of TAMs. (B) The mRNA lev-
els of TAM markers (VEGF, Arg-1, and HIF-1a) in TAMs derived from THP-1 cells subjected to differentiation by PMA and subsequent stimulation with
HCT116 cells. (C) Effect of lactate on the mRNA expression of VEGF, Arg-1, and HIF-1a during TAM polarization. THP-1 cells were differentiated into
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13-acetate. “P < 0.05, **P < 0.01 and ***P < 0.001.

worth noting that the plasma concentration of mannose is
approximately 1.5 mM after oral administration (Fig. S1). It is
much less than the concentration of mannose inhibiting tu-
mor cell growth. Our results demonstrated that mannose did
not directly affect the malignant characteristics of colorectal
cancer cells at concentrations reached in plasma after oral
administration. It attenuated colorectal cancer by targeting
TAMSs. In this context, our study provides a novel mechanism
responsible for the anti-tumor effect of mannose.

Although our studies are promising, there are several
weaknesses. For example, our results were mainly derived
from animal and cell studies, thus the most significant issue
is whether our results are applicable for CRC patients. To
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confirm whether mannose-rich diet intake is propitious to col-
orectal cancer patients, we need to carry out well-designed
clinical studies. Moreover, our study is based on colitis-as-
sociated colorectal tumorigenesis. Therefore, pathogenic
factors and pathological process would be distinguished from
those of the sporadic colorectal cancer.

Gut microbiome plays an important role in the pathogen-
esis of CRC and is also a link between obesity and CRC
[39,40]. Of note, mannose could alter gut microbiome, pre-
vent diet-induced obesity, and improve host metabolism [41].
Therefore, the future investigation would be focused on de-
termining whether mannose could improve colorectal cancer
by regulating gut microbiota.
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Figure 6. Mannose attenuated colitis-associated tumorigenesis by targeting TAMs in mice. (A) F4/80 and CD206 in colon tissues were de-
tected by immunohistochemical analysis. (B) The mRNA levels of TAMs markers (VEGF, Arg-1, and HIF-1a) in colon tissues of each group mice. (C)
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AOM/DSS group.
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In conclusion, our investigation demonstrated that man-
nose effectively prevented CRC and might be worth further
being investigated as a CRC chemopreventive dietary factor.
Importantly, we explained for the first time that mannose
might alleviate CRC in terms of regulating TAM polarization.
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