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ABSTRACT

Although a mountain of papers have showed that metformin plays a role in inhibiting cancers, but the
mechanism underpinning this has not yet fully elucidated. Herein, we used AOM/DSS model, the
clinicopathological features are similar to those found in humans, to investigate the effects of metformin
as well as combination with 5-FU in the prevention of colitis and colitis associated cancer (CAC). Oral
metformin significantly inhibited DSS-induced ulcerative colitis and AOM/DSS-induced CAC. Metformin
also ameliorated 5-FU-induced colorectal gastrointestinal symptoms in mice. Metformin combination
with 5-FU strongly inhibited colorectal cancer. Metformin reduced levels of the NFkB signaling compo-
nents p-IKKa/B, p-NFkB, p-IkBa in colorectal mucosal cells. Transmission electron microscopy analysis
suggested that the inhibition of metformin on colitis and CAC might associate with its biological activity
of protecting mitochondrial structures of colorectal epithelial cells. Further analysis by Mito Tracker Red
staining assay indicated that metformin prevented H,0,-induced mitochondrial fission correlated with a
decrease of mitochondrial perimeter. In addition, metformin increased the level of NDUFA9, a Q-module
subunit required for complex | assembly, in colorectal epithelial cells. These observations of metformin
in the inhibition of colitis and CAC might associate with its activity of activating the LKB1/AMPK pathway
in colorectal epithelial cells. In conclusion, metformin inhibited colitis and CAC through protecting the

ARTICLE HISTORY
Received 20 April 2018
Revised 4 August 2018
Accepted 22 September 2018

KEYWORDS

Colitis; colorectal cancer;
metformin; Mitochondria;
LKB1/AMPK pathway

mitochondrial structures of colorectal epithelial cells.

Introduction

Colorectal cancer (CRC) is one of the most prevalent cancers
worldwide and second leading cause of cancer-related death
in Western countries." CRC includes hereditary, sporadic and
colitis-associated cancer (CAC). Currently, the link of colitis
with CAC has been well recognized, which laid the founda-
tion of routine screening drugs for early treatment of CAC.>’

Metformin is currently used extensively in the treatment of
type 2 diabetes mellitus (T2DM), but there is potential for
additional indications in many other diseases, such as inflam-
matory disorders and cancers.*”” Epidemiological studies
revealed an association between the use of metformin and
decreased incidence of many types of cancers.*” Diabetic
patients taking metformin showed a decreased incidence of
pancreatic cancer. Patients taking metformin display approxi-
mately 30% reduced overall cancer incidence as well as cancer
mortality.'* However, the mechanisms of metformin on cancers
have still not fully understood. A number of studies suggest that
the inhibition of metformin on cancer cells might associate with
its activity of targeting cellular mitochondria.'"'? It is assumed
that mitochondria are the major target of metformin, leading to
the inhibition of mitochondrial respiration, AMPK activation
and bioenergetic reprogramming.'> On the contrary, metformin
also found to activate AMPK in cardiac myoblast H9c2 cells and
many other type of normal cells like smooth muscle cells."*"

The mechanisms of these pleiotropic effects of metformin have
not yet understood. Furthermore, fairly amounts of clinical trials
on its signal administration have not yet demonstrated a con-
vincing efficacy. Recently, some reports suggested an indication
of metformin combination with clinical commonly used drugs
for increasing their biological activities.”'® These therapeutic
strategies might display some promising clinical benefits for
patients with cancers.

We aimed to investigate the effect of metformin on colitis
and colitis-associated cancer (CAC) in mice model. Our
results demonstrated that metformin prevented the DSS-
induced colitis. Metformin combination with 5-FU strongly
inhibited colorectal cancer, resulting in the integrity of
mucous membranes and normal structure of colorectal tis-
sues. Our further study suggest that the mechanism of met-
formin action on colitis and cancer might associate with its
activity of protecting the mitochondrial structures of color-
ectal epithelial cells. These results deepen the understanding
of metformin in the inhibition of colitis and colorectal cancer.

Results
Metformin prevented dss-induced ulcerative colitis

Mice exposed to DSS were analyzed the severity of colitis.
During colitis, diarrhea, rectal bleeding, hair bristling and

CONTACT Xian-Jun Qu @ quxj@ccmu.edu.cn @ Department of Pharmacology, School of Basic Medical Sciences, Capital Medical University, Beijing.
Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/kcbt.

