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Abstract: Hypoglycemia, a common consequence of diabetes treatment, is associated with severe
morbidity and mortality and has become a major barrier to intensifying antidiabetic therapy. Severe
hypoglycemia, defined as abnormally low blood glucose requiring the assistance of another person, is
associated with seizures and comas, but even mild hypoglycemia can cause troubling symptoms such
as anxiety, palpitations, and confusion. Dementia generally refers to the loss of memory, language,
problem-solving, and other cognitive functions, which can interfere with daily life, and there is
growing evidence that diabetes is associated with an increased risk of both vascular and non-vascular
dementia. Neuroglycopenia resulting from a hypoglycemic episode in diabetic patients can lead
to the degeneration of brain cells, with a resultant cognitive decline, leading to dementia. In light
of new evidence, a deeper understating of the relationship between hypoglycemia and dementia
can help to inform and guide preventative strategies. In this review, we discuss the epidemiology
of dementia among patients with diabetes, and the emerging mechanisms thought to underlie the
association between hypoglycemia and dementia. Furthermore, we discuss the risks of various
pharmacological therapies, emerging therapies to combat hypoglycemia-induced dementia, as well
as risk minimization strategies.
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1. Introduction

Hypoglycemia is a known adverse effect of glucose-lowering therapies. Hypoglycemia
is defined as plasma glucose levels below 70 mg/dL, as per the American Diabetes Associ-
ation guidelines [1]. The manifestations of hypoglycemia vary from symptomatic stress
responses to cholinergic responses and cognitive decline [2,3]. Multiple diabetic drugs
can induce hypoglycemia, predominantly including, but not limited to, insulin in type 1
diabetes (T1D) and type 2 diabetes (T2D), and sulfonylureas (in T2D); there have also been
associations with biguanides and thiazolidinediones [4]. With the onset of hypoglycemia,
multiple counterregulatory responses act to reverse the hypoglycemic state, including
a reduction in pancreatic ß-cell insulin release and increased pancreatic α-cell glucagon
release through ATP-sensitive potassium (KATP) channel and glucokinase expression; a
sympathoadrenal response where the hypoglycemic activation of the adrenal medulla
induces epinephrine and norepinephrine secretion; and a delayed cortisol and growth
hormone response [5,6].

The prevalence of hypoglycemic episodes ranges from 10% in T2D to 50% in T1D; how-
ever, despite the overall prevalence, the relationship between hypoglycemia and dementia
typically refers to the elderly population as, over time, there is a reduced awareness of hy-
poglycemic symptoms, in addition to reduced counter-regulatory glucagon secretion [7,8].
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Combined, these effects amplify the hypoglycemic risk of glucose-lowering therapies in
elderly patients [9,10].

Dementia is increasing in global prevalence, with the current age-standardized preva-
lence being 5–7% in most countries [11]. Alzheimer’s dementia (AD) accounts for ap-
proximately 60% to 70% of cases, followed by vascular dementia (VD) (25%), Lewy-body
dementia (LBD) (<5%), and frontotemporal dementia (FTD) (<1%). However, in diabetic
patients, VD predominates followed by AD [12]. A meta-analysis of 28 prospective ob-
servational studies determined that individuals with diabetes have a 73% greater risk of
developing all-cause dementia (dementia not limited to a certain type), with a 56% and
127% increased risk of AD and vascular dementia, respectively [13].

The mechanisms underlying the relationship between diabetes and dementia are
yet to be clearly defined. The available mechanistic evidence regarding hypoglycemia
secondary to diabetes mellitus, and resultant dementia, suggests multiple hypotheses
based on the following: structural changes as a result of a reduced volume of grey matter
and cortical atrophy; cognitive decline due to damage to the hippocampus; and a higher
relative risk of neuronal damage in diabetes versus non-diabetics [2]. However, a concise
molecular metabolic sequence of events addressing the connection between diabetes and
dementia is still lacking in the published literature, as is the relationship of microvascular,
macrovascular, and inflammatory effects on these metabolic processes that serve as a link
between exposure and outcome.

There is increasing evidence that hypoglycemic episodes in patients with diabetes are
a risk factor for dementia. However, as noted, the causal relationship remains relatively
unclear, with multiple studies concluding that further research is necessary. Hence, a
deeper understanding of the mechanistic relationship between the two events is vital,
and this review article will therefore assess the published evidence reporting metabolic
mechanistic determinants underlying hypoglycemia and dementia and will connect the
various processes. Furthermore, this review will assess the relationship from a broader
perspective, as we will explore the various emerging strategies that can help to combat
hypoglycemia-induced dementia.

