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Abstract

Cancer cells sustain rapid growth by reprogramming their metabolism to depend heavily on glycolysis, enhanced in-
sulin signaling, and adaptive changes in the unfolded protein response (UPR). Insulin Potentiation Therapy (IPT) en-
hances chemotherapy efficacy by increasing insulin receptor expression, which in turn improves the uptake of chemo-
therapeutic agents. Meanwhile, targeting endoplasmic reticulum (ER) stress disrupts the protein-folding machinery
within cancer cells, steering them toward apoptosis. However, IPT faces several limitations, including limited clinical
evidence, variable responses across tumor types, and concerns regarding safety and standardization. This review is the
first to comprehensively examine the combined modulation of ER stress and IPT, highlighting novel clinical applica-
tions and presenting supporting evidence for this synergistic approach in cancer treatment. We compare the distinct
metabolic features of cancer cells with those of normal cells and analyze how these differences contribute to tumor
progression, the critical role of ER stress in cancer development, and the influence of insulin on cancer metabolism. In
addition, we explore the potential synergy between IPT and ER stress modulation by delving into the mechanisms
underlying IPT, the benefits of integrating ER stress modulation with IPT, and how insulin can modulate ER stress to

improve therapeutic outcomes.
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Introduction

To ensure continuous and rapid growth, cancer cells re-
program their metabolism by shifting from mitochondrial
oxidative phosphorylation to aerobic glycolysis—even in
the presence of oxygen. This phenomenon, known as the
"Warburg effect," is illustrated in Figure 1.

This metabolic switch prioritizes the production of bio-
synthetic intermediates over efficient ATP generation,
enabling cancer cells to accumulate the nucleotides,
amino acids, and lipids essential for rapid cell division
[1]. Many cancer cells are heavily dependent on gluta-
mine, which serves as an important source of reduced ni-
trogen for biosynthetic reactions and as a source of carbon
to replenish the tricarboxylic acid (TCA) cycle, produce
glutathione, and provide precursors for nucleotide and li-
pid synthesis [2,3].

Cancer cells metabolism vs
Normal cells metabolism

B. Normal Cell Metabolism
in the Presence of Oxygen

A. The Warburg Effect: Cancer Cell
Metabolism in the Presence of Oxygen
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Figure 1: Comparative Overview of Metabolic Pathways
in Cancer Cells and Normal Cells Under Aerobic Condi-
tions. (A) Cancer Cell Metabolism (Warburg Effect): De-
spite sufficient oxygen availability, cancer cells markedly
increase glucose uptake and preferentially undergo aero-
bic glycolysis, converting glucose primarily into lac-
tate—a phenomenon termed the Warburg effect. This
metabolic reprogramming results in the production of
only 2 ATP molecules per glucose molecule but signifi-
cantly accelerates the synthesis of biosynthetic interme-
diates such as acetyl-CoA, citrate, and a-ketoglutarate.
These metabolites serve as precursors for macromole-
cules critical to rapid tumor growth, including nucleo-
tides, amino acids, and fatty acids, thus fulfilling the high
biosynthetic and antioxidant demands of proliferating
cancer cells. (B) Normal Cell Metabolism: Under aerobic
conditions, normal (non-transformed) cells predomi-

nantly utilize oxidative phosphorylation to meet their en-
ergy requirements. Glucose is metabolized through gly-
colysis and fully oxidized in the mitochondria via the tri-
carboxylic acid (TCA) cycle, generating approximately
30-36 ATP molecules per glucose molecule. Lactate pro-
duction is limited, as metabolic intermediates such as ac-
etyl-CoA and citrate are predominantly directed toward
mitochondrial respiration and energy generation rather
than anabolic biosynthesis. This efficient energy-produc-
ing metabolism maintains cellular homeostasis and sup-
ports routine physiological functions.

Unlike normal cells, cancer cells rely heavily on meta-
bolic pathways such as aerobic glycolysis and glutamine
metabolism to support their rapid growth and biosynthetic
demands. This metabolic dependency creates therapeutic
opportunities, as targeting key enzymes in these pathways
can selectively impair cancer cell survival while minimiz-
ing harm to normal tissues [3]. For example, pharmaco-
logical inhibitors of glycolytic enzymes or glutamine me-
tabolism can selectively disrupt cancer cell viability while
sparing normal cells, demonstrating promising potential
in both preclinical and clinical studies [4,5]. The endo-
plasmic reticulum (ER) plays a central role in synthesiz-
ing, folding, and modifying secreted and transmembrane
proteins. Disruptions to its protein-folding capacity,
caused by external factors or intrinsic cellular events, lead
to the accumulation of unfolded or misfolded proteins—
a condition termed ER stress. Activation of the unfolded
protein response (UPR) occurs when misfolded proteins
accumulate in the endoplasmic reticulum (ER), prompt-
ing the cell to restore homeostasis by upregulating genes
that encode ER chaperones and components of ER-asso-
ciated degradation (ERAD) [6,7]. In cancer cells, persis-
tent ER stress is common due to genetic, transcriptional,
and metabolic abnormalities [8,9,10,11].

The UPR is mediated by three key ER membrane-local-
ized sensors: inositol-requiring enzyme la (IREla), eu-
karyotic translation initiation factor 2 alpha kinase 3
(EIF2AK3, also known as PERK), and activating tran-
scription factor 6 (ATF6). Under normal conditions, these
sensors are maintained in an inactive state through bind-
ing with immunoglobulin-binding protein (BiP, also
known as GRP78). Accumulation of unfolded or mis-
folded proteins triggers BiP’s release from IRE1a, PERK,
and ATF6, activating their respective signaling pathways
[12].

