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Abstract: This study investigates the metabolic parallels between stimulated pancreatic beta cells and cancer
cells, emphasizing glucose and glutamine metabolism. Addressing the significant public health challenges of
Type 2 Diabetes Mellitus (T2DM) and cancer, we aim to deepen understanding of the mechanisms driving
insulin secretion and cellular proliferation. Our analysis of anaplerotic cycles and NADPH's role in biosynthesis
elucidates their vital functions in both processes. Additionally, we find that both cell types share an antioxidative
response mediated by the Nrf2 signaling pathway, glutathione synthesis, and UCP2 upregulation. Notably,
UCP?2 facilitates the transfer of C4 metabolites, enhancing reductive TCA cycle metabolism. We also uncover
that hypoxic responses are transient in beta cells post-stimulation but persistent in cancer cells. By synthesizing
these insights, our research suggests novel therapeutic targets for T2DM, highlighting the shared metabolic
strategies of stimulated beta cells and cancer cells. This comparative analysis not only illuminates the metabolic
complexity of these conditions but also emphasizes the crucial role of metabolic pathways in cell function and
survival, offering fresh perspectives for tackling T2DM and cancer challenges.
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1. Introduction

Cancer and Type 2 Diabetes Mellitus (T2DM) are significant public health challenges in
contemporary society, each with substantial impacts on global health and economies. Cancer, with
its rapid and often lethal progression, captures considerable attention in medical research and public
concern. In contrast, T2DM, characterized by more gradual health decline, garners less immediate
fear and urgency despite its profound societal and individual burdens. The global prevalence of
T2DM is staggering, with an estimated 463 million individuals affected as of 2019, and projections
suggest this number could rise to 700 million by 2045 (Saeedi et al., 2019). The economic implications
are equally daunting; for instance, the global healthcare expenditure on diabetes was estimated to be
at least 760 billion USD in 2019, a figure expected to surge as the prevalence of T2DM increases
(International Diabetes Federation, 2019). These statistics underscore the critical need for enhanced
research, prevention strategies, and therapeutic interventions for T2DM, paralleling the urgency
accorded to cancer research.

Building upon extensive research in cancer metabolism, we can derive valuable insights for a
deeper understanding of T2DM, particularly in the context of pancreatic beta-cell metabolism. The
metabolic response of pancreatic beta cells to glucose, crucial for insulin secretion, remains a vibrant
area of scientific inquiry. Despite numerous studies, the mechanisms by which beta cells detect and
respond to glucose and other metabolites to regulate insulin release are not fully understood.
Traditionally, glucose-stimulated insulin secretion (GSIS) has been attributed to the increase in
mitochondrial ATP production leading to the closure of KATP channels. Our research group has
focused on this ATP-centric model, examining its role as the primary signal following glucose uptake
by beta cells (Grubelnik et al., 2020a,b). In our more recent papers (Grubelnik et al., 2022, 2024), we
have expanded our investigation through pathways involving pyruvate carboxylase (PC) and
phosphoenolpyruvate (PEP) formation, which locally elevates ATP concentrations near KATP
channels, providing a nuanced understanding of GSIS (Abulizi et al., 2020; Corkey, 2020; Foster et al.,
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2022; Lewandowski et al.,, 2020; Merrins et al., 2022). While the elevation in ATP levels and
subsequent insulin secretion in response to glucose stimulation remains undisputed, a revised
conceptual framework acknowledges beta cells' ability to sense the overall abundance of postprandial
metabolites, particularly glucose and glutamine, which are closely associated with the need for
energy storage through anabolic processes. This recognition of the anabolic state appears to hold
greater significance for insulin secretion in beta cells than mere ATP production via oxidative
phosphorylation (OxPhos) within mitochondria (Lu et al., 2002; Jesinkey et al., 2019; Lewandowski
et al.,, 2020; Grubelnik et al., 2024). Such insights suggest that the metabolic pathways engaged by
beta cells in response to glucose are multifaceted, implicating not only traditional ATP production
but also the integration of signals from various metabolic intermediates that reflect the cell's broader
nutritional and energetic status.

Importantly, while mitochondrial ATP may not be the sole determinant of glucose-stimulated
insulin secretion (GSIS), particularly during the amplification phase, the indispensable role of
mitochondria in insulin release is evident. Experimental evidence supports the involvement of
mitochondria in the amplification pathway of insulin secretion, observed when beta cells are
stimulated by glucose and other mitochondrial substrates, with cytosolic Ca2+ maintained at levels
conducive to secretion (Maechler, 2013). The amplification phase is influenced by mitochondrial
coupling factors, derived from tricarboxylic acid (TCA) cycle metabolites, necessitating
replenishment through anaplerotic processes (Rustenbeck et al.,, 2021). Thus, the integration of
mitochondrial anaplerotic pathways with cytosolic processes is essential for a thorough
understanding of the cellular dynamics underpinning insulin secretion. In the postprandial state,
glucose, glutamine, amino acids, and fatty acids significantly influence insulin secretion. This period
is characterized by an anabolic state, conducive to metabolite synthesis, with insulin functioning as a
key anabolic hormone. For effective regulation of body-wide anabolic processes, beta cells are tasked
with detecting this metabolic abundance, particularly sensing elevations in glucose and glutamine
levels. Analogously, cancer cells capitalize on the anabolic state, exploiting it to furnish the necessary
building blocks for their proliferation and invasion. This suggests that cancer cells not only thrive in
but also potentially simulate an anabolic environment to facilitate their unchecked growth and
division. In contrast, beta cells are finely tuned to recognize and respond to the body’s anabolic cues,
secreting insulin to modulate anabolic activity. This distinction highlights a fundamental divergence
in how cancer cells and beta cells interact with and respond to the body’s metabolic state, with the
former hijacking these processes for malignancy and the latter orchestrating physiological responses
to maintain metabolic homeostasis.