2. Hypoglycemic Events in Type 1 and Type 2 Diabetes Mellitus

A randomized controlled trial conducted on patients with T1D reported a threefold
increase in severe hypoglycemia in intensively treated versus conventionally treated pa-
tients [14], with intensive therapy involving three or more daily injections of insulin as
opposed to one and two insulin injections daily in the conventional therapy group. More-
over, approximately 2–4% of deaths in people with T1D are due to hypoglycemia [15]. A
study was undertaken in which patients with T1D and T2D (n = 267) were randomly sur-
veyed, recording the number of hypoglycemic events within a period of 4 weeks [16]. The
results showed that 155 diabetes patients reported 572 incidents of hypoglycemia. In T1D
patients, these numbers equate to a rate of ~43 hypoglycemic events per patient per year,
whereas insulin-treated T2D patients experience a rate of ~16.4 events per patient per year.
Self-reports of hypoglycemia in T2D patients were lower than those of T1D; however, the
authors concluded that, in insulin-treated T2D patients, hypoglycemia (significant enough
to cause morbidity) occurs more often than is reported [16]. Furthermore, it is more difficult
to obtain data regarding T2D due to how much it varies in different regions [17]. Typically,
patients with T2D diabetes are middle-aged/elderly, and therefore accurate figures for the
frequency of hypoglycemia may be markedly underestimated [18].

3. Dementia in Patients with Diabetes
3.1. Association of Hyperglycemia and Dementia in Patients with Diabetes

Multiple studies have identified an association between hyperglycemia, hypoglycemia,
and cognitive impairment in individuals with diabetes. The risk of dementia is suggested
to increase by 25–91% in diabetic versus non-diabetic patients, with AD and VD being
the more frequent subtypes [19]. The ACCORD-MIND cross-sectional study showed that
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a hyperglycemic increment of 1% in glycosylated hemoglobin (HbA1c) was linked to a
1.75-point lower Digital Symbol Substitution Test (DSST) score, a 0.14-point lower Mini-
Mental State Examination (MMSE) score, and a more unfavorable Stroop test score (0.75s
increase) [20]. These scores demonstrated impairment in psychomotor speed, memory, and
executive function. The significant negative association between HbA1c level and cognitive
function found in the ACCORD-MIND study has been confirmed in multiple other studies
as well [19]. Impairment of cognitive function differs between individuals with T1D and
T2D. Cognitive dysfunction in T1D largely affects mental flexibility, causing slowing of
mental speed but not largely affecting memory and learning whereas, in T2D, psychomotor
speed, executive function, and memory are largely affected [19].

Hyperglycemia in diabetes results from the insufficient action of insulin. The brain
has a large number of insulin receptors, specifically in the cerebral cortex and hippocam-
pus; these areas play major roles in cognitive function and memory, respectively [19].
The mechanism through which hyperglycemia affects cognitive function is dependent
upon whether it is acute or chronic. In acute hyperglycemic cases, poor glycemic control
in both T1D and T2D leads to a reduction in cerebral blood flow; the resultant osmotic
changes cause oxidative stress, a self-propagating phenomenon leading to the excessive
production of reactive oxygen species (ROS) [21]. The brain’s weak antioxidant capacity
makes it particularly susceptible to excessive oxidation insults. When ROS production
exceeds antioxidant response capacity, neuronal damage occurs with subsequent functional
decline [22]. Chronic hyperglycemia also contributes to neuronal damage via the accumu-
lation of advanced glycation end products (AGEs) [23]. In diabetes, AGE accumulation is
exacerbated, causing the formation of ROS and proinflammatory cytokines, which subse-
quently lead to microvascular and systemic changes [24]. Moreover, it has been suggested
that AGEs can accelerate Aβ deposition and plaque formation, which are pathological
hallmarks of AD [25].

3.2. Dementia due to Diabetic Micro- and Macrovascular Complications

Reports of the association between dementia in diabetic patients due to diabetic
micro- and macrovascular changes have led to diabetes being recognized as a risk factor
for VD [26]. Whilst the mechanism underlying this association is not completely under-
stood, studies show that cerebral small vessel disease (SVD) in patients with diabetes is
thought to have a similar pathogenic role to diabetic microvascular disease (retinopathy
and nephropathy) [19]. The homology of cerebrovascular and retinal cells, as well as
their small vessel microvasculature consequent upon their similar embryological origin,
provides some insight into the similarities [27]. SVD in diabetics, presenting on MRIs as
silent brain infarcts, can lead to cognitive decline depending upon the region infarcted.
Diabetic retinopathy has been used as a “surrogate marker” for cognitive impairment
in patients with diabetes [28]. From a macrovascular perspective, diabetes is a known
risk factor for both symptomatic and asymptomatic macrovascular disease, which arise
as a consequence of abnormal metabolic processes in uncontrolled diabetes (increasing
oxidative stress, protein kinase C activation, activation of AGE receptors) and contribute to
thrombosis and hypertension [29].