Activation of the unfolded protein response (UPR) occurs
when misfolded proteins accumulate in the endoplasmic
reticulum (ER), prompting the cell to restore homeostasis
by upregulating genes that encode ER chaperones and
components of ER-associated degradation (ERAD) [6,7].
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In cancer cells, persistent ER stress is common due to ge-
netic, transcriptional, and metabolic abnormalities
[8,9,10,11]. The UPR is mediated by three key ER mem-
brane-localized sensors: inositol-requiring enzyme la
(IRE1a), eukaryotic translation initiation factor 2 alpha
kinase 3 (EIF2AK3, also known as PERK), and activating
transcription factor 6 (ATF6). Under normal conditions,
these sensors are maintained in an inactive state through
binding with immunoglobulin-binding protein (BiP, also
known as GRP78). Accumulation of unfolded or mis-
folded proteins triggers BiP’s release from IRE1a, PERK,
and ATF6, activating their respective signaling pathways
[12].

Among these branches, the IRE1-XBP1 pathway is the
most conserved. During UPR activation, IRE1 oligomer-
izes and auto-phosphorylates its kinase domain, initiating
its RNase activity. This activity splices XBP1 mRNA, ex-
cising 26 nucleotides to produce a potent transcription
factor that enhances protein folding, ERAD, and lipid bi-
osynthesis, [13,14]. IREI also regulates mRNA degrada-
tion through regulated IRE1-dependent decay (RIDD)
and activates JNK signaling, mediating cytoprotective re-
sponses [13].

PERK, another UPR branch, phosphorylates elF2a at
Ser51, transiently inhibiting global protein synthesis
while selectively enhancing ATF4 translation. ATF4 reg-
ulates genes involved in autophagy, ERAD, and apoptosis
[15,16]. To restore protein synthesis equilibrium, elF2a
is dephosphorylated by a GADD34-PP1 complex, dy-
namically regulating protein synthesis during ER stress
[17]. ATF6, a type II transmembrane protein, activates in
the Golgi after cleavage by S1P and S2P proteases. The
active ATF6 regulates targets like BiP/GRP78, GRP9%4,
and CHOP, and enhances ERAD in partnership with
XBP1 [18]. The metabolic vulnerabilities created by ER
stress and UPR activation provide a unique opportunity
to synergize with therapies like IPT. By leveraging the
reliance of cancer cells on insulin and IGF signaling path-
ways, IPT combines insulin with chemotherapeutic
agents to enhance selective drug uptake, potentially re-
ducing systemic toxicity and improving therapeutic out-
comes. However, targeting metabolic pathways and ER
stress responses in cancer therapy poses challenges, in-
cluding potential toxicity to normal cells, tumor hetero-
geneity, and the risk of adaptive resistance mechanisms
[4,19]. Despite the available literature on IPT and its po-
tential in enhancing chemotherapy efficacy, its potential
synergy with ER stress modulation remains largely unex-
plored. This review aims to bridge this gap by evaluating
the interplay between IPT and ER stress pathways,
providing a novel perspective on their combined thera-

peutic potential in cancer treatment. IPT remains un-
derexplored and requires further research to standardize
its mechanisms and clinical efficacy [20,21].

2. Role of ER Stress in Cancer
Progression

Impaired ER proteostasis is a hallmark of cancer, driven
by factors in the tumor microenvironment (TME) such
as hypoxia, reactive oxygen species (ROS), and meta-
bolic imbalances, which trigger ER stress and activate
the UPR [22, 23]. Cancer cells exploit heightened UPR
activation to survive ER stress-induced damage, pro-
moting tumor progression and resistance to chemother-
apy [23]. The three major UPR branches—IREla,
PERK, and ATF6—play pivotal roles in mediating can-
cer cell survival and regulating apoptosis [24].

Elevated IREla signaling supports tumor growth and
immune evasion by suppressing anti-tumor immunity.
Pharmacological inhibition of IRE1a has demonstrated
promise in reducing tumor growth and enhancing im-
munotherapy responses [25]. Similarly, GRP78, a cen-
tral UPR regulator, has been shown to prevent apoptosis
and contribute to chemotherapy resistance. Targeting
GRP78 induces apoptosis and sensitizes cancer cells to
chemotherapeutic agents [26]. Bioinformatics and sur-
vival analyses have identified high ATF6 expression as
a poor prognostic marker in cancer, correlating with un-
favorable survival outcomes [27]. In vitro studies fur-
ther highlight ATF6's oncogenic role; silencing ATF6 in
oral squamous cell carcinoma cells suppresses prolifer-
ation and migration while promoting autophagy and
apoptosis, underscoring its importance in tumor pro-
gression [27]. PERK-mediated UPR activation also en-
hances cancer cell survival. In melanoma models,
PERK inhibition induces immunogenic cell death (ICD)
and paraptosis, thereby enhancing anti-tumor immune
responses [28].

The dual role of the UPR in regulating apoptosis is a key
factor in cancer progression. Early UPR activation pro-
motes cell survival, but prolonged ER stress often trig-
gers apoptotic pathways. For instance, inhibiting the
IRE1/XBP-1s pathway with the prodrug TC-D-F07 in-
duces apoptosis in tumor cells [29]. Curcumin-induced
apoptosis in colorectal cancer through ATF6 signaling
further exemplifies the therapeutic potential of modulat-
ing UPR pathways [30]. Additionally, the cardiac gly-
coside oleandrin induces apoptosis in breast cancer cells
via the PERK/elF2a/ATF4/CHOP pathway, linking ER
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stress modulation to enhanced pro-apoptotic activity
[31].

