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Abstract: Ovarian cancer (OC) remains one of the leading causes of cancer-related mortality among
women. Targeting the insulin-like growth factor 1 (IGF-1) signaling pathway has emerged as a
promising therapeutic strategy. Linsitinib, an IGF-1 receptor (IGF-1R) inhibitor, has shown potential
in disrupting this pathway. Additionally, metformin, commonly used in the treatment of type
2 diabetes, has been studied for its anti-cancer properties due to its ability to inhibit metabolic
pathways that intersect with IGF-1 signaling, making it a candidate for combination therapy in cancer
treatments. This study explores the anti-cancer effects of linsitinib and metformin on OVCAR3 cells
by the suppression of the IGF-1 signaling pathway by siRNA-mediated IGF-1 gene silencing. The goal
is to evaluate their efficacy as therapeutic agents and to emphasize the critical role of this pathway
in OC cell proliferation. Cellular viability was evaluated by resazurin-based assay, and apoptosis
was assessed by flux cytometry. The results of this study indicate that the combination of linsitinib
and metformin exhibits an antagonistic effect (obtained by SynergyFinder 2.0 Software), reducing
their anti-neoplastic efficacy in OC cell lines. Statistical analyses were performed using ordinary
one-way or two-way ANOVA, followed by Tukey’s or Šídák’s multiple comparison tests. While
linsitinib shows promise as a therapeutic option for OC, further research is needed to identify agents
that could synergize with it to enhance its therapeutic efficacy, like the combination with standard
chemotherapy in OC (carboplatin and paclitaxel).

Keywords: ovarian cancer; linsitinib; IGF-1 signaling pathway; metformin; cell viability; apoptosis

1. Introduction

Ovarian cancer (OC) is the second most common malignant gynecologic neoplasm
in Western countries and has the highest mortality rate of all gynecological tumors due
to its late diagnosis [1]. Advanced OC is characterized by metastases in the peritoneal
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cavity and/or in the retroperitoneal lymph nodes, supporting extensive disease spread
beyond the abdomen. Metastasis from the primary ovarian/fallopian tube tumors can
occur through three routes, transcoelomic, lymphatic, or hematogenous, with the first
being the most common. Peritoneal carcinomatosis and excess peritoneal fluid known
as malignant ascites occur in 90% of patients with advanced OC [2]. According to the
World Health Organization, the majority of OCs (90% of cases) are of epithelial origin
and can be classified into five main types based on histopathology, immune profile, and
molecular analysis: high-grade serous carcinoma (HGSC, 70%), endometrioid carcinoma
(EC, 10%), clear-cell carcinoma (CCC, 6–10%), low-grade serous carcinoma (LGSC, 5%),
and mucinous carcinoma (MC, 3–4%) [1]. Genomic mutations have an important role in the
pathogenesis of OC. High-prevalence somatic (non-germline) mutations (>5%) have been
reported in a limited number of genes in OC. The genes whose functional perturbation
likely contributes to ovarian carcinogenesis include TP53, CTNNB1, PTEN, KRAS, PIK3CA,
and AKT1. Hereditary (germline) mutations in BRCA1 and BRCA2 are associated with
epithelial OCs that typically occur at an earlier age. In contrast, sporadic tumors are more
frequently HGSC with mutations in the TP53 gene [3]. Over recent decades, taxane- and
platinum-based chemotherapy has been the standard of care for OC patients and, only in
the previous year [4,5], targeted therapy such as anti-vascular endothelial growth factor
receptor (VEGFR) and poly ADP ribose polymerase (PARP) inhibitors were included in the
management of this type of cancer [6]. Despite efforts, the survival rate has not significantly
improved, highlighting the need for new therapeutic strategies.

The insulin-like growth factor 1 (IGF-1) signaling pathway is a potential therapeutic
target since it is crucial in the development, maintenance, progression, survival, and
chemotherapeutic response in OC [5,7]. IGF-1 and its receptor insulin-like growth factor
1 receptor (IGF-1R) are overexpressed in serous ovarian carcinoma [8]; the activation of
this signaling pathway enhances the proliferation and tumorigenicity in OC cell lines [9]
and is shown to be associated with chemoresistance [10,11]. Downstream effectors of the
insulin growth factor (IGF) pathway, such as the phosphatidylinositol 3-kinase (PI3K)-Ak
strain transforming (Akt)/mammalian target of rapamycin (mTOR) pathway and rapidly
accelerated fibrosarcoma (RAF)/mitogen-activated protein (MAP) kinase (Figure 1), play
well-established roles as mitogens in carcinogenesis [12,13]. Several ongoing clinical trials
are exploring the efficacy of IGF-1R inhibitors in OC [14]. Linsitinib (OSI-906) is one of these
inhibitors, and it targets the tyrosine kinase domain of both IGF-1R and insulin-receptor
(IR) [8], preventing tumor cell proliferation and inducing apoptosis [15]. Additionally,
linsitinib has been shown to restore the sensitivity of ovarian clear-cell carcinoma cells to
cisplatin by silencing the IGF-1R/Akt signaling pathway [16].

Metformin, a biguanide drug, was first discovered in the 1920s as an anti-diabetic
medication and has been improving mortality rates in several other conditions, such as
cancer, obesity, polycystic ovary syndrome, and metabolic syndrome [17]. Regarding cancer,
metformin has shown significant survival benefits in colorectal and prostate cancers [18]
and in hormone-receptor-positive breast tumors [19]. Despite some clinical trials demon-
strating an association between metformin and improved prognosis in cancer patients, this
association has not been fully established in OC [20]. The anti-diabetic effect of metformin is
mediated through the enzyme adenosine monophosphate-activated protein kinase (AMPK).
Metformin reduces hepatic gluconeogenesis and promotes glucose uptake by muscles via
AMPK activation, thus lowering blood glucose and insulin levels and reducing insulin
resistance, which is a risk factor for OC [21,22]. The anti-neoplastic effect of metformin
in OC involves the activation of AMPK and various other mechanisms, such as the IGF-1
pathway, since IGF-1R is overexpressed in OC [23]. Metformin treatment lowers the se-
cretion of IGF-1 [24], downregulates the expression of IR [25] and IGF-1R [24,26], inhibits
the phosphorylation of IGF-1R [25], and increases the expression of insulin-like growth
factor binding protein 1 (IGFBP-1) [26]. This leads to the inhibition of the PI3K/Akt [24]
and extracellular-signal-regulated kinase (ERK)1/2 signaling pathways [27], resulting in
the inhibition of cell growth and proliferation, the decreased synthesis of proteins and
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fatty acids, and the reduced paracrine and endocrine release of pro-proliferative systemic
factors [28]. In addition to IGF-1-related signaling pathways, metformin also affects the
activity of the transcription factor signal transducer and activator of transcription 3 (STAT3),
which is usually activated by various growth factors and cytokines, leading to its dimer-
ization, translocation to the nucleus, and induction of multiple transcription pro-survival
and pro-proliferative genes [28]. STAT3 levels are elevated in endometrial cancer cells,
particularly the serine-phosphorylated form, phospho-STAT3 Ser727 [29]. High glucose
concentrations induce the transcription of STAT3 and its upstream regulators Janus kinases
1 and 2 (JAK1/2), while metformin treatment reduces total STAT3 protein and phospho-
STAT3 Ser727 [30]. This is associated with a significantly decreased expression of multiple
pro-survival downstream targets of STAT3, including c-Myc and B-cell lymphoma (Bcl)-2
and –XL, providing another possible mechanism for metformin’s anti-cancer activity [30].
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Figure 1. The insulin-like growth factor 1 signaling pathway. Insulin-like growth factor 1 (IGF-1) 
activates both phosphatidylinositol 3-kinase/Akt and Ras/mitogen-activated protein kinase path-
ways, resulting in cell proliferation, increased protein synthesis, and cell growth. Phosphatidylino-
sitol 3-kinase/Akt activates nuclear factor-κB and MDM2 for cell survival and inhibits apoptosis 
through inhibition of BAD and FKHR. Akt—Ak strain transforming; BAD—BCL2-associated ago-
nist of cell death; Erk—extracellular-signal-regulated kinase; FKHR—Forkhead transcription factor 
FOXO1; IGF-I—insulin-like growth factor 1; IGF-IR—insulin-like growth factor 1 receptor; IGFBP—
insulin-like growth factor binding protein; IRSs—insulin receptor substrate proteins; MDM2—
mouse double minute 2; MEK—mitogen-activated protein kinase; mTOR—mammalian target of ra-
pamycin; NFκB—nuclear factor immunoglobulin κ chain enhancer-B cell; P—phosphate; PI3K—
phosphatidylinositol 3-kinase; PIP2—phosphatidylinositol 3, 4 phosphates; PIP3—phosphatidylin-
ositol 3, 4, 5 phosphates; Raf—rapidly accelerated fibrosarcoma; Ras—rat sarcoma; SHC—Src ho-
mology/collagen. Figure created in BioRender.com. 
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Figure 1. The insulin-like growth factor 1 signaling pathway. Insulin-like growth factor 1 (IGF-
1) activates both phosphatidylinositol 3-kinase/Akt and Ras/mitogen-activated protein kinase
pathways, resulting in cell proliferation, increased protein synthesis, and cell growth. Phos-
phatidylinositol 3-kinase/Akt activates nuclear factor-κB and MDM2 for cell survival and in-
hibits apoptosis through inhibition of BAD and FKHR. Akt—Ak strain transforming; BAD—BCL2-
associated agonist of cell death; Erk—extracellular-signal-regulated kinase; FKHR—Forkhead
transcription factor FOXO1; IGF-I—insulin-like growth factor 1; IGF-IR—insulin-like growth
factor 1 receptor; IGFBP—insulin-like growth factor binding protein; IRSs—insulin receptor
substrate proteins; MDM2—mouse double minute 2; MEK—mitogen-activated protein kinase;
mTOR—mammalian target of rapamycin; NFκB—nuclear factor immunoglobulin κ chain enhancer-B
cell; P—phosphate; PI3K—phosphatidylinositol 3-kinase; PIP2—phosphatidylinositol 3, 4 phosphates;
PIP3—phosphatidylinositol 3, 4, 5 phosphates; Raf—rapidly accelerated fibrosarcoma; Ras—rat sar-
coma; SHC—Src homology/collagen. Figure created in BioRender.com.