3.3. Ambulatory Glucose Profile in Diabetes-Related Dementia

The ambulatory glucose profile (AGP) utilizes continuous glucose monitoring (CGM)
systems in patients as part of their care and generates a standardized one-page summary
report of their glycemic control status [30]. CGM is a device that measures blood glucose
levels through a subcutaneous sensor on the upper arm or abdomen. This sensor is attached
to an external transmitter, recording the blood glucose levels [31]. CGM allows diabetic
individuals to track and adjust their insulin and carbohydrate needs by alerting them when
their glucose levels exceed or fall below normal levels or when rapid changes occur [32].
This comprehensive overview, incorporating a statistical and visual summary of glucose
profile, offers patients a better understanding of their own glycemic control and allows
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for improvement in the appropriate decision-making process of physicians and diabetes
care teams through optimal monitoring. An AGP is obtained when information is then
condensed into a “modal” or standard day as if they had been taken over a 24 h period,
and reanalyzed in terms of treatment-relevant factors [33]. One important component of
the AGP is time in range (TIR) reporting the proportion of time spent within the allowable
range, thus allowing for the determination of time out of the target glycemic range of
70–180 mg/dl (HbA1c ~7%). Studies carried out on various patient populations with a
range of CGM devices have confirmed that >70% of a patient’s day should be spent inside
this range [34]. A strong correlation exists between HbA1c and %TIR, each 10% point
increase in TIR producing an approximate 0.8% decrease in HbA1c, further supporting
%TIR as a preferred metric in assessing the risk of diabetes complications. A reduction
in %TIR has reportedly been linked with an increased risk of micro- and macrovascular
complications [34], with evidence showing that a 10% reduction adds a 40% hazard risk
increase for retinopathy development [35], as well as an increased risk for all-cause and
cardiovascular disease-related mortality [36]. No studies were found providing a direct
association between %TIR and dementia; however, regular adjustments in therapy after
assessing changes in %TIR could support a reduction in diabetic-related diseases.

3.4. Type 2 Diabetes and Cognition in Older Adults

Older patients represent a heterogeneous group, ranging from healthy individuals to
those with multiple comorbidities, making disease management and treatment in the latter
group a complex and challenging task for clinicians [37].

Multiple factors influence the development of diabetes in elderly patients. Insulin
resistance increases with aging; this occurs for several reasons, including changes in body
composition and a decrease in physical activity. Additionally, aging is associated with
impaired glucose tolerance, defined by the American Diabetes Association (ADA) as “two-
hour glucose levels of 140 to 199 mg per dL (7.8 to 11.0 mmol) following a 75 g oral glucose
tolerance test” [38,39]. Studies have shown that aging can impair insulin secretion from
pancreatic β cells in response to endogenous incretins. This induces mitochondrial dys-
function and, ultimately, β-cell death. In some elderly patients, both insulin sensitivity
and secretion are decreased, eventually leading to impaired glucose tolerance and sub-
sequent diabetic manifestations [40]. A longitudinal study also showed that, in patients
with diabetes, increased loss of brain volume and elevated HbA1c occurred with aging [41].
Elderly diabetic individuals are hence more likely to develop mild cognitive impairment
(MCI), all-cause dementia, and AD, and T2D is associated with a 2.5-fold increased risk
of dementia development [40]. Cognitive impairment in elderly individuals with T2D is
influenced by several factors, including HbA1c, hypoglycemic events, inflammation, de-
pression, and macro-/microvascular pathology. All these factors lead to vascular diseases,
which subsequently increase the risk of cognitive impairment and neurologic disorders in
the aging brain.

3.5. Type 2 Diabetes and Alzheimer’s Disease Dementia

Correlations between diabetes, particularly T2D, and AD have been the focus of many
epidemiological studies. Both diseases share common pathological abnormalities such as
insulin resistance, increased oxidative stress, impaired glucose metabolism, and deposition
of amyloid proteins. Because the two diseases demonstrate disruption in common cellular
and molecular pathways, they are thought to potentiate and aggravate one another [42].
The overlap in biochemical and molecular features has even caused AD to be referred
to as “type 3 diabetes,” a form that specifically affects the brain [43]. The decrease in
insulin signaling in T2D leads to a decrease in neuronal intracellular glucose bioavailability,
reducing the production of acetylcholine precursors, which consequently downregulates
cognitive synaptic transmission [44]. The majority of insulin receptors are localized at the
entorhinal cortex, hippocampus, and frontal lobe regions, and significant hippocampal and
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amygdalar atrophy has been demonstrated on magnetic resonance imaging (MRI) in T2D,
regardless of vascular pathology [45].

