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Abstract: Colorectal cancer liver metastases (CRCLMs) have two main histopathological growth pat-
terns (HPGs): desmoplastic (DHGP) and replacement (RHGP). The vascularization in DHGP tumours
is angiogenic, while the RHGP tumours exert vessel co-option vasculature. The presence of vessel
co-option tumours is associated with poor response to anti-angiogenic agents and chemotherapy, as
well as a worse prognosis. Metformin has been shown to influence the progression and vasculature
of tumours in different cancers. However, its role in CRCLM is poorly understood. Herein, we
conducted a retrospective cohort study to examine the role of metformin in CRCLM. A dataset of
108 patients was screened, of which 20 patients used metformin. The metformin user patients did
not use metformin as an anticancer agent. We noticed a significantly lower percentage of CRCLM
patients with vessel co-opting RHGP tumours in the population that used metformin compared to
CRCLM patients who did not use metformin. Similar results were obtained when we compared the
ratio of recurrence and extrahepatic metastases incidence. Moreover, the metformin user patients
had significantly higher survival outcome compared to nonusers. Collectively, our data suggest that
metformin administration is likely associated with better prognosis of CRCLM.

Keywords: CRCLM; angiogenesis; vessel co-option; metformin; tumour recurrence; extrahepatic
metastases

1. Introduction

Colorectal cancer (CRC) is the second most lethal cancer [1] and is linked with ap-
proximately 10% of cancer-related death among men and women worldwide [2]. The
development of metastatic diseases is the main cause of death in CRC patients, which over
50% of the patients will develop liver metastases (LM) during the course of their disease [3].
Surgical resection is the only chance to cure patients with colorectal cancer liver metastasis
(CRCLM) [4]. However, only 15–20% of CRCLM patients are eligible for hepatic resec-
tion [5]. The unresectable patients are referred to chemotherapy combined with targeted
therapies, including anti-angiogenic agents (e.g., Bevacizumab) [6,7]. However, the effect
of the treatments is limited due to the acquired resistance [8].

CRCLM tumours exert two major histopathological growth patterns (HGPs) including
desmoplastic HGP (DHGP) and replacement HGP (RHGP) [8,9]. The cancer cells in DHGP
lesions are separated from the liver parenchyma via the desmoplastic ring [8]. However,
the desmoplastic rim is absent around RHGP tumours, and the cancer cells are in direct
contact with the liver parenchyma [8,10]. Moreover, the DHGP tumours use angiogenic
vascularization, whereas the RHGP tumours obtain blood supply through vessel co-option
vascularization [8,10]. In vessel co-opting CRCLM, the cancer cells infiltrate through liver
parenchyma and hijack the pre-existing sinusoidal vessels [8,11]. Importantly, vessel co-option
is associated with acquired resistance against chemotherapy and antiangiogenic drugs in
CRCLM [8] and other types of cancers, such as hepatocellular carcinoma and glioblastoma [12].

Metformin is a 1,1-dimethylbiguanide hydrochloride that is extracted from the legume
Galega officinalis [13]. Metformin is widely used to treat type 2 diabetes [14]. Metformin
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decreases hepatic gluconeogenesis and induces skeletal muscle glucose uptake via trig-
gering the activation of AMP-activated protein kinase (AMPK), a master energy sensor
that modulates energy homeostasis at both cellular and whole-body levels [15]. Metformin
uses two different pathways for AMPK activation: (1) inhibition of NADH-ubiquinone
oxidoreductase (complex I), the largest component of oxidative phosphorylation/electron
transport chain, followed by reduction in the ATP/AMP ratio; and/or (2) activation of liver
kinase B1 (LKB1), a protein that mediates AMPK phosphorylation and activation [15,16].

Cancer cells acquire metabolism reprogramming to obtain sufficient energy to maintain
viability and build new biomass [17]. Importantly, inhibition of complex I [18], as well as
induction of LKB1/AMPK pathway [19], antagonize metabolism reprogramming. Since
metformin mediates both pathways [20], it has gained increasing interest as a potential
anticancer agent [21,22].

Xu et al. [23] have performed a study to validate metformin repurposing as an an-
ticancer agent and assess its role in reducing the mortality of different cancer patients.
Intriguingly, the mortality was significantly lower among those cancer patients that used
metformin compared to cancer patients that were not on metformin [23]. Previous stud-
ies have reported the inhibitory effect of metformin on cell proliferation, motility, and
epithelial to mesenchymal transition (EMT) in cancer cells [24–26]. Furthermore, met-
formin also blocks significant signaling pathways of tumorigenesis, such as TGFβ [27]
and PI3K/AKT [28] pathways. It is worth mentioning that TGFβ1 signaling pathway is
significantly upregulated in vessel co-option CRCLM tumour and contributes to the expres-
sion of the proteins that mediate the development of vessel co-option, such as runt-related
transcription factor-1 (RUNX1) [11].

Previous studies have proposed that low-dose metformin (250 mg/day) has potential
clinical efficacy for CRC chemoprevention [29,30]. Metformin usage is also associated with
better overall survival of CRC patients [31]. Metformin has multiple effects on CRC cells,
including blocking cell proliferation, EMT, and motility, as well as inducing apoptosis [32].
Using CRC xenograft nude mice, Sang et al. [33] have proposed metformin as a potential
antimetastatic agent in CRC, which inhibited metastases to the intestine, omentum, and
renal capsule. The susceptibility of CRC cells to metformin has been correlated to different
factors including the expression of miR-18b-5p, miR-145-3p miR-376b-5p, miR-718, and
miR-676-3p [34]. Accordingly, the upregulation of miR-18b-5p, miR-145-3p, miR-376b-5p,
and miR-718 facilitates the function of metformin in cell cycle arrest, while overexpression
of miR-676-3p improves both proapoptotic and cell cycle arrest activity of metformin in
CRC cells [34].

Metformin has been shown to inhibit tumour angiogenesis through various mech-
anisms [35]. Using metastatic breast cancer models, Wang et al. [36] have demonstrated
significant inhibition of tumour angiogenesis upon treatment with metformin. Additionally,
Moschetta et al. [37] have reported downregulation of hypoxia-inducible factor-1 (HIF-1)
and vascular endothelial growth factor (VEGF), the key angiogenic markers in breast cancer
after treatment with metformin. However, the role of metformin in the development of
vessel co-option vascularization has not been studied yet.

