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Abstract: Although the number of studies is rapidly increasing, the role of the brain in
regulating normal glucose homeostasis and the pathogenesis of type 2 diabetes remains
incompletely understood. In this review, we propose a conceptual framework to better
understand the brain’s critical role in these processes. This framework is based on evidence
showing that the brain, like the pancreas, is capable of sensing changes in circulating glucose
levels and responding accordingly. We also examine data suggesting that neuronal glucose
sensing plays a fundamental role in determining the defended (physiologically maintained) level
of blood glucose and that defects in this regulatory system contribute to the pathogenesis of type
2 diabetes. Furthermore, we discuss the close link between obesity and type 2 diabetes, which
may arise from shared dysfunction in highly integrated neurocircuits that regulate both energy
and glucose homeostasis. Thus, while obesity is characterized by an elevated defended level of
the body’s fuel stores (e.g., adipose tissue mass), type 2 diabetes is characterized by an elevated
defended level of circulating fuel (e.g., glucose). In both conditions, the underlying pathogenesis
is associated with impaired sensing of, or response to, relevant humoral negative feedback
signals. This perspective is increasingly supported by preclinical evidence: in type 2 diabetes,
restoration of the defended blood glucose level to normal can be achieved through interventions
that restore the brain’s ability to accurately sense circulating glucose.

Keywords: brain, diabetes, glucose, hypothalamus, obesity, review.

PEI'YJisIUA YPOBHS I'VIIOKO3bI B KPOBU MO3I'OM: 3HAYEHUE B
IHATOI'EHE3E CAXAPHOI'O JMABETA 2-I'0 THUIIA.

FOunnamesa Maxuryas TypaanueBna — Hayunsiii pykoBoauress, PhD

3aBeayromas kadeapoi rucToaoruu u ouosoruu, GeprancKuii METUIIMHCKUI HHCTUTYT
OOIIECTBEHHOTO 3/IpaBOOXPAHEHUS

https://orcid.org/0000-0001-9589-3208

moxigulyuldasheva2023@gmail.com, +998903900772

Apcionoex Ukpomuii MnbXoM:KOH yriu
MaructpaHT 2-kypca Mop¢oJI0rHuecKoro HanpanieHus, @epraHckuii MeAMIIUHCKUI HHCTUTYT
OOIIECTBEHHOTO 3/IPaBOOXPAHCHUS

528

COMPANY: GERMAN INTERNATIONAL JOURNALS

https://ijmri.de/index.php/jmsi



https://orcid.org/0000-0001-9589-3208
https://orcid.org/0009-0007-2156-1439
mailto:arslonbekikromiy@gmail.com
https://orcid.org/0000-0001-9589-3208

JOURNAL OF
MULTIDISCIPLINARY
ISSN NUMBER: 2751-4390
SCIENCES AND INNOVATIONS IMPACT FACTOR: 9,08

https://orcid.org/0009-0007-2156-1439
arslonbekikromi mail.com, +998999922801

AnHoTanusi: XOTS KOJHMYECTBO MCCJICIOBAaHUN OBICTPO pAacTeT, pOJib MO3ra B PEryJSIUH
HOPMaJIbHOTO TOMEOCTa3a TJIFOKO3bl M TAaTOTeHe3e caxapHoro aumadera 2-ro THUIA OCTAaeTCs
HEJIOCTaTOYHO H3Yy4eHHOW. B 3TOM 0030pe MBI mpejiaraeM KOHIENTYadbHYIO OCHOBY JUIs
JYYIIIer0 TIOHUMaHUsl KPUTUYECKOW POJIM MO3ra B ATHX IMpoIleccax. ITa OCHOBA ONMUPACTCS HA
JIAHHBIC, MMOKA3bIBAIOIIUE, YTO MO3T, KaK M MOJUKEIYI0YHAs JKejle3a, CIIOCOOCH OOHApYKHBATh
W3MCHEHUSI YPOBHSI IUPKYJIUPYIOMIEH TIFOKO3BI U COOTBETCTBYIOIIMM OOpa3oM pPearupoBaTh.
MpI Takke paccMaTpuBacM JaHHBIC, CBHIETCIbCTBYIONIME O TOM, YTO CEHCOPUKA TIIOKO3bI B
HelpoHaX Wrpaet (yHIAaMEHTAIBHYIO POJb B OINPEACICHUH 3alIUIIEHHOTO ((U3HOIOTHYECKU
NIOJICP’)KUBAEMOT0) YPOBHS TJIFOKO3bI B KPOBH, M YTO HAPYIICHHS 3TOH PEryJISTOPHOW CHCTEMbI
CIOCOOCTBYIOT MMATOT'€HE3Y CaXxapHOro Auadera 2-ro TUIa.