Insulin and Aβ share a common degradation pathway implemented by the insulin-
degrading enzyme (IDE), consequently leading to competition at elevated concentrations.
IDE not only degrades insulin and amylin but also T2D-related peptides and Aβ peptides
in the AD brain. Competition during hyperinsulinemia may lead to the elevation of Aβ
via the competitive inhibitory effect of insulin on IDE. This has led to the suggestion that
IDE is the link between AD and hyperinsulinemia. Furthermore, given that IDE is more
insulin-selective than Aβ, brain hyperinsulinemia may impact the clearance of Aβ, favoring
its cerebral accumulation and its consequent neuroaccumulation [46].

Furthermore, hyperglycemia and hyperinsulinemia induce tau hyperphosphorylation
and amyloid oligomerization, thereby accelerating brain aging by promoting dispersed mi-
croangiopathy in the brain. Insulin resistance has also been shown to alter the intracellular
signaling cascade of MAPK (mitogen-activated protein kinase), GSK-3 (glycogen synthase
kinase-3), and phosphoinositide 3-kinase (PI3K). All these pathways lead to increased tau
hyperphosphorylation. Moreover, the reduced expression of GLUT-1 and GLUT-3 glucose
transporters in different regions of the brain has been shown to cause the downregula-
tion of hexosamines, which consequently reduces O-GlcNAcylation and promotes tau
hyperphosphorylation as well [44].

3.6. The Role of Cerebral Glymphatic System Dysfunction in Diabetes Mellitus

The clearance of excess fluid and toxins from the brain is essential for maintaining
homeostasis. This homeostasis is achieved by the cerebral glymphatic system (CGS). This
system follows a three-step process, starting with cerebrospinal fluid (CSF) transportation
from basal cisterns into the subarachnoid space covering the cerebral hemispheres. Then,
driven by bulk flow, the CSF enters the periarterial spaces. Secondly, aquaporin 4 water
channels (AQP4), found on astroglial end-feet, allow cerebrospinal–interstitial fluid (CSF–
ISF) and waste solute removal to mix together by propelling the CSF from the periarterial
compartment into the ISF. Lastly, this fluid mixture moves to the perivenous compartment
of the larger central veins and then exits into the left ventricles and eventually into the
circulatory system [47].

CGS dysfunction can be attributed to several causes, including diabetes and aging [48].
Diabetes causes the suppression of interstitial fluid clearance in both the hippocampus
and hypothalamus, hence contributing to CGS dysfunction [49]. Additionally, with aging,
several changes occur to the glymphatic system, including a reduction in cerebrovascular
pulsatility, a decrease in AQP expression, and its mislocalization from the astroglia end-
feet [48,50]. This leads to a 40% decrease in cerebral Aβ clearance. The inability of the
CGS to completely clear tau proteins and Aβ accumulations leads to their build-up in
the interstitial space and ultimately results in cognitive decline during aging and AD [50].
Patients with AD are likely to develop worsening glymphatic clearance, a system that
reduces the deposition of Aβ [50].

3.7. Neurodegeneration in Obese Patients with Type 2 Diabetes

As with T2D, the risk of neurodegeneration is also increased in obese patients. Obesity
prevalence worldwide has increased significantly and is expected to increase further in
subsequent decades (573 million by the year 2030) [51].

A major cause of obesity is the consumption of a high-fat diet. Chronically elevated
levels of fatty acids cause lipid accumulation in adipocytes. This has several negative
effects, including low-grade inflammation [51,52]. Obesity is thus a major risk factor for
insulin resistance and related diseases such as metabolic syndrome and T2D. By increasing
the expression of inflammatory cytokines, signaling pathways that interfere with insulin
action and signaling are activated [52].

Obesity, independent of T2D, is associated with dementia. A high-fat diet activates
the immune system, thereby promoting AD pathogenesis. Saturated fatty acids cause an
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inflammatory response through Toll-like receptor 4 (TLR4) in the hypothalamus. TLR4
protein detects lipopolysaccharides and, when activated, causes cytokine generation in
astrocytes. Studies have shown that the risk of developing dementia is three times greater
in those with a larger waist diameter than those with a smaller one. A larger waist–hip
ratio has also been found to be associated with hippocampal volume decrease. Moreover, a
study conducted by Xu et al. reported that mid-life obese individuals developed dementia
at a mean odds ratio (OR) of 3.88, again suggesting that obesity in mid-life is associated
with dementia [53].