In this study, we aimed to investigate the effect of inhibiting the IGF-1 signaling
pathway in an IGF-1-overexpressing OC cell line by siRNA-mediated IGF-1 gene silencing.
We assessed the impact on OC cell proliferation, both in untreated and treated cells with
metformin and linsitinib, to demonstrate the role of this pathway in regulating OC cell
proliferation. This study aims to highlight the importance of the IGF-1 signaling pathway
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in the proliferation of OC cell lines and to evaluate the interaction between metformin and
linsitinib, since both target this specific pathway.

2. Results
2.1. IGF-1 Is Overexpressed in Ovarian Cancer Cell Lines

To select the best cell line model to evaluate the effect of IGF-1 signaling pathway
inhibition, we evaluated IGF-1 mRNA expression levels in HOSE6.3, OVCAR3, OVCAR8,
and OVCAR8 PTX R P using qRT-PCR. The results showed that IGF-1 mRNA levels were
overexpressed in all OC cell lines (OVCAR3, OVCAR8, and OVCAR8 PTX R P) under study
compared to the non-tumor ovarian cell line, HOSE6.3 (Figure 2). The most significant
difference was obtained with OVCAR3 (p-value < 0.0001), where IGF-1 mRNA levels were
increased five-fold; therefore, this OC cell line model was chosen for subsequent assays.
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Figure 2. IGF-1 gene expression in ovarian cell lines. Bar chart showing relative IGF-1 mRNA
expression levels in HOSE6.3, OVCAR3, OVCAR8, and OVCAR8 PTX R P cell lines determined by
qRT-PCR with β-Actin and GAPDH used as housekeeping genes. The assays were carried out in
triplicate in at least three independent experiments. Data are expressed as mean ± standard error
of mean deviation (SEM) and plotted using GraphPad Prism Software Inc., San Diego, CA, USA v9.
Statistical analysis was performed using ordinary one-way ANOVA followed by Šídák’s multiple
comparison test, and values of **** < 0.0001 were considered statistically significant.

2.2. IGF-1 Signaling Pathway Inhibition Leads to Increased Cell Death in OVCAR3

To better understand the effect of the IGF-1 pathway on OVCAR3 cells, they were
transfected with siRNA targeting the IGF-1 gene, and cell proliferation and cell death were
evaluated. We obtained an efficiency of up to 60% in IGF-1 silencing at mRNA and protein
levels (Figure 3). Interestingly, Western blot analysis showed increased IGF-1 protein
levels in OVCAR3 compared to non-tumor cells (Figure 3c), confirming the overexpression
previously observed at the mRNA level (Figure 2).

Next, we analyzed the anti-tumor potential of linsitinib and metformin as a single
agent on HOSE6.3 and OVCAR3 cells using increasing concentrations (see Section 4.6—
Drugs Treatment) after 48 h of treatment exposure, allowing to obtain a dose–response
curve to calculate IC50 values for linsitinib, which was further used in the combination
studies. These results showed that linsitinib displayed an anti-tumor activity in OVCAR3
cells at IC50 33,813 ± 20.89 nM, but, unfortunately, at a lower IC50 value for non-tumoral
cells (HOSE6.3) (14,666 ± 25.27 nM) (Figure 4a). In addition, even though metformin
showed a cytotoxic effect, we did not reach the IC50 values at the highest concentration
tested (10,000 µM) (Figure 4b). All experiments showed no differences between control
cells with/without the vehicle.
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Figure 3. Silencing of IGF-1 gene in OVCAR3 cell line. (a) Bar chart showing relative IGF-1 mRNA
expression levels in OVCAR3, OVCAR3 transfected with siRNA control (OVCAR3 siNEG), and
OVCAR3 transfected with siRNA of IGF-1 (OVCAR3 siIGF-1) determined by qRT-PCR. β-Actin and
GAPDH were used as housekeeping genes. (b) Representative Western blot showing IGF-1 protein
expression in HOSE6.3, OVCAR3, OVCAR3 siNEG, and OVCAR3 siIGF-1 cell lines. α-tubulin was
used as a loading control. (c) Bar chart showing relative IGF-1 protein expression levels in HOSE6.3,
OVCAR3, OVCAR3 siNEG, and OVCAR3 siIGF-1 determined by ImageJ 1.4v software. α-tubulin
intensity levels were used as a control. The assays were carried out in triplicate in at least three
independent experiments. Data are expressed as mean ± standard error of mean deviation (SEM) and
plotted using GraphPad Prism Software Inc. v9. Statistical analysis was performed using ordinary
one-way ANOVA followed by Šídák’s multiple comparison test and values of * < 0.05 and ** < 0.001
were considered statistically significant.
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Figure 4. Dose–response curves for HOSE6.3 and OVCAR3 of drugs linsitinib and metformin.
(a) Dose–response curves for HOSE6.3 and OVCAR3 cells were obtained by Presto Blue assay after
exposure to increasing concentrations of linsitinib (780 to 100,000 nM) for 48 h. (b) Dose–response
curves for HOSE6.3 and OVCAR3 cells were obtained by Presto Blue assay after exposure to increasing
concentrations of metformin (80 to 10,000 µM) for 48 h. IC50 values are represented by a dotted line
in each dose–response curve and are mentioned below. The assays were carried out in triplicate in at
least three independent experiments. Data are expressed as mean ± standard error of mean deviation
(SEM) and plotted using GraphPad Prism Software Inc. v9.

After obtaining the IC50 values for linsitinib, the effect of its combination with met-
formin was evaluated using the combination model previously described [31]. Briefly,
OVCAR3 and OVCAR3 siIGF-1 cells were exposed to linsitinib and metformin as single
agents and tested in combination with a fixed-dose ratio of each drug. The single drug tests
with linsitinib and metformin showed that viability was more reduced in OVCAR3 siIGF-1
than in OVCAR3 (Figure 5). In OVCAR3 cells, the combination of linsitinib and metformin
(250 µM metformin + 70 µM linsitinib) had less anti-tumoral activity than linsitinib treat-
ment alone (70 µM linsitinib), with p-value < 0.05 (Figure 5a). Furthermore, OVCAR3
siIGF-1 cells had a more significant decrease in cellular viability with linsitinib alone than
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with metformin alone or with the combination of metformin and linsitinib, except for the
last condition of both drugs combined (500 µM metformin + 140 µM linsitinib) where we
observed that the combination has more anti-tumoral activity than the linsitinib alone
(140 µM), with p-value < 0.05 (Figure 5b). In summary, metformin alone has an insufficient
effect on the viability of both cell lines.
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Figure 5. Linsitinib demonstrates high efficacy in reducing the cellular viability of OVCAR3 and
OVCAR3 siIGF-1. (a) Bar charts showing cell viability of OVCAR3 cells obtained by Presto Blue
assay after exposure to a fixed-dose ratio of linsitinib combined with metformin. (b) Bar charts
showing cell viability of OVCAR3 siIGF-1 cells obtained by Presto Blue assay after exposure to a
fixed-dose ratio of linsitinib combined with metformin. All assays were performed in triplicate in at
least three independent experiments. Data are expressed as mean ± standard deviation and plotted
using GraphPad Prism Software Inc. v9. Statistical analysis was performed using ordinary two-way
ANOVA followed by Šidák’s multiple comparison test, and values of * < 0.05, ** < 0.001, *** < 0.005,
and **** < 0.0001 were considered statistically significant.

To confirm the previous results, OVCAR3 and OVCAR3 siIGF-1 cells treated for 48 h
with linsitinib, metformin, and a combination of both were stained with Annexin V/PI
and analyzed by flow cytometry (Figure 6a). In untreated OVCAR3 cells, the percentage
of apoptosis was residual (15.99 ± 1.04%), while in OVCAR3 cells treated with linsitinib
and with a combination of metformin and linsitinib, a significant increase in apoptotic cells
(54.01 ± 5.74% and 57.02 ± 2.48%, respectively) was observed when compared to the cells
treated alone with metformin (35.02 ± 3.44%), with p-value < 0.001 shown in Figure 6b. In
the OVCAR3 cell line transfected with siRNA of IGF-1 (OVCAR3 siIGF-1), a significant
increase in apoptotic cells was observed when treated with linsitinib (72.18 ± 0.55%) when
compared to the cells treated only with metformin (27.42 ± 0.77%), with p-value < 0.0001.
In these cells, we also observed a significant increase in apoptotic cells treated with the
combination of both drugs (44.31 ± 1.52%) when compared to the cells treated with only
metformin (27.42 ± 0.77%), with p-value < 0.001. However, it is less increased than when
using only linsitinib (72.18 ± 0.55%), with p-value 0.005 as shown in Figure 6b. Thus, these
results corroborate that linsitinib has more of an effect on cancer cell viability, especially in
OVCAR3 siIGF-1, than metformin alone.
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Figure 6. Stain with Annexin V/PI and analyzed by flow cytometry to confirm the cellular viability
using the drugs linsitinib and metformin in the OVCAR3 and OVCAR3 siIGF-1 cells. (a) Represen-
tative flow cytometry histogram of propidium iodide (PI) versus annexin V (FITC-A) intensity in
OVCAR3 and OVCAR3 siIGF-1 before (control–DMSO) and after exposure to metformin (500 µM),
linsitinib (35 µM), and the combination of both drugs, during 48 h. DMSO was used as a control.
The quadrants Q were defined as Q1 = live cells (Annexin V-negative/PI-negative), Q1-LR = early
stage of apoptosis (Annexin V-positive/PI-negative), Q1-UL = late stage of apoptosis (Annexin
V-positive/PI-positive), and Q1-UL = necrosis (Annexin V-negative/PI-positive). (b) Bar charts
showing the percentage of Annexin V-positive cells (early and late stage of apoptosis) to the different
conditions of OVCAR3 and OVCAR3 siIGF-1. The assays were carried out in triplicate in at least
three independent experiments. Data are expressed as mean ± standard error of mean deviation
(SEM) and plotted using GraphPad Prism Software Inc. v9. Statistical analysis was performed using
ordinary one-way ANOVA followed by Šídák’s multiple comparison test and values of ** < 0.001,
*** < 0.005, and **** < 0.0001 were considered statistically significant.
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In accordance with the mentioned results, OVCAR3 and OVCAR3 siIGF-1 cells show
morphological differences for linsitinib and combined treatments compared to the vehicle.
OVCAR3 presents a more aggressive phenotype when treated with linsitinib, i.e., decreas-
ing cell number, less aggregate formation, and smaller and rounded cells, indicative of cell
death compared to vehicle and metformin treatment (see Supplementary Data, Figure S1).
OVCAR3 siIGF-1 shows more cell death in linsitinib and combinatory treatments than with
metformin treatment.