Kpome Toro, MeI 00CyK1a€M TECHYIO CBSI3b MEXIY O)KHPEHHEM U JHAa0ETOM 2-TO THIA, KOTOpast
MOXET BO3HUKaTb U3-3a OOIIEeH JIUCHYHKLUHMU BBICOKO HMHTEIPUPOBAHHBIX HeHWpoceTel,
PETYIUPYIOIINX KaK SHEPreTHYECKH, TaK M TIIOKO3HBIH romeocras. Takum oOpa3oM, B TO
BpEMs KaK OKUPEHHUE XapaKTEPU3YETCsl MOBBILIEHUEM 3aIMINEHHOIO YPOBHA 3allacOB dHEPIUu
opranusma (HampuMep, MacChl JKUPOBOM TKaHM), JAMabeT 2-ro TUIA XapaKTepU3yeTcs
HOBBIIIEHUEM 3AIIMIIEHHOTO YPOBHS LMPKYJIMPYIOLIEro TOIIMBA (HampuMep, III0Ko3bl). B
000MX CilydasiX OCHOBHAsi IATOI€HE3 CBs3aHA C HAPYLUIEHUEM BOCIPHUSATHS WM pEaKlUMU Ha
COOTBETCTBYIOIME T'YMOpAJIbHbIE CUTHANIBI OTPULIATEIbHON 0OpaTHOH CBA3H.

DTa KOoHUENIHs BCE OOJIbIIE MOATBEPIKAACTCS NOKIMHUYCCKUMH JAaHHBIMH: MPU Juadere 2-ro
THIA BOCCTAHOBJICHWE 3aIMUIIEHHOTO YPOBHS TJIIOKO3BI B KPOBH JIO HOPMBI MOXET OBIThH
JOCTUTHYTO C TOMOIIBIO BMEIIATENIBCTB, KOTOPbIE BOCCTAHABIMBAIOT CIIOCOOHOCTh MO3Ta TOYHO
OIIYIIATh [UPKYIUPYIOIIYIO TIIOKO3Y.

KuroueBble cjioBa: Mo3r, 1uader, rI0K03a, THIIOTalaMycC, 0)KHpEHue, 0030p.
Introduction

As with other variables regulated in a homeostatic manner, circulating glucose levels in healthy
individuals are maintained within a narrow physiological range. The stability of this glucose “set
point” is ensured by a complex and highly integrated multi-organ regulatory system that
dynamically coordinates the entry of glucose into the circulation with its removal.

Although many tissues are involved, the pancreas and the brain play the predominant roles in
regulating this process. Following nutrient absorption after a meal, increased insulin secretion
enhances glucose uptake in muscle and adipose tissue, while suppressing hepatic endogenous
glucose production, thereby minimizing fluctuations in blood glucose concentrations. The brain
coordinates not only the magnitude and timing of the insulin response [1] but also insulin-
independent mechanisms that suppress glucose production and enhance glucose utilization [2].

In this review, we examine evidence from human and animal studies showing how the brain and
the pancreas interact to establish a defended level of blood glucose, and that normal function of
this system requires both organs to sense circulating glucose. We further emphasize that
impairment of this central regulatory network is a key contributor to the pathogenesis of type 2
diabetes mellitus.
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Evidence Linking Brain Glucose Sensing to the Glycemic Set Point. Evolution of Glucose
Sensing in the Brain.

Approximately seventy years before the discovery of insulin in 1921, Claude Bernard had
already emphasized the central role of the brain in maintaining glucose homeostasis [3]. This
view aligned with the understanding that the brain is responsible for homeostatic regulation of
many physiological variables essential for life. Given that the brain relies almost exclusively on
glucose as its primary fuel source, its involvement in ensuring adequate glucose availability is
fully consistent with fundamental physiological principles. Although this concept was
overshadowed following the discovery of insulin, recent evidence necessitates a re-evaluation.

Studies in “Drosophila melanogaster” [4] demonstrate that systemic glucose levels (in the
hemolymph) and the secretion of insulin-like peptides in response to glucose are controlled by a
single pair of glucose-sensing neurons. These neurons sense glucose using a cellular mechanism
analogous to that of mammalian B-cells. Silencing these neurons leads to increased systemic
glucose levels, indicating that they are essential for maintaining normal glucose homeostasis in
fruit flies. Surprisingly, this occurs in association with reduced insulin secretion, even though the
insulin-producing cells themselves remain intact [4].