We propose that metabolic pathways exploited by cancer cells for proliferation and survival
could similarly be operational in beta cells for identifying the anabolic state and facilitating insulin
secretion. These mechanisms, essential for the uncontrolled growth and division of cancer cells, are
hypothesized to play a pivotal role in beta cells for the initiation and enhancement of insulin secretion.
This paper focuses on the metabolism of glucose and glutamine, highlighting the shared aspects
between cancer cells and beta cells. We underscore the common cellular mechanisms in both cell
types, particularly concerning the role of anaplerotic cycles that generate citrate and malate, and
especially NADPH, which is vital for biosynthesis. NADPH is acknowledged as one of the key
enhancers of insulin secretion and is critical in cancer pathogenesis.

Furthermore, we explore the production of H202 and ROS and the antioxidant defenses in both
beta and cancer cells. Our study delves into the Nrf2 signaling pathway and glutathione (GSH)
synthesis, highlighting their significance in the antioxidant capacity and mechanisms within these
cells. We also consider the role of UCP2, not primarily as a potential decoupler but more for its
antioxidative significance in conditions of elevated ROS levels. UCP2 is additionally recognized for
its role in the transport of C4 metabolites, particularly malate, oxaloacetate, and aspartate, from the
mitochondria to the cytosol. Lastly, we examine the pathophysiology of T2DM and cancer within the
realm of hypoxic conditions, focusing on the mechanisms behind succinate accumulation and HIF
stabilization. Specifically, we discuss the distinct impacts of temporal versus more sustained,
permanent responses to hypoxic conditions.

Investigating these shared pathways and mechanisms between pancreatic beta cells and cancer
cells offers a unique opportunity to bridge existing research gaps and potentially unveil novel
therapeutic avenues for T2DM. This approach leverages the rich research foundation in cancer
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research to foster a new understanding and tackle the complexities of T2DM that remains a significant
challenge to global health.

2. Reductive metabolism and NADPH production

Cancer cells and stimulated beta cells, characterized by their high metabolic activity, typically
necessitate substantial energy, predominantly in the form of ATP, to support their rapid growth and
functional demands. However, the comprehensive metabolic needs of proliferating cancer cells
extend beyond mere ATP production, as elucidated by Vander Heiden et al. (2009). For a cell to
successfully divide and produce two viable daughter cells during mitosis, it must duplicate its entire
cellular content, imposing significant demands for nucleotides, amino acids, and lipids. In this
process, glucose not only serves as a source of ATP but also as a precursor for biomass generation.
While ATP hydrolysis releases the free energy needed for some biochemical replication reactions, the
synthesis of complex molecules like palmitate — a crucial component of cellular membranes —
demands additional inputs: 7 molecules of ATP, 16 carbons from 8 acetyl-CoA molecules, and 28
electrons from 14 NADPH molecules. Similarly, the synthesis of amino acids and nucleotides requires
more carbon and NADPH equivalents than ATP. A single glucose molecule can yield up to 36 ATPs,
or alternatively, 30 ATPs and 2 NADPHs if channeled into the pentose phosphate pathway (PPP),
besides providing 6 carbons for macromolecular biosynthesis. Consequently, synthesizing a 16-
carbon fatty acyl chain would require the ATP from one glucose molecule fivefold, whereas seven
glucose molecules are necessary to furnish the needed NADPH. This 35-fold asymmetry underscores
that proliferating cells prioritize NADPH generation and carbon for biosynthesis over ATP
production from carbon catabolism. Lane (2022) vividly articulates this preference: “If you were a
cancer cell, the last thing you’d want to do is burn glucose through cell respiration, as it will produce
a pile-up of ATP.” Notably, glucose and glutamine are the primary sources of carbon, nitrogen, free
energy, and reducing equivalents for cell growth and division. Thus, this paper will focus on the
metabolism of glucose and glutamine, pivotal for understanding the metabolic intricacies of both
cancer and stimulated beta cells.

In stimulated beta cells, research has predominantly focused on ATP production following
glucose stimulation. However, the longstanding notion that the primary trigger for insulin secretion
is the increase in ATP levels, which leads to the closure of KATP channels, an increase in Ca2+
concentration, and the subsequent signal transmission to insulin granules, is being reevaluated.
Recent insights suggest that, beyond ATP's role, other metabolic signals are critically important.
Notably, metabolites from reductive metabolism in mitochondria, once released into the cytosol, play
a significant role. The significance of mitochondrial anaplerotic products in insulin secretion has been
a subject of intense research over the past two decades (MacDonald et al., 2005; Affourtit and Brand,
2008; Maechler, 2013; Rustenbeck et al., 2021). Significant strides have been made in acknowledging
the role of anabolic signals in beta cells, particularly the redirection of glucose-derived pyruvate into
reductive anaplerotic pathways via pyruvate carboxylase (PC), as opposed to the cataplerotic
pathway via pyruvate dehydrogenase (PDH), as highlighted by recent studies (Abulizi et al., 2020;
Foster et al., 2022; Lewandowski et al., 2020; Merrins et al., 2022). While the rise in ATP levels and its
role in insulin secretion following glucose stimulation is well-established, a revised conceptual
framework now recognizes the beta cells' capacity to detect the overall abundance of postprandial
metabolites, especially glucose and glutamine. This sensitivity to the anabolic state is deemed more
critical for insulin secretion than mere ATP generation through oxidative phosphorylation (OxPhos)
within mitochondria (Lu et al., 2002; Jesinkey et al., 2019; Lewandowski et al., 2020; Grubelnik et al.,
2024). Importantly, although mitochondrial ATP is not the sole determinant of glucose-stimulated
insulin secretion (GSIS), particularly during the amplification phase, the role of mitochondria in this
process is incontrovertible. Therefore, it is essential to consider mitochondrial anaplerotic pathways
together with cytosolic processes, alongside OxPhos, to achieve a comprehensive understanding of
the complex cellular mechanisms driving insulin secretion.