The UPR also contributes to chemotherapy resistance
by helping cancer cells adapt to therapeutic stress. In tri-
ple-negative breast cancer, UPR activation through
IRE1 and PERK reduces doxorubicin (Dox) internaliza-
tion, activates Nrf2, and downregulates PDCDA4,
thereby disrupting protein translation and promoting
chemoresistance. Co-treatment with cryptotanshinone
restores Dox sensitivity [32]. Similarly, in pancreatic
ductal adenocarcinoma (PDAC), RUNXI1 upregulates
the BiP/PERK/elF2a pathway, enhancing stress adapta-
tion and resistance to gemcitabine (GEM). RUNX1 in-
hibition improves GEM efficacy by reducing resistance
and promoting apoptosis [33]. Chronic ER stress plays
a crucial role in shaping the TME and facilitating im-
mune evasion. Persistent UPR activation in cancer and
immune cells promotes tumor progression through
mechanisms such as XBPI1-regulated cholesterol syn-
thesis. Cholesterol secreted in extracellular vesicles is
internalized by myeloid-derived suppressor cells
(MDSCs), enhancing their immunosuppressive func-
tions and weakening anti-tumor immune responses [34].
Additionally, hypoxic conditions in the TME activate
HIF-2a, which enhances stemness and chemoresistance
in breast cancer cells by upregulating SOD2, reducing
mitochondrial ROS, and altering protein disulfide iso-
merase (PDI) activity. These changes further promote
chemoresistance and the acquisition of stem-like prop-
erties [35].

3. Insulin and Cancer Metabolism

Cancer cells are characterized by their unusual reliance
on aerobic glycolysis to meet their energy requirements
rather than mitochondrial oxidative phosphorylation as
in regular cells [36]. This metabolic reprograming is re-
sponsible for the rapid growth rate of malignant cells in
comparison to normal cells [37]. Although aerobic gly-
colysis under hypoxia microenvironment of the cancer
cells generates a much smaller amount of ATP com-
pared with aerobic respiration, the excessive expression
of GLUT in tumor cells enables these cells to meet their
energy needs through maximizing glucose uptake, to
provide sufficient raw materials for aerobic glycolysis
and ATP production [37].

Insulin is essential for activating multiple cellular home-
ostasis pathways in normal cells, however in cancer
cells, insulin receptors are often overexpressed and in-
sulin signaling pathways are dysregulated [38]. Insulin

is an anabolic hormone recognized as a modulator of
cancer metabolism, which has been associated with the
development of various malignancies, including breast
[39], colon [40] and lung cancer [41, 42]. Insulin facili-
tates the uptake of essential building blocks like glu-
cose, potassium, phosphate, and magnesium ions, as
well as amino acids by facilitated diffusion, thus it also
regulates carbohydrate and lipid metabolism.

Upon insulin binding to its receptor (IR), insulin receptor
substrates (IRS) are phosphorylated, enhancing their
binding affinity to phosphoinositide 3-kinase (PI3K).
PI3K, a lipid kinase crucial for glucose uptake and me-
tabolism, is composed of a regulatory (p85) and a cata-
lytic subunit (p110). Once activated, PI3K phosphory-
lates the cell surface lipid phosphatidylinositol 4,5-
bisphosphate (PIP2), generating phosphatidylinositol
3,4,5-trisphosphate (PIP3), a critical second messenger
[43]. PIP3 recruits signaling proteins with pleckstrin ho-
mology (PH) domains, including phosphoinositide-de-
pendent kinase 1 (PDK1) and AKT, activating down-
stream signaling pathways [43]. AKT phosphorylates
multiple targets, such as FOXO, GSK3, BAD, TXNIP,
and AS160, regulating processes including cell prolifera-
tion, glucose uptake, metabolism, and apoptosis [43,46].
AKT activation, for instance, inactivates FOXO via cyto-
solic sequestration, implicated in various cancers [46],
and inactivates GSK3, regulating glycogen storage
[43,46]. Moreover, AKT regulates TXNIP, influencing
glucose transporter localization and glucose uptake [43].
PI3K signaling also activates mammalian target of ra-
pamycin (mTOR), which controls gene transcription, pro-
tein synthesis, cell proliferation [43], and tumor metabo-
lism [44]. Additionally, downstream of PI3K, the RAS—
MAPK pathway modulates critical proteins promoting
survival and proliferation, such as hypoxia-inducible fac-
tor, cyclin D1, and Myc, and facilitates glucose trans-
porter translocation, further enhancing glucose uptake
[43,45]. Insulin signaling also exerts AKT-independent
effects, for instance, via PDK1-mediated phosphorylation
of Polo-like kinase 1 (PLK1), promoting cell cycle pro-
gression [43].