These findings suggest that early in evolution, glucose homeostasis may have been regulated
primarily by the brain, as initially proposed by Claude Bernard, with insulin secretion
functioning as a downstream response to brain glucose sensing. Another important implication is
that the cellular mechanisms necessary for glucose detection likely originated in neurons and
were later adapted for use in mammalian B-cells.

Although glucose homeostasis in mammals is more complex, evidence suggests that a version of
this regulatory architecture has been conserved throughout evolution.

In this review, we propose a model in which normal glucose homeostasis depends on afferent
signals to the brain derived from both peripheral and central glucose-sensing mechanisms. These
signals regulate glucose-stimulated insulin secretion (GSIS) and other mechanisms governing
glucose balance by coordinating the rate of glucose entry into and removal from the bloodstream.
Under ordinary physiological conditions, pancreatic islets function with a high degree of
autonomy, and minimal central regulation is required as long as glucose levels remain within the
defended physiological range [5]. However, once glucose levels deviate from this range, the
regulatory influence of the brain becomes increasingly important.

Impairment of Brain Glucose Sensing.

If the brain’s ability to sense circulating glucose becomes impaired—whether due to acquired or
genetic factors—the brain may interpret normal glucose levels as abnormally low. Although the
precise nature of this defect is not fully understood, several mechanisms have been proposed:

First, increases in circulating glucose are normally paralleled by increased glucose concentration
and glucose uptake in the brain; however, this response is blunted in diabetic rodents [6, 7] and
humans [8—11].

Second, the neuronal machinery responsible for glucose detection may be dysfunctional [5]. In
mice, deletion of brain-specific GLUT2 [12] or glucokinase [13] disrupts glucose homeostasis.
In rats, diabetes is associated with reduced hypothalamic glucokinase activity, and restoring this
activity improves glucose regulation [14, 15].
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Collectively, these findings indicate that in type 2 diabetes, the brain’s ability to sense circulating
glucose is diminished, leading the brain to raise the “defended” glucose set point. A reduction in
GSIS represents a major component of this compensatory response. Further evidence supporting
the involvement of such a central (brain-level) defect in the pathogenesis of type 2 diabetes will
be discussed in subsequent sections.

Brain Regulation of Glucose Homeostasis During Hypoglycemia.

Glucose-sensing neurons are concentrated within brain regions involved in glucose homeostasis
[16], and in mammals the brain determines the lower limit of circulating glucose levels. When
glucose levels fall below this limit, the brain initiates counterregulatory responses (CRR) that
restore blood glucose to normal [17]. In healthy humans, this lower limit is rarely reached,
therefore glucose counterregulation is usually viewed as a response to pathological conditions
rather than a component of routine glycemic control.

Nevertheless, specific components of this brain-driven CRR—such as epinephrine secretion—
serve as reliable biomarkers of how the brain perceives the defended lower boundary of blood
glucose. The stability of this boundary implies the presence of persistent homeostatic signals
under neuronal control. This raises the question of whether the brain is capable of elevating the
defended glycemic set point, particularly when it senses an internal deficit of fuel.

This capability can be demonstrated experimentally by inducing ‘“neuroglycopenia.” Such
experiments have been conducted in several mammals, including non-human primates [18].
Neuroglycopenia is induced by administration of 2-deoxyglucose or other non-metabolizable
glucose analogs that impair neuronal glucose utilization. The brain’s response closely mimics
that observed during hypoglycemia: glucose production increases while peripheral glucose
utilization decreases, resulting in a stable hyperglycemic plateau that compensates for impaired
neuronal glucose sensing.

This hyperglycemia can be fully reproduced in rodents by optogenetic or chemogenetic
activation of hypoglycemia-responsive CRR neurons located in the ventromedial nucleus (VMN)
of the hypothalamus [19-21]. Although increased insulin secretion would normally be expected
in response to hyperglycemia, this response is suppressed because the brain prioritizes the
correction of perceived glucose deficiency. Thus, when the brain experimentally senses glucose
deprivation, it raises the defended blood glucose level—partly by inhibiting insulin secretion.

Brain Control of Glucose Homeostasis in Diabetic Hyperglycemia.

Importantly, the threshold for the defended lower boundary of glucose rises progressively as
glucose metabolism becomes impaired and as individuals transition toward early type 2 diabetes
[22]. In other words, the glycemic threshold that activates central counterregulatory responses
(CRR) shifts upward, so that CRR becomes engaged at glucose levels higher than normal [22,
23]. This means that in type 2 diabetes, the brain continues to defend an abnormally elevated
glycemic set point.