4. Dementia Due to Hypoglycemia
4.1. Epidemiology of Hypoglycemia, Cognition, and Dementia among Diabetics

Hypoglycemia is very common among patients with T1D and T2D. Alwafi et al.
performed a systematic review encompassing 2,462,810 individuals and spanning all
continents and showed that the prevalence of hypoglycemia among diabetics ranged from
0.074% to 73.0%, with the highest incidence and prevalence observed in T1D patients and
those treated with insulin (prevalence range of 2.2% to 73.0%); additionally, the pooled
prevalence among European and North American self-reported, cross-sectional studies
included in this meta-analysis were 35.0% (95% CI, 32.0–38.0, I2 = 59%) and 11.0% (95% CI,
11.0–13.0, I2 = 38%), respectively [54]. Studies assessing cognitive status among diabetics
have also suggested this as a useful metric. A study concluded that, among diabetics, 63%
of the study population have reduced cognition using the Mini-Mental State Examination
(MMSE), whilst 70% were reported as having reduced cognition when assessed by the
modified MMSE (3MS) [55]. Higher figures were reported in Saudi Arabia, where 80%
of diabetic study subjects were noted as having a form of cognitive impairment, 33.8% of
which had severe impairments [56]. With regard to dementia specifically, a UK database
study showed that the incidence of dementia among diabetics increased 3.7-fold from
2000 to 2016, increasing from 0.2 cases per 100 persons to 0.7 cases per 100 persons. The
prevalence of diabetic females with dementia was higher than that of diabetic men (3.1%
versus 2.0%), and diabetics aged 65 and over had a substantially higher prevalence of
dementia than diabetics aged 18 to 65 years of age (4.2 per 100 persons versus 0.2 per
100 persons). The study concluded that the incidence and prevalence of dementia among
diabetics are increasing [57]. It is therefore apparent that the prevalence and incidence of
hypoglycemia and cognitive impairment among diabetics are on the rise.

4.2. Association between Hypoglycemia and Dementia

Huang et al. conducted a systematic review of 10 cohort studies that encompassed
Western and Asian populations, aiming to identify the risk of developing dementia sec-
ondary to hypoglycemic episodes (1 episode or >1 episode) in both T1D and T2D, with
the controls being diabetics with no experience of hypoglycemic episodes [2]. This meta-
analysis showed a hazard ratio (HR) of 1.44 (95% CI: 1.26, 1.65 I2 = 89% p < 0.00001) for
developing dementia as a result of single or multiple severe hypoglycemic episodes re-
quiring hospital admission (only one study included any form of hypoglycemia and was
not exclusive to severe hypoglycemia). An increased risk of dementia development was
observed in studies including only T2D as well as both T1D and T2D. Subgroup analyses
yielded a higher OR for diabetics who experience two or more hypoglycemic episodes
(HR = 1.63, I2 = 84% p = 0.02) than for those with one hypoglycemic episode (1.21 95% CI:
1.11, 1.32 I2 = 0% p < 0.0001). However, a limitation of this review was that dementia and
hypoglycemia were not predefined by the authors, and hence any definition was accepted
from the included studies [2].

Another meta-analysis conducted by Mattihsent et al. on American, European, and
Asian populations involved the analysis of 44 studies (N = 2,507,434) and revealed an
association of hypoglycemia with dementia, with a pooled OR of 1.50 (95% CI 1.29–1.74).
Taken together, the available literature on the association of hypoglycemia and dementia
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suggests a significant correlation amongst multiple population groups. Table 1 lists other
relevant systematic reviews noting the risk of developing dementia due to hypoglycemia.

Table 1. Systematic reviews noting risk ratios between hypoglycemia and dementia.

Title of Study Number of Hypoglycemic
Events

Pooled Risk Ratio (95% CI) for
Association between Hypoglycemia

and Dementia
Reference

Association of Hypoglycemia
with Subsequent Dementia in

Older Patients with Type 2
Diabetes Mellitus

≥1 1.27 (1.06, 1.51) [58]

1 1.29 (1.15, 1.44)

2 1.68 (1.38, 2.04)

Association between
Hypoglycemia and Risk of
Dementia in Patients with

Type 2 Diabetes Mellitus: A
Systematic Review and

Meta-Analysis 3 1.99 (1.48, 2.68)

[59]

Impact of Pharmacological
Treatment of Diabetes Mellitus
on Dementia Risk: Systematic

Review and Meta-Analysis

≥1 1.77 (1.35, 2.33) [60]

4.3. Recurrent Hypoglycemia and Dementia

Many studies substantiate the claim that there is a positive correlation between the
number of hypoglycemic episodes and the risk of dementia development. For example,
as shown in Table 1, a meta-analysis study of T2D patients showed an increasing trend
of statistically significant risk ratios as the number of hypoglycemic events increased [59].
Additionally, a population-based cohort study conducted in South Korea following 5966 pa-
tients who had at least one hypoglycemic episode further corroborated this positive corre-
lation: The HR results were 1.170 (95% CI, 1.043–1.313), 1.201 (95% CI, 1.016–1.421), and
1.358 (95% CI, 1.060–1.740) for 1 hypoglycemic episode, 2–3 hypoglycemic episodes, and
>3 hypoglycemic episodes, respectively [61]. Furthermore, another longitudinal cohort
study conducted in California including 16,667 patients with T2D reported similar results.
Patients were followed for 12 years (from 1990 to 2002), and hypoglycemic events were
recorded and then followed for a further 5 years (until 2007) to screen for dementia. The
adjusted HR for 1 hypoglycemic episode was 1.26 (1.10–1.49), for 2 hypoglycemic episodes
was 1.80 (1.37–2.36), and for ≥3 hypoglycemic episodes was 1.94 (1.42–2.64) [62]. On a
larger scale, a study conducted on 53,055 patients with T2D revealed a 26% increased risk of
dementia development in those with one hypoglycemic episode, and a 50% increased risk
in those with two or more hypoglycemic episodes [58]. Collectively, these studies suggest
that patients with repeated hypoglycemic episodes have an increased risk of dementia
development; however, the multifactorial nature of dementia limits the direct application
of these results to daily living, as other confounding risk factors and comorbidities are
likely to be present.