2.3. Combining Metformin and Linsitinib Has an Antagonist Effect on OVCAR3

Additionally, we investigated whether the two drugs could lead to synergistic effects.
Since different methods for predicting synergism can result in different outcomes, we eval-
uated the drug interactions using the Zero-Interaction Potency (ZIP), Bliss Independence,
Loewe, and High Single Agent (HSA) models (Figure 7) to compare results. These methods
have different mathematical frameworks [32] and can produce slightly different results.
The ZIP model captures the drug interaction relationships by comparing the change in the
potency of the dose–response curves between individual drugs and their combinations [33].
The Bliss Independence model assumes a stochastic method in which two drugs produce
their effects independently, and the expected combined effect can be evaluated based on
the probability of these independent events occurring [34]. The Loewe additivity model
defines the expected impact as if a drug were combined with itself [33]. The HSA method
is one of the simplest synergy models and assumes that the expected combined effect
equals the maximum of the single-drug responses at corresponding concentrations [34].
To perform these analyses, we used the SynergyFinder 2.0 Software, which allows for
interactive analysis and visualization of multi-drug combination profiling data using four
different synergism evaluation methods [35]. The synergy score for a drug combination
is averaged over all the dose combination measurements, giving a positive (synergism)
or negative (antagonism) value that could be observed in 2D and 3D synergy map dose
regions, i.e., synergistic (red) and antagonistic (green) [35].

Even though different synergy evaluation models can produce varying results, our
data indicate that the combination of linsitinib with metformin in OVCAR3 (Figure 7a) and
OVCAR3 siIGF-1 (Figure 7b) demonstrated an antagonistic effect in all models used for
this analysis. The ZIP model showed a synergy score of −16.19 and −14.46 for OVCAR3
and OVCAR3 siIGF-1, respectively. The Bliss model indicated a synergy score of −17.23
and −15.26 for OVCAR3 and OVCAR3 siIGF-1, respectively. The Loewe model indicated a
synergy score of −9.07 and −3.12 for OVCAR3 and OVCAR3 siIGF-1, respectively. The
HSA model showed a synergy score of −7.08 and −0.02 for OVCAR3 and OVCAR3
siIGF-1, respectively. Nonetheless, in Loewe and HSA models of the OVCAR3 siIGF-
1, it appears that there are some addictive interactions (Figure 7b). However, adding
metformin to linsitinib does not seem to be a good strategy since OC cells showed better
responsiveness to linsitinib alone. Nonetheless, linsitinib seems to be a good drug for
blocking the IGF-1 pathway.
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Figure 7. Combining linsitinib with metformin has an antagonist effect on OVCAR3 and OVCAR3
siIGF-1 cells. (a) ZIP, Bliss Independence, Loewe, and High Single Agent (HSA) synergy 2D and 3D
plots showing drug antagonism of OVCAR3 cells after exposure to a fixed-dose ratio of linsitinib and
metformin for 48 h. (b) ZIP, Bliss Independence, Loewe, and HSA synergy 2D and 3D plots showing
drug antagonism of OVCAR3 siIGF-1 cells after exposure to a fixed-dose ratio of linsitinib and
metformin for 48 h. The combined treatment was co-administered at the same time. All assays were
performed in triplicate in at least three independent experiments. Synergy score: <10 (antagonism,
green), =1 (additivity, white), and >10 (synergism, red).

3. Discussion

The microenvironment of malignant ascitic fluid (MAF) is rich in several proteins that
support tumor cell growth, progression, and metastatic outgrowth [36,37], such as high
expression levels of IGF receptors [38]. In this study, we showed that IGF-1 is overexpressed
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in high-grade serous carcinoma (HGSC) cell lines, specifically OVCAR3 cells, at both
mRNA and protein levels, being a good cell line model to study the IGF-1 inhibition via
knockdown of this gene by siRNA or IGF-1R inhibition with linsitinib. Our data prove that
the blockade of the IGF-1 signaling pathway in OC cell lines decreases its cellular viability,
and that combined linsitinib (inhibitor of IGF-1R) and metformin have an antagonistic
effect, resulting in a less anti-neoplastic effect on OC cell lines.

The blockade of the IGF signaling pathway results in the inhibition of the PI3K/Akt
and ERK1/2 pathways [27], leading to reduced cell growth and proliferation, decreased
protein and fatty acid synthesis, and a diminished paracrine and endocrine release of
pro-proliferative factors [28]. Our results support these previous findings by the decreased
cellular viability of OVCAR3 and OVCAR3 siIGF-1 cells following linsitinib treatment.
However, these results show that combining metformin with linsitinib does not produce a
synergistic effect; instead, an antagonistic interaction is observed.

It is well established that metformin activates AMPK, inhibiting cell growth, mediated
via the PI3K/Akt pathway. Previous research, such as that by Cantrell et al. and Xie et al.,
demonstrated that metformin inhibits cancer cell proliferation and promotes progesterone
receptor expression in endometrial cancer, effects partially mediated through inhibition of
the mTOR pathway [39,40]. Normal cell growth is maintained by a balance between the
AMPK/Akt and mTOR pathways [39,41], and its deregulation can lead to metabolic disor-
ders, resistance to apoptosis, and increased proliferation [41,42]. Under typical conditions,
receptor tyrosine kinases regulate these pathways, especially the IGF-1R pathway [43].
Interestingly, recent suggestions indicate that mTOR inhibition might induce a feedback
mechanism that paradoxically activates IGF-1 signaling, potentially reducing the efficacy
of mTOR inhibitors [44].

Metformin has been associated with a decreased risk of OC in diabetic patients,
increased progression-free survival, and overall survival in OC patients [45–47]. These ben-
efits might result from metformin’s ability to regulate a disturbed energy balance, modulate
IGF-1 pathway activity, and reduce chronic inflammation, which is commonly observed
in diabetic and oncological patients [48]. Elevated adiposity and altered IGF-1 levels are
also linked with OC, where insulin’s tumor-enhancing effects often activate the PI3K/Akt-
mTOR pathway, a key regulator of cell growth, proliferation, and survival [49–55]. Met-
formin’s efficacy in reducing IGF-1 levels and tumor burden is particularly notable in
patients on a high-energy diet, suggesting a greater effect in metabolically disrupted en-
vironments, which could be the reason why we did not reach the IC50 on cell lines, since
the culture medium of the cells has glucose. The PI3K/Akt-mTOR pathway, frequently
upregulated in OC, plays a crucial role in IGF-1 signaling [56–58], promoting cell cycle
progression and survival and inhibiting apoptosis [57,59,60]. Within this pathway, mTOR
functions as a pivotal regulated by Akt and inhibited by AMPK, a serine/threonine pro-
tein kinase that acts as a sensor of cellular energy status and is influenced by adenosine
monophosphate (AMP)/adenosine triphosphate (ATP) levels [61]. Recent studies suggest
that AMPK, beyond its role as an energy sensor, also regulates cell proliferation, growth,
and autophagy [62]. For example, a caloric restriction diet, which increases AMPK activa-
tion while decreasing Akt and mTOR activation, mirrors the effects observed in high-energy
diet groups treated with metformin. Under nutrient-deprived conditions that lead to energy
depletion, AMPK activation transmits stress signals to mTOR through intermediates like
tuberous sclerosis 2 and raptor, ultimately inhibiting mTOR activity [63].

In summary, modulating dietary intake can influence host metabolism and the tumor
microenvironment, significantly affecting OC progression. A restricted diet is strongly
linked to slowing cancer progression through mechanisms involving the IGF-1 pathway
and mTOR activation [64,65]. The mTOR pathway is involved in coordinating cellular
senescence processes [66], and its inhibition by rapamycin or similar compounds has been
shown to prevent cancer in various models [67]. However, mTOR-driven senescence can
also confer a selective survival advantage on cancer cells [64]. The complex relationship
between senescence and cancer is highlighted by the fact that cellular senescence can block
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tumorigenesis [68], and it also involves multiple pathways that metformin can modify,
resulting in decreased tumor formation.