In this manuscript, we conducted a retrospective cohort study to identify the anticancer
effect of metformin in CRCLM. We assessed the distribution of the patients with different
HGPs, recurrence, extrahepatic metastases, and 5-year overall survival (OS) rate upon
metformin usage.

2. Materials and Methods
2.1. Clinical Data and Patient Samples

The study was conducted in accordance with the guidelines approved by McGill
University Health Centre Institutional Review Board (IRB).

The data of this study were collected from all CRCLM patients who had consented to
contribute to the McGill University Liver Disease Biobank research program. The presented
data were collected from 108 patients who had surgical resection of their liver metastases
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between January 2009 and December 2020 at McGill University Health Center (MUHC), and
the HGP of their tumours was determined by histopathologists. HGPs were determined
after surgical resection. All patients were intended to be followed until death. Patient
data was updated and reviewed through July 2022. We excluded patients with a lack of
follow-up information and unknown HGPs.

The HGPs of the patients were evaluated according to international consensus guide-
lines for scoring the HGPs of liver metastasis [38]. Tumours with more than 50% of a
specific growth pattern, i.e., DHGP or RHGP, were assigned predominately that HGP. If a
patient had multiple liver tumours with different dominant growth patterns, the patient
would then be designated as a patient with mixed HGP tumours.

2.2. Study Population

This retrospective cohort study consists of patients with pathologically confirmed
CRCLM diagnoses of patients without (n = 88) and with diabetes mellitus (n = 20) (Table 1).
Diabetes was defined as individuals with a self-reported history of diabetes or use of
antidiabetic medications. Half of diabetic population (n = 10) was administered only
metformin as antidiabetic drug, while the other half (n = 10) used metformin with at least
one other antidiabetic drug before and after surgery. The metformin user patients did not
use metformin as anticancer agent, while they used metformin as antidiabetic agent. All
patients had surgical resection of their liver metastases between January 2009 and December
2020 at McGill University Health Center (MUHC) and their follow-up information was
collected by McGill University Liver Disease Biobank research program.

Table 1. Demographic baseline of CRCLM patients.

Variable

Value

− Metformin
+ Metformin

− Other Antidiabetics + Other Antidiabetics

1 Sex

Male 59 6 7

Female 29 4 3

2 Age

<50 years 4 0 0

50–70 years 45 4 5

>70 years 39 6 5

3 Body mass index category (BMI)

Underweight (BMI ≤ 18.5) 0 0 0

Normal (BMI = 18.5–24.9) 30 2 3

Overweight (BMI = 25.0–29.9) 36 4 5

Obese (BMI ≥ 30.0) 21 3 2

Insufficient data 1 1 0

4 Histopathological growth pattern (HGP)
(50% predominant HGP cut-off)

Replacement HGP (RHGP) 42 2 4

Desmoplastic HGP (DHGP) 27 6 4

Mixed 19 2 2

5 Neoadjuvant before liver resection

Yes 74 5 7

No 12 5 3

Insufficient data 2 0 0
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2.3. Data Collection

Trained personnel collected demographic and clinical variables of the consented patients
via medical record review using an established abstraction form. We collected information on
gender, age, weight, and height, as well as administration and names of the oral antidiabetic
medications. For diabetic patients, the duration of antidiabetic usage was not available.

2.4. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software version 9.0 (Graph-
Pad Software, La Jolla, CA, USA) software. In all instances, p-values of < 0.05 were
considered statistically significant.

(a) The association between the two categorical groups.

We divided CRCLM patients into two major groups according to their usage of
metformin, regardless of the dose and duration of metformin use and other combinational
therapies they had received. The two categories were as follows: patients who did not
receive (-metformin) and those who received metformin (+metformin). All metformin user
CRCLM patients were diabetic. Categorical data were compared using chi-squared test.
Cox proportional hazards regression model was used to estimate the hazard ratios and 95%
confidence intervals.

(b) Overall Survival.

Overall survival estimates were calculated from the date of diagnosis of liver metas-
tases to the date of death or to the date of the last follow-up. Patient data was updated
and reviewed through July 2022. Kaplan–Meier analysis with log-rank tests was used to
estimate survival curves and statistical significance.

3. Results
3.1. The Distribution of CRCLM Patients with Different HGPs, Recurrence, and Extrahepatic
Metastases upon Metformin Usage

We established a local cohort of CRCLM from 108 patients (Supplementary Table S1)
and categorized patients based on their usage of metformin; 20 (18.5%) of the patients
used metformin and 88 patients (81.5%) did not use metformin. Next, we categorized both
populations according to the HGPs of their tumours. Of note, the HGPs of the tumours
were scored by histopathologists using 50% cut-off predominant HGPs scoring following
international consensus guidelines for scoring the HGPs of liver metastasis [38]. We divided
our patients into three groups of HGPs as follows: predominant vessel co-opting RHGP
(44.4%), predominant angiogenic DHGP (34.3%), and mixed (21.3%), as shown in Table 1.
Patients with mixed tumours are those patients who had had multiple liver tumours
with different dominant growth patterns. Interestingly, we noticed a lower percentage of
CRCLM patients with vessel co-option RHGP or mixed tumours in the population that used
metformin compared to the population that did not take metformin (Figure 1a). Moreover,
the percentage of patients with angiogenic DHGP tumours was 31% in the non-metformin
population, while this ratio was 50% for the population that used metformin.

Tumour recurrence is a thorny problem in clinical tumour therapy [39]. However,
limited anticancer agents have shown a significant postoperative inhibition for tumour
recurrence [40]. Our data suggested that recurrence significantly increases mortality in
CRCLM patients (Supplementary Figure S1a). To further assess the impact of metformin
in CRCLM, we analyzed the recurrence incidence in CRCLM patients upon the usage of
metformin. Interestingly, the usage of metformin was significantly associated with the
reduction of recurrence incidence. As shown in Figure 1b, the percentage of recurrence inci-
dence was 24% in the population of the patients that were administered metformin, whereas
this ratio was significantly higher (47%) in the group that was not administered metformin.
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(a) Represents the percentage of patients with vessel co-option (RHGP), angiogenic (DHGP), or
mixed (RHGP and DHGP) lesions according to the administration of metformin. (b) Represents the
association between metformin administration by CRCLM patients and the development of recurrent
tumours after hepatectomy. (c) Shows the correlation between the usage of metformin by CRCLM
patients and the development of extrahepatic metastases after surgical resection. Chi-square test was
used to compare the categorical variables.