Moreover, IRSs mediate protein-protein interactions,
recruiting other proteins like the “growth factor recep-
tor-bound protein 2 (Grb2)” to the binding motif on IR,
to form a complex that then phosphorylates and acti-
vates RAS [41]. The phosphorylated RAS (RAS-GTP)
subsequently activates the “mitogen-activated protein
kinase (MAPK)” signaling cascade, including “extra-
cellular signal-regulated kinase 1/2 (ERK1/2)” which
mainly accounts for the regulation of proliferation, dif-
ferentiation, cell survival, apoptosis and stress response
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[47, 48]. Another important IR downstream signaling
pathway is the Racl, a member of the superfamily of
small guanosine triphosphatases [41]. Rac 1 serves as a
critical regulator of insulin stimulated glucose uptake
[49, 50] and glucose-induced insulin secretion [51].
Moreover, the up-regulation of Racl is linked to angio-
genesis, as well as tumor progression by promoting cell
proliferation and migration in multiple types of cancer
[52-55]. This can be justified by the structural rear-
rangement induced by insulin’s activation of RAC,
which creates a physically conducive state for cell mi-
gration or division, and enhances glycolysis and ATP
production by releasing actin-bound aldolase [43].

As mentioned above, insulin is able to regulate cellular
growth and metabolism by affecting different pathways.
Activating mutations in such pathways have been
linked to different diseases, including CLOVES syn-
drome and various types of cancer including breast,
uterine, head and neck, and colon cancers [56]. Taking
this into account, it should be emphasized that insulin
signaling is vital for maintaining glucose balance and
normal cell function and survival. However, this same
pathway must be regulated and maintained within limits
as its excessive activation can promote tumor cell pro-
liferation and survival, and therefore can exert a signif-
icant impact on oncogenesis and chemotherapy efficacy
[43].

Interestingly, insulin can even promote growth in cancer
cells with low expression of IR. Such cells lacking IR
are still able to make use of insulin for growth via IGF-
IR. Thus, both could be targeted for developing thera-
peutic options [57].

Building on the previous understanding, insulin has the
potential of tumor initiation under certain circum-
stances. However, insulin also plays a pivotal role in
sensitizing multiple types of tumors to chemotherapy.
Insulin could be used as a biologic response modifier.
Commonly known as “Insulin Potentiation Therapy
(IPT)” or “Insulin Potentiation Targeted Low Dose
(IPTLD)”, this technique selectively targets malignant
cells while preserving normal ones, leading to signifi-
cantly reduced treatment toxicity and an enhanced qual-
ity of life as reported by patients [58]. Thus, insulin is
considered a double-edged sword in the battle against
cancer.

Results from previous research support the role of insu-
lin in potentiating chemotherapy. Insulin pretreatment
of colon cancer cells resulted in significantly enhanced

susceptibility to a wide range of commonly used chemo-
therapeutics. It also showed an increase in apoptosis ra-
tio upon the co-administration of insulin with the tested
drugs. Further in vivo analysis validated insulin’s ability
to improve the therapeutic effect of FU without increas-
ing toxicity [59]. This sensitizing effect of insulin was
also seen in breast cancer. Combination insulin with
S5FU led to significant reduction in cell viability of
MCF-7 cell line in comparison to SFU monotherapy.
Similarly, Cyclophosphamide (CPA) with insulin re-
sulted in significant inhibition in viability compared
with CPA alone. Lower doses of both of 5FU and CPA
exhibited an inhibitory effect on MCF-7 cells only when
they were pretreated with insulin [60].

4. Mechanisms of Insulin Potentia-
tion Therapy

As discussed earlier, insulin is a critical growth factor that
promotes cell growth and survival through tyrosine ki-
nase receptor cascades and downstream pathways, such
as PI3K/AKT. These pathways are frequently dysregu-
lated in cancer, driving the invasive and rapidly growing
tumor phenotype. However, when insulin’s action is com-
bined with chemotherapeutics, such as by pre-treating
cancer cells with insulin, it has been shown to signifi-
cantly reduce the expression of key oncogenic substrates
like PIK3CA and GRB2. PIK3CA, the second most fre-
quently mutated oncogene, is critical in cancer cell sig-
naling, while GRB2 regulates cellular proliferation and
differentiation (Figure 2). Studies demonstrate that insu-
lin pre-treatment reduces the mRNA and protein levels of
these targets, further disrupting the GRB2-MAPK path-
way and initiating apoptosis [59]. This finding highlights
the potential of insulin to act as a therapeutic adjunct, syn-
ergizing with chemotherapy to enhance its efficacy.

Glucose

Insulin

B
T ATPIAMP PI3K

5
D) AKT )

mmmmmm

Figure 2: Detailed Molecular Mechanisms Underlying
the Enhanced Chemotherapeutic Effect Observed with
Insulin Potentiation Therapy (IPT). Left Panel (Insulin
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alone): Insulin binds to insulin receptors on cancer cells,
activating the PI3K/AKT and MAPK signaling pathways,
leading to increased cellular metabolism, proliferation,
and survival. This activation promotes glucose uptake
through GLUT transporters and enhances anabolic pro-
cesses supporting cell growth. Right Panel (Insulin com-
bined with Chemotherapy): Insulin pretreatment potenti-
ates chemotherapy efficacy by multiple mechanisms. In-
sulin signaling enhances the translocation of glucose
transporters (GLUT-1 and GLUT-3) to the cell mem-
brane, facilitating increased uptake of glucose and con-
currently promoting enhanced intracellular accumulation
of chemotherapeutic agents. Additionally, insulin reduces
the expression of key signaling molecules such as
PIK3CA and GRB2 at both the mRNA and protein levels,
resulting in diminished cell survival signals relative to
chemotherapy alone. Concurrently, insulin treatment up-
regulates the expression of pro-apoptotic and autophagy-
related proteins, promoting cellular apoptosis and au-
tophagic responses. Furthermore, insulin treatment inhib-
its survivin phosphorylation and activation, thereby re-
moving its anti-apoptotic effects, ultimately leading to
enhanced apoptosis and improved therapeutic outcomes.