Our findings suggest that the antagonistic effect observed when combining metformin
and linsitinib might be due to the presence of high glucose levels (Figure 8). High glucose
appears to protect against metformin’s cytotoxic effects by sustaining glycolytic metabolism,
thus maintaining cellular ATP levels even when metformin inhibits mitochondrial oxida-
tive metabolism. Metformin accumulates in the mitochondrial matrix in the presence of a
polarized mitochondrial membrane potential. It reversibly inhibits mitochondrial complex
I of the respiratory chain, thereby repressing the coupling of redox and proton transfer do-
mains and suppressing ATP production [69–73]. Another study indicates that metformin’s
dose-dependent inhibition of cancer cell proliferation may involve a metabolic shift to
glycolysis due to the suppression of mitochondrial complex I, limiting the movement of
glucose- and glutamine-derived intermediates into the tricarboxylic acid (TCA) cycle and
reducing acetyl-CoA levels necessary for lipid biosynthesis [74,75]. Cancer cells have a
higher demand for ATP than normal cells, which has vital consequences under metformin
treatment. As a result, glucose concentrations in cancer are often 3 to 10 times lower than
in normal tissues [76]. Cancer cell lines with impaired glucose utilization in low-glucose
media are more sensitive to metformin. Thus, glucose concentration is a critical factor in
determining cancer cell sensitivity to metformin [75].
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Figure 8. Schematic representation of metformin’s possible interaction with linsitinib. The most com-
mon pathway involves the activation of AMPK, which regulates energy metabolism by modulating
complex 1 of the respiratory chain in mitochondria by changes in the AMP/ATP ratio, which inhibits
Akt and mTOR. Metformin binds with IGF-1 and modulates pathways involved in tumor progression.
Upon binding, metformin inhibits the PI3K/Akt/mTOR and Ras/Raf/ERK pathways, leading to
reductions in cell proliferation, thereby causing tumor cell death. Metformin, through AMPK activa-
tion and mTOR inhibition, could increase glucose uptake and glycolysis and have better efficiency
in low-glucose media. The arrows ↑ ↓ indicate upregulation and downregulation, respectively. The
drug linsitinib blocks IGF-1R (represented by the red *), which helps to block the IGF-1 signaling
pathway. ADP—adenosine diphosphate; Akt—Ak strain transforming; AMP—adenosine monophos-
phate; AMPK—adenosine monophosphate-activated protein kinase; ATP—adenosine triphosphate;
Erk—extracellular-signal-regulated kinase; IGF-I—insulin-like growth factor 1; IGF-IR—insulin-like
growth factor 1 receptor; MEK—mitogen-activated protein kinase; mTOR—mammalian target of
rapamycin; PI3K—phosphatidylinositol 3-kinase; Raf—rapidly accelerated fibrosarcoma; Ras—rat
sarcoma. Figure created in BioRender.com.
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Summing up, the results presented in this study suggest that although both drugs
target the same signaling pathway, high glucose levels may mitigate metformin’s cyto-
toxicity by providing a fuel source for glycolytic metabolism. This metabolic support
allows for the maintenance of ATP levels, even when metformin blocks mitochondrial
oxidative metabolism. Enhanced glycolytic metabolism induced by metformin requires
AMPK activation, and the availability of glucose enables glycolytic processes to function
efficiently [77]. In glucose-limited conditions, insufficient AMPK activation by metformin
leads to a lack of fuel for glycolytic metabolism. Moreover, mTOR signaling is inhibited
in an AMPK-independent manner, exacerbating metabolic deficiencies and leading to
ATP depletion, energy collapse, and cell death [78]. Interestingly, non-cancer cells are not
sensitized to metformin under glucose deprivation, likely due to their ability to utilize
alternative substrates to maintain ATP levels [77].

While our results are promising, there are some points that warrant further investiga-
tion, such as the effect of the combination of linsitinib and metformin under glucose-limited
conditions in cancer cell lines. Also, it would be valuable to analyze the impact of blocking
the IGF-1 pathway on downstream components such as mTOR and AMPK to determine
whether their mRNA and protein expression levels increase or decrease.

4. Materials and Methods
4.1. Cell Lines and Culture Conditions

The non-tumoral ovarian cell line (HOSE 6.3) was established from a normal ovary,
surgically removed from patients with non-malignant disease [79]. The OC cell line (OV-
CAR3) was established in 1983 by Hamilton et al. from the malignant ascitic fluid (MAF)
of a patient with high-grade serous carcinoma (HGSC) after a combination of chemother-
apy with cyclophosphamide, adriamycin, and cisplatin [80]. OVCAR8 was selected as
an HGSC model, particularly since it is described as a carboplatin-resistant OC cell line
retrieved from an HGSC patient after a high-dose carboplatin treatment [81]. The cell
lines (HOSE 6.3, OVCAR3, and OVCAR8) were kindly provided by Doctor Francis Jacob,
Gynecological Cancer Center and Ovarian Cancer Research, Department of Biomedicine,
University Hospital Basel and University of Basel, Basel, Switzerland. OVCAR8 PTX R P
was previously established in our laboratory from parental OVCAR8 by pulse exposure [82].
All the characteristics of the cell lines used are described in Supplementary Data, Table S1.
Cells were grown in a complete RPMI 1640 medium, which contained L-Glutamine, 25 mM
HEPES, and 2.2 g/L of NaHCO3 (PAN-Biotech, catalog number P04-22100, Aidenbach,
Germany). The medium was supplemented with 10% (v/v) inactivated and filtered fetal
bovine serum (FBS; Biowest, catalog number S181A, Nuaillé, France) and 1% (v/v) peni-
cillin/streptomycin (ThermoFisher Scientific, catalog number 15140122, Waltham, MA,
USA). All cell lines were maintained at 37 ◦C and 5% CO2, with a humidified atmosphere.
The experiments were performed when cells grew exponentially and presented less than
90% confluency. All cell lines were authenticated using short tandem repeat profiling and
were regularly tested for the absence of mycoplasma using PCR.

4.2. RNA Isolation, cDNA Synthesis, and Quantitative Real-Time PCR

RNA isolation for quantitative real-time PCR was performed using the TRI Reagent
(Sigma-Aldrich, catalog number T9424, Molecular Research Center, Inc., Saint Louis, MO,
USA), according to the manufacturer’s instructions. The quantification of RNA was
achieved by spectrophotometry (NanoDrop 1000 Spectrophotometer V3.8, ThermoFisher
Scientific, Waltham, MA, USA). cDNA was synthesized with the SuperScript IV Reverse
Transcriptase (Invitrogen, catalog number 18090010, ThermoFisher Scientific) according to
the supplier’s instructions. The iQ SYBR Green Supermix Kit (Bio-Rad Laboratories, Inc.,
catalog number 1708880, Lisboa, Portugal) was used for amplification on the iQ Thermal
Cycler (Bio-Rad) coupled to CFX Manager Software (version 1.0, Bio-Rad), as follows: initial
denaturing step at 95.0 ◦C for 3 min; 37 cycles at 94.0 ◦C for 20 s; 61.0 ◦C for 30 s; and 72.0 ◦C
for 30 s. Temperatures from 65.0 to 95.0 ◦C, with increments of 0.5 ◦C for 5 s, were included
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in the melt curves. Primers were used at a final concentration of 100 nM. Primers for
IGF-1 were as follows: forward: 5′-AAGCAATGGGAAAAATCAGCAGT-3′ and reverse: 5′-
CAGAGCTGGTGAAGGTGAGC-3′; GAPDH: forward: 5′-ACAGTCCAGCCGCATCTTC-
3′ and reverse: 5′-GCCCAATACGACCAAATCC-3′; and β-Actin: forward: 5′-AATCTGGC-
ACCACACCTTCTA-3′ and reverse 5′-ATAGCACAGCCTGGATAGCAA-3′. For each data
point, triplicated experiments were performed. The results were normalized against the
housekeeping genes GAPDH and actin expression levels and analyzed through the ∆∆CT
method. Overexpression of a gene was determined based on an mRNA-level fold change
≥ 1 relative to that of normal cells.

4.3. Protein Extracts and Western Blotting

For total protein extracts, cells were harvested by centrifugation and resuspended in
lysis buffer (50 mM Tris pH 7.5; 150 mM NaCl; 1 mM EDTA; 1% Triton-100) containing a
protease inhibitor cocktail (Sigma-Aldrich, catalog number 11836170001). Protein quantifi-
cation was performed using a Pierce™ BCA Protein Assay Kit (ThermoFisher Scientific,
catalog number A55864, Waltham, MA, USA), according to the manufacturer’s instructions.
A total of 40 µg of protein lysate was resuspended in SDS-sample buffer (375 mM Tris
pH 6.8; 12% SDS; 60% glycerol; 0.12% bromophenol blue; 600 nM DTT), boiled for 3 min
at 100 ◦C, and proteins were separated on a 12% SDS–PAGE gel. After electrophoresis,
proteins were transferred to a nitrocellulose membrane (Amersham) using the Trans-Blot
Turbo Transfer System (Bio-Rad, Laboratories, Inc., Hercules, CA, USA). The membrane
was blocked with 5% non-fat dried milk in TBST (50 mM Tris pH 7.5; 150 mM NaCl, 0.05%
Tween-20) for 1 h at room temperature (RT) with mild agitation. Primary antibodies were
diluted in 1% non-fat dried milk, as follows: mouse anti-IGF-1 (dilution: 1:100, sc-74116
clone W18, Santa Cruz Biotechnology, Heidelberg, Germany) and mouse anti-α-tubulin
(1:5000, T568 Clone B-5-1-2, Sigma-Aldrich). After washing in TBST, the membrane was
probed for 1 h at RT with horseradish peroxidase (HRP)-conjugated secondary antibodies,
diluted at 1:1500 (anti-mouse, Vector). Proteins were visualized using the Enhanced Chemi-
luminescence (ECL) method with a ChemiDOc (Bio-Rad), and the relative signal intensity
of the bands was determined as normalized against α-tubulin intensity levels using Image
Lab 6.1v software.