A common trait shared by both cancer and beta cells is the upregulation of reductive anaplerotic
pathways at the expense of the catabolic conversion of pyruvate to acetyl-CoA via pyruvate
dehydrogenase (PDH), which typically leads to NADH and subsequent ATP production. Specifically,
in cancer cells, as Luengo et al. (2021) demonstrated, when there's an increased demand for NAD+
relative to ATP turnover, cells shift their metabolism towards aerobic glycolysis (the Warburg effect),
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converting pyruvate into lactate. This conversion necessitates NADH, which is then transformed into
the needed NAD+. Consequently, lactate production becomes a hallmark of most cancer cells. In
contrast, beta cells express very low levels of lactate dehydrogenase (LDH), indicating a minimal
capacity for converting pyruvate into lactate, thus not exhibiting the Warburg effect (Sekine et al.,
1994). Instead, cellular mechanisms in beta cells preferentially direct pyruvate towards oxaloacetate
(OAA) via pyruvate carboxylase (PC), and subsequently to a reductive metabolism producing
phosphoenolpyruvate (PEP) and malate. This reductive pathway of PEP production is vital for ATP
generation near KATP channels, triggering insulin secretion (Abulizi et al., 2020; Foster et al., 2022;
Lewandowski et al., 2020; Merrins et al., 2022). Thus, while the reductive metabolism plays a pivotal
role in both cell types, there are nuanced differences. Cancer cells address the imbalance of a high
NADH/NAD+ ratio relative to ATP turnover via the Warburg effect, whereas beta cells channel
pyruvate through PC into PEP and malate production. Both cell types rely on anaplerotic cycles,
especially the pyruvate-malate and pyruvate-citrate cycles, to support their metabolic needs.

Furthermore, the conversion of NADH to NADPH is critically important, with Nicotinamide
Nucleotide Transhydrogenase (NNT) playing a key role in both cell types. In beta cells, NNT
mediates the interconversion between NADH and NADPH in both forward and reverse modes,
depending on glucose concentration (Santos et al., 2017). Similarly, in cancer cells, NNT is
instrumental in converting NADH to NADPH, a process that, when disrupted, can affect reductive
carboxylation (Gameiro et al., 2013). Overexpression of NNT has been shown to enhance glutamine
oxidation and reductive carboxylation while inhibiting glucose catabolism in the TCA cycle (Gameiro
et al., 2013). Recent findings also indicate that that the NNT-induced tumor cell “slimming” reverses
the pro-carcinogenesis effect of HIF2a in tumors (Xiong et al., 2021). When NADPH is generated
within mitochondria, its transport across the inner mitochondrial membrane is primarily facilitated
by the isocitrate/a-KG shuttle (Ferdaoussi et al., 2015; Zhang et al., 2021). Figure 1 schematically
presents the principal processes involved in producing and transporting metabolites that signal for
cancer cell division and the amplification of insulin secretion.
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Figure 1. Schematic representation of the key processes involved in the production and transport of
metabolites that signal for cancer cell division and the amplification of insulin secretion. This figure
illustrates how both cancer and stimulated beta cells utilize common metabolic pathways for their
proliferation and function. Abbreviations: a-KG - alpha-ketoglutarate, Asp — aspartate, Cit — citrate,
GIn - glutamine, Glu — glutamate, IsoCit — isocitrate, Mal — malate, Mal-CoA — Malonyl-CoA, NNT -
nicotinamide nucleotide transhydrogenase, OAA — oxaloacetate, Pyr — pyruvate, Succ — succinate,
TCA - tricarboxylic acid cycle.

In Figure 1, we illustrate a comprehensive overview of the processes involved in producing and
transporting metabolites essential for cancer cell division and the amplification of insulin secretion.
Within this intricate network, the role of NADPH is particularly notable, emphasizing its critical
significance in two fundamental aspects shared by both cancer and stimulated beta cells. First,
NADPH emerges as a key anaplerotically derived building block indispensable for biosynthesis.
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Second, it plays a crucial role in the cellular oxidative defense mechanism, acting in concert with
other pathways. This role becomes especially vital in highly active cells, where every process,
including oxidative phosphorylation (OxPhos), must function optimally, necessitating rigorous
control of reactive oxygen species (ROS) to preserve cellular integrity and function. The forthcoming
section will explore the role of NADPH more thoroughly, especially focusing on its involvement in
the synthesis of glutathione (GSH), the foremost antioxidant in biological cells. This discussion aims
to highlight the paramount importance of NADPH in maintaining cellular health and stability.