4.1 Mechanisms of Insulin Potentiation
Therapy

One key mechanism by which insulin sensitizes cancer
cells to chemotherapeutics is through the upregulation of
pro-apoptotic and autophagic proteins. For example, in
breast cancer cells treated with insulin and cyclophospha-
mide (CPA), the expression of caspase-3, a key apoptotic
marker, was significantly enhanced compared to chemo-
therapy alone. Additionally, insulin combined with CPA
increased the levels of autophagy-related protein ATG-7,
reflecting a higher proportion of cells undergoing apopto-
sis [60]. Similar effects were observed in colon cancer
cells (SW480 and Caco-2) treated with insulin and thio-
glycosides, where flow cytometry analysis confirmed an
increased apoptotic cell ratio compared to treatment with
the drug alone [61].

4.2 Insulin Inhibits Cell Motility

Insulin also impairs cancer cell motility, a key factor in
metastasis. In breast cancer cells, insulin pretreatment
combined with chemotherapy reduced cell migration and
proliferation, as evidenced by wound-healing assays. For
instance, while CPA or 5-FU alone slightly hindered
wound closure, the addition of insulin significantly am-
plified this effect. Similarly, in colon cancer cells treated
with insulin and thioglycosides, migration and wound
closure were significantly inhibited, further supporting
the role of insulin in restricting metastatic potential [60,

61].

4.3 Insulin Induces GLUT-1 and GLUT-3
Expression

Cancer cells rely heavily on glucose metabolism to meet
their energy demands, and insulin plays a critical role in
enhancing glucose uptake by increasing the expression of
glucose transporters (GLUT-1 and GLUT-3). Immunocy-
tochemistry analysis revealed that insulin significantly el-
evated GLUT-1 and GLUT-3 protein levels in breast can-
cer cells (MCF-7) and colon cancer cells (SW480 and
Caco-2) [60, 61]. This increase in GLUT expression, me-
diated via the PI3K/AKT pathway, facilitates greater glu-
cose uptake and metabolic activity. Furthermore, the ele-
vated GLUT expression may enhance the uptake of
chemotherapeutic drugs, contributing to the observed in-
crease in cytotoxicity. This mechanism underpins insu-
lin’s ability to selectively sensitize cancer cells to chem-
otherapy, as malignant cells preferentially uptake glucose
and associated drugs compared to normal cells.

4.4 Insulin Modulates Survivin Phosphory-
lation

Another mechanism through which insulin sensitizes can-
cer cells to chemotherapeutics involves the modulation of
survivin, a member of the inhibitor of apoptosis protein
(IAP) family. Survivin’s anti-apoptotic activity depends
on its phosphorylation at Thr34. In choriocarcinoma cells
(JEG-3 and JAR), insulin was shown to suppress Thr34
phosphorylation of survivin in a dose-dependent manner,
enhancing the apoptotic effects of 5-FU [62]. Further val-
idation using a survivin Thr34-mutant (T34M) demon-
strated that mutation of this phosphorylation site reversed
the chemotherapy sensitivity induced by insulin. These
findings confirm that insulin’s sensitizing effect is medi-
ated through survivin modulation, making it a promising
therapeutic target [63].

Figure 3 summarizes the molecular mechanisms underly-
ing IPT and highlights its potential to synergize with ER
stress modulation, thereby enhancing the therapeutic effi-
cacy and responsiveness of cancer cells to chemotherapy.
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Enhancing Cancer Treatment Through Insulin
Potentiation and ER Stress Modulation
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Figure 3: Proposed Molecular Synergy of Insulin Poten-
tiation Therapy (IPT) Combined with endoplasmic retic-
ulum (ER) Stress Modulation for Enhanced Cancer Ther-
apeutic Outcomes. IPT enhances the efficacy of chemo-
therapy by triggering ER stress, primarily via activation
of the PERK/elF2a signaling pathway, leading to height-
ened cellular stress responses that sensitize cancer cells to
chemotherapeutic agents. Concurrently, IPT augments
apoptotic signaling pathways, particularly through the ac-
tivation of executioner caspases (caspase-3 and caspase-
8), promoting programmed cell death. Additionally, IPT-
mediated insulin signaling results in increased expression
and membrane localization of glucose transporters
(GLUTs), facilitating greater cellular uptake and intracel-
lular accumulation of chemotherapy drugs. This integra-
tive approach exploits the dual mechanism of enhanced
ER stress signaling and apoptosis induction, demonstrat-
ing IPT's potential to significantly improve therapeutic ef-
ficacy while potentially minimizing chemotherapy-re-
lated toxicity.

5. Potential of ER Stress and Insulin
Potentiation in Cancer Therapy

To the best of our knowledge, no research papers have
directly investigated the synergistic effect between IPT
and endoplasmic reticulum ER stress in cancer therapy.
However, based on existing studies on the mechanisms
of IPT and ER stress, it can be hypothesized that a syn-
ergistic effect may exist. IPT's modulation of insulin
could exacerbate the already elevated ER stress experi-
enced by cancer cells due to their rapid growth and ab-
normal protein synthesis. Consequently, IPT may am-
plify ER stress within cancer cells, potentially promot-
ing apoptosis. This heightened stress might activate the
UPR, leading to cell death if the stress becomes unsus-
tainable. Additionally, cancer cells are known to express
more insulin receptors than normal cells. Exposure to
insulin in IPT may facilitate greater drug absorption by

cancer cells, enhancing the therapeutic effect [64]. To-
gether, these mechanisms could synergistically increase
cancer cell death. This section will emphasize more into
these aspects, which are supported by different studies
as shown in Table 1.