4.4. siRNA Transfection

HOSE6.3 and OVCAR3 cells (origin described in Section 4.1) were seeded in 6-well
plates at a density of 4 × 105 and 5 × 105, respectively, and incubated for 24 h in complete
media to allow the cells to adhere. Twenty-four hours later, the medium was replaced
with fresh medium, and the cells were transfected using INTERFERin siRNA Transfec-
tion Reagent (PolyPlus, New York, NY, USA) following the manufacturer’s instructions.
Transfection was performed using 10 µM of a validated siRNA sequence against IGF-1
(siIGF-1) (Santa Cruz Biotechnology Inc., catalog number sc-37193) or 20 µM of a vali-
dated negative control siRNA (siNEG.) (AllStars Negative Control siRNA, catalog number
1027281, Qiagen, Germantown, MD, USA). After 48 h, RNA and protein were extracted as
described above.

4.5. Drugs

Metformin and linsitinib were purchased from Selleckchem (Houston, TX, USA)
and dissolved in distilled water and dimethyl sulfoxide (DMSO; AppliChem, catalog
number A3672,0050, Barcelona, Spain), respectively, and then stored at −80 ◦C (final
concentrations of 1 M metformin and 150 mM linsitinib), according to the manufacturer’s
instructions. Immediately before use, an aliquot was diluted in a culture medium to the
desired concentrations.



Int. J. Mol. Sci. 2024, 25, 11935 14 of 19

4.6. Drug Treatment

The IC50 values were first obtained for each drug alone for OVCAR3 and HOSE6.3
cell lines. The IC50 for all drugs was achieved by comparing treated cells with control cells
(considered 100% viable) containing 1% (v/v) of the vehicle (DMSO or distilled water). For
the single drug treatment, cells were treated for 48 h with metformin (80 to 10,000 µM) [35]
and linsitinib (0.7 to 100 µM) [83]. Combination studies were performed according to
the previously described method [35], using increasing concentrations of both drugs in a
fixed ratio, as suggested by Chou–Talalay [84]. Linsitinib was combined in a simultaneous
treatment with metformin in a fixed-dose ratio of 48 h. We used five combinations of drugs:
8.75 µM (0.25 × IC50) of linsitinib and 31.25 µM of metformin; 17.5 µM (0.5 × IC50) of
linsitinib and 62.5 µM of metformin; 35 µM (IC50) of linsitinib and 125 µM of metformin;
70 µM (2 × IC50) of linsitinib and 250 µM of metformin; and 140 µM (4 × IC50) of linsitinib
and 500 µM of metformin.

4.7. Cell Viability Assay

To determine the effect of drug treatments on cellular viability, a resazurin-based
assay—Presto Blue (PB)—was performed. Briefly, 7.5 × 103 cells/well of HOSE6.3 and
10 × 103 cells/well of OVCAR3 were seeded into a 96-well plate in complete media,
incubated at 37 ◦C and 5% CO2, and allowed to adhere overnight. After 24 h, cells were
exposed to increasing concentrations of drugs and incubated under the same conditions.
After 48 h, the culture medium was removed, and 50 µL/well of PrestoBlueTM Cell Viability
Reagent 1× (ThermoFisher Scientific, catalog number A13262) was added. Cells were
incubated for 1 h, protected from light, at 37 ◦C and 5% CO2. Fluorescence was measured
(560 nm excitation/590 nm emission) using a Bio Tek SynergyTM 2 multi-mode microplate
reader (BioTek, Winooski, VT, USA).

4.8. Drug Interaction Analysis

To measure drug interaction between linsitinib and metformin, we estimated the
expected drug combination responses based on the zero-interaction potency (ZIP), Bliss
Independence, Loewe, and High Single Agent (HSA) reference models using SynergyFinder
2.0 Software [34]. Positive and negative synergy scores denote synergy and antagonism,
respectively. The cNMF algorithm implemented in SynergyFinder 2.0 was used for the
estimation of outlier measurements [85].

4.9. Apoptosis Detection Using Annexin V/PI Double Staining

For apoptosis detection, after 48 h of treatment with linsitinib (35 µM), metformin
(500 µM), or a combination of both (35 µM of linsitinib and 500 µM of metformin), floating
and adherent OVCAR3 and OVCAR3 siIGF-1 cells were collected and processed using
the Annexin V-FITC Apoptosis Detection Kit (eBioscience, catalog number 88-8005-74,
Vienna, Austria) according to the manufacturer’s instructions. Fluorescence was assessed
by the BD Accuri™ C6 Plus Flow cytometer (BD Biosciences, Qume Drive, San Jose, CA,
USA), and data were analyzed with BD AccuriTM C6 Plus software, version 1.0.27.1 (www.
bdbiosciences.com). For these analyses, at least 20,000 events per sample were collected.

4.10. Statistical Analysis

All assays were carried out in triplicate with at least three independent experiments.
Data are expressed as the mean ± standard error of mean deviation (SEM). Statistical
analysis was carried out in GraphPad Prism Software Inc. v9 (GraphPad Software Inc.,
San Diego, CA, USA) using ordinary one-way or two-way ANOVA followed by Tukey’s
or Šídák’s multiple comparison test, and values of * < 0.05, ** < 0.01, *** < 0.001, and
**** < 0.0001 were considered statistically significant.

www.bdbiosciences.com
www.bdbiosciences.com
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5. Conclusions

Linsitinib inhibition of the IGF-1 signaling pathway is a promising therapeutic op-
tion to treat OC patients, demonstrating significant anti-cancer effects in in vitro assays.
However, it is crucial to identify drugs that could enhance or impair its therapeutic efficacy.

The findings presented in this study indicate that the combination of linsitinib and met-
formin has an antagonistic effect in OVCAR3 cells, resulting in a reduced anti-neoplastic ef-
ficacy when compared with linsitinib monotherapy. Beyond its effect on PI3K/Akt/mTOR
and Ras/Raf/ERK pathways, linsitinib modulates ABC transporter-mediated multidrug
resistance, increasing the accumulation of substrate anti-cancer drugs inside the cells. There-
fore, future works exploring the combination of paclitaxel (a substrate of ABC transporter)
and linsitinib would be valuable in the context of OC.

Metformin and linsitinib, through their multifaceted mechanisms of action, provide a
strong rationale for their use in OC treatment. Ongoing and future clinical trials will be
crucial in determining the optimal use of these agents, individually and in combination
with a restricted diet, to improve the prognosis and survival of OC patients.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ijms252211935/s1.

Author Contributions: Conceptualization, D.L.A.-N., J.P.N.S. and M.N.; methodology, D.L.A.-N.,
J.P.N.S., M.N. and P.M.A.S.; software, D.L.A.-N., J.P.N.S. and M.N.; validation, D.L.A.-N., J.P.N.S.,
M.N., P.M.A.S., H.B. and S.R.; formal analysis, D.L.A.-N., J.P.N.S., M.N., P.M.A.S., H.B. and S.R.;
investigation, D.L.A.-N.; resources, D.L.A.-N., J.P.N.S., M.N., P.M.A.S., H.B. and S.R.; data curation,
D.L.A.-N.; writing—original draft preparation, D.L.A.-N.; writing—review and editing, D.L.A.-N.,
J.P.N.S., M.N., P.M.A.S., R.S., R.J.D.-O., H.B. and S.R.; visualization, D.L.A.-N., J.P.N.S., M.N., P.M.A.S.,
R.S., R.J.D.-O., H.B. and S.R.; supervision, R.S., R.J.D.-O. and S.R.; project administration, H.B. and
S.R.; funding acquisition, H.B. and S.R. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was developed at i3S/IPATIMUP (an Associate Laboratory of the Portuguese
Ministry of Science, Technology and Higher Education) and partially supported by Fundação para a
Ciência e a Tecnologia (FCT) and was also developed at CESPU—Cooperativa de Ensino Superior
Politécnico e Universitário CRL. This work was funded by CESPU—Cooperativa de Ensino Superior
Politécnico e Universitário CRL (grants with Ref. AntiMitoSphere_APSFCT_IINFACTS_2021; Ref.
Flav4Tumor-GI2-CESPU-2022; Ref. SGA4Cancer-GI2-CESPU-2022; Ref. upPTXovcar-GI2-CESPU-
2022; and Ref. ImmunoT4OC_GI2- CESPU-2023) and National funds, through the FCT—project
UIDB/50026/2020 (https://doi.org/10.54499/UIDB/50026/2020), UIDP/50026/2020 (https://doi.
org/10.54499/UIDP/50026/2020), and LA/P/0050/2020 (https://doi.org/10.54499/LA/P/0050/2
020). Ricardo Silvestre is supported by FCT contract 10.54499/2020.00185.CEECIND/CP1600/CT0004.
Diana L. Almeida-Nunes and Mariana Nunes acknowledge FCT/MCTES and União Europeia (UE)
for financial support through a PhD fellowship (2021.05081.BD and 2020.04720.BD—https://doi.
org/10.54499/2020.04720.BD, respectively) co-sponsored by Fundo Social Europeu (FSE) through
Programa Operacional Regional Norte (Norte 2020). João P.N. Silva acknowledges CESPU for
financial support through a PhD fellowship (BD/CBAS/CESPU/01/2021).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in this article and
Supplementary Material.

Acknowledgments: This work was developed at i3S/IPATIMUP, an Associate Laboratory of the
Ministério da Ciência, Tecnologia e Ensino Superior (MCTES), and partially supported by Fundação
para a Ciência e a Tecnologia (FCT)/MCTES. We would like to express our gratitude to Vanessa
Machado, Ana Rita Silva, Bruno Pereira, and Raquel Almeida from the Differentiation and Cancer
Group at the Institute for Research and Innovation in Health (i3S) of the University of Porto for their
assistance in the development of this study.