3. Antioxidative defense by GSH and the Nrf2 pathway

In all highly active cells, ROS production is notably high, primarily generated by mitochondria
through the electron transport chain (ETC), as well as by H202 and subsequent ROS production via
the pentose phosphate pathway and membrane-associated NADPH oxidases (NOX). Both stimulated
beta cells and cancer cells, with their heightened activity, require stringent regulation of ROS levels.
A critical mechanism for this regulation is the ROS-induced activation of the Nrf2 pathway (Blandino
et al., 2023). The production of H202, whether by NOX in the cytoplasm or mitochondria, triggers
the activation of Nrf2, setting off a cascade of downstream events that bolster the cell's antioxidant
machinery and support the maintenance of mitochondrial function and integrity (Blandino et al.,
2023). Among these events is the increased production of GSH within the cell. The Nrf2-mediated
antioxidant response is a major defense mechanism against oxidative stress. The pathway's
complexity is highlighted by Wu et al. (2019), showing that it regulates the import of cysteine into the
cell and activates glutamate-cysteine ligase (GCL), the enzyme catalyzing the rate-limiting step in
GSH biosynthesis (see Figure 2). Additionally, Nrf2 controls four NADPH-producing enzymes:
glucose-6-phosphate dehydrogenase (G6PD), 6-phosphogluconate dehydrogenase (PGD), isocitrate
dehydrogenase-1 (IDH1), and malic enzyme-1 (ME1), essential for providing NADPH required by
many antioxidant enzymes and for GSH production (Wu et al., 2019). This aspect is especially crucial
for cancer cells, which often face high oxidative stress levels due to their rapid metabolism and
proliferation. Elevated GSH levels enhance antioxidant capacity and resistance to oxidative stress in
many cancer cells, aiding their survival and proliferation (Traverso et al., 2013). Furthermore, GSH
plays a vital role in detoxifying xenobiotics, including chemotherapy drugs, thereby offering cancer
cells a protective advantage against the cytotoxic effects of anticancer agents. The association of
increased GSH levels in cancer cells with enhanced resistance to various drugs and radiation therapy
underscores this protective mechanism (Estrela et al., 2006).

Glutam ine

Figure 2. Schematic depicting the activation of the Nrf2 pathway by H202, leading to the enhanced
influx of cysteine, activation of glutamate-cysteine ligase (GCL), and the upregulation of four key
NADPH-generating enzymes: glucose-6-phosphate dehydrogenase (G6PD), 6-phosphogluconate
dehydrogenase (PGD), isocitrate dehydrogenase-1 (IDH1), and malic enzyme-1 (ME1). This
coordinated upregulation results in increased NADPH production, which, in conjunction with
cysteine and GCL, facilitates glutathione (GSH) biosynthesis, bolstering the cell's antioxidant defense
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mechanism. Abbreviations: Cyst — cysteine, NOX4 - NADPH Oxidase 4, PPP - pentose phosphate
pathway, TCA - tricarboxylic acid cycle.

Interestingly, unstimulated beta cells exhibit very limited antioxidant capacity (Robertson and
Harmon, 2007; Lenzen et al., 2008). However, upon stimulation, particularly with glucose, these cells
develop a robust antioxidative defense akin to that observed in cancer cells, characterized by
activated Nrf2 signaling pathway and elevated GSH production. The relatively low antioxidant
capacity of unstimulated beta cells can be attributed to the role of ROS, primarily its precursor H202,
in signaling. The inherent weak antioxidant capacity in the resting state renders beta cells as efficient
redox systems, with ROS serving as a critical signal for regulating insulin secretion (Jezek et al., 2021).
Upon glucose stimulation, locally produced H202 by NOX4, in conjunction with an increase in ATP
near KATP channels, contributes to the closure of these channels, thereby triggering insulin secretion
(Plecita-Hlavata et al., 2020; Jezek et al., 2021). Thus, ROS plays a pivotal role in the initial phase of
insulin secretion. It has been suggested that excessive use of antioxidants in prediabetes or early
stages of T2DM could be counterproductive (Pi et al., 2010), a notion recently echoed by findings on
the long-term antioxidative treatments in schizophrenia (Blandino et al., 2023). Conversely, chronic
and sustained high levels of ROS are detrimental. In T2DM, the first phase of insulin secretion may
be significantly impaired, potentially due to the diminished H202 signaling; the beta cell loses its
ability to sense transient increases in H202 following glucose stimulation. Chronic exposure to
hyperlipidemic or lipotoxic conditions could overwhelm beta cells, leading to excessive ROS
production beyond the cell's capacity to mitigate. This scenario compromises the beta cells' function
as effective redox sensors for glucose-induced ROS production, thereby impairing the mechanism
that triggers the closure of KATP channels and subsequent insulin secretion.

Building on the understanding of ROS's role in beta cells as discussed, it is important to
acknowledge the nuanced function of ROS in stimulated beta cells. On one hand, ROS acts as an
essential signaling molecule for triggering insulin secretion, a process vital for physiological
regulation. On the other hand, its accumulation can become detrimental, necessitating efficient
scavenging during the extended second phase of insulin secretion (Newsholme et al., 2019). The
neutralization of ROS through glutathione (GSH) activation of SENP1 highlights this delicate balance,
promoting enhanced insulin secretion (Ferdaoussi et al., 2015; Jensen et al., 2017; Lin et al., 2023). This
dualistic nature underscores the critical need to distinguish between the immediate and prolonged
effects of nutrients on beta cell redox changes, particularly at the subcellular level. Research indicates
that the interplay between nutrient regulation of beta cell redox signaling, ROS toxicity, and the
effectiveness of antioxidant mechanisms in the context of gluco-lipotoxic conditions associated with
T2DM is complex (Roma and Jonas, 2020). Therefore, in light of this complexity and the dual role of
ROS, the indiscriminate use of antioxidants in the early stages of T2DM could potentially be
counterproductive (Pi et al., 2010), emphasizing the importance of a nuanced approach to managing
redox states for optimal beta cell function.