Table I: Key Studies Exploring Insulin Potentiation Therapy
(IPT) and ER Stress Mechanisms in Cancer Therapy.

Study Key Findings limitations
Findings in mu-
Insulin induces ER stress ' © macro-
phages may not
in murine macrophages, fully translate to
activating UPR markers human physiol-
Uma Kant ogy; lacks direct
(GRP78, XBP-1, PERK, °%’
Misra et assessment  of
elF2a] and enhancing .
al. [65] functional con-
antiapoptotic proteins (Bcl- sequences  on
2, XIAP], promoting cell apoptosis or im-
mune responses
survival. .
in vivo.
Insulin stabilizes ATF4 via
Primarily based
PI3K, upregulating GRP78
on in vitro ex-
to reduce ER stress-in-
Inageda et periments; lacks
duced apoptosis. Cancer
al. [66] in vivo valida-

cells under IPT may expe-
tion and clinical
rience adaptive failure,
relevance
leading to apoptosis.

Damyanov IPT combined with low-

Small  sample
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treatment by focusjpgLaRivhi@ie Metabolic and proteo-

Study Key Findings limitations ~ Static weaknesses in tumors (71) . If validated through
clinical studies, this agpgfsgh may improve outcomes in
aggressive or resistant cancers while reducing harm to

et al. [20] dose chemotherapy sizeand lack ofa |0 T HOSUES: drug absorption
achieved 50% partial - 001 growp 6. Mechanistic Ipsights Support-

limit the strength ing IPT-Induced Synergism

mor regression and 25% of conclusions: via elevated in-
6.1 Insulin’s Role in Modulating ER

disease stabilization in cas- requires further Stress sulin receptor

tration-resistant prostate validation n g ion. .

p The synergistic eff8H EFIP# may be explained by stud-
larger,  random- ies demonstrating insulin's influence on ER stress.
cancer. ized trials. Misra et al. showed that insulin induces ER stress in mu-
rine peritoneal macrophages by accelerating global pro-
tein synthesis. This activates the UPR, with key markers
such as GRP78, XBP-1, phosphorylated PERK, and
elF2a significantly upregulated, comparable to re-
Lacks a large sponses induced by tunicamycin, a classical ER stress
inducer. Furthermore, insulin enhances antiapoptotic
Combination of insulin and sample size and  signaling by increasing proteins like Bcl-2, XIAP, phos-
phorylated CREBudirdeRKdiRgswhich collectively miti-
methotrexate significantly long-term fol- gate ER stress and promote cell survival [65]. However,
Lasalvia- in cancer cellsdalgapyakmdne heightened stress, this

reduced tumor growth and low-up; requires
Prisco et

improved stable disease  further valida-

al. [67]
rates in metastatic breast tion in random-
cancer. ized clinical tri-
als.

adaptive capacity may diminish, potentially leading to
apoptosis. The addpfidies stress-from insulin could over-
whelm cancer cells, enhancing the therapeutic effect by

pushing them tondirdeshapopsix-

Similarly, Inageda et alisdemonstrated that insulin mod-
ulates ER stress in human neuroblastoma cells by stabi-
lizing activating ATF4 via a PI3K-dependent mecha-
nism. This stabilization upregulates GRP78, a key chap-
erone that supports the UPR by promoting proper pro-

Compared to standard chemotherapy or single-pathway
treatments, combining Insulin Potentiation Therapy (IPT)
with ER stress modulation offers a more targeted and po-
tentially effective approach (68). Chemotherapy alone
often damages healthy cells and leads to drug resistance
over time (69). IPT helps improve drug uptake by using
the overexpression of insulin receptors on cancer cells,
allowing lower doses with fewer side effects (70). ER
stress-targeting therapies, such as PERK or IREL1 inhibi-
tors, can induce apoptosis, but their effect can be limited
by compensatory survival signals within the UPR. When
used together, IPT may amplify the stress within cancer
cells, making them more vulnerable to ER stress inducers.
This combined strategy could drive cancer cells past the
threshold of adaptation, triggering irreversible cell death.
It also supports the move toward personalized cancer

tein folding and alleviating ER stress [72]. While insu-
lin's role in mitigating ER stress-induced apoptosis en-
hances survival in normal cells, cancer cells may react
differently due to their significant ER stress from rapid
growth and abnormal protein synthesis. Instead of pro-
moting survival, the additional stress from insulin may
overwhelm their adaptive capacity, triggering apoptosis.

6.2.
IPT

Clinical Applications and Evidence of

IPT may enhance the effects of traditional chemothera-
peutics, especially under conditions of heightened ER
stress. By increasing drug uptake and concentration
within cancer cells—through upregulated insulin and in-
sulin-like growth factor receptors, IPT could synergisti-
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cally improve chemotherapeutic efficacy while mini-
mizing dosage, thus reducing the adverse effects com-
monly associated with chemotherapy [20]. Ongoing
clinical trials aim to further validate these observations
and define the most effective IPT protocols.