4.4. Glycemic Control and Dementia

HbA1c is widely used to determine glycemic control over the previous 3-month
time span. Hence, the majority of studies use HbA1c when assessing glycemic con-
trol and dementia risk, with tight glycemic control referring to HbA1c levels below
7.0% (53 mmol/mol). Many studies identified an association between increasing HbA1c
levels and increased risk of dementia. A large UK cohort study including 372,287 patients
with both T1D and T2D reported an HR of 1.08 (1.07, 1.09) of developing dementia for
every 1% increase in HbA1c. If tight glycemic control can be attained (HbA1c level below
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6%), the HR for dementia development drops to 0.86 (0.83–0.89) [63]. A meta-analysis by
Tang et al. also showed that tight glycemic control can slow cognition decline, especially in
terms of memory [64].

4.5. Risk Factors of Hypoglycemia-Induced Alzheimer’s Dementia in Diabetes Mellitus

It is important to identify the risk factors of hypoglycemia-induced dementia in
diabetics to allow for early intervention. Many therapeutic glucose-lowering agents can
induce hypoglycemia. Such drugs include insulin and sulphonylureas, as well as co-
administered medications such as beta-blockers, fluoroquinolones, and ACE inhibitors [65].
A retrospective survey conducted between 1995 and 1996 of 24,793 medical admissions in
teaching hospitals showed that 0.5% of patients were hospitalized due to hypoglycemia,
with 55% of these admissions due to sulphonylureas. Patients treated with insulin are
particularly vulnerable to hypoglycemia, especially those who use vials and syringes rather
than disposable pens [66,67].

In addition to drug-induced risks, in a longitudinal cohort study conducted in north-
ern California, for which 16,667 patients enrolled, 11% of patients had a diagnosis of
dementia. Among these patients, those who had hypoglycemic events were more likely
to be of advanced age, African American, treated with insulin, or hypertensive, and to
have had a previous stroke, or have end-stage renal disease than patients without hypo-
glycemia [62]. Other risk factors include prolonged fasting (during Ramadan, for example),
concurrent infections, cardiovascular disease, and renal insufficiency [65,68]. Patients
with renal insufficiencies, such as chronic kidney disease (CKD), often present with im-
paired gluconeogenesis (as approximately 20% of plasma glucose is produced by renal
gluconeogenesis), and altered renal drug metabolism puts them at risk for hypoglycemia.
Furthermore, renal insufficiency and hypoglycemia in T2D have been reported to have
independent effects on all-cause mortality, highlighting the multiple risk factors in patients
with comorbid conditions [69,70]

4.6. Hypoglycemia and Vascular Dementia: Are They Connected?

As mentioned in a bioinformatic study by Saik and Klimontov, there appears to be
a genetic link between hypoglycemia and cardiovascular disease/diabetic microvascular
complications [71]. This suggests that there may consequently be a connection between
hypoglycemia and VD as well. There are limited studies assessing the pathophysiology of
this purported relationship, but a study on a rat model revealed that severe hypoglycemia
can cause the leakage of the blood–brain barrier and consequent brain edema. Using Evans
blue extravasation into the brain as a read-out method, this experimental group observed
significantly increased Evans blue content in the brain versus controls, implying that severe
hypoglycemic events aggravate brain edema in diabetic mice models [72]. Furthermore,
other animal and human studies demonstrated that severe hypoglycemic events with coma
can also cause selective neuronal cell death in susceptible areas of the brain, particularly
the hippocampus and cortex, as evidenced by magnetic resonance imaging [73].