Another factor associated with poor prognosis in CRCLM is the development of
extrahepatic metastases, and it has been reported that 38% of CRCLM patients develop
extrahepatic metastases [35]. Our data further confirmed these results and suggested
significant reduction in the survival rate of CRCLM patients upon the presence of extrahep-
atic disease (Supplementary Figure S1b). Therefore, we decided to analyze our cohort to
identify the influence of metformin on the presence of extrahepatic tumours in CRCLM.
According to our data, 61% of the patients who did not use metformin have developed
extrahepatic tumours (Figure 1b). However, this ratio was significantly decreased to 40% in
the group of patients who were administered metformin.

While the majority of the previous studies mainly focused on metformin as an antidia-
betic drug with anticancer activity, other types of antidiabetic drugs have been shown to
suppress tumour progression [41]. Gliclazide [42], Sitagliptin [43], and Canagliflozin [44]
are among the antidiabetic drugs that showed anticancer function. Our data showed
that 50% of the CRCLM patients who used metformin were using other types of an-
tidiabetics (Supplementary Table S1). Therefore, we decided to compare the impact of
metformin and metformin combined with other antidiabetics on HGPs, recurrence, and
extrahepatic incidence. Interestingly, only 20% of the patients had vessel co-option tu-
mours in the population that used only metformin as an antidiabetic drug, while this
ratio was higher (40%) in the group that used metformin combined with other antidiabet-
ics (Supplementary Figure S2a). The percentage of patients with recurrence incidence in
both populations was similar, at 20% (Supplementary Figure S2b). The ratio of patients
with extrahepatic metastases was significantly lower in the population that combined
metformin and other antidiabetics compared to the group that used metformin alone
(Supplementary Figure S2c). Importantly, the difference between both groups in five-year
overall survival (OS) was statistically nonsignificant (Supplementary Figure S2d). Taken to-
gether, the distribution of the patients suggests a significantly lower percentage of CRCLM
patients with vessel co-opting RHGP tumours, recurrence, and extrahepatic metastases
upon metformin usage. However, further investigations are required to verify these results
and identify the molecular mechanisms underlying the role of metformin in CRCLM.

3.2. The Survival Rate of CRCLM Patients upon Metformin Usage

CRCLM is associated with a poor survival rate. Previous studies suggested that the me-
dian survival of CRCLM patients who underwent hepatic resection was 37.7–42.0 months
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after initial hepatectomy [45,46]. To examine whether metformin administration has any
survival benefits for CRCLM patients, we analyzed the five-year OS in our cohort. Firstly,
we compared the survival of the patients with RHGP tumours (n = 6) who used metformin
to non-metformin patients with RHGP tumours (n = 42). We found a slightly better survival
rate for the patients who were administered metformin compared to those who were not
(Figure 2a). However, this difference was statistically nonsignificant. Similar results were
obtained for patients with DHGP (Figure 2b) or mixed (Figure 2c) tumours. Next, we com-
pared the five-year OS of CRCLM patients who were not administered metformin to those
who were administered metformin. Our data demonstrated that the survival of metformin
user CRCLM patients was significantly (p = 0.0048) higher than the rest of the patients
(Figure 2d). The hazard ratio was also estimated for those using metformin individually
or combined with other antidiabetics (hazard ratio (HR) = 0.8906, 95% confidence interval
(CI): 0.2067–2.6274; hazard ratio (HR) = 0.2314, 95% confidence interval (CI): 0.0112–1.855,
respectively). Altogether, our results proposed that metformin user CRCLM patients had
significantly lower mortality than CRCLM patients who did not use metformin.
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Figure 2. Metformin improves the prognosis of CRCLM patients. The survival analysis shows
five-year overall survival rate of CRCLM patients with (a) RHGP, (b) DHGP, or (c) mixed tumours in
the presence or absence of metformin usage. (d) The difference in five-year overall survival between
cohorts treated with and without metformin among all CRCLM patients. Kaplan–Meier analysis
with log-rank tests was used to analyze the survival curves and statistical significance.

4. Discussion

It has been reported that CRCLM patients with vessel co-opting RHGP tumours have
the worst prognosis [8,47]. The lack of angiogenic vascularization in vessel co-option
tumours is linked to their resistance to antiangiogenic agents, such as Bevacizumab [8].
Importantly, vessel co-option CRCLM tumours also showed limited response to chemother-
apy [8]. Hence, impairing the development of vessel co-option tumours or converting their
vasculature to angiogenic significantly increases their response to antiangiogenic agents
and chemotherapy, consequently improving the prognosis of CRCLM patients.

Previous preclinical and clinical studies have proposed metformin as a potential
anticancer agent [29,30]. Additionally, the usage of metformin has been associated with
lower mortality in different types of cancer including colorectal, pancreas, hepatocellular,
breast, and lung [48].

Tumour vascularization is crucial for tumour growth [49]. Therefore, it has become
an attractive target for therapy. Tumour vascularization is divided into angiogenic and
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nonangiogenic [49,50]. The antiangiogenic function of metformin has been reported in
various cancers, such as breast, lung, melanoma, hepatocellular, and colorectal cancer [51].
However, the effect of metformin on nonangiogenic tumour vascularization, including
vessel co-option, is unknown. In the current manuscript, we found a lower percentage of
CRCLM patients with nonangiogenic vessel co-option tumours upon metformin usage. Our
previous publications suggested that higher levels of cancer cell proliferation, EMT, and
motility [11], as well as the upregulation of TGFβ1 and PI3K/AKT pathways are essential
for the development of vessel co-option CRCLM lesion [52–54]. Interestingly, metformin
has been shown to block these pathways in various tumours [27,28]. Consequently, we
postulate that the function of metformin against vessel co-option vascularization is likely
mediated via attenuating the aforementioned pathways. However, this hypothesis warrants
further investigation.