© 2018 Taylor & Francis Group, LLC


http://www.tandfonline.com/KCBT
https://crossmark.crossref.org/dialog/?doi=10.1080/15384047.2018.1529108&domain=pdf&date_stamp=2019-01-31

body weight loss were observed in mice. Body weight loss was
started at day 7 (Figure 1A). Bloody stools were observed from
second DSS cycle. Disease severity scored by DAI reached high-
est level in third DSS cycle (Figure 1B). 5-FU is an important
therapeutic drug for the treatment of colonic cancers. However,
5-FU-induced gastrointestinal symptoms might harm patients’
prognosis. Our results showed that metformin attenuated the
severity of colitis, prevented bloody stools and body weight loss
(Figure 1A, P < 0.01 vs. colitis model). Metformin combination
with 5-FU showed an increase of body weight (Figure 1A,
P < 0.01 vs. colitis model). A reduction of DAI was observed
in metformin- (Figure 1B, P < 0.01 vs. colitis model) and
metformin combination 5-FU-treated mice (Figure 1B,
P < 0.001 vs. colitis model).

The inhibitory effect of metformin on colitis was further
confirmed by a comparison of colorectal length in two groups
of mice with or without metformin treatment. DSS induced
shortening of colorectal length (Figure 1C, P < 0.001 vs. WT
mice). In contrast, metformin prevented DSS-induced short-
ening of colorectal length (Figure 1C, P < 0.05 vs. colitis
model).

IL-6 and TNF-a are critical inflammatory mediators
involved in the stimulation of tumor microenvironment in
colonic mucosa and tumors.'” ELISA analysis showed a strong
inhibition of IL-6 (Figure 1D, P < 0.01 between colitis model
and metformin-treated mice; P < 0.001 between colitis model
and metformin + 5-FU-treated mice) and a significant
decrease of TNF-a (Figure 1E, P < 0.05 between colitis
model and metformin-treated mice; P < 0.01 between colitis
model and metformin +5-FU-treated mice) in the colonic
mucosa of metformin-treated mice.

Histopathologic analysis of colorectal tissues showed inflam-
matory lesions in 100% of colitis model mice but not in metfor-
min-treated mice. Histological features of colorectal
inflammation included different degrees of structural changes
ranging from swelling and degeneration of villous epithelia to
extensive denudation and collapse of villi, surface erosion with
exuberant inflammatory exudate, patchy reepithelization,
lamina propria fibrosis with acute and chronic inflammatory
immunocytes infiltration and submucosa edema (Figure 1F-b).
5-FU also induced intestinal mucositis."®' In colitis model
mice, 5-FU further exacerbate DSS-induced gastrointestinal
symptoms, leading to colorectal ulcer. Metformin attenuated
colorectal inflammatory severity. Metformin-treated mice
demonstrated the integrity of mucous membranes and essential
normal structure of colorectal tissues (Figure 1F-c, P < 0.001 vs.
colitis model). Metformin attenuated the severity of DSS- and 5-
FU-induced colorectal inflammation (Figure 1F-d, P < 0.05 vs.
colitis model).

Metformin prevented aom/dss-induced colitis associated
cancer (CAC)

Metformin prevented AOM/DSS-induced body weight loss
(Figure 2A, P < 0.01 vs. CAC model) and reduced DAI
score (Figure 2B, P < 0.01 vs. CAC model). AOM/DSS
induced colonic tumor by 100% in model mice. Metformin
prevented shortening of colorectal length (Figure 2C, P < 0.05,
vs. CAC model), reduced the incidence of tumor by 50%
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(Figure 2D, P < 0.01 vs. CAC model), total colorectal tumor
by 71% (Figure 2E, P < 0.01 vs. CAC model). CAC model
mice developed greater numbers and larger sized tumors
(> 5 mm), but not in metformin-treated mice (Figure 2F).

ELISA assay showed a decrease of IL-6 (Figure 2G, P < 0.01
between CAC model and metformin-treated mice; P < 0.001
between CAC model and metformin combination with 5-FU-
treated mice) and TNF-a (Figure 2H, P < 0.05 between CAC
model and metformin-treated mice; P < 0.01 between CAC
model and metformin + 5-FU) in colorectal mucosa of metfor-
min-treated mice.