4. UCP2 upregulation and C4 transport

Uncoupling protein 2 (UCP2) activation can occur in response to superoxide and ROS elevations
(Krauss et al.,, 2003), as well as through mechanisms not directly linked to superoxide production
(Produit-Zengaffinen et al., 2007; Li et al., 2017). UCP2's function extends beyond that of classical
uncoupling proteins, playing a significant role in cell-stress regulation, especially when contrasted
with UCP1. In the context of increased ROS levels observed in cancer cells and beta cells postprandial
stimulation, UCP2 assumes a crucial role. Notably, an upregulation in UCP2 expression characterizes
both cancer cells and stimulated beta cells, with UCP2 exhibiting a markedly short half-life of 30
minutes, compared to the 30 days of UCP1 (Rousset et al., 2007). This rapid turnover is particularly
vital for beta cells following stimulation, enabling swift adaptation to oxidative environments in the
postprandial state.

In the realm of ROS signaling, UCP2's function is pivotal in both beta and cancer cells. Its
expression is markedly elevated in most cancer cells, where UCP2 primarily serves to shield these
cells from ROS, thereby averting cell death and fostering proliferation (Valle et al., 2010). Post-
stimulation upregulation of UCP2 expression in beta cells underscores its importance, with its half-
life ranging from approximately 30 minutes (Rousset et al., 2007) to 60 minutes in INS-1E insulinoma
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cells, a model for pancreatic beta cells (Azzu et al., 2008). This nutrient-induced expression of UCP2
in INS-1E cells has been scrutinized to understand the dynamics of UCP2 expression in response to
nutrient availability. The findings reveal that UCP2 levels decrease in the absence of glutamine and
increase with 20 mM glucose, indicating UCP2's variable expression in light of its short protein half-
life, around one hour (Azzu et al., 2008), demonstrating its responsive nature to the cellular metabolic
state.

Environmental factors significantly modulate Ucp2 transcription; its message levels rise in beta
cells exposed to cold, high glucose, non-esterified fatty acids, and hydrogen peroxide (Affourtit &
Brand, 2008). Postprandially, UCP2 expression escalates to manage the increased ROS production.
Glucose, amino acids, and free fatty acids induce UCP2 expression (Patané et al., 2002), and UCP2 is
activated by superoxide (Krauss et al., 2003), generated during metabolite oxidation (Affourtit &
Brand, 2008). Despite UCP2's short half-life, nutrient-induced expression and subsequent activation
are comparatively slower than the initial phase of glucose-stimulated insulin secretion (GSIS).
Postprandially, the insulin release must significantly increase, requiring additional signals for GSIS
amplification. These signals might include NADPH, acetyl-CoA, malonyl-CoA, and a-ketoglutarate,
whose production is contingent on TCA cycle activity, a process facilitated by UCP2. This illustrates
UCP2's role in connecting metabolic amplifiers of insulin secretion, previously discussed in the
section "Reductive Metabolism and NADPH Production.”

To comprehend how UCP2 aids GSIS amplifiers' production, its function as a transporter of
carbon metabolites, especially C4 metabolites, across the mitochondrial membrane, must be
considered. The anaplerotic export of carbon metabolites from mitochondria is crucial for beta and
cancer cells, supplying metabolites during the body's anaplerotic state. This process is vital for
providing building blocks for rapidly dividing cancer cells and amplifying insulin secretion. Vozza
et al. (2014) demonstrated that UCP2 facilitates the exchange of malate, oxaloacetate, and aspartate
for phosphate, thereby exporting C4 metabolites from mitochondria. This activity limits the oxidation
of acetyl-CoA-producing substrates like glucose, enhances glutaminolysis, and prevents the
mitochondrial accumulation of glutamine-derived C4 metabolites. The phosphate influx through
UCP2 positively affects glutaminase, enhancing the conversion of glutamine to glutamate and then
to oxaloacetate in the TCA cycle (Han et al., 2021). UCP2's regulation of C4 metabolite export and
mitochondrial oxidation underscores its pivotal role in cellular bioenergetics and metabolic
reprogramming under various conditions (Vozza et al., 2014; Jezek et al., 2018; Segalés et al., 2023).
Further, Raho et al. (2020) highlighted UCP2's crucial role in transferring aspartate from mitochondria
to the cytosol, essential for protein and nucleotide synthesis in fast-dividing cancer cells. Citrate and
malate mainly contribute to NADPH production, vital for GSH biosynthesis and other metabolites
(Prentki et al., 2013; Ju et al., 2020). These insights reveal UCP2's unique regulatory mechanism in cell
bioenergetics, highlighting its importance in maintaining cellular redox states and NADPH
production for anabolic processes and antioxidant defenses, pivotal in both cancer and nutrient-
stimulated beta cells. This function of UCP2 elucidates a mechanistic link between enhanced
glutamine oxidation and the Warburg effect, mitigating redox pressure on the respiratory chain and
ROS production (Vozza et al., 2014). Figure 3 schematically presents UCP2's main regulatory
mechanisms, emphasizing its role in metabolic flexibility and the anaplerotic export of C4 metabolites
from mitochondria to the cytosol, crucial for both beta and cancer cells.
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Figure 3. Schematic representation of UCP2's regulatory mechanisms, emphasizing its role in metabolic
flexibility, particularly by enhancing glutamine utilization and facilitating the anaplerotic export of C4
metabolites across the mitochondrial membrane. This process is crucial for biosynthetic activities and the
amplification of GSIS. Abbreviations: a-KG - alpha-ketoglutarate, Asp — aspartate, GLS — glutaminase, GIn —
glutamine, Glu — glutamate, Mal — malate, ME1 — malic enzyme-1, Pyr — pyruvate, OAA - oxaloacetate, Pi —
phosphate, TCA — tricarboxylic acid cycle.