Tumour recurrence remains one of the major problems after hepatic resection in
CRCLM and it is the main cause of death in CRCLM patients [55]. Approximately 75% of
CRCLM patients experience tumour recurrence after hepatic resection [56]. Importantly,
we observed a significantly lower percentage of CRCLM patients with tumour recurrence
in the CRCLM population that was administered metformin compared to the CRCLM
population that did not use metformin. In agreement with our findings, the usage of
metformin has been linked with lower levels of tumour recurrence in patients with gastric
cancer [57] and hepatocellular carcinoma [58].

Krzywon et al. [59] previously suggested that CRCLM patients with nonangiogenic
tumours are more likely to develop extrahepatic metastasis. Herein, we found a smaller per-
centage of CRCLM patients with extrahepatic metastases upon metformin usage. Of note,
CRCLM concomitant with extrahepatic metastasis is difficult to manage and associated
with poor prognosis [60]. Indeed, the inverse correlation between the usage of metformin
and the development of extrahepatic metastases is potentially associated with the survival
benefit of metformin in CRCLM.

It has been reported that metformin reduces the serum levels of low-density lipopro-
tein cholesterol (LDL-C) by suppressing the transcription of proprotein convertase sub-
tilisin/kexin type 9 (PCSK9) [61]. Importantly, we previously showed upregulation of
PCSK9 in the liver parenchyma of vessel co-opting CRCLM specimens [62]. Moreover, our
preclinical data suggested that using hypocholesterolemic drugs, including anti-PCSK9
(Evolocumab), significantly attenuates the development of vessel co-opting CRCLM tu-
mours [62]. Therefore, we postulate that metformin may also affect the generation of vessel
co-option tumours in CRCLM via regulation of PCSK9 and LDL-C levels. Indeed, future
studies will be needed to examine this hypothesis.

Our results support prior findings that suggested the role of metformin in lowering
the risk of overall mortality in cancer patients [14,51]. We hypothesize that the function
of metformin in CRCLM patients is likely driven by reducing the development of vessel
co-option, tumour recurrence, and extrahepatic metastases.

5. Limitations of the Study

The presented study has several limitations due to its retrospective design. First, the
small number of patients—specifically, the patients who used metformin—may have lim-
ited proper evaluation of the correlation between HGP of CRCLM tumours and metformin
usage. Second, although the data determined the usage and type of antidiabetic drugs used
by CRCLM patients, they did not clarify the duration and dosage of their administration.
Third, this study lacks other important information, such as the status of other comorbidi-
ties and glycemic control. Therefore, further studies are warranted to fully understand
the role of metformin in CRCLM and, specifically, its impact on the development of vessel
co-option tumours.
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6. Conclusions

Our data suggested that metformin user CRCLM patients obtained better clinical
outcomes. However, further studies are needed to verify our results, as well as to iden-
tify the function of metformin in CRCLM tumour resistance to antiangiogenic agents
and chemotherapy.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines11030731/s1, Table S1: Baseline characteristics of
the cohort. Supplementary Figure S1: The impact of recurrence and extrahepatic incidence on survival
rate in CRCLM. Supplementary Figure S2: The role of various antidiabetics in CRCLM.

Author Contributions: Conceptualization, M.R., A.L. and P.M.; collection of the clinical data, L.K.
and S.P.; data analysis, M.R.; data curation, M.R.; writing, M.R.; supervision, P.M. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was approved by the McGill University Health
Centre Institutional Review Board.

Informed Consent Statement: All patients provided written informed consent.

Data Availability Statement: All data produced in the present study are available upon reasonable
request to the authors.

Acknowledgments: The authors would like to acknowledge the support provided by Dana Massaro
and Ken Verdoni Liver Metastases Research Fellowship.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rawla, P.; Sunkara, T.; Barsouk, A. Epidemiology of Colorectal Cancer: Incidence, Mortality, Survival, and Risk Factors. Prz.

Gastroenterol. 2019, 14, 89–103. [CrossRef]
2. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer Statistics, 2022. CA Cancer J. Clin. 2022, 72, 7–33. [CrossRef] [PubMed]
3. Pan, Z.; Peng, J.; Lin, J.; Chen, G.; Wu, X.; Lu, Z.; Deng, Y.; Zhao, Y.; Sui, Q.; Wan, D. Is There a Survival Benefit from Adjuvant

Chemotherapy for Patients with Liver Oligometastases from Colorectal Cancer after Curative Resection? Cancer Commun.
2018, 38, 1–10. [CrossRef] [PubMed]

4. House, M.G.; Ito, H.; Gönen, M.; Fong, Y.; Allen, P.J.; DeMatteo, R.P.; Brennan, M.F.; Blumgart, L.H.; Jarnagin, W.R.; D’Angelica,
M.I. Survival after Hepatic Resection for Metastatic Colorectal Cancer: Trends in Outcomes for 1,600 Patients during Two Decades
at a Single Institution. J. Am. Coll. Surg. 2010, 210, 744–752. [CrossRef]

5. Guadagni, S.; Clementi, M.; Mackay, A.R.; Ricevuto, E.; Fiorentini, G.; Sarti, D.; Palumbo, P.; Apostolou, P.; Papasotiriou, I.;
Masedu, F.; et al. Real-Life Multidisciplinary Treatment for Unresectable Colorectal Cancer Liver Metastases Including Hepatic
Artery Infusion with Chemo-Filtration and Liquid Biopsy Precision Oncotherapy: Observational Cohort Study. J. Cancer Res. Clin.
Oncol. 2020, 146, 1273–1290. [CrossRef]

6. Fusai, G.; Davidson, B.R. Strategies to Increase the Resectability of Liver Metastases from Colorectal Cancer. Dig. Surg. 2003, 20, 481–496.
[CrossRef] [PubMed]

7. Rocha, F.G.; Helton, W.S. Resectability of Colorectal Liver Metastases: An Evolving Definition. HPB 2012, 14, 283–284. [CrossRef]
8. Frentzas, S.; Simoneau, E.; Bridgeman, V.L.; Vermeulen, P.B.; Foo, S.; Kostaras, E.; Nathan, M.R.; Wotherspoon, A.; Gao, Z.H.;