Histopathology analysis of colorectal tissues indicated a strong
inhibition of metformin combination with 5-FU on colorectal
cancer. AOM/DSS-induced CAC showed advanced tubular ade-
noma with focal high grade dysplasia evidenced by marked
nuclear pleomorphism, loss of nuclear polarity, frequent mitoses
and architectural distortion. Tumors with gross ulceration were
frequently observed in model mice (Figure 2I-b). Metformin
significantly inhibited colorectal cancer (Figure 2I-c). Metformin
combination with 5-FU strongly inhibited colorectal cancer,
resulting in normal glands containing goblet cells in colorectal
epithelium (Figure 2I-d).

We investigated the mechanism of metformin action on
colorectal tumorigenesis. NFkB pathway plays a key role in
colitis and colorectal tumorigenesis. Metformin significantly
reduced DSS- or AOM/DSS-induced high levels of the NFkB
signaling components IKKf, IKKa, NFkB, IkBa (Figure 3A)
and p-IKKa/p, p-NFkB, p-IkBa (Figure 3B) (**P < 0.01,
P < (0.001, between colitis model and metformin- or 5-FU
plus metformin-treated mice; P < 005 *P < 0.01,
7P < 0.001, between CAC model and metformin- or 5-FU
plus metformin-treated mice).

Metformin prevented DSS or aom/DSS-induced damage
on mitochondria

We analyzed the mitochondrial structures of colorectal
epithelial cells. Mitochondrial structures were damaged in
DSS and AOM/DSS model mice, showing swollen mitochon-
dria with cristae fracture, double-membrane decomposition
and bound vacuoles with remnants. The counts of mitochon-
dria were also decreased (Figure 4A-b, Figure 4B-b).
Metformin prevented DSS or AOM/DSS-induced alteration
of mitochondrial structures. In contrast, metformin-treated
mice maintained essentially normal mitochondrial structures
(Figure4A-c, Figure 4B-c). The counts of mitochondria were
significantly ~ increased compared to model mice.
Administration of 5-FU might also damage mitochondrial
dynamics and structures through inducing a reactive oxygen
species  (ROS)-mediated mitochondria-caspase-dependent
apoptotic pathway and triggering mitochondrial dysfunction,
therefore leading to gastrointestinal symptoms.”>*' Our
results revealed that metformin could attenuate 5-FU-induced
damage of mitochondrial structures (Figure 4A-d,
Figure 4B-d).

MitoTracker Red staining analyzed mitochondria filamen-
tous shape in human normal colonic cells exposed to H,0,
(Figure 4C-a). H,O, induced mitochondrial fusion which is
characterized by filamentous shape and the perimeter of fused
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Figure 1. Metformin prevented DSS-induced colitis in mice. (A) DSS induced body weight loss. (B) Metformin inhibited DAI in colitis mice. (C) Metformin prevented
shortening of colonic length. (D) ELISA assay analyzed IL-6 level in colorectal mucosa. (E) ELISA assay analyzed TNF-a level in colonic mucosa. (F) Histology analyzed
the severity of colitis in DSS model (b), metformin-treated mice (c), and 5-FU combination with metformin-treated mice (d). Metformin reduced the score of
inflammation; Metformin reduced DSS- and 5-FU-induced inflammation score. ***P < 0.001, *P < 0.05 between colitis model and metformin-treated mice or
metformin combination with 5-FU-treated mice. Met = Metformin.
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Figure 2. Metformin plus 5-FU inhibited AOM/DSS-induced CAC. (A) Body weight loss during CAC. (B) Metformin reduced DAI in AOM/DSS-treated mice. (C)
Representative of image of colorectal cancer (left). Metformin prevented shortening of colonic length during CAC (middle). 5-FU moderately inhibited colorectal
cancer growth in CAC model (right). (D) Tumor incidence in CAC model, metformin-treated and metformin plus 5-FU-treated mice. (E) Metformin plus 5-FU strongly
reduced total tumor number. (F) Analysis the distribution of tumor size. Larger size of tumor (5-7 mm) did not found in metformin-treated mice. (G) ELISA assay
analyzed IL-6 level in colorectal mucosa. (H) ELISA assay analyzed TNF-a level in colorectal mucosa. (I) Histology showed advanced colorectal tumor (b). Metformin
prevented AOM/DSS-induced CAC (c). 5-FU plus metformin strongly inhibited CAC (d). ***P < 0.001, **P < 0.01, *P < 0.05 between CAC model and metformin-treated

mice or metformin plus 5-FU-treated mice. Met = Metformin.

mitochondria. H,0, increased the fragmentation of mito-
chondria into granules shape and loss of staining with
MitoTracker Red (Figure 4C-b). Metformin alone did not
affect the filamentous shape (Figure 4C-c). Metformin pre-
vented H,0,-induced mitochondrial fission correlated with a

significant decrease of mitochondrial perimeter (Figure 4C-d,
P < 0.01 vs. cells exposed to H,0,).