The contribution of the brain to diabetic hyperglycemia has also been demonstrated in mouse
studies in which specific subsets of VMN CRR-related gluco-regulatory neurons were
selectively inactivated to determine their actual physiological role. In a recent study by Flak and
colleagues [21], suppression of a subset of glutamatergic CRR neurons in the VMN expressing
the CCK-B receptor reduced blood glucose levels by approximately 25% in healthy mice.

531

COMPANY: GERMAN INTERNATIONAL JOURNALS

https://ijmri.de/index.php/jmsi




JOURNAL OF
MULTIDISCIPLINARY

ISSN NUMBER: 2751-4390

SCIENCES AND INNOVATIONS IMPACT FACTOR: 9,08

This finding indicates that this particular population of VMN CRR neurons constitutes a
physiological determinant of the defended glycemic level. Even more importantly, inactivation
of these neurons not only disrupts CRR activation in response to neuroglycopenia [24, 25] but
also lowers hyperglycemia in diabetic mice [21]. Thus, the same neurons that mediate brain
responses to falling glucose levels also contribute significantly to maintaining hyperglycemia in
diabetic animals.

These observations suggest that diabetes involves impaired brain glucose sensing, such that
glucose-raising neurocircuits are activated due to a persistent perception of glucose insufficiency.
Clinical evidence from individuals with MODY 2 further supports this hypothesis. MODY 2
results from mutations in the glucokinase (GCK) gene [22]. Glucokinase plays a key role in
glucose sensing in hypothalamic neurons and in B-cells in both humans and animals [26].
Although individuals with MODY 2 generally maintain relatively stable glucose homeostasis,
their glycemic range is slightly elevated compared with healthy individuals.

Moreover, the threshold for CNS-dependent CRR activation during hypoglycemia—such as
epinephrine secretion—is increased in MODY 2 patients, closely resembling the pattern
observed in type 2 diabetes [22, 23]. While MODY 2 mutations impair glucose sensing in both
B-cells and neurons, the upward shift in the defended lower glycemic boundary is mediated
solely by the brain, not by B-cells. Thus, the elevated threshold for epinephrine secretion in
MODY 2 provides direct evidence that defects in neuronal glucose sensing alone are sufficient to
raise the defended glycemic lower limit, just as occurs in type 2 diabetes. Fully mapping and
characterizing the neurocircuits involved in this response remains a key research priority.

Central Nervous System Regulation of Islet Function.

One of the most direct mechanisms by which the brain maintains glucose homeostasis is through
its control of pancreatic islet function. Over the past 50 years, studies in humans and animals
have consistently shown that insulin and glucagon secretion are regulated by the nervous system
in response to circulating and sensory signals [27, 28].

Neurons connecting the brain to the islets are located in the hypothalamus and brainstem nuclei.
Many of these neurons are glucose-sensing, and some partially overlap with neurocircuits
governing feeding behavior and adiposity. These neurons relay signals to the islets through
multiple synapses in the autonomic nervous system. When various internal or external stimuli
disrupt the normal activity of these neurocircuits, plasma insulin levels can change rapidly.

Thus, a precise and well-established central mechanism exists for controlling islet hormone
secretion, and although these neurocircuits are not yet fully characterized, they overlap with
pathways involved in energy homeostasis.

Autonomic Regulation via the Sympathetic and Parasympathetic Nervous Systems.

The islets receive innervation from both sympathetic (SNS) and parasympathetic (PNS) nerve
fibers. Recent three-dimensional imaging of human pancreatic tissue has demonstrated dense
innervation comparable to that seen in rodents [29]. SNS and PNS activity modulates insulin and
glucagon secretion, exerting powerful effects on circulating glucose levels.

During feeding, PNS activation enhances insulin secretion. During hypoglycemia, SNS
activation increases glucagon secretion and suppresses glucose-stimulated insulin secretion
(GSIS). Sympathetic fibers projecting to the liver are also activated as part of the CRR (central
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counterregulatory response). In parallel, epinephrine released from the adrenal medulla, together
with glucagon, enhances hepatic glucose production, thereby helping to restore normoglycemia
[32]. The suppression of insulin secretion occurs via SNS activation or elevated circulating
epinephrine acting on B-adrenergic receptors on B-cells [33, 34].

Regulation of Glucagon Secretion.

Central regulation of glucagon secretion is even more firmly established [28]. During
hypoglycemia, SNS activation triggers glucagon release from a-cells, promoting hepatic glucose
production [37]. If the islets are denervated—for example, following transplantation or due to
diabetic neuropathy—this response is diminished [38]. The CNS also participates in postprandial
glucagon regulation [39], which in turn plays an important role in meal-induced insulin secretion
[40]. Thus, PNS-derived signals to the islets during feeding coordinate the integrated endocrine
response.