Shi, Y.; et al. Vessel Co-Option Mediates Resistance to Anti-Angiogenic Therapy in Liver Metastases. Nat. Med. 2016, 22, 1294–1302.
[CrossRef]

9. Rada, M.; Hassan, N.; Lazaris, A.; Metrakos, P. The Molecular Mechanisms Underlying Neutrophil Infiltration in Vessel Co-Opting
Colorectal Cancer Liver Metastases. Front Oncol. 2022, 12, 1–8. [CrossRef]

10. Rada, M.; Lazaris, A.; Kapelanski-Lamoureux, A.; Mayer, T.Z.; Metrakos, P. Tumor Microenvironment Conditions That Favor
Vessel Co-Option in Colorectal Cancer Liver Metastases: A Theoretical Model. Semin. Cancer Biol. 2021, 71, 52–64. [CrossRef]

11. Rada, M.; Kapelanski-Lamoureux, A.; Petrillo, S.; Tabariès, S.; Siegel, P.; Reynolds, A.R.; Lazaris, A.; Metrakos, P. Runt Related
Transcription Factor-1 Plays a Central Role in Vessel Co-Option of Colorectal Cancer Liver Metastases. Commun. Biol. 2021, 4, 1–15.
[CrossRef]

12. Kuczynski, E.A.; Vermeulen, P.B.; Pezzella, F.; Kerbel, R.S.; Reynolds, A.R. Vessel Co-Option in Cancer. Nat. Rev. Clin. Oncol.
2019, 16, 469–493. [CrossRef]

https://www.mdpi.com/article/10.3390/biomedicines11030731/s1
https://www.mdpi.com/article/10.3390/biomedicines11030731/s1
http://doi.org/10.5114/pg.2018.81072
http://doi.org/10.3322/caac.21708
http://www.ncbi.nlm.nih.gov/pubmed/35020204
http://doi.org/10.1186/s40880-018-0298-8
http://www.ncbi.nlm.nih.gov/pubmed/29843800
http://doi.org/10.1016/j.jamcollsurg.2009.12.040
http://doi.org/10.1007/s00432-020-03156-3
http://doi.org/10.1159/000073535
http://www.ncbi.nlm.nih.gov/pubmed/13679642
http://doi.org/10.1111/j.1477-2574.2012.00451.x
http://doi.org/10.1038/nm.4197
http://doi.org/10.3389/fonc.2022.1004793
http://doi.org/10.1016/j.semcancer.2020.09.001
http://doi.org/10.1038/s42003-021-02481-8
http://doi.org/10.1038/s41571-019-0181-9


Biomedicines 2023, 11, 731 9 of 11

13. Wu, H.; Huang, D.; Zhou, H.; Sima, X.; Wu, Z.; Sun, Y.; Wang, L.; Ruan, Y.; Wu, Q.; Wu, F.; et al. Metformin: A Promising Drug for
Human Cancers (Review). Oncol. Lett. 2022, 24, 204. [CrossRef]

14. Lv, Z.; Guo, Y. Metformin and Its Benefits for Various Diseases. Front. Endocrinol. 2020, 11, 191. [CrossRef] [PubMed]
15. Aljofan, M.; Riethmacher, D. Anticancer Activity of Metformin: A Systematic Review of the Literature. Future Sci. OA 2019, 5, FSO410.

[CrossRef] [PubMed]
16. Choi, Y.K.; Park, K.-G. Metabolic Roles of AMPK and Metformin in Cancer Cells. Mol. Cells. 2013, 36, 279–287. [CrossRef]
17. Phan, L.M.; Yeung, S.C.J.; Lee, M.H. Cancer Metabolic Reprogramming: Importance, Main Features, and Potentials for Precise

Targeted Anti-Cancer Therapies. Cancer Biol. Med. 2014, 11, 1–19. [PubMed]
18. Baran, N.; Lodi, A.; Dhungana, Y.; Herbrich, S.; Collins, M.; Sweeney, S.; Pandey, R.; Skwarska, A.; Patel, S.; Tremblay, M.; et al.

Inhibition of Mitochondrial Complex I Reverses NOTCH1-Driven Metabolic Reprogramming in T-Cell Acute Lymphoblastic
Leukemia. Nat. Commun. 2022, 13, 2801. [CrossRef]

19. Ciccarese, F.; Zulato, E.; Indraccolo, S. LKB1/AMPK Pathway and Drug Response in Cancer: A Therapeutic Perspective. Oxid.
Med. Cell Longev. 2019, 2019, 8730816. [CrossRef]

20. Vancura, A.; Bu, P.; Bhagwat, M.; Zeng, J.; Vancurova, I. Metformin as an Anticancer Agent. Trends Pharmacol. Sci.
2018, 39, 867–878. [CrossRef] [PubMed]

21. Farkhondeh, T.; Amirabadizadeh, A.; Aramjoo, H.; Llorens, S.; Roshanravan, B.; Saeedi, F.; Talebi, M.; Shakibaei, M.; Samarghan-
dian, S. Impact of Metformin on Cancer Biomarkers in Non-Diabetic Cancer Patients: A Systematic Review and Meta-Analysis of
Clinical Trials. Curr. Oncol. 2021, 28, 1412–1423. [CrossRef] [PubMed]

22. Varghese, S.; Samuel, S.M.; Varghese, E.; Kubatka, P.; Büsselberg, D. High Glucose Represses the Anti-Proliferative and Pro-
Apoptotic Effect of Metformin in Triple Negative Breast Cancer Cells. Biomolecules 2019, 9, 16. [CrossRef] [PubMed]

23. Xu, H.; Aldrich, M.C.; Chen, Q.; Liu, H.; Peterson, N.B.; Dai, Q.; Levy, M.; Shah, A.; Han, X.; Ruan, X.; et al. Validating Drug
Repurposing Signals Using Electronic Health Records: A Case Study of Metformin Associated with Reduced Cancer Mortality. J.
Am. Med. Inform. Assoc. 2015, 22, 179–191. [CrossRef] [PubMed]