Western blotting analysis indicated that metformin pre-
vented DSS- or AOM/DSS-induced low level of NDUFA9Y, a
Q-module subunit required for complex I assembly, in
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Figure 3. Metformin inhibited activation of the NF-kB pathway. DSS or AOM/DSS induced high level of the NFkB signaling pathway in colorectal epithelial cells.
Metformin inhibited the NFkB signaling components IKKB, IKKa, NFkB, IkBa (A) and p-IKKa/B, p-NFkB, p-IkBa (B). *P < 0.05, **P < 0.01, ***P < 0.001, between colitis
model and metformin-treated mice or 5-FU plus metformin-treated mice; *P < 0.05, #P < 0.01, ***P < 0.001, between CAC model and metformin-treated mice or 5-

FU plus metformin-treated mice.

colorectal epithelial cells (Figure 4D, **P < 0.01, **P < 0.001
vs. model mice). Since hypoxia caused enlargement of mito-
chondria during colitis and tumorigenesis, we thus analyzed
the inhibitory effect of metformin on HIF-1a, a marker of
hypoxia, in colonic epithelial cells. Metformin suppressed
DSS- or AOM/DSS-induced HIF-1a in colorectal epithelial
cells (Figure 4E, **P < 0.01, **P < 0.001 vs. model mice).

Metformin protected mitochondrial structures through
activating the LKB1/AMPK pathway

DSS and AOM/DSS suppressed levels of liver kinase Bl
(LKB1) and AMP-activated protein kinase (AMPK) in color-
ectal epithelial cells. Metformin prevented DSS- and AOM/
DSS-induced low level of LKB1 and AMPK (Figure 5A,
P < 0.01 between colitis model and metformin-treated mice;
P < 0.01 between colitis model and metformin plus 5-FU-
treated mice). Metformin also increased levels of LKB1 and
AMPK in AOM/DSS-induced CAC model (Figure 5B,
P < 0.01 between CAC model and metformin- or 5-FU plus
metformin-treated mice). These results suggest that metfor-
min protect the structure of mitochondria probable through
activating the LKB1/AMPK pathway.

In addition, we surprisingly found that knockdown of
insulin-like growth factor-1 receptor (IGF-1R) also activated
the LKB1/AMPK pathway as metformin had. We compared
the expression levels of LKB1 and AMPK in colonic mucosa
from metformin-treated mice and Igflr* mice. Knockdown of
IGF-1R prevented DSS- and AOM/DSS-induced high level of
Akt, a upstream of LKB1/AMPK pathway, in Igflr® mice
(Figure 5C). Our further results demonstrated an activation
of LKB1 and AMPK in the colonic mucosa of Igflr* mice
(Figure 5C, *P < 0.05, **P < 0.01, ***P < 0.001, between colitis
model and metformin-treated mice; and between colitis

model and Igflr* mice; “P < 0.05, *P < 0.01, **P < 0.001,
between CAC model and metformin-treated mice; and
between CAC model and Igflr® mice; "P < 0.05, ""P < 0.01,
"P < 0.001, between Igflr* mice and WT mice). These
results further support an effect of metformin in the preven-
tion of these deadly diseases.