4.7. Is Pre-Existing Dementia a Risk Factor for Hypoglycemia in Type 2 Diabetes?

There is scarce literature on whether pre-existing dementia acts as a risk factor for
hypoglycemia in T2D. A 2015 meta-analysis screened 1175 citations, from which 10 stud-
ies (including 535,317 participants) were prioritized to include geographical diversity in
patients with T2D who were receiving insulin and/or oral agents. The results suggested
a reciprocal link between hypoglycemia and cognitive impairment/dementia in older
patients with diabetes [74]. Patients who already had cognitive deterioration had a consid-
erably higher chance of developing hypoglycemia, with a pooled OR of 1.61 (1.25, 2.06) [75].
In order to prevent additional cognitive deterioration in elderly patients with pre-existing
dementia, less stringent blood glucose targets should be employed, coupled with the strict
monitoring of hypoglycemic events.
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5. Mechanisms of Hypoglycemia Induced Dementia in Patients with Type 2 Diabetes
5.1. The Role of Insulin in the Brain (Learning Memory)

Insulin, predominantly insulin receptor substrate 2 (IRS2) and its receptor, play a
crucial role in learning, and their respective deficits disrupt memory. IRS1 on the other hand
is mainly involved in muscle and adipose tissue [76]. Insulin is critical in the development
of the nervous system, as it stimulates neurite proliferation and growth. It stimulates
brain growth via its receptor, with increased expression within neurons and surrounding
glial cells. Additionally, insulin plays a crucial role in the brain, as it prevents damage
induced by oxidative stress possibly through its effects of increased uptake of GABA and
glutamate under oxidized stress, increased glucose uptake and metabolism, and increased
and decreased intracellular and extracellular adenosine, which will lead to increased uric
acid formation in cortical neurons [77,78]. Insulin also inhibits apoptosis, possibly through
the activation of PI3K [79]. Furthermore, insulin can also minimize the effects of ischemia,
as it can induce nitric oxide (NO) production and increased NO synthase (NOS) expression,
and hence improves cerebral perfusion to ischemic areas [80]. Insulin was also found to
directly inhibit platelet aggregation through the NO–guanylate cyclase–cGMP pathway [81].
This antiplatelet property of insulin also demonstrates an anti-inflammatory effect, as it
can reduce CD40 ligand (CD40L) release from the α-granules of platelets—a significant
mediator of inflammation [81]. Furthermore, insulin minimizes Aβ toxicity by acting as a
neuroprotector, where insulin inhibits the fibril formation of Aβ in a cell-free environment
and on the surface of human brain pericytes, which highlights how insulin may serve to
prevent the onset and progression of dementia [82]. The protective actions of insulin are
diminished in cases of impaired insulin signaling, consequently increasing the chance of
neurocognitive and neuropsychiatric disorders and linking cognitive dysfunction to brain
insulin resistance [83].

Insulin and its receptor take part in the regulation of memory and learning through the
activation of certain signaling pathways. The intracellular molecules Ras/Ra, MEK/MAP
kinases, Shc, and Crb-r/SOS are involved in a signaling pathway involving long-term
memory [84]. A reduction in brain insulin and insulin receptor (IR) may be associated with
disorders involving memory impairment, such as AD. A study that examined the brains
of AD patients with and without APOε4 homozygosity highlighted that IR density was
substantially reduced in patients with AD compared with healthy age-matched individuals.
Additionally, a lower CSF insulin, a higher plasma insulin, and an overall lower CSF-to-
plasma insulin ratio were found in the group with AD versus the healthy controls [85].
Interestingly, enhanced memory and performance were observed in AD patients when
insulin was administered, and increased plasma insulin (whilst maintaining the fasting
plasma glucose baseline level constant) caused memory improvement [85].

It is important to note that all brain cells contain IR; however, it is important to
acknowledge the cellular heterogeneity of the brain and that the expression of IR varies
between brain cell types. Important regions to note that have a high expression of IR
include the hippocampus, the hypothalamus, the cerebral cortex, the cerebellum, and the
striatum. It is therefore reasonable to suggest that insulin has crucial and various functions
in different regions of the brain [86,87].

5.2. How Chronic Hyperinsulinemia Affects Cognition

Hyperinsulinemia can indirectly affect cognition through vascular mechanisms. This
is due to its association with micro- and macrovascular consequences in the brain, which
are both involved in cognitive decline and VD development. An observational study
revealed that increased mean insulin levels over a 6-year period were associated with a
more substantial cognitive decline, as measured by executive function testing [88]. The
mechanism of the hyperinsulinemia-induced development of AD involves the insulin-
degrading enzyme (IDE) and the inhibition of Akt (Figure 1), which leads to both Aβ
plaque formation and tau hyperphosphorylation, respectively [89]. The insulin-degrading
enzyme (IDE) is required for insulin Aβ degradation, in both neurons and microglia.