24. Shi, B.; Hu, X.; He, H.; Fang, W. Metformin Suppresses Breast Cancer Growth via Inhibition of Cyclooxygenase-2. Oncol. Lett.
2021, 22, 615. [CrossRef]

25. Song, Y.; Chen, Y.; Li, Y.; Lyu, X.; Cui, J.; Cheng, Y.; Zhao, L.; Zhao, G. Metformin Inhibits TGF-B1-Induced Epithelial-
to-Mesenchymal Transition-like Process and Stem-like Properties in GBM via AKT/MTOR/ZEB1 Pathway. Oncotarget
2018, 9, 7023–7035. [CrossRef]

26. Kast, R.E.; Skuli, N.; Karpel-Massler, G.; Frosina, G.; Ryken, T.; Halatsch, M.-E. Blocking Epithelial-to-Mesenchymal Transition in
Glioblastoma with a Sextet of Repurposed Drugs: The EIS Regimen. Oncotarget 2017, 8, 60727–60749. [CrossRef]

27. Wahdan-Alaswad, R.; Harrell, J.C.; Fan, Z.; Edgerton, S.M.; Liu, B.; Thor, A.D. Metformin Attenuates Transforming Growth
Factor Beta (TGF-β) Mediated Oncogenesis in Mesenchymal Stem-like/Claudin-Low Triple Negative Breast Cancer. Cell Cycle.
2016, 15, 1046–1059. [CrossRef]

28. Xiao, Q.; Xiao, J.; Liu, J.; Liu, J.; Shu, G.; Yin, G. Metformin Suppresses the Growth of Colorectal Cancer by Targeting INHBA to
Inhibit TGF-β/PI3K/AKT Signaling Transduction. Cell Death Dis. 2022, 13, 202. [CrossRef]

29. Higurashi, T.; Hosono, K.; Takahashi, H.; Komiya, Y.; Umezawa, S.; Sakai, E.; Uchiyama, T.; Taniguchi, L.; Hata, Y.;
Uchiyama, S.; et al. Metformin for Chemoprevention of Metachronous Colorectal Adenoma or Polyps in Post-Polypectomy
Patients without Diabetes: A Multicentre Double-Blind, Placebo-Controlled, Randomised Phase 3 Trial. Lancet Oncol.
2016, 17, 475–483. [CrossRef]

30. Hosono, K.; Endo, H.; Takahashi, H.; Sugiyama, M.; Sakai, E.; Uchiyama, T.; Suzuki, K.; Iida, H.; Sakamoto, Y.; Yoneda, K.; et al.
Metformin Suppresses Colorectal Aberrant Crypt Foci in a Short-Term Clinical Trial. Cancer Prev. Res. 2010, 3, 1077–1083.
[CrossRef]

31. Tarhini, Z.; Manceur, K.; Magne, J.; Mathonnet, M.; Jost, J.; Christou, N. The Effect of Metformin on the Survival of Colorectal
Cancer Patients with Type 2 Diabetes Mellitus. Sci. Rep. 2022, 12, 12374. [CrossRef]

32. Kamarudin, M.N.A.; Sarker, M.R.; Zhou, J.-R.; Parhar, I. Metformin in Colorectal Cancer: Molecular Mechanism, Preclinical and
Clinical Aspects. J. Exp. Clin. Cancer Res. 2019, 38, 491. [CrossRef]

33. Sang, J.; Tang, R.; Yang, M.; Sun, Q. Metformin Inhibited Proliferation and Metastasis of Colorectal Cancer and Presented a
Synergistic Effect on 5-FU. Biomed. Res. Int. 2020, 2020, 1–9. [CrossRef] [PubMed]

34. Orang, A.; Ali, S.R.; Petersen, J.; McKinnon, R.A.; Aloia, A.L.; Michael, M.Z. A Functional Screen with Metformin Identifies
MicroRNAs That Regulate Metabolism in Colorectal Cancer Cells. Sci. Rep. 2022, 12, 2889. [CrossRef] [PubMed]

35. Guarnaccia, L.; Marfia, G.; Masseroli, M.M.; Navone, S.E.; Balsamo, M.; Caroli, M.; Valtorta, S.; Moresco, R.M.; Campanella,
R.; Garzia, E.; et al. Frontiers in Anti-Cancer Drug Discovery: Challenges and Perspectives of Metformin as Anti-Angiogenic
Add-On Therapy in Glioblastoma. Cancers 2021, 14, 112. [CrossRef] [PubMed]

36. Wang, J.-C.; Li, G.-Y.; Wang, B.; Han, S.-X.; Sun, X.; Jiang, Y.-N.; Shen, Y.-W.; Zhou, C.; Feng, J.; Lu, S.-Y.; et al. Metformin
Inhibits Metastatic Breast Cancer Progression and Improves Chemosensitivity by Inducing Vessel Normalization via PDGF-B
Downregulation. J. Exp. Clin. Cancer Res. 2019, 38, 235. [CrossRef]

http://doi.org/10.3892/ol.2022.13325
http://doi.org/10.3389/fendo.2020.00191
http://www.ncbi.nlm.nih.gov/pubmed/32425881
http://doi.org/10.2144/fsoa-2019-0053
http://www.ncbi.nlm.nih.gov/pubmed/31534778
http://doi.org/10.1007/s10059-013-0169-8
http://www.ncbi.nlm.nih.gov/pubmed/24738035
http://doi.org/10.1038/s41467-022-30396-3
http://doi.org/10.1155/2019/8730816
http://doi.org/10.1016/j.tips.2018.07.006
http://www.ncbi.nlm.nih.gov/pubmed/30150001
http://doi.org/10.3390/curroncol28020134
http://www.ncbi.nlm.nih.gov/pubmed/33917520
http://doi.org/10.3390/biom9010016
http://www.ncbi.nlm.nih.gov/pubmed/30626087
http://doi.org/10.1136/amiajnl-2014-002649
http://www.ncbi.nlm.nih.gov/pubmed/25053577
http://doi.org/10.3892/ol.2021.12876
http://doi.org/10.18632/oncotarget.23317
http://doi.org/10.18632/oncotarget.18337
http://doi.org/10.1080/15384101.2016.1152432
http://doi.org/10.1038/s41419-022-04649-4
http://doi.org/10.1016/S1470-2045(15)00565-3
http://doi.org/10.1158/1940-6207.CAPR-10-0186
http://doi.org/10.1038/s41598-022-16677-3
http://doi.org/10.1186/s13046-019-1495-2
http://doi.org/10.1155/2020/9312149
http://www.ncbi.nlm.nih.gov/pubmed/32851092
http://doi.org/10.1038/s41598-022-06587-9
http://www.ncbi.nlm.nih.gov/pubmed/35190587
http://doi.org/10.3390/cancers14010112
http://www.ncbi.nlm.nih.gov/pubmed/35008275
http://doi.org/10.1186/s13046-019-1211-2