Discussion

Metformin is a widely-used antidiabetic drug, and there is
evidence among the diabetic patients that metformin is a
chemopreventive agent against cancers. There are evidence
in vitro and in vivo studies that metformin has been consid-
ered a cancer chemotherapeutic agent.*> Many clinical trials
have been performed to investigate the inhibitory effects of
metformin alone or in combination with other drugs on
various cancers. Currently, two major pathways are recog-
nized as the main ways in which metformin exerts its anti-
tumor effect. Firstly, metformin might inhibit the activation of
IGF-1/IGFIR pathway, thereby inactivating its downstream
PI3K/Akt signaling to prevent tumor growth. Secondly, met-
formin could prevent inflamed colorectal epithelial cells and
cancer cells through activating the AMPK signaling pathway.’
In this study, we used DSS- and AOM/DSS models, the
widely-used mice models that resemble human colitis and
CAG, to evaluate the inhibitory effects of metformin on colitis
and colorectal cancer. Metformin strongly prevented DSS-
induced ulcerative colitis. Metformin inhibit ulcerative colitis
through suppressing the NFxB signaling pathway. Further,
although 5-FU could treat intestinal tumors, 5-FU-induced
intestinal mucositis has been considered as a major problem
which lead to failure of treatment.*>** In our study, we found
that 5-FU combination with metformin strongly inhibited
colitis and colorectal cancer. The mechanisms underpinning
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Figure 4. Metformin prevented alteration of mitochondrial structures damaged by DSS, AOM/DSS or H,0,. Metformin prevented DSS- (A) or AOM/DSS- (B) induced
damage on mitochondrial structures in colorectal epithelial cells analyzed under a transmission electron microscopy. A-a and B-a: normal mitochondria counts and
structures in colorectal mucosal cells. Mitochondria counts were decreased and mitochondrial structures were damaged by DSS (A-b) or AOM/DSS (B-b). A-c and B-c:
Metformin prevented DSS- or AOM/DSS-induced damage on mitochondrial structures of colorectal epithelial cells. A-d and B-d: Metformin attenuated DSS- or AOM/
DSS- and 5-FU-induced alteration of mitochondrial structures. The mitochondrial morphology of human normal colonic cells was analyzed by Mito Tracker red
staining assay (C). Metformin prevented H,0,-induced-mitochondrial fission correlated with the decrease of mitochondrial perimeter (C, P < 0.01 vs. H,0,). Western

blotting analysis of colorectal epithelial cells showed an increase of NDUFA9 (D) and a decrease of HIF-1a (E) in the metformin-treated mice. **P < 0.01, ***P < 0.001
vs. model mice.



344 (&) S-Q WANG ET AL.

EWT mDSS [MtDSS M@ Mst+5-FU/DSS
A PONA | - —— — | r =
— 59 =
AMPK | . B -t x
.5 = %
E= 4
LKBI | e .
, o e 1
pacia | W0 D S0 S0 | 5
WT DSS  Mat MettSFU o .
Des PCNA AMPK LKBI
BWT WAOMDSS @Mt/ADMDSS @Mst+5-FU/AOMDSS
B pcml ——— | 4
AME’KI- T ‘I E ir
&
LKBII_ id .__I E_ 41 g ® %
[y - . [ e . E2
Bactin [Som, M——— 2 |
WT AOMDSS Met MatiSFU 3
AOMDSS 0
PCNA AMPK LKB1
C EWT mDSsS I AOMDSS
B Mt DSS EM<AOMDSS [ If-lrt-
without Dot Mt Kl WIsEle+ DSS  MIefle+-AOMDSS

WT D58 AOMDES DESAOMDSES Igf-1r~-DE5 AOMDSES

IGF—]R'-—-_‘I!-_—(-——-—-—l

Armpls | s—
LEEI |

Relative protein levels

Ampk

IGF-1R

Figure 5. Western blot analyzed the levels of AMPK and LKB1 and PCNA in colorectal mucosal cells isolated from DSS- or AOM/DSS-treated mice. DSS or AOM/
DSS decreased levels of AMPK and LKB1 and increased expression of PCNA in colorectal mucosal cells. Metformin increased the levels of AMPK and LKB1.
Metformin reduced PCNA in colorectal mucosal cells. **P < 0.01 vs. model mice. (C) The comparison of LKB1 and AMPK levels in colorectal mucosa from WT
mice and Igf1r* mice exposed to DSS and AOM/DSS. Both DSS and AOM/DSS induced high level of Akt. The levels of AMPK and LKB1 were consequently
reduced. Metformin inhibited Akt and increased AMPK and LKB1 in colorectal mucosal cells. In Igfir® mice, knockdown of IGF-1R prevented DSS- and AOM/
DSS-induced high level of Akt and increased AMPK and LKB1 levels. *P < 0.05, **P < 0.01, ***P < 0.001, between colitis model and metformin-treated mice or

Igf1r® mice; *P < 0.05, "P < 0.01, P < 0.001, between CAC model and metformin-treated mice or Igf1r* mice. "P < 0.05, “"P < 0.01,

Igf1r* mice and WT mice.

these effects of metformin might associate with its biological
activity of inhibiting the NFkB signaling pathway.