For instance, sixteen patients with metastatic prostate
tumors were divided into two treatment groups. One
group received low-dose chemotherapy comprising
Epirubicin, Vinblastine, and Cyclophosphamide in
combination with an LHRH (Luteinizing Hormone-Re-
leasing Hormone) agonist, while the other group was
treated with low-dose Docetaxel combined with an
LHRH agonist. The results showed that 50% of pa-
tients experienced a partial response, and 25%
achieved disease stabilization. Importantly, no signifi-
cant side effects were observed, and there were no le-
thal cases [20]. In another study, thirty women with
metastatic breast cancer—resistant to fluorouracil,
Adriamycin, cyclophosphamide, and hormone ther-
apy—were divided into three treatment groups. One
group was treated with a combination of insulin and
methotrexate, another with methotrexate alone, and the
third with insulin alone. The groups receiving either
methotrexate alone or insulin alone predominantly
showed progressive disease. In contrast, the group
treated with the combination of insulin and methotrex-
ate exhibited a higher frequency of stable disease.
Moreover, the median increase in tumor size was sig-
nificantly lower in the combination group compared to
the groups treated with either drug alone [67]. While
several studies support the role of insulin in enhancing
chemotherapy efficacy, conflicting evidence exists,
particularly in insulin-resistant conditions. Insulin re-
sistance has been associated with altered signaling
pathways, which may reduce insulin’s ability to poten-
tiate anticancer effects or even promote tumor progres-
sion and metastasis in certain contexts (73)

Therefore, further investigations are needed to clarify
the impact of insulin resistance on treatment outcomes
and to identify patient populations that may benefit most
from this approach.

7. Challenges and Future Direc-

tions

Insulin Potentiation Therapy (IPT) is a promising alter-
native cancer treatment that combines insulin admin-
istration with low-dose chemotherapy to enhance the ef-
ficacy of anticancer drugs while minimizing side effects.
Despite its innovative approach, IPT faces significant

challenges that need to be addressed through rigorous re-
search.

One of the primary limitations of IPT is the limited num-
ber of studies validating its effectiveness, which hinders
its clinical application. While the theoretical foundation
of IPT suggests that insulin increases the permeability of
cancer cells to chemotherapy drugs, this mechanism re-
mains largely unproven (20). Contradictory findings in
existing studies further underscore the need for robust
investigations to substantiate IPT’s mechanisms and
therapeutic efficacy. Additionally, implementing experi-
mental therapies such as IPT in cancer treatment re-
quires heightened caution due to the potential risks to
patient safety (74). In addition to these challenges, com-
bining IPT with ER stress modulation might introduce
further complexities that require careful consideration. A
key concern is the potential for heightened toxicity in
normal cells, particularly those with high protein synthe-
sis demands, as excessive ER stress may disrupt homeo-
stasis and induce unintended apoptosis (75). The dual
roles of the UPR in promoting both cell survival and
apoptosis also could create a risk of unpredictable thera-
peutic outcomes, particularly if the treatment window is
not precisely defined. Insulin’s systemic effects, such as
hypoglycemia and mitogenic stimulation, may be ampli-
fied when used alongside agents that enhance cellular
stress (76). Tumor heterogeneity presents another obsta-
cle, as not all cancers exhibit elevated ER stress or over-
express insulin receptors, which may limit the generali-
zability of this combination approach (77). Therefore,
careful optimization of dosage, timing, and patient selec-
tion will be critical to minimize adverse effects and
maximize therapeutic efficacy.

Addressing these limitations may involve exploring
IPT’s potential synergistic effects with pathways in-
volved in ER stress. Targeting key markers like glucose-
regulated protein 78 (GRP78) and C/EBP homologous
protein (CHOP) offers a promising direction for combin-
ing IPT with strategies that exploit cancer cells' vulnera-
bilities. GRP78, a molecular chaperone, is frequently
overexpressed in tumors and is associated with enhanced
cell survival, angiogenesis, metastasis, and poor patient
outcomes (78). Conversely, CHOP, a pro-apoptotic tran-
scription factor activated under prolonged or severe ER
stress, serves as a tipping point that triggers apoptosis in
cancer cells when stress becomes unmanageable (79).
This dual role highlights the complexity of targeting ER
stress in cancer therapy. While GRP78 disruption can in-
terfere with cancer cells’ protective mechanisms, CHOP
activation can selectively induce apoptosis in tumor
cells.
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Combining IPT with metabolic modulators or agents List of abbreviations
that induce ER stress represents an exciting therapeutic

avenue. Research shows that inducing ER stress can pro- 5-FU — 5-Fluorouracil

mote apoptosis in cancer cells, and this effect may be

amplified when combined with metabolic interventions. AAU — Al Ain University
For instance, targeting cancer cells’ metabolic vulnera-
bilities, such as glycolysis inhibitors or mitochondrial AKT — Protein kinase B

disruptors, could synergize with ER stress inducers to

create a dual-targeting strategy for impairing cancer cell AMPK — AMP-activated protein kinase

survival. These combination therapies could exploit can- o

cer cells’ reliance on altered metabolic and protein-fold- ~ @HSCT — Autologous hematopoietic stem cell therapy
ing pathways, paving the way for innovative and poten-
tially transformative treatment approaches (80). To vali-
date the synergy hypothesis, future research should in-
clude mechanistic in vitro studies using co-treatments
with insulin and ER stress modulators in various cancer
cell lines, followed by in vivo validation in tumor-bear-

ATF4 — Activating transcription factor 4
ATF6 — Activating transcription factor 6

ATP — Adenosine triphosphate

ing models. Additionally, well-designed clinical trials, ATG7 — Autophagy-related gene 7

such as randomized controlled studies comparing stand-

ard chemotherapy versus chemotherapy with insulin po- BAD — Bcl-2-associated death promoter
tentiation in patients with defined metabolic profiles,

would help establish the clinical relevance of this ap- BCA — Bicinchoninic acid

proach.