Role of the Brain in Hepatic Glucose Control.

The brain also plays a key role in regulating hepatic glucose metabolism. In both humans and
animals, normal K _ATP channel activity is required to suppress endogenous glucose production
during hyperglycemia (a major component of glucose effectiveness, i.e., glucose’s ability to
dispose of itself) [2]. Thus, the brain supports glucose homeostasis not only through the
regulation of islet function but also by modulating glucose effectiveness.

Restoring Normoglycemia in Rodents Through Brain-Targeted Interventions. Transient
Glucose Lowering in Diabetes.

Some of the clearest evidence for the brain’s ability to regulate blood glucose comes from rodent
models of type 1 and type 2 diabetes, in which centrally targeted interventions reduce
hyperglycemia. These studies repeatedly demonstrate that glucose lowering in diabetic animals
often occurs via insulin-independent mechanisms.

One of the earliest studies involved intracerebroventricular (i.c.v.) administration of leptin to
mice or rats with uncontrolled diabetes resulting from severe insulin deficiency [45].
Surprisingly, continuous central leptin infusion fully normalized hyperglycemia, and the dose
required to produce this effect was far lower than that needed when leptin was administered
peripherally. Another unexpected finding was that although central leptin exerted rapid
biological effects within minutes to hours, full correction of hyperglycemia required 4-5 days of
sustained infusion. I.c.v. leptin normalized both the excessive hepatic glucose production and the
reduced peripheral glucose utilization characteristic of diabetic hyperglycemia, even when
profound insulin deficiency persisted. This demonstrates the brain’s ability to activate
insulin-independent glucose-lowering mechanisms [46].

Hypothalamic regions such as the VMN are critical for normal glucose homeostasis and also
participate in leptin-induced glucose lowering [47], indicating overlap between neurocircuits
controlling energy balance and those regulating glucose metabolism.

Additional evidence arises from the glucose-lowering effects of members of the fibroblast
growth factor (FGF) family. Two FGF hormones—FGF21 and FGF19, secreted primarily by the
liver and gastrointestinal tract, respectively—have been extensively studied. When administered
peripherally at pharmacological doses, these peptides transiently normalize blood glucose in
rodent models of type 2 diabetes [48]. Although initial studies proposed a peripheral mechanism,
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subsequent work revealed that pharmacological FGF21 and FGF19 act predominantly, if not
entirely, through the brain to lower glucose, again via insulin-independent pathways [49, 50].

Sustained Glucose Lowering.

These studies were extended by investigating the glucose-lowering effects of central
administration of another member of the FGF family—FGF1. Intracerebroventricular (i.c.v.)
injection of FGF1 in rodent models of type 2 diabetes normalizes hyperglycemia; however,
unlike FGF19 or FGF21, a single injection of FGF1 produces effects that last for weeks or even
months [51]. This action is mediated through the mediobasal hypothalamus (MBH) [52],
predominantly via insulin-independent mechanisms, although protective effects on basal insulin
secretion and beta-cell mass have also been reported [53, 54].

The mechanisms underlying the sustained glucose-lowering action of FGF1 in the MBH are not
yet fully elucidated, but recent studies indicate a role for glia—neuron interactions and FGF1-
induced alterations in the extracellular matrix [55, 56]. Regardless of the precise mechanism,
evidence suggests that hyperglycemia in type 2 diabetic rodents arises from pathological
processes that can be corrected or suppressed through the hypothalamic action of FGF1.

Revisiting the Relationship Between Obesity and Type 2 Diabetes. Progression from
Obesity to Type 2 Diabetes.

The theoretical basis for this model stems from our understanding of obesity, as obesity is
closely associated with metabolic dysfunction. Although multiple factors can contribute to
excessive weight gain, the body’s fat mass is biologically defended, even when it exceeds the
normal range in individuals with obesity (Fig. 2). In other words, obesity represents a condition
in which the defended level of the body’s primary stored energy source (triacylglycerol)
gradually increases. Consequently, weight lost through caloric restriction is often regained,
regardless of an individual’s initial body size [62].

The increase in adiposity observed in obesity can be explained by reduced central sensitivity to
negative feedback signals such as leptin—i.e., the development of central resistance to these
signals [62, 63]. This resistance causes the brain to perceive the actual fat mass as lower than it
truly is, thereby activating responses aimed at increasing fat stores. Ultimately, a new steady
state is achieved in which fat mass and circulating negative feedback signals rise to levels
sufficient to overcome this central resistance. Although this mechanism does not fully explain all
aspects of obesity, it likely plays a major role in the defended elevation of fat mass in many
individuals with obesity [62].