It is well accepted that the connection between colitis and
colorectal cancer is well established. Colitis is an important risk
factor for the development of colorectal tumorigenesis. As com-
pared with sporadic CRC, CRC arising in patients with colitis
typically affects young individuals, tends to be multifocal, and
has a higher proportion of mucinous and signet ring cell
histology.** Clinically, CAC is more aggressive, frequently pre-
sents at a more advanced stage as compared to sporadic CRC.>**
Mechanically, both genetic and environmental factors might

AAA

P < 0.001, between

contribute to the progression of this deadly pathogenesis, includ-
ing genetic instability; epigenetic alteration; immune response by
mucosal inflammatory mediators; oxidative stress; and intestinal
microbiota.”® Among these risk factors, one of the major causes
is oxidative stress that is provoked by reactive oxygen species
(ROS) and nitrogen species (RONS).?® Oxidative stress occurs
as an imbalance of generation and elimination of ROS and
RONS produced by inflammatory cells. Although in particular
conditions ROS and RONS can even become part of several
signaling pathways, their upregulation is frequently harmful to
intestinal cells, which have evolved several antioxidant



mechanisms to regulate ROS and RONS homeostasis.”” Further,
NF-xB and cytokine signalling activation are crucial for the
generation of colorectal tumorigenesis. The NF-kB pathway
has been found amplification by the stimulation of ROS and
RONS. 28 In AOM/DSS model, DSS-induced colitis is known to
increase production of ROS and RONS that could cause DNA
oxidation.”” Mechanically, ROS and RONS are able, in turn, to
damage either directly or indirectly mitochondria, creating a
positive feedback loop, thus resulting in mitochondrial
dysfunction.” It has long thought that mitochondria are less
functional in inflamed intestinal epithelium and in tumor cells.
Decreased mitochondrial function is considered to be tumori-
genic, mainly because of enhanced ROS production. Our results
suggest that metformin might prevent colitis and colorectal
tumorigenesis through suppressing the NF-kB signaling path-
way. Mitochondria are highly sensitive to various oxidative
stimuli, which could cause substantial damage to the mitochon-
drial electron transport, leading to damage on mitochondria.”" It
has become increasingly clear that the mitochondrial functions
are involved in oxidative cell injury. The challenges of DSS or
AOM/DSS could damage the mitochondrial structures, leading
to swollen mitochondria with cristae fracture, double-membrane
decomposition, and bound vacuoles with remnants. Our
MitoTracker Red staining assay showed an increase of mito-
chondrial fusion and filamentous shape in human normal colo-
nic cells induced by H,0,. We found that metformin could
protect mitochondrial structure from H,0,-induced damage
on mitochondria.

Mitochondrial dynamics proteins are critical for mitochon-
drial turnover and maintenance of mitochondrial health.
NDUFA9 functions as an accessory subunit of multi-protein
mitochondrial membrane respiratory chain NADH dehydro-
genase complex. NDUFA9 defect might cause mitochondrial
complex I deficiency, a mitochondrial disorder with wide
symptoms ranging from cardiomyopathy, myopathy, liver
disease, neurological disorders and tumorigenesis. Hypoxia-
inducible factor 1 (HIF-1), a transcription factor regulating
cellular response to hypoxia, plays a key role during colorectal
tumorigenesis as well as invasion and metastasis.’”
Importantly, the LKB1-AMPK-mammalian target of rapamy-
cin (mTOR) pathway is a key moderator of HIF-1-targeted
genes and HIF-1-mediated cellular metabolism.”® We there-
fore analyzed the biological activity of metformin in the
inhibition of HIF-1 and the activation of AMPK and LKBI
pathway. Our results suggest that metformin significantly
inhibited hypoxia-induced HIF-1a probable through activat-
ing the AMPK and LKBI pathway. In addition, many reports
showed that the inhibition of metformin on cancer cells might
associate with its activity of inhibiting the respiratory complex
I, leading to reduced oxidative phosphorylation and reduced
ATP production, resulting in a reduction in cellular ATP and
activation of AMPK.>* Metformin might trigger disorganiza-
tion of cristae and inner mitochondrial membrane in several
cancer cells. Mechanistically, these alterations might be due to
calcium entry into the mitochondria in cancer cells. On the
contrary, metformin was reported to activate AMPK in nor-
mal cells.”® These reports indicate that metformin has pleio-
tropic effects on modulating AMPK in cancer cells or normal
cells. From a metabolic standpoint, AMPK is a metabolic
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sensor that helps maintaining cellular energy homeostasis.
AMPK and LKBI are both negative regulators of aerobic
glycolysis under metabolic stress.’® During colitis, AMPK
promotes ATP conservation under the condition of metabolic
stress by activating the pathway of catabolic metabolism, thus
AMPK improves intestinal epithelial differentiation and bar-
rier function and maintains intestinal homeostasis and pro-
tects against colitis.”” In our study, we suggest that the
activation of AMPK/LKBI pathway might be an important
strategy for the prevention of colitis and colorectal cancer.
Metformin prevented DSS or AOM/DSS-induced damage on
mitochondrial structures through activating AMPK and LKB1
pathway in colorectal mucosal cells, thus leading to the inhi-
bition of colitis and colorectal cancer.