The observation that UCP2 facilitates a metabolic shift from glucose oxidation towards enhanced
glutamine and lipid utilization (Pecqueur et al., 2008; Vozza et al., 2014; Jezek et al., 2018; Raho et al.,
2020) has underscored its role in optimizing substrate use. This shift may allow pyruvate to be
conserved for biosynthetic processes rather than being fully oxidized in mitochondria (Bouillaud,
2009). Such a metabolic adaptation is crucial for vigorous biosynthesis, necessitating enhanced
anaplerotic flux to replenish TCA cycle intermediates. This process, involving pyruvate carboxylase
and glutaminolysis, highlights the glutamine dependency seen in cancer cells (Baffy, 2017), attributed
to glutamine's role in supporting rapid cell proliferation. Similarly, in stimulated beta cells, a
comparable reliance on glutamine becomes evident in the amplification of GSIS. Glutamine, being
the most abundant amino acid in the bloodstream, acts as a significant amplifier of GSIS. This effect
is mediated through its metabolites, glutamate and NADPH, and further supported by the
production of GSH, which are key products of glutaminolysis (Han et al.,, 2021). This intricate
interplay underscores the critical function of UCP2 in modulating cellular energy metabolism and
biosynthetic pathways, particularly in the context of the metabolic demands of both cancer and beta
cells.

5. Hypoxia, succinate accumulation, and HIF activation

Hypoxic conditions, characterized by reduced oxygen availability, are a critical characteristic of
tumor microenvironments, significantly influencing cancerogenesis and tumor progression. Hypoxia
triggers a variety of biological responses, including the activation of pathways that govern
proliferation, angiogenesis, and resistance to apoptosis. Tumors adeptly adjust to flourish in hypoxic
conditions, correlating strongly with a poorer prognosis and increased resistance to traditional
treatments like radiation therapy (Harris, 2002). The hypoxia-inducible factor (HIF), especially HIF-
1a, serves as the primary molecular mediator for cellular adaptation to hypoxia, regulating numerous
genes that equip tumor cells to endure, expand, and metastasize in oxygen-deprived settings (Vaupel,
2004; Brahimi-Horn, 2007). HIF activation promotes angiogenesis, shifts metabolism (notably, the
Warburg effect), and facilitates invasion and metastasis via processes such as epithelial-to-
mesenchymal transition (EMT). Consequently, targeting the hypoxia and HIF signaling pathways
emerges as a promising approach in cancer therapy, seeking to thwart the adaptive mechanisms
enabling cancer cell proliferation in hypoxic environments. Delving into the complex roles of hypoxia
within tumor biology is essential for devising efficacious cancer treatments.
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Similarly, hypoxic conditions manifest in beta cells following glucose stimulation under normal
physiological scenarios, transitioning from an initial normoxic state. High glucose levels are known
to induce hypoxia in pancreatic beta cells, leading to a decrease in oxygen partial pressure (pO2) due
to glucose oxidation (Bensellam et al., 2012; Gerber & Rutter, 2017). These transient hypoxic states are
significant for insulin secretion (Bensellam et al., 2012). Studies have shown that hypoxia enhances
the cellular uptake and mitochondrial utilization of glutamine, a process detailed in studies by Jiang
et al. (2017) and Yoo et al. (2020). Further investigations, indicate that glutamine, upon conversion to
glutamate and succinate, serves as a primary source for succinate accumulation under hypoxic
conditions (Slaughter et al., 2016; Martinez-Reyes & Chandel, 2020). This accumulation of succinate
notably activates HIF. In rat beta cells, glucose-induced oxygen consumption has been shown to
create intracellular hypoxia that activates both HIF1 and HIF2 (Bensellam et al., 2012). Furthermore,
van Diepen et al. (2017) demonstrated that hypoxia and hyperglycemia independently promote
succinate release from mouse adipose tissue (17-fold and up to 18-fold, respectively), with higher
plasma levels of succinate observed in individuals with type 2 diabetes compared to non-diabetic
counterparts. These studies underscore succinate's pivotal role as a metabolic signal in the
stabilization and activation of HIF under hypoxic conditions, illustrating the intricate link between
cellular metabolism and adaptive responses to hypoxia. This interplay, particularly the glucose-
induced hypoxia leading to succinate accumulation and subsequent HIF stabilization, is depicted in
Figure 4.