Biomedicines 2023, 11, 731 10 of 11

37. Moschetta, M.G.; Leonel, C.; Maschio-Signorini, L.B.; Borin, T.F.; Gelaleti, G.B.; Jardim-Perassi, B.; Ferreira, L.C.; Sonehara, N.M.;
Carvalho, L.G.S.; Hellmén, E.; et al. Evaluation of Angiogenesis Process after Metformin and LY294002 Treatment in Mammary
Tumor. Anticancer. Agents Med. Chem. 2019, 19, 655–666. [CrossRef]

38. Dam, P.; van der Stok, E.P.; Teuwen, L.A.; van den Eynden, G.G.; Illemann, M.; Frentzas, S.; Majeed, A.W.; Eefsen, R.L.; Coebergh
Van Den Braak, R.R.J.; Lazaris, A.; et al. International Consensus Guidelines for Scoring the Histopathological Growth Patterns of
Liver Metastasis. Br. J. Cancer. 2017, 117, 1427–1441.

39. Lu, Y.; Wu, C.; Yang, Y.; Chen, X.; Ge, F.; Wang, J.; Deng, J. Inhibition of Tumor Recurrence and Metastasis via a Surgical
Tumor-Derived Personalized Hydrogel Vaccine. Biomater. Sci. 2022, 10, 1352–1363. [CrossRef]

40. Santos-de-Frutos, K.; Djouder, N. When Dormancy Fuels Tumour Relapse. Commun. Biol. 2021, 4, 747. [CrossRef]
41. Feng, Y.-H.; Velazquez-Torres, G.; Gully, C.; Chen, J.; Lee, M.-H.; Yeung, S.-C.J. The Impact of Type 2 Diabetes and Antidiabetic

Drugs on Cancer Cell Growth. J. Cell Mol. Med. 2011, 15, 825–836. [CrossRef]
42. Cheng, Y.; Hou, K.; Wang, Y.; Chen, Y.; Zheng, X.; Qi, J.; Yang, B.; Tang, S.; Han, X.; Shi, D.; et al. Identification of Prognostic

Signature and Gliclazide as Candidate Drugs in Lung Adenocarcinoma. Front. Oncol. 2021, 11, 665276. [CrossRef] [PubMed]
43. Wang, Q.; Lu, P.; Wang, T.; Zheng, Q.; Li, Y.; Leng, S.X.; Meng, X.; Wang, B.; Xie, J.; Zhang, H. Sitagliptin Affects Gastric Cancer

Cells Proliferation by Suppressing Melanoma-associated Antigen-A3 Expression through Yes-associated Protein Inactivation.
Cancer Med. 2020, 9, 3816–3828. [CrossRef] [PubMed]

44. Hung, M.-H.; Chen, Y.-L.; Chen, L.-J.; Chu, P.-Y.; Hsieh, F.-S.; Tsai, M.-H.; Shih, C.-T.; Chao, T.-I.; Huang, C.-Y.; Chen, K.-F.
Canagliflozin Inhibits Growth of Hepatocellular Carcinoma via Blocking Glucose-Influx-Induced β-Catenin Activation. Cell
Death Dis. 2019, 10, 420. [CrossRef] [PubMed]

45. Schindl, M. Prognostic Scoring in Colorectal Cancer Liver Metastases. Arch. Surg. 2005, 140, 183. [CrossRef] [PubMed]
46. Hirokawa, F.; Hayashi, M.; Miyamoto, Y.; Asakuma, M.; Shimizu, T.; Komeda, K.; Inoue, Y.; Uchiyama, K. Reconsideration of the

Indications for Adjuvant Chemotherapy for Liver Metastases from Colorectal Cancer After Initial Hepatectomy. Ann. Surg. Oncol.
2014, 21, 139–146. [CrossRef] [PubMed]

47. Rada, M.; Krzywon, L.; Kapelanski-Lamoureux, A.; Kim, D.; Petrillo, S.; Lazaris, A.; Metrakos, P. Vitamin D Supplementation
Improves the Prognosis of Patients with Colorectal Cancer Liver Metastases. medRxiv 2022, 1–18.

48. Dowling, R.J.O.; Niraula, S.; Stambolic, V.; Goodwin, P.J. Metformin in Cancer: Translational Challenges. J. Mol. Endocrinol.
2012, 48, R31–R43. [CrossRef]

49. Donnem, T.; Reynolds, A.R.; Kuczynski, E.A.; Gatter, K.; Vermeulen, P.B.; Kerbel, R.S.; Harris, A.L.; Pezzella, F. Non-Angiogenic
Tumours and Their Influence on Cancer Biology. Nat. Rev. Cancer 2018, 18, 323–336. [CrossRef]

50. Donnem, T.; Hu, J.; Ferguson, M.; Adighibe, O.; Snell, C.; Harris, A.L.; Gatter, K.C.; Pezzella, F. Vessel Co-Option in Primary
Human Tumors and Metastases: An Obstacle to Effective Anti-Angiogenic Treatment? Cancer Med. 2013, 2, 427–436. [CrossRef]

51. Kurelac, I.; Umesh Ganesh, N.; Iorio, M.; Porcelli, A.M.; Gasparre, G. The Multifaceted Effects of Metformin on Tumor Microenvi-
ronment. Semin. Cell Dev. Biol. 2020, 98, 90–97. [CrossRef] [PubMed]

52. Rada, M.; Kapelanski-Lamoureux, A.; Tsamchoe, M.; Petrillo, S.; Lazaris, A.; Metrakos, P. Angiopoietin-1 Upregulates Cancer Cell
Motility in Colorectal Cancer Liver Metastases through Actin-Related Protein 2/3. Cancers 2022, 14, 2540. [CrossRef] [PubMed]

53. Rada, M.; Kapelanski-Lamoureux, A.; Zlotnik, O.; Petrillo, S.; Lazaris, A.; Metrakos, P. Disruption of Integrin Alpha-5/Beta-
1-Dependent Transforming Growth Factor Beta-1 Signaling Pathway Attenuates Vessel Co-Option in Colorectal Cancer Liver
Metastases. bioRxiv 2022, 1–26.