In summary, metformin could prevent colitis and CAC in
mice. The mechanism underpinning these inhibitory effects of
metformin might associate with its activity of prevention
damage on mitochondrial structures in colorectal epithelial
cells. Our results will hopefully contribute toward bridging the
gap between preclinical research and the development of
realistic novel therapeutic strategies to treat colitis and color-
ectal tumor.

Materials and methods
Animal care and diet

All experiments related to animal were approved by Animal
Welfare Committee of Capital Medical University. C57BL/6
mice were purchased from Charles River Laboratories
(Beijing, China). Knockdown of IGF-1 receptor (Igflr®) mice
were generated by Cyagen Biosciences Inc. (Guangzhou,
China) as described.”® Mice were caged under a controlled
room temperature, humidity and light (12/12 h light/dark
cycle) and allowed unrestricted access to standard mouse
chow containing 52% carbohydrate, 12% fat, 23% protein, 4%
fiber, 6% ash, and 3% moisture and tap water.*

Animal model of colitis and CAC and pharmacological
treatment protocol

Experimental procedures of colitis and CAC model were per-
formed as described. Briefly, mice (6-8 weeks, male) were
injected intraperitoneally with 10 mg/kg azoxymethane (AOM,
Sigma). After 7 days, mice were received drinking water contain-
ing 2.0% dextran sulfate sodium (DSS, MP) for another 7 days.
Mice were then given regular drinking water for 14 days, fol-
lowed by two additional DSS cycles.*” Mice were randomly
divided into following groups. Group 1: negative control (saline
solution); Group 2: DSS-induced colitis model; Group 3: DSS-
induced colitis model treated by metformin; Group 4: DSS-
induced colitis model treated by 5-FU plus metformin; Group
5: AOM/DSS-induced CAC model; Group 6: AOM/DSS-
induced CAC model treated by metformin; Group 7: AOM/
DSS-induced CAC model treated by 5-FU plus metformin.
The therapies of metformin and 5-FU were performed after
first DSS or AOM/DSS cycle exposure. Metformin (Sigma) was
added to drinking water (0.5 g in 50 ml, po.) once every two
days.*' 5-FU (15 mg/kg, i.p.) was intraperitoneal injected every
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3 days.*” The therapies were performed for consecutive 12 weeks
from second day after AOM injection. Mice were weighed twice
a week and observed daily for any signs of illness. The patholo-
gical process of AOM/DSS-induced ulcerative colitis was scored
as disease activity index (DAI) based on weight loss, stool con-
sistency and bloody excreta as follows: weight loss score = 0:
< 1%, 1: 1-5%, 2: 5-10%, 3:10-15%, 4: > 15%; stool consistency
score = 0: normal, 2: loose, 4: diarrhea; blood in excreta score = 0:
normal; 2: reddish, 4: bloody.*

Tissue processing and colonic cancer scoring

After 12 weeks’ treatment, mice were sacrificed. Whole color-
ectal tissues were removed and macroscopic tumors were
counted and measured with digital calipers under a dissecting
microscope based on size (diameter) into < 2 mm, 2-4 mm
and 5-7 mm. Portions of colonic tissues were either fixed with
10% phosphate-buffered formalin or 2% paraformaldehyde
and 2.5% glutaraldehyde in PBS.