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

https://www.mdpi.com/article/10.3390/ijms252211935/s1
https://www.mdpi.com/article/10.3390/ijms252211935/s1
https://doi.org/10.54499/UIDB/50026/2020
https://doi.org/10.54499/UIDP/50026/2020
https://doi.org/10.54499/UIDP/50026/2020
https://doi.org/10.54499/LA/P/0050/2020
https://doi.org/10.54499/LA/P/0050/2020
https://doi.org/10.54499/2020.04720.BD
https://doi.org/10.54499/2020.04720.BD


Int. J. Mol. Sci. 2024, 25, 11935 16 of 19

Abbreviations

Akt Ak strain transforming
AMPK Monophosphate-activated protein kinase
Bcl B-cell lymphoma
CCC Clear-cell carcinoma
EC Endometrioid carcinoma
ERK Extracellular-signal-regulated kinase
HGSC High-grade serous carcinoma
HSA High single agent
IGF Insulin growth factor
IGF-1 Insulin-like growth factor 1
IGF-1R Insulin-like growth factor 1 receptor
IGFBP1 Insulin-like growth factor binding protein 1
IR Insulin receptor
JAK1/2 Janus kinases 1 and 2
LGSC Low-grade serous carcinoma
MAP Mitogen-activated protein
mTOR Mammalian target of rapamycin
OC Ovarian cancer
PARP Poly ADP ribose polymerase
PI3K Phosphatidylinositol 3-kinase
RAF Rapidly accelerated fibrosarcoma
siIGF-1 siRNA of IGF-1
siNEG siRNA of negative control
STAT3 Signal transducer and activator of transcription 3
VEGFR Vascular endothelial growth factor receptor
ZIP Zero interaction potency

References
1. De Leo, A.; Santini, D.; Ceccarelli, C.; Santandrea, G.; Palicelli, A.; Acquaviva, G.; Chiarucci, F.; Rosini, F.; Ravegnini, G.; Pession,

A.; et al. What Is New on Ovarian Carcinoma: Integrated Morphologic and Molecular Analysis Following the New 2020 World
Health Organization Classification of Female Genital Tumors. Diagnostics 2021, 11, 697. [CrossRef] [PubMed]

2. Schoutrop, E.; Moyano-Galceran, L.; Lheureux, S.; Mattsson, J.; Lehti, K.; Dahlstrand, H.; Magalhaes, I. Molecular, Cellular and
Systemic Aspects of Epithelial Ovarian Cancer and Its Tumor Microenvironment. Semin. Cancer Biol. 2022, 86, 207–223. [CrossRef]
[PubMed]

3. Hennessy, B.T.; Coleman, R.L.; Markman, M. Ovarian Cancer. Lancet 2009, 374, 1371–1382. [CrossRef]
4. Nunes, M.; Ricardo, S. Chemoresistance in Ovarian Cancer: The Role of Malignant Ascites. In Ovarian Cancer; Exon Publications:

Brisbane, Australia, 2022; pp. 27–42.
5. Liefers-Visser, J.A.L.; Meijering, R.A.M.; Reyners, A.K.L.; van der Zee, A.G.J.; de Jong, S. IGF System Targeted Therapy:

Therapeutic Opportunities for Ovarian Cancer. Cancer Treat. Rev. 2017, 60, 90–99. [CrossRef] [PubMed]
6. Oza, A.M.; Cook, A.D.; Pfisterer, J.; Embleton, A.; Ledermann, J.A.; Pujade-Lauraine, E.; Kristensen, G.; Carey, M.S.; Beale, P.;

Cervantes, A.; et al. Standard Chemotherapy with or without Bevacizumab for Women with Newly Diagnosed Ovarian Cancer
(ICON7): Overall Survival Results of a Phase 3 Randomised Trial. Lancet Oncol. 2015, 16, 928–936. [CrossRef] [PubMed]

7. Almeida-Nunes, D.L.; Silvestre, R.; Dinis-Oliveira, R.J.; Ricardo, S. Enhancing Immunotherapy in Ovarian Cancer: The Emerging
Role of Metformin and Statins. Int. J. Mol. Sci. 2023, 25, 323. [CrossRef]

8. King, E.R.; Zu, Z.; Tsang, Y.T.M.; Deavers, M.T.; Malpica, A.; Mok, S.C.; Gershenson, D.M.; Wong, K.-K. The Insulin-like Growth
Factor 1 Pathway Is a Potential Therapeutic Target for Low-Grade Serous Ovarian Carcinoma. Gynecol. Oncol. 2011, 123, 13–18.
[CrossRef] [PubMed]

9. Tang, J.; Li, J.; Zeng, G.; Tang, Y.; Tian, W.; He, J.; York, J.; Xia, X. Antisense Oligonucleotide Suppression of Human IGF-1R
Inhibits the Growth and Survival of in Vitro Cultured Epithelial Ovarian Cancer Cells. J. Ovarian Res. 2013, 6, 71. [CrossRef]
[PubMed]

10. Shao, M.; Hollar, S.; Chambliss, D.; Schmitt, J.; Emerson, R.; Chelladurai, B.; Perkins, S.; Ivan, M.; Matei, D. Targeting the Insulin
Growth Factor and the Vascular Endothelial Growth Factor Pathways in Ovarian Cancer. Mol. Cancer Ther. 2012, 11, 1576–1586.
[CrossRef]

11. Singh, R.K.; Gaikwad, S.M.; Jinager, A.; Chaudhury, S.; Maheshwari, A.; Ray, P. IGF-1R Inhibition Potentiates Cytotoxic Effects of
Chemotherapeutic Agents in Early Stages of Chemoresistant Ovarian Cancer Cells. Cancer Lett. 2014, 354, 254–262. [CrossRef]

12. Levine, A.J.; Feng, Z.; Mak, T.W.; You, H.; Jin, S. Coordination and Communication between the P53 and IGF-1–AKT–TOR Signal
Transduction Pathways. Genes Dev. 2006, 20, 267–275. [CrossRef] [PubMed]

https://doi.org/10.3390/diagnostics11040697
https://www.ncbi.nlm.nih.gov/pubmed/33919741
https://doi.org/10.1016/j.semcancer.2022.03.027
https://www.ncbi.nlm.nih.gov/pubmed/35395389
https://doi.org/10.1016/S0140-6736(09)61338-6
https://doi.org/10.1016/j.ctrv.2017.08.012
https://www.ncbi.nlm.nih.gov/pubmed/28934637
https://doi.org/10.1016/S1470-2045(15)00086-8
https://www.ncbi.nlm.nih.gov/pubmed/26115797
https://doi.org/10.3390/ijms25010323
https://doi.org/10.1016/j.ygyno.2011.06.016
https://www.ncbi.nlm.nih.gov/pubmed/21726895
https://doi.org/10.1186/1757-2215-6-71
https://www.ncbi.nlm.nih.gov/pubmed/24103397
https://doi.org/10.1158/1535-7163.MCT-11-0961
https://doi.org/10.1016/j.canlet.2014.08.023
https://doi.org/10.1101/gad.1363206
https://www.ncbi.nlm.nih.gov/pubmed/16452501


Int. J. Mol. Sci. 2024, 25, 11935 17 of 19

13. Scotlandi, K.; Picci, P. Targeting Insulin-like Growth Factor 1 Receptor in Sarcomas. Curr. Opin. Oncol. 2008, 20, 419–427.
[CrossRef] [PubMed]

14. Oza, A.; Kaye, S.; Van Tornout, J.; Sessa, C.; Gore, M.; Naumann, R.W.; Hirte, H.; Colombo, N.; Chen, J.; Gorla, S.; et al. Phase 2
Study Evaluating Intermittent and Continuous Linsitinib and Weekly Paclitaxel in Patients with Recurrent Platinum Resistant
Ovarian Epithelial Cancer. Gynecol. Oncol. 2018, 149, 275–282. [CrossRef]

15. Petrillo, M.; Nero, C.; Amadio, G.; Gallo, D.; Fagotti, A.; Scambia, G. Targeting the Hallmarks of Ovarian Cancer: The Big Picture.
Gynecol. Oncol. 2016, 142, 176–183. [CrossRef] [PubMed]

16. Nwabo Kamdje, A.H.; Seke Etet, P.F.; Kipanyula, M.J.; Vecchio, L.; Tagne Simo, R.; Njamnshi, A.K.; Lukong, K.E.; Mimche,
P.N. Insulin-like Growth Factor-1 Signaling in the Tumor Microenvironment: Carcinogenesis, Cancer Drug Resistance, and
Therapeutic Potential. Front. Endocrinol. 2022, 13, 927390. [CrossRef] [PubMed]

17. Zhou, J.; Massey, S.; Story, D.; Li, L. Metformin: An Old Drug with New Applications. Int. J. Mol. Sci. 2018, 19, 2863. [CrossRef]
[PubMed]

18. Coyle, C.; Cafferty, F.H.; Vale, C.; Langley, R.E. Metformin as an Adjuvant Treatment for Cancer: A Systematic Review and
Meta-Analysis. Ann. Oncol. 2016, 27, 2184–2195. [CrossRef] [PubMed]

19. Kim, H.J.; Kwon, H.; Lee, J.W.; Kim, H.J.; Lee, S.B.; Park, H.S.; Sohn, G.; Lee, Y.; Koh, B.S.; Yu, J.H.; et al. Metformin Increases
Survival in Hormone Receptor-Positive, HER2-Positive Breast Cancer Patients with Diabetes. Breast Cancer Res. 2015, 17, 64.
[CrossRef]

20. Ahmed, M.F.; Kanaan, G.; Mostafa, J.A. The Role of Metformin in Ovarian Cancer: Does Metformin Increase Survival in Ovarian
Neoplasm? Cureus 2021, 13, e13100. [CrossRef] [PubMed]

21. Misra, P. AMP Activated Protein Kinase: A next Generation Target for Total Metabolic Control. Expert Opin. Ther. Targets 2008, 12,
91–100. [CrossRef]

22. Fryer, L.G.D.; Parbu-Patel, A.; Carling, D. The Anti-Diabetic Drugs Rosiglitazone and Metformin Stimulate AMP-Activated
Protein Kinase through Distinct Signaling Pathways. J. Biol. Chem. 2002, 277, 25226–25232. [CrossRef] [PubMed]