We propose a similar model for type 2 diabetes: the defended level of the body’s primary
circulating energy source (glucose) also gradually increases. This can explain why insulin and
other glucose-lowering therapies often exhibit only temporary effects—once the treatment effect
dissipates, blood glucose returns to its defended level, regardless of the presence or absence of
type 2 diabetes.

Furthermore, we hypothesize that this pathological sequence is initiated or exacerbated by
impaired central sensing of blood glucose levels—a form of “brain glucose resistance” [64] (Fig.
1). Although direct evidence is currently lacking that misperception of circulating glucose by the
brain is a primary cause of type 2 diabetes, impaired central responses to glucose in humans with
type 2 diabetes are well documented [8—10]. Further exploration of this hypothesis represents an
important research priority.
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Based on this model, we propose that, just as the defended elevation in fat mass in obesity may
represent a compensatory physiological response [62], defended hyperglycemia in type 2
diabetes may likewise result from brain glucose resistance (Fig. 2). Specifically, in type 2
diabetes, disrupted central glucose sensing activates MBH glucoregulatory neurons, thereby
raising the blood glucose “set point” as a compensatory mechanism. Suppression of glucose-
stimulated insulin secretion (GSIS) is also a key component of this adaptive response.

Additional support for the conceptual overlap between obesity and type 2 diabetes comes from
their strong epidemiological association and from the substantial anatomical and functional
overlap between brain regions governing energy and glucose homeostasis (including the VMN
and adjacent hypothalamic nuclei) [16, 61]. Therefore, we propose that the pathogenesis of both
disorders involves dysfunction within two closely interconnected brain regulatory systems—
those responsible for energy homeostasis and glucose homeostasis.

Just as the defended level of stored energy (triacylglycerol) can be viewed as a consequence of
reduced sensitivity to adipocyte-derived negative feedback signals, we also suggest that, in
individuals with obesity who progress to type 2 diabetes, the primary defect additionally
involves impaired central sensing of the circulating energy substrate (glucose). This leads to the
defended elevation in blood glucose levels.

Accordingly, beta-cell dysfunction leading to type 2 diabetes may arise, at least in part, as a
secondary consequence of this central defect. Under conditions of reduced central glucose
sensing, suppression of GSIS via central pathways becomes necessary to raise blood glucose
levels sufficiently to compensate for impaired sensing.

In genetically predisposed individuals, a vicious cycle may arise: hyperglycemia and associated
metabolic decompensation further worsen beta-cell dysfunction. Testing this hypothesis
represents a critical area for future research.

A particularly intriguing and initially paradoxical finding is that hyperinsulinemia is a predictor
of future type 2 diabetes risk [57, 65, 66]. The mechanisms underlying this excessive insulin
secretion and its relationship to type 2 diabetes pathogenesis remain unclear. Nevertheless,
hyperinsulinemia also occurs in normoglycemic individuals, and because it is not associated with
insulin resistance [65], affected individuals may have impaired glucose effectiveness (otherwise,
one would expect lower blood glucose). Indeed, reduced glucose effectiveness is a known
predictor of future type 2 diabetes in humans [67].

These findings raise two important questions for future investigation:

1. Could hyperinsulinemia serve as a biomarker of reduced glucose effectiveness in individuals
at risk for type 2 diabetes?

2. Does the brain—which has the capacity to regulate glucose effectiveness—play a role in the
mechanisms underlying reduced glucose effectiveness?

Conclusion.

Here, we propose a model in which normal glucose homeostasis depends on the brain’s accurate
sensing of circulating glucose levels, and in which impairment of this sensing—potentially
arising in association with obesity—plays a central role in the pathogenesis of type 2 diabetes.
Partial support for this model comes from evidence that the brain can normalize defended blood
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glucose levels in rodent models of type 2 diabetes [51, 52]. This suggests that the primary defect
underlying hyperglycemia resides in the brain and can be targeted therapeutically using peptides
such as FGF1.

Despite significant progress, the mechanistic role of the brain in glucose homeostasis and the
pathogenesis of type 2 diabetes remains in its early stages, with substantial opportunities for
conceptual advancement. Key outstanding questions include:

How does the brain sense circulating glucose?

To what extent does this process involve neuronal versus non-neuronal cell types (e.g.,
astrocytes, oligodendrocytes, tanycytes)?