54. Rada, M.; Tsamchoe, M.; Kapelanski-lamoureux, A.; Hassan, N.; Bloom, J.; Petrillo, S.; Kim, D.H.; Lazaris, A.; Metrakos, P.
Cancer Cells Promote Phenotypic Alterations in Hepatocytes at the Edge of Cancer Cell Nests to Facilitate Vessel Co-Option
Establishment in Colorectal Cancer Liver Metastases. Cancers 2022, 14, 1318. [CrossRef] [PubMed]

55. Bredt, L.; Rachid, A. Predictors of Recurrence after a First Hepatectomy for Colorectal Cancer Liver Metastases: A Retrospective
Analysis. World J. Surg. Oncol. 2014, 12, 391. [CrossRef] [PubMed]

56. Liu, W.; Liu, J.-M.; Wang, K.; Wang, H.-W.; Xing, B.-C. Recurrent Colorectal Liver Metastasis Patients Could Benefit from Repeat
Hepatic Resection. BMC Surg. 2021, 21, 327. [CrossRef] [PubMed]

57. Greenhill, C. Metformin Improves Survival and Recurrence Rate in Patients with Diabetes and Gastric Cancer. Nat. Rev.
Gastroenterol. Hepatol. 2015, 12, 124. [CrossRef]

58. Metformin-Associated Chemopreventive Effects on Recurrence After Hepatic Resection of Hepatocellular Carcinoma: From In
Vitro to a Clinical Study. Anticancer Res. 2018, 38, 2399–2407.

59. Krzywon, L.; Lazaris, A.; Petrillo, S.; Zlotnik, O.; Gao, Z.; Metrakos, P. Histopathological Growth Patterns Determines the
Outcomes of Colorectal Cancer Liver Metastasis That Have Undergone Liver Resection. Res. Sq. 2022, 1–22.

60. Kawasaki, Y.; Iino, S.; Idichi, T.; Ueno, S.; Natsugoe, S. Characteristic Radiological Findings Indicating the Possible Involvement of
the Hepatic Hilar Lymph Nodes in Patients with Colorectal Liver Metastasis: Case Report. Int. J. Surg. Case Rep. 2020, 72, 10–16.
[CrossRef]

http://doi.org/10.2174/1871520619666181218164050
http://doi.org/10.1039/D1BM01596F
http://doi.org/10.1038/s42003-021-02257-0
http://doi.org/10.1111/j.1582-4934.2010.01083.x
http://doi.org/10.3389/fonc.2021.665276
http://www.ncbi.nlm.nih.gov/pubmed/34249701
http://doi.org/10.1002/cam4.3024
http://www.ncbi.nlm.nih.gov/pubmed/32227453
http://doi.org/10.1038/s41419-019-1646-6
http://www.ncbi.nlm.nih.gov/pubmed/31142735
http://doi.org/10.1001/archsurg.140.2.183
http://www.ncbi.nlm.nih.gov/pubmed/15724001
http://doi.org/10.1245/s10434-013-3310-1
http://www.ncbi.nlm.nih.gov/pubmed/24121880
http://doi.org/10.1530/JME-12-0007
http://doi.org/10.1038/nrc.2018.14
http://doi.org/10.1002/cam4.105
http://doi.org/10.1016/j.semcdb.2019.05.010
http://www.ncbi.nlm.nih.gov/pubmed/31091466
http://doi.org/10.3390/cancers14102540
http://www.ncbi.nlm.nih.gov/pubmed/35626145
http://doi.org/10.3390/cancers14051318
http://www.ncbi.nlm.nih.gov/pubmed/35267627
http://doi.org/10.1186/1477-7819-12-391
http://www.ncbi.nlm.nih.gov/pubmed/25528650
http://doi.org/10.1186/s12893-021-01323-y
http://www.ncbi.nlm.nih.gov/pubmed/34399728
http://doi.org/10.1038/nrgastro.2015.9
http://doi.org/10.1016/j.ijscr.2020.05.040


Biomedicines 2023, 11, 731 11 of 11

61. Hu, D.; Guo, Y.; Wu, R.; Shao, T.; Long, J.; Yu, B.; Wang, H.; Luo, Y.; Lu, H.; Zhang, J.; et al. New Insight Into Metformin-Induced
Cholesterol-Lowering Effect Crosstalk Between Glucose and Cholesterol Homeostasis via ChREBP (Carbohydrate-Responsive
Element-Binding Protein)-Mediated PCSK9 (Proprotein Convertase Subtilisin/Kexin Type 9) Regulation. Arter. Thromb. Vasc. Biol.
2021, 41, e208–e223. [CrossRef] [PubMed]

62. Rada, M.; Krzywon, L.; Kapelanski-Lamoureux, A.; Petrillo, S.; Reynolds, A.R.; Lazaris, A.; Seidah, N.; Metrakos, P. High levels of
serum cholesterol positively correlate with the risk of the development of vessel co-opting tumours in colorectal cancer liver
metastases. medRxiv 2022, 1–25.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1161/ATVBAHA.120.315708
http://www.ncbi.nlm.nih.gov/pubmed/33535788

	Introduction 
	Materials and Methods 
	Clinical Data and Patient Samples 
	Study Population 
	Data Collection 
	Statistical Analysis 

	Results 
	The Distribution of CRCLM Patients with Different HGPs, Recurrence, and Extrahepatic Metastases upon Metformin Usage 
	The Survival Rate of CRCLM Patients upon Metformin Usage 

	Discussion 
	Limitations of the Study 
	Conclusions 
	References