23. Ouban, A.; Muraca, P.; Yeatman, T.; Coppola, D. Expression and Distribution of Insulin-like Growth Factor-1 Receptor in Human
Carcinomas. Hum. Pathol. 2003, 34, 803–808. [CrossRef] [PubMed]

24. Zhang, Y.; Li, M.-X.; Wang, H.; Zeng, Z.; Li, X.-M. Metformin Down-Regulates Endometrial Carcinoma Cell Secretion of IGF-1
and Expression of IGF-1R. Asian Pac. J. Cancer Prev. 2015, 16, 221–225. [CrossRef] [PubMed]

25. Sarfstein, R.; Friedman, Y.; Attias-Geva, Z.; Fishman, A.; Bruchim, I.; Werner, H. Metformin Downregulates the Insulin/IGF-I
Signaling Pathway and Inhibits Different Uterine Serous Carcinoma (USC) Cells Proliferation and Migration in P53-Dependent or
-Independent Manners. PLoS ONE 2013, 8, e61537. [CrossRef] [PubMed]

26. XIE, Y.; WANG, J.-L.; JI, M.; YUAN, Z.-F.; PENG, Z.; ZHANG, Y.; WEN, J.-G.; SHI, H.-R. Regulation of Insulin-like Growth Factor
Signaling by Metformin in Endometrial Cancer Cells. Oncol. Lett. 2014, 8, 1993–1999. [CrossRef] [PubMed]

27. Tan, B.K.; Adya, R.; Chen, J.; Lehnert, H.; Cassia, L.J.S.; Randeva, H.S. Metformin Treatment Exerts Antiinvasive and An-
timetastatic Effects in Human Endometrial Carcinoma Cells. J. Clin. Endocrinol. Metab. 2011, 96, 808–816. [CrossRef]

28. Lee, T.Y.; Martinez-Outschoorn, U.E.; Schilder, R.J.; Kim, C.H.; Richard, S.D.; Rosenblum, N.G.; Johnson, J.M. Metformin as a
Therapeutic Target in Endometrial Cancers. Front. Oncol. 2018, 8, 341. [CrossRef] [PubMed]

29. Tierney, B.J.; McCann, G.A.; Naidu, S.; Rath, K.S.; Saini, U.; Wanner, R.; Kuppusamy, P.; Suarez, A.; Goodfellow, P.J.; Cohn, D.E.;
et al. Aberrantly Activated PSTAT3-Ser727 in Human Endometrial Cancer Is Suppressed by HO-3867, a Novel STAT3 Inhibitor.
Gynecol. Oncol. 2014, 135, 133–141. [CrossRef] [PubMed]

30. Wallbillich, J.J.; Josyula, S.; Saini, U.; Zingarelli, R.A.; Dorayappan, K.D.P.; Riley, M.K.; Wanner, R.A.; Cohn, D.E.; Selvendiran,
K. High Glucose-Mediated STAT3 Activation in Endometrial Cancer Is Inhibited by Metformin: Therapeutic Implications for
Endometrial Cancer. PLoS ONE 2017, 12, e0170318. [CrossRef] [PubMed]

31. Duarte, D.; Vale, N. New Trends for Antimalarial Drugs: Synergism between Antineoplastics and Antimalarials on Breast Cancer
Cells. Biomolecules 2020, 10, 1623. [CrossRef] [PubMed]

32. Duarte, D.; Vale, N. Evaluation of Synergism in Drug Combinations and Reference Models for Future Orientations in Oncology.
Curr. Res. Pharmacol. Drug Discov. 2022, 3, 100110. [CrossRef] [PubMed]

33. Yadav, B.; Wennerberg, K.; Aittokallio, T.; Tang, J. Searching for Drug Synergy in Complex Dose–Response Landscapes Using an
Interaction Potency Model. Comput. Struct. Biotechnol. J. 2015, 13, 504–513. [CrossRef]

34. Ianevski, A.; Giri, A.K.; Aittokallio, T. SynergyFinder 2.0: Visual Analytics of Multi-Drug Combination Synergies. Nucleic Acids
Res. 2020, 48, W488–W493. [CrossRef]

35. Nunes, M.; Duarte, D.; Vale, N.; Ricardo, S. Pitavastatin and Ivermectin Enhance the Efficacy of Paclitaxel in Chemoresistant
High-Grade Serous Carcinoma. Cancers 2022, 14, 4357. [CrossRef]

36. Thibault, B.; Castells, M.; Delord, J.P.; Couderc, B. Ovarian Cancer Microenvironment: Implications for Cancer Dissemination and
Chemoresistance Acquisition. Cancer Metastasis Rev. 2014, 33, 17–39. [CrossRef]

37. Almeida-Nunes, D.L.; Nunes, M.; Osório, H.; Ferreira, V.; Lobo, C.; Monteiro, P.; Abreu, M.H.; Bartosch, C.; Silvestre, R.;
Dinis-Oliveira, R.J.; et al. Ovarian Cancer Ascites Proteomic Profile Reflects Metabolic Changes during Disease Progression.
Biochem. Biophys. Rep. 2024, 39, 101755. [CrossRef]

38. Garrido, M.P.; Vega, M.; Romero, C. Antitumoral Effects of Metformin in Ovarian Cancer. In Metformin; IntechOpen: London, UK,
2019; pp. 225–240.

https://doi.org/10.1097/CCO.0b013e328302edab
https://www.ncbi.nlm.nih.gov/pubmed/18525338
https://doi.org/10.1016/j.ygyno.2018.01.019
https://doi.org/10.1016/j.ygyno.2016.03.037
https://www.ncbi.nlm.nih.gov/pubmed/27058837
https://doi.org/10.3389/fendo.2022.927390
https://www.ncbi.nlm.nih.gov/pubmed/36017326
https://doi.org/10.3390/ijms19102863
https://www.ncbi.nlm.nih.gov/pubmed/30241400
https://doi.org/10.1093/annonc/mdw410
https://www.ncbi.nlm.nih.gov/pubmed/27681864
https://doi.org/10.1186/s13058-015-0574-3
https://doi.org/10.7759/cureus.13100
https://www.ncbi.nlm.nih.gov/pubmed/33564559
https://doi.org/10.1517/14728222.12.1.91
https://doi.org/10.1074/jbc.M202489200
https://www.ncbi.nlm.nih.gov/pubmed/11994296
https://doi.org/10.1016/S0046-8177(03)00291-0
https://www.ncbi.nlm.nih.gov/pubmed/14506643
https://doi.org/10.7314/APJCP.2015.16.1.221
https://www.ncbi.nlm.nih.gov/pubmed/25640355
https://doi.org/10.1371/journal.pone.0061537
https://www.ncbi.nlm.nih.gov/pubmed/23620761
https://doi.org/10.3892/ol.2014.2466
https://www.ncbi.nlm.nih.gov/pubmed/25289085
https://doi.org/10.1210/jc.2010-1803
https://doi.org/10.3389/fonc.2018.00341
https://www.ncbi.nlm.nih.gov/pubmed/30211120
https://doi.org/10.1016/j.ygyno.2014.07.087
https://www.ncbi.nlm.nih.gov/pubmed/25038288
https://doi.org/10.1371/journal.pone.0170318
https://www.ncbi.nlm.nih.gov/pubmed/28114390
https://doi.org/10.3390/biom10121623
https://www.ncbi.nlm.nih.gov/pubmed/33271968
https://doi.org/10.1016/j.crphar.2022.100110
https://www.ncbi.nlm.nih.gov/pubmed/35620200
https://doi.org/10.1016/j.csbj.2015.09.001
https://doi.org/10.1093/nar/gkaa216
https://doi.org/10.3390/cancers14184357
https://doi.org/10.1007/s10555-013-9456-2
https://doi.org/10.1016/j.bbrep.2024.101755


Int. J. Mol. Sci. 2024, 25, 11935 18 of 19

39. Cantrell, L.A.; Zhou, C.; Mendivil, A.; Malloy, K.M.; Gehrig, P.A.; Bae-Jump, V.L. Metformin Is a Potent Inhibitor of Endometrial
Cancer Cell Proliferation—Implications for a Novel Treatment Strategy. Gynecol. Oncol. 2010, 116, 92–98. [CrossRef]

40. Xie, Y.; Wang, Y.; Yu, L.; Hu, Q.; Ji, L.; Zhang, Y.; Liao, Q. Metformin Promotes Progesterone Receptor Expression via Inhibition
of Mammalian Target of Rapamycin (MTOR) in Endometrial Cancer Cells. J. Steroid Biochem. Mol. Biol. 2011, 126, 113–120.
[CrossRef]

41. Vivanco, I.; Sawyers, C.L. The Phosphatidylinositol 3-Kinase–AKT Pathway in Human Cancer. Nat. Rev. Cancer 2002, 2, 489–501.
[CrossRef] [PubMed]

42. Bjornsti, M.-A.; Houghton, P.J. The Tor Pathway: A Target for Cancer Therapy. Nat. Rev. Cancer 2004, 4, 335–348. [CrossRef]
43. Oldham, S.; Hafen, E. Insulin/IGF and Target of Rapamycin Signaling: A TOR de Force in Growth Control. Trends Cell Biol. 2003,

13, 79–85. [CrossRef] [PubMed]
44. Pollak, M. Insulin and Insulin-like Growth Factor Signalling in Neoplasia. Nat. Rev. Cancer 2008, 8, 915–928. [CrossRef] [PubMed]
45. Kumar, S.; Meuter, A.; Thapa, P.; Langstraat, C.; Giri, S.; Chien, J.; Rattan, R.; Cliby, W.; Shridhar, V. Metformin Intake Is Associated

with Better Survival in Ovarian Cancer. Cancer 2013, 119, 555–562. [CrossRef] [PubMed]
46. Romero, I.L.; McCormick, A.; McEwen, K.A.; Park, S.; Karrison, T.; Yamada, S.D.; Pannain, S.; Lengyel, E. Relationship of Type II