HF
tab ilizatio

tSuccihate
-

G lutam ine

Figure 4. A schematic representation of a temporal hypoxia in beta cells after glucose stimulation,
glutamine-induced succinate accumulation, and HIF stabilization. Abbreviations: a-KG - alpha-
ketoglutarate, ETC — electron transport chain, pO2 — oxygen partial pressure, Pyr — pyruvate, TCA —
tricarboxylic acid cycle. .

The cellular mechanism through which succinate activates HIF involves the inhibition of prolyl
hydroxylases (PHDs), enzymes tasked with HIF degradation under normoxic conditions. Koivunen
et al. (2007) elucidated that succinate directly inhibits HIF prolyl 4-hydroxylases (HIF-P4Hs) in vitro,
thereby stabilizing HIF-1a and establishing a direct connection between succinate accumulation and
the activation of the cellular hypoxic response through HIF hydroxylases. Moreover, cancer cells with
deficiencies in fumarate hydratase (FH) and succinate dehydrogenase (SDH) exhibit succinate and
fumarate accumulation, leading to HIF-1a stabilization. This phenomenon suggests that mutations
in metabolic enzymes can drive cancer progression by disrupting hypoxia signaling pathways
(Pollard et al., 2005), highlighting the intricate link between cellular metabolism and hypoxic
adaptation.

In the context of beta cells, Edalat et al. (2015) highlighted SDH as a critical regulator of insulin
secretion and ROS production, underscoring its essential role in glucose homeostasis. The inhibition
of SDH, either through 3-nitropropionic acid (3-NPA) or monoethyl fumarate (MEF), was shown to
diminish glucose-stimulated insulin secretion, pointing to SDH's significance in metabolic regulation
(Edalat et al., 2015). Complementarily, Lee & Annes (2020) discovered that a reduction in SDH
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activity in diabetic beta cells, evidenced by decreased succinate dehydrogenase subunit B (SDHB)
expression, led to compromised insulin secretion and the onset of diabetes in a beta cell-specific
SDHB knockout (SDHBPKO) mouse model, indicating the importance of SDH in beta cell
functionality (Lee & Annes, 2020). Further, Lee et al. (2022) demonstrated that SDH deficiency in beta
cells impairs both glucose-stimulated insulin secretion and beta cell proliferation, presenting SDH
deficiency as a key factor in the progressive failure of beta cells in diabetes. Metabolomic and
transcriptomic analyses revealed that SDH loss results in excessive succinate accumulation, which
aberrantly activates mTOR complex I-regulated metabolic anabolism, including the upregulation of
lipid biosynthesis. These changes, reflective of beta cell dysfunction in diabetes, were shown to be
partially mitigated by acute mTOR inhibition using rapamycin (Lee et al., 2022), offering insights into
potential therapeutic avenues to counteract beta cell dysfunction by modulating metabolic pathways.

Building on the insights into the role of succinate dehydrogenase (SDH) deficiency and chronic
hypoxia in activating hypoxia-inducible factor 1-alpha (HIF1a), such conditions have been identified
as critical factors in the progression of pathologies associated with Type 2 Diabetes Mellitus (T2DM),
including beta cell dedifferentiation (Liu et al., 2020). This chronic activation of HIF underscores the
potential of HIF inhibitors as a novel therapeutic strategy for T2DM. llegems et al. (2022) provided
evidence that pancreatic beta cells, under the strain of prolonged metabolic overload characteristic of
type 2 diabetes progression, develop a hypoxic phenotype mediated by HIF1a. Their findings reveal
that administration of the HIF-1a inhibitor PX-478 can significantly ameliorate beta cell function.
Islets isolated from treated mice exhibited signs of enhanced beta cell functionality, such as increased
insulin content, upregulation of genes associated with beta cell function and maturation, reduction
in dedifferentiation markers, and the formation of mature insulin granules (Ilegems et al., 2022).

Transitioning from the discussion on chronic hypoxia, it's imperative to distinguish between
transient and prolonged or chronic hypoxic conditions. While the previous sections have delved into
the detrimental effects of chronic hypoxia, temporary hypoxia, such as that experienced by beta cells
post-glucose stimulation, presents physiological benefits crucial for health and normal functioning.
Intriguingly, recent research by Rogers et al. (2023) suggests that temporary hypoxia might also play
a role in lifespan extension. The mechanism behind this phenomenon is complex, yet hypoxia has
been documented to prolong lifespan in various models, including yeast (Pan et al., 2011), C. elegans
(Lee et al., 2010; Schieber et al., 2014), and to delay replicative senescence in primary human lung
fibroblasts (Bell et al., 2007), potentially through an increase in ROS production that activates life-
extending pathways, a concept known as hormesis (Cox et al., 2018). Future investigations are
essential to thoroughly assess the impact of hypoxia on ROS levels and to determine whether changes
in ROS have beneficial or deleterious effects on health and longevity.

6. Discussion

Pancreatic beta cells, upon stimulation, share several signaling and metabolic pathways with
cancer cells, responding to the abundance of key metabolites, particularly glucose and glutamine.
Beta cells act as sensors of the postprandial metabolic state, recognizing and responding to the surge
in nutrient availability by promoting insulin secretion. Conversely, cancer cells exploit these nutrient-
rich conditions to support their uncontrolled proliferation, often enhancing their metabolic supply
through mechanisms like forced angiogenesis. This parallel suggests that while beta cells modulate
the body's anabolic state by regulating insulin release, cancer cells selfishly harness these conditions
for rampant growth. The similarity in cellular response to this anabolic environment underscores the
adaptability of beta cells, which, under certain conditions such as the early stages of T2DM, can
proliferate rapidly, a characteristic commonly associated with cancer cells (Sachdeva & Stoffers, 2009;
Xu et al., 2009; Sharma & Alonso, 2014).