Which mechanisms underlie “brain glucose resistance” in type 2 diabetes?
Is this defect related to mechanisms governing the defended elevation in fat mass in obesity?
How does the brain regulate glucose effectiveness?

Addressing these questions may ultimately enable therapeutic strategies that not only transiently
lower blood glucose levels but reset them to a truly normalized defended level. Otherwise, the
effectiveness of most existing therapies will remain limited, and beta cells—poorly equipped to
withstand sustained metabolic stress—will continue to deteriorate.

References:
1. D Alessio DA, Kieffer TJ, Taborsky GJ Jr, Havel PJ (2001)
Activation of the parasympathetic nervous system is necessary for
normal meal-induced insulin secretion in rhesus macaques. J Clin
Endocrinol Metab 86(3):1253—1259. https://doi.org/10.1210/jcem.
86.3.7367
2. Carey M, Lontchi-Yimagou E, Mitchell W et al (2020) Central
KATP channels modulate glucose effectiveness in humans and
rodents. Diabetes 69(6):1140—-1148. https://doi.org/10.2337/db19-
1256
3. Bernard C (1849) Chiens rendus diabetiques. C R Soc Bio 1:60
4.0h Y, LaiJS, Mills HJ et al (2019) A glucose-sensing neuron pair
regulates insulin and glucagon in Drosophila. Nature 574(7779):
559-564. https://doi.org/10.1038/s41586-019-1675-4
5. Schwartz MW, Seeley RJ, Tschop MH et al (2013) Cooperation
between brain and islet in glucose homeostasis and diabetes. Nature
503(7474):59—66. https://doi.org/10.1038/nature 12709
6. Pardridge WM, Triguero D, Farrell CR (1990) Downregulation of
blood-brain barrier glucose transporter in experimental diabetes.
Diabetes 39(9):1040—1044. https://doi.org/10.2337/diab.39.9.1040
12 Diabetologia (2021) 64:5-14
7. Cornford EM, Hyman S, Cornford ME, Clare-Salzler M (1995)
Down-regulation of blood-brain glucose transport in the hyperglycemic nonobese diabetic mouse.
Neurochem Res 20(7):869—873.
https://doi.org/10.1007/bf00969700
8. Hwang JJ, Jiang L, Hamza M et al (2017) Blunted rise in brain
glucose levels during hyperglycemia in adults with obesity and

536

https://ijmri.de/index.php/jmsi COMPANY: GERMAN INTERNATIONAL JOURNALS



JOURNAL OF

MULTIDISCIPLINARY
ISSN NUMBER: 2751-4390
SCIENCES AND INNOVATIONS IMPACT FACTOR: 9,08
T2DM. JCI Insight 2(20):¢95913. https://doi.org/10.1172/jci.
insight.95913

9. Eskian M, Alavi A, Khorasanizadeh M et al (2019) Effect of blood

glucose level on standardized uptake value (SUV) in 18F-FDG

PET-scan: a systematic review and meta-analysis of 20,807 individual SUV measurements. Eur J
Nucl Med Mol Imaging 46(1):

224-237. https://doi.org/10.1007/s00259-018-4194-x

10. Sprinz C, Altmayer S, Zanon M et al (2018) Effects of blood

glucose level on 18F-FDG uptake for PET/CT in normal organs:

a systematic review. PLoS One 13(2):e0193140. https://doi.org/10.

1371/journal.pone.0193140

11. Li W, Risacher SL, Huang E, Saykin AJ (2016) Type 2 diabetes

mellitus is associated with brain atrophy and hypometabolism in the

ADNI cohort. Neurology 87(6):595-600. https://doi.org/10.1212/

wnl.0000000000002950

12. Thorens B (2015) GLUT2, glucose sensing and glucose homeostasis. Diabetologia
58(2):221-232. https://doi.org/10.1007/s00125-

014-3451-1

13. Ma Y, Ratnasabapathy R, De Backer I et al (2020) Glucose in the

hypothalamic paraventricular nucleus regulates GLP-1 release. JCI

Insight 5(8):e132760. https://doi.org/10.1172/jci.insight.132760

14. Nishio T, Toyoda Y, Hiramatsu M, Chiba T, Miwa I (2006) Decline

in glucokinase activity in the arcuate nucleus of streptozotocininduced diabetic rats. Biol Pharm
Bull 29(2):216-219. https://doi.

org/10.1248/bpb.29.216

15. Ma Y, Ratnasabapathy R, 1zzi-Engbeaya C et al (2018)

Hypothalamic arcuate nucleus glucokinase regulates insulin secretion and glucose homeostasis.
Diabetes Obes Metab 20(9):2246—