Diabetes and Metformin Use to Ovarian Cancer Progression, Survival, and Chemosensitivity. Obstet. Gynecol. 2012, 119, 61–67.
[CrossRef] [PubMed]

47. Bodmer, M.; Becker, C.; Meier, C.; Jick, S.S.; Meier, C.R. Use of Metformin and the Risk of Ovarian Cancer: A Case–Control
Analysis. Gynecol. Oncol. 2011, 123, 200–204. [CrossRef]

48. Kasznicki, J.; Sliwinska, A.; Drzewoski, J. Metformin in Cancer Prevention and Therapy. Ann. Transl. Med. 2014, 2, 57. [CrossRef]
[PubMed]

49. Calle, E.E.; Kaaks, R. Overweight, Obesity and Cancer: Epidemiological Evidence and Proposed Mechanisms. Nat. Rev. Cancer
2004, 4, 579–591. [CrossRef]

50. Pischon, T.; Nöthlings, U.; Boeing, H. Obesity and Cancer. Proc. Nutr. Soc. 2008, 67, 128–145. [CrossRef]
51. Pérez-Hernández, A.I.; Catalán, V.; Gómez-Ambrosi, J.; Rodríguez, A.; Fruhbeck, G. Mechanisms Linking Excess Adiposity and

Carcinogenesis Promotion. Front. Endocrinol. 2014, 5, 65. [CrossRef]
52. Hursting, S.D.; Berger, N.A. Energy Balance, Host-Related Factors, and Cancer Progression. J. Clin. Oncol. 2010, 28, 4058–4065.

[CrossRef]
53. Hursting, S.D.; Smith, S.M.; Lashinger, L.M.; Harvey, A.E.; Perkins, S.N. Calories and Carcinogenesis: Lessons Learned from 30

Years of Calorie Restriction Research. Carcinogenesis 2010, 31, 83–89. [CrossRef] [PubMed]
54. Renehan, A.G.; Frystyk, J.; Flyvbjerg, A. Obesity and Cancer Risk: The Role of the Insulin–IGF Axis. Trends Endocrinol. Metab.

2006, 17, 328–336. [CrossRef] [PubMed]
55. Beauchamp, M.-C.; Yasmeen, A.; Knafo, A.; Gotlieb, W.H. Targeting Insulin and Insulin-Like Growth Factor Pathways in Epithelial

Ovarian Cancer. J. Oncol. 2010, 2010, 1–11. [CrossRef] [PubMed]
56. Engelman, J.A. Targeting PI3K Signalling in Cancer: Opportunities, Challenges and Limitations. Nat. Rev. Cancer 2009, 9, 550–562.

[CrossRef] [PubMed]
57. Franke, T.F. PI3K/Akt: Getting It Right Matters. Oncogene 2008, 27, 6473–6488. [CrossRef]
58. Dobbin, Z.; Landen, C. The Importance of the PI3K/AKT/MTOR Pathway in the Progression of Ovarian Cancer. Int. J. Mol. Sci.

2013, 14, 8213–8227. [CrossRef] [PubMed]
59. Brazil, D.P.; Yang, Z.-Z.; Hemmings, B.A. Advances in Protein Kinase B Signalling: AKTion on Multiple Fronts. Trends Biochem.

Sci. 2004, 29, 233–242. [CrossRef] [PubMed]
60. Guertin, D.A.; Sabatini, D.M. An Expanding Role for MTOR in Cancer. Trends Mol. Med. 2005, 11, 353–361. [CrossRef] [PubMed]
61. Rehman, G.; Shehzad, A.; Khan, A.L.; Hamayun, M. Role of AMP-Activated Protein Kinase in Cancer Therapy. Arch. Pharm. 2014,

347, 457–468. [CrossRef] [PubMed]
62. Høyer-Hansen, M.; Jäättelä, M. AMP-Activated Protein Kinase: A Universal Regulator of Autophagy? Autophagy 2007, 3, 381–383.

[CrossRef] [PubMed]
63. Kim, S.G.; Buel, G.R.; Blenis, J. Nutrient Regulation of the MTOR Complex 1 Signaling Pathway. Mol. Cells 2013, 35, 463–473.

[CrossRef] [PubMed]
64. Blagosklonny, M.V. NCI’s Provocative Questions on Cancer: Some Answers to Ignite Discussion. Oncotarget 2011, 2, 1352–1367.

[CrossRef] [PubMed]
65. Dowling, R.J.O.; Zakikhani, M.; Fantus, I.G.; Pollak, M.; Sonenberg, N. Metformin Inhibits Mammalian Target of Rapamycin–

Dependent Translation Initiation in Breast Cancer Cells. Cancer Res. 2007, 67, 10804–10812. [CrossRef] [PubMed]
66. Blagosklonny, M. V Geroconversion: Irreversible Step to Cellular Senescence. Cell Cycle 2014, 13, 3628–3635. [CrossRef]
67. Blagosklonny, M.V. Rapamycin Extends Life- and Health Span Because It Slows Aging. Aging 2013, 5, 592–598. [CrossRef]

[PubMed]
68. Finkel, T.; Serrano, M.; Blasco, M.A. The Common Biology of Cancer and Ageing. Nature 2007, 448, 767–774. [CrossRef]
69. Owen, M.R.; Doran, E.; Halestrap, A.P. Evidence That Metformin Exerts Its Anti-Diabetic Effects through Inhibition of Complex 1

of the Mitochondrial Respiratory Chain. Biochem. J. 2000, 348 Pt 3, 607–614. [CrossRef] [PubMed]

https://doi.org/10.1016/j.ygyno.2009.09.024
https://doi.org/10.1016/j.jsbmb.2010.12.006
https://doi.org/10.1038/nrc839
https://www.ncbi.nlm.nih.gov/pubmed/12094235
https://doi.org/10.1038/nrc1362
https://doi.org/10.1016/S0962-8924(02)00042-9
https://www.ncbi.nlm.nih.gov/pubmed/12559758
https://doi.org/10.1038/nrc2536
https://www.ncbi.nlm.nih.gov/pubmed/19029956
https://doi.org/10.1002/cncr.27706
https://www.ncbi.nlm.nih.gov/pubmed/23208739
https://doi.org/10.1097/AOG.0b013e3182393ab3
https://www.ncbi.nlm.nih.gov/pubmed/22183212
https://doi.org/10.1016/j.ygyno.2011.06.038
https://doi.org/10.3978/j.issn.2305-5839.2014.06.01
https://www.ncbi.nlm.nih.gov/pubmed/25333032
https://doi.org/10.1038/nrc1408
https://doi.org/10.1017/S0029665108006976
https://doi.org/10.3389/fendo.2014.00065
https://doi.org/10.1200/JCO.2010.27.9935
https://doi.org/10.1093/carcin/bgp280
https://www.ncbi.nlm.nih.gov/pubmed/19969554
https://doi.org/10.1016/j.tem.2006.08.006
https://www.ncbi.nlm.nih.gov/pubmed/16956771
https://doi.org/10.1155/2010/257058
https://www.ncbi.nlm.nih.gov/pubmed/20069126
https://doi.org/10.1038/nrc2664
https://www.ncbi.nlm.nih.gov/pubmed/19629070
https://doi.org/10.1038/onc.2008.313
https://doi.org/10.3390/ijms14048213
https://www.ncbi.nlm.nih.gov/pubmed/23591839
https://doi.org/10.1016/j.tibs.2004.03.006
https://www.ncbi.nlm.nih.gov/pubmed/15130559
https://doi.org/10.1016/j.molmed.2005.06.007
https://www.ncbi.nlm.nih.gov/pubmed/16002336
https://doi.org/10.1002/ardp.201300402
https://www.ncbi.nlm.nih.gov/pubmed/24677093
https://doi.org/10.4161/auto.4240
https://www.ncbi.nlm.nih.gov/pubmed/17457036
https://doi.org/10.1007/s10059-013-0138-2
https://www.ncbi.nlm.nih.gov/pubmed/23694989
https://doi.org/10.18632/oncotarget.432
https://www.ncbi.nlm.nih.gov/pubmed/22267462
https://doi.org/10.1158/0008-5472.CAN-07-2310
https://www.ncbi.nlm.nih.gov/pubmed/18006825
https://doi.org/10.4161/15384101.2014.985507
https://doi.org/10.18632/aging.100591
https://www.ncbi.nlm.nih.gov/pubmed/23934728
https://doi.org/10.1038/nature05985
https://doi.org/10.1042/bj3480607
https://www.ncbi.nlm.nih.gov/pubmed/10839993


Int. J. Mol. Sci. 2024, 25, 11935 19 of 19

70. Wheaton, W.W.; Weinberg, S.E.; Hamanaka, R.B.; Soberanes, S.; Sullivan, L.B.; Anso, E.; Glasauer, A.; Dufour, E.; Mutlu, G.M.;
Budigner, G.S.; et al. Metformin Inhibits Mitochondrial Complex I of Cancer Cells to Reduce Tumorigenesis. eLife 2014, 3, e02242.
[CrossRef] [PubMed]

71. Pryor, R.; Cabreiro, F. Repurposing Metformin: An Old Drug with New Tricks in Its Binding Pockets. Biochem. J. 2015, 471,
307–322. [CrossRef] [PubMed]

72. Cameron, A.R.; Logie, L.; Patel, K.; Erhardt, S.; Bacon, S.; Middleton, P.; Harthill, J.; Forteath, C.; Coats, J.T.; Kerr, C.; et al.
Metformin Selectively Targets Redox Control of Complex I Energy Transduction. Redox Biol. 2018, 14, 187–197. [CrossRef]
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