This manuscript has delineated the shared metabolic responses between beta and cancer cells,
both of which exhibit intense metabolic demands. Beta cells require an efficient metabolism to
produce insulin in response to elevated levels of glucose and glutamine, whereas cancer cells adjust
their metabolism to support their rapid proliferation. Key common metabolic pathways have been
highlighted, particularly those favoring reductive metabolism that facilitates the anaplerotic export
of critical metabolites such as malate, citrate, aspartate, succinate, and notably NADPH. The role of
NADPH is pivotal in GSH production, essential for regulating ROS, a factor crucial for both cancer
cell division and insulin secretion from beta cells. The upregulation of UCP2 in both stimulated beta
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cells and cancer cells underlines its importance in managing the high anaplerotic flux from the
reductive TCA cycle. Special attention has been given to succinate, a metabolite of paramount
importance in HIF regulation, underscoring the intertwined metabolic pathways of stimulated beta
cells and rapidly dividing cancer cells. While this exploration covers significant ground, numerous
additional aspects warrant further investigation, opening avenues for future research into the
complex metabolic interplay between these cell types.

Building on the discussion of anaplerotic metabolites' significance, aspartate emerges as a
noteworthy component, intricately linked through the urea cycle to arginine utilization (Fu et al,,
2020). This linkage underscores the multifaceted roles of arginine, not only as a direct enhancer of
insulin secretion from beta cells but also as a key player in various cellular processes, including
inflammation (Henquin et al., 2000; Krausse et al., 2011; Newsholme et al., 2017; Fu et al., 2020). The
critical importance of arginine in cancer cells has led to the exploration of arginine deprivation as a
potential therapeutic approach to combat cancer cell metastasis (Al-Koussa et al.,, 2020). The
conversion of aspartate to argininosuccinate, and its subsequent transformation into fumarate and
succinate within the urea cycle, highlights not only arginine's significance but also points to the
pivotal role of succinate. As previously discussed, succinate's accumulation is instrumental in HIF
activation, a phenomenon observed both in cancer cells and transiently in stimulated beta cells.

Delving further into the relationship between succinate, HIF activation, and the function of
UCP2 invites a deeper understanding of their interconnected roles. Given UCP2's essential role in
modulating mitochondrial function and ROS production, it is plausible that UCP2 indirectly
influences the cellular response to hypoxia and the stabilization of HIF. By potentially altering the
mitochondrial ROS landscape, UCP2 could modify the cellular redox state, impacting the stability
and activity of HIF-1a. This intricate balance between oxygen sensing, HIF stabilization, and
subsequent effects reveals a broader regulatory context in which UCP2 may exert its influence. For
example, the review by Sakashita et al. (2019) on the role of PHD inhibitors in chronic kidney disease
provides insight into HIF stabilization under hypoxic conditions and its broader biological
implications, suggesting a framework for UCP2's potential indirect effects on HIF activity. Further
exploration by McGettrick and O'Neill (2020) into HIF's role in immunity and inflammation, as well
as Lee et al. (2019)'s discussion on the dual nature of HIF signaling, underscore the significance of
mitochondrial and redox regulation. Additionally, research by Kuan et al. (2021) on the protective
effects of HIF stabilization in models of neonatal brain injury indirectly highlights the critical nature
of cellular adaptations to hypoxia, where UCP2's regulation of mitochondrial function may play a
key role. These studies pave the way for future inquiries into UCP2's impact on hypoxia signaling
pathways, further integrating the roles of anaplerotic metabolites within this complex network.

These investigations could significantly enhance our understanding of beta cell pathologies.
Drawing insights from cancer research might unveil new avenues for exploring the pathophysiology
of beta cells. Particularly, the chronic elevations of ROS and persistent hypoxic conditions are
potentially hazardous for beta cells. While excessive ROS production can be detrimental, a balanced
generation of ROS within beta cells is essential for normal cellular signaling, including the finely
tuned regulation of insulin secretion. ROS, including those produced by NOX4, serve as signaling
molecules that influence cellular responses to metabolic signals, illustrating the dual role of ROS in
both the physiological and pathological aspects of beta-cell function (Kowluru, 2020). Chronic
hypoxia presents another challenge. This manuscript has highlighted the critical physiological role
of transient, time-limited hypoxia in insulin secretion from beta cells following glucose stimulation.
However, sustained hypoxia, especially when associated with succinate accumulation, could
contribute to the development of Type 2 Diabetes Mellitus (T2DM), as evidenced by research showing
that beta cell succinate dehydrogenase (SDH) deficiency leads to metabolic dysfunction and
insulinopenic diabetes (Lee et al., 2022). Furthermore, this study revealed that SDH deficiency,
resulting in excess succinate accumulation, activates mTOR complex I-regulated metabolic
anabolism, a process that can be partially mitigated by acute mTOR inhibition with rapamycin. These
findings draw parallels with cancer cell behavior, suggesting that the extensive knowledge base from
cancer research could be instrumental in addressing T2DM, which continues to pose a significant
challenge to modern societies. Leveraging the wealth of cancer research insights could thus provide
valuable strategies for the treatment and management of T2DM, underscoring the importance of
interdisciplinary research in uncovering novel therapeutic approaches.
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