2254. https://doi.org/10.1111/dom.13359

16. Kang L, Dunn-Meynell AA, Routh VH et al (2006) Glucokinase is

a critical regulator of ventromedial hypothalamic neuronal

glucosensing. Diabetes 55(2):412—420. https://doi.org/10.2337/

diabetes.55.02.06.db05-1229

17. Cryer PE (1993) Glucose counterregulation: prevention and correction of hypoglycemia in
humans. Am J Phys 264(2 Pt 1):E149—

E155. https://doi.org/10.1152/ajpendo.1993.264.2.E149

18. Asplin CM, Raghu PK, Koerker DJ, Palmer JP (1985) Glucose

counterregulation during recovery from neuroglucopenia: which

mechanism is important? Metabolism 34(1):15—-18. https://doi.
org/10.1016/0026-0495(85)90053-8

19. Meek TH, Nelson JT, Matsen ME et al (2016) Functional identification of a neurocircuit
regulating blood glucose. Proc Natl Acad

SciU S A 113(14):E2073—E2082. https://doi.org/10.1073/pnas.

1521160113

20. Faber CL, Matsen ME, Velasco KR et al (2018) Distinct neuronal

projections from the hypothalamic ventromedial nucleus mediate

glycemic and behavioral effects. Diabetes 67(12):2518-2529.

https://doi.org/10.2337/db18-0380

537

https://ijmri.de/index.php/jmsi COMPANY: GERMAN INTERNATIONAL JOURNALS



JOURNAL OF
MULTIDISCIPLINARY

ISSN NUMBER: 2751-4390

SCIENCES AND INNOVATIONS IMPACT FACTOR: 9,08

21. Flak JN, Goforth PB, Dell Orco J et al (2020) Ventromedial hypothalamic nucleus neuronal
subset regulates blood glucose independently of insulin. J Clin Invest 130(6):2943-2952.
https://doi.org/

10.1172/jcil134135

22. Chakera AJ, Hurst PS, Spyer G et al (2018) Molecular reductions in

glucokinase activity increase counter-regulatory responses to hypoglycemia in mice and humans
with diabetes. Mol Metab 17:17-27.

https://doi.org/10.1016/j.molmet.2018.08.001

23. Spyer G, Hattersley AT, MacDonald IA, Amiel S, MacLeod KM

(2000) Hypoglycaemic counter-regulation at normal blood glucose

concentrations in patients with well controlled type-2 diabetes.

Lancet 356(9246):1970-1974. https://doi.org/10.1016/s0140-

6736(00)03322-5

24. Chowdhury GMI, Wang P, Ciardi A et al (2017) Impaired glutamatergic neurotransmission
in the ventromedial hypothalamus may

contribute to defective counterregulation in recurrently hypoglycemic rats. Diabetes 66(7):1979—
1989. https://doi.org/10.2337/db16-

1589

25. Tong Q, Ye C, McCrimmon RJ et al (2007) Synaptic glutamate

release by ventromedial hypothalamic neurons is part of the

neurocircuitry that prevents hypoglycemia. Cell Metab 5(5):383—

393. https://doi.org/10.1016/j.cmet.2007.04.001

26. Roncero I, Alvarez E, Chowen JA et al (2004) Expression of

glucose transporter isoform GLUT-2 and glucokinase genes in

human brain. J Neurochem 88(5):1203—1210. https://doi.org/10.

1046/j.1471-4159.2003.02269.x

27. Woods SC, Porte D Jr (1974) Neural control of the endocrine

pancreas. Physiol Rev 54(3):596—619. https://doi.org/10.1152/

physrev.1974.54.3.596

28. Osundiji MA, Evans ML (2013) Brain control of insulin and glucagon secretion. Endocrinol
Metab Clin N Am 42(1):1-14. https://

doi.org/10.1016/j.ecl.2012.11.006

29. Tang SC, Baeyens L, Shen CN et al (2018) Human pancreatic

neuro-insular network in health and fatty infiltration. Diabetologia

61(1):168—181. https://doi.org/10.1007/s00125-017-4409-x

30. Havel PJ, Veith RC, Dunning BE, Taborsky GJ Jr (1988)

Pancreatic noradrenergic nerves are activated by neuroglucopenia

but not by hypotension or hypoxia in the dog. Evidence for stressspecific and regionally selective
activation of the sympathetic

nervous system. J Clin Invest 82(5):1538—1545. https://doi.org/

10.1172/JCI113763

538

https://ijmri.de/index.php/jmsi COMPANY: GERMAN INTERNATIONAL JOURNALS