BiP (GRP78) — Binding immunoglobulin protein (Glu-
Conclusions cose-regulated protein 78)
Although IPT is an innovative approach, it faces sever-al Bcl-2 — B-cell lymphoma 2
challenges. Notably, there is a limited number of studies
validating its effectiveness, and the claim that insulin in-
creases the permeability of cancer cells to chemotherapy  cHop — c/EBP homologous protein
drugs remains largely unproven [19]. Contradictory find-
ings further complicate its clinical relevance, and the as- CPA — Cyclophosphamide
sociated risks to patients have not been thoroughly inves-
tigated [68]. To address these limitations, one promising ~ CREB — cAMP response element-binding protein
avenue is to explore the potential synergy between IPT
and ER stress modulation. For instance, targeting key reg- ~ CVD — Cardiovascular disease
ulators of the unfolded protein response—such as the mo- L .
lecular chaperone GRP78 or the pro-apoptotic transcrip- ~ DAPI —4',6-Diamidino-2-phenylindole
tion factor CHOP—could enhance IPT’s therapeutic im-
pact [69,70]. Additionally, combining glycolysis inhibi-
tors or mitochondrial disruptors with ER stress inducers
may establish a dual-targeting strategy that more effec-
tively impairs cancer cell survival [71].
In conclusion, IPT remains insufficiently validated, with
limited clinical evidence and no direct studies examining  ¢[F2¢ — Eukaryotic translation initiation factor 2 alpha
its integration with ER stress modulation. Future research
should focus on investigating these synergistic ap- ELISA — Enzyme-linked immunosorbent assay
proaches to enhance cancer treatment efficacy. These ef-
forts hold the potential to unlock IPT’s full therapeutic =~ ER — Endoplasmic reticulum
value, ultimately transitioning it from an experimental
concept into a validated clinical strategy for cancer ther- ~ ERAD —Endoplasmic reticulum-associated degradation

apy.

CagA — Cytotoxin-associated gene A

DMSO - Dimethyl sulfoxide
Dox — Doxorubicin

ECAR — Extracellular acidification rate
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ERK1/2 — Extracellular signal-regulated kinases 1 and
2

FAK — Focal adhesion kinase
FDA - Food and Drug Administration
FOXO - Forkhead box O

GADD34 — Growth arrest and DNA damage-inducible
protein 34

GEM - Gemcitabine

GLUT - Glucose transporter

GPR78 — Glucose-regulated protein 78

GRB2 — Growth factor receptor-bound protein 2
GSK3 - Glycogen synthase kinase 3

H292 — Human lung mucoepidermoid carcinoma cell
line

HIF-20 — Hypoxia-inducible factor 2 alpha

HSP — Heat shock protein

IC50 — Half maximal inhibitory concentration
ICD — Immunogenic cell death

IDH1/2 — Isocitrate dehydrogenase 1 and 2

IGF — Insulin-like growth factor

IGF-1R — Insulin-like growth factor 1 receptor
INSR (IR) — Insulin receptor

IPT — Insulin Potentiation Therapy

IPTLD - Insulin Potentiation Targeted Low Dose
IRE1la — Inositol-requiring enzyme 1 alpha

IRS — Insulin receptor substrate

JAK —Janus kinase

JEG-3 — Human placental choriocarcinoma cell line
JNK — c-Jun N-terminal kinase

LC3 — Microtubule-associated proteins 1A/1B light

chain 3
LHRH — Luteinizing Hormone-Releasing Hormone

MDA-MB-231 — Human triple-negative breast cancer
cell line

MAPK — Mitogen-activated protein kinase
MDSCs — Myeloid-derived suppressor cells
MIA — Pancreatic cancer cell line

MMPs — Matrix metalloproteinases

mTOR — Mammalian target of rapamycin

MTT - 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide assay

MYC — MYC proto-oncogene

OCR — Oxygen consumption rate

OGT — O-GIcNAc transferase

PANC — Pancreatic cancer cell line

PDI — Protein disulfide isomerase

PDK1 — Phosphoinositide-dependent kinase 1
PDAC — Pancreatic ductal adenocarcinoma
PDCD4 — Programmed cell death protein 4
PERK — Protein kinase R-like ER kinase
PI3K — Phosphoinositide 3-kinase

PIK3CA — Phosphatidylinositol-4,5-bisphosphate 3-ki-
nase catalytic subunit alpha

PIP2 — Phosphatidylinositol 4,5-bisphosphate
PIP3 — Phosphatidylinositol 3,4,5-trisphosphate
PLK1 — Polo-like kinase 1

PRKAAL — AMP-activated protein kinase catalytic sub-
unit alpha-1

PTEN — Phosphatase and tensin homolog

gPCR — Quantitative polymerase chain reaction
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RAC1 — Ras-related C3 botulinum toxin substrate 1
RIDD — Regulated IRE1-dependent decay
RNA-seq — RNA sequencing

ROS — Reactive oxygen species

RUNX1 — Runt-related transcription factor 1
S6K — Ribosomal protein S6 kinase

SDH - Succinate dehydrogenase

SH2 — Src homology 2 domain

SOD2 — Superoxide dismutase 2

T34M — Survivin Thr34-mutant

TCA — Tricarboxylic acid cycle

TNBC — Triple-negative breast cancer
TXNIP — Thioredoxin-interacting protein
UPR — Unfolded protein response

XBP1 — X-box binding protein 1

XIAP — X-linked inhibitor of apoptosis protein
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