Histological examination and colitis gradation

Histological examination was performed following the regular
method. Colitis gradation was scored according to previous
report.** The presence of a normal amount of inflammatory
cells in lamina propria was assigned a value of 0, increased
numbers of inflammatory cells in the lamina propria a value
1, confluence of inflammatory cells extending into the sub-
mucosa was assigned a value of 2, and transmural extension of
the infiltrate a value of 3. For tissue damage, no mucosal
damage was scored as 0, discrete lymphoepithelial lesions
were scored as 1, surface mucosal erosion or focal ulceration
was scored as 2, and extensive mucosal damage and extension
into deeper structures of bowel wall were scored as 3. The
combined histological score ranged from 0 (no changes) to 6
(extensive cell infiltration and tissue damage).

Transmission electron microscopy

The excised sigmoid colonic tissues were fixed in 2% paraf-
ormaldehyde and 2.5% glutaraldehyde in PBS for 2 h at room
temperature. After washing in PBS, tissues were postfixed in
osmium tetroxide for 45 min at room temperature.
Dehydration of the samples was accomplished by transferring
the samples through a series of graded ethanol and then 100%
propylene oxide. The tissue was then infiltrated by transfer-
ring the samples into increasing concentrations of Epon to
propylene oxide solutions; 1:3, 1:1, and 3:1, then 100% Epon
and finally embedded. Sections were made with a Leica EM
UC7 ul tramicrotome (Leica), stained for 15 min with 7%
(saturated) aqueous uranyl acetate, washed, stained with lead
citrate. Obtained sections were stained and observed under a
transmission electron microscope (HT7700, Hitachi, Japan).

Preparation of supernatant of colonic mucosa and
determination of protein level

Fresh colonic mucosa was weighed and homogenised in PBS
(pH 7.2) at 4°C. The supernatant was centrifuged and protein

level was quantitatively determined by using BAC 100 protein
determination kit (Sigma).

ELISA assay

The levels of TNF-a (CSB-E04741m), IL-6 (CSB-E04639m) in
the supernatant of colorectal mucosa were quantified by using
ELISA kits according to manufacturer’s protocol (Cusabio).

Human normal colon cell line, treatment

Human normal colon cell line NCM460 purchased from
American Type Culture Collection was cultured in RPMI
1640 medium (Gibco, BRL, UK) supplemented with 10%
fetal bovine serum (Gibco), 100 U/ml penicillin (Invitrogen,
Carlsbad, CA), and 100 pg/ml streptomycin (Invitrogen)
under humidified air with 5% CO, at 37°C. NCM460 cells
(1.0 x 10° cells per flask) were treated with 5 mM of metfor-
min (Sigma), 50 uM H,0, or 50 pM H,O, after 5 mM of
metformin for 1 h. After 48 h the mitochondrial structures
were analyzed by Mito Tracker Red staining assay.*>*®

Mitochondrial membrane potential staining assay

Mitochondrial membrane potential was detected by Mito
Tracker Red staining (Beyotime, China). Mito Tracker stain-
ing was performed to observe mitochondrial morphology
under a fluorescence microscope (Olympus, XSZ-D2, Japan).
Continuous mitochondrial structures were counted, and the
number was normalized to the total mitochondrial area to
obtain the count of mitochondrial fragmentation. Cells with
greater fragmentation exhibit a higher mitochondrial frag-
mentation. Lengths of mitochondria were measured by using
NIS-Elements software and scored as follows: fragmented
(globular, < 2 pm diameter); intermediate (2-4 pm long);
and filamentous (> 4 pm long).

Western blotting analysis

Western blotting was performed routinely to analyze the
expression of following proteins. Colonic tissues were dis-
persed mechanically in PBS and then the supernatants were
collected and total protein was determined. The proteins were
electrotransferred onto PVDF membranes and then the pro-
tein levels were estimated by using the primary antibodies
with appropriate dilution. The primary antibodies included
NFkB pathway sampler kit (9936), LKB1 (3050), AMPKa
(2973), PCNA (2567) (Cell Signaling); NDUFA9 (ab14713),
HIF-la (abl), IGF-1R (ab39398), AKT (ab8805).
Densitometric analyses of bands were adjusted with B-actin
(B-actin (Sigma).

Statistical analysis

Data are expressed as mean * SD. P values were calculated by
independent t test, one-way and two-way ANOVA. P < 0.05
was considered significant.
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