Int. J. Mol. Sci. 2023, 24, 9846 10 of 26

Elevated insulin levels induce Aβ plaque formation through competition between insulin
and Aβ for the IDE. A decrease in IR or insulin receptor substrate (IRS) leads to the
inhibition of Akt and dephosphorylation of GSK-3β. Dephosphorylated GSK-3β is the
active form that causes the hyperphosphorylation of tau protein and the aggregation of
neurofibrillary tangles [89].
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Figure 1. Mechanism of altered insulin levels/signaling in developing Alzheimer’s diseases (AD)
in diabetes.Genetic variants in the APOE gene, obesity, or diabetes lead to chronic inflammation,
oxidative stress, and vascular damage in patients with type 1 or type 2 diabetes (T1D/T2D), which
can cause damage to the brain. Excess circulating insulin, due to diabetes-induced systemic hy-
perinsulinemia, insulin resistance, and/or hypoglycemia, causes both Aβ plaque formation and
tau hyperphosphorylation. The insulin-degrading enzyme (IDE) is required for insulin and/or Aβ
degradation in neurons and microglia. Elevated insulin levels induce Aβ plaque formation through
competition between insulin and Aβ for the IDE. A decrease in insulin receptor (IR) or insulin
receptor substrate (IRS) leads to the inhibition of Akt and dephosphorylation of GSK-3β. Decreased
IR/IRS also leads to a decrease in phosphatase levels. Dephosphorylated GSK-3β is the active form
that causes the hyperphosphorylation of tau protein and the aggregation of neurofibrillary tangles
(NFT). Both Aβ plaque and tau hyperphosphorylation are responsible for neuronal dysfunction and
the development of Alzheimer’s disease.

5.3. Insulin Resistance and Hippocampal Dysfunction

IRs that are expressed in the hippocampus serve to regulate cognitive function. Hip-
pocampal neuroplasticity and cognitive dysfunction are observed in metabolic disorders
that include insulin resistance. A study conducted by Biessels et al. highlighted how
the administration of streptozotocin (STZ), a ß-cell-ablating compound that thus induces
diabetes, can lead to memory and learning impairment in rats, as determined by impaired
performance in the water maze task. However, the administration of insulin to these
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STZ-treated rats was found to prevent impairment in memory loss and to preserve synap-
tic plasticity [90]. Another study demonstrated that STZ-treated rats suffered memory
deficits in the hole board task, as well as the passive avoidance paradigm [91]. Moreover,
correlative studies highlighted that IR is involved in memory formation and learning.
Upon training rats in the spatial maze learning task, IR mRNA in the CA1 subregion of
the hippocampus and the hippocampal dentate gyrus were upregulated. Moreover, the
immunohistochemistry of the hippocampus showed that there was an increased expression
of IR in a subpopulation of pyramidal neurons [92].

It is important to investigate the causes and consequences of hippocampal insulin
resistance. It has been suggested that an increase in proinflammatory cytokines, oxidative
stress, and dysfunction in the hypothalamic–pituitary–adrenal axis can cause peripheral
insulin resistance [93]. Additionally, another factor that can contribute to hippocampal
insulin resistance is the administration of stress levels of glucocorticoids [94].

Chronic psychological stress has also been implicated in the development of insulin
resistance, leading to the development of T2D and, subsequently, diabetes-related cognitive
decline. This contrasts with acute psychological stress, which has not been linked to T2D
development [95]. However, the effects of chronic stress on the molecular and physiological
processes involved in cognitive decline have not been clarified [96]. Chronic stress was
seen to increase the deposition of Aß in a study on chronic psychological stress-induced rat
models, possibly via the inhibition of amyloid precursor protein (APP), which subsequently
promoted Aß generation [96]. This process was found to be inhibited when the same rat
models were treated with the ZiBuPiYin recipe, a Chinese medicine formula, where the
deposition of both APP and Aß was found to be reduced, making this a potential thera-
peutic application in diabetes-related cognitive decline induced by chronic psychological
stress. Moreover, D-pinitol (DPIN), a naturally occurring inositol capable of activating the
insulin pathway in peripheral tissue, has also been reported to improve insulin-resistance-
associated disorders in the brain. D-pinitol lowered tau phosphorylation by regulating
cyclin-dependent kinase 5 (CDK5) activity in mouse brain [97] and activated the insulin sig-
naling pathway by increasing the phosphorylation of PI3K/Akt in rat hypothalamus [98],
suggesting D-pinitol as a potential drug for the treatment of neurological disorders such
as dementia.

5.4. The Role of Oxidative Stress and Mitochondrial Dysfunction Secondary to Hypoglycemia

In neurodegenerative disorders, ROS has been shown to cause cellular injury. ROS
causes the accumulation of Aß protein in AD, thereby causing lysosomal membrane de-
generation and neuronal death. Another cause for an increase in ROS production is a
deficiency of cytochrome c oxidase, an enzyme in the mitochondrial electron transport
chain (ETC). An increase in ROS can impede energy metabolism and decrease energy stores.
Moreover, ROS also causes tau hyperphosphorylation in AD, as it inhibits phosphatase 2A,
causing glycogen synthase activation (which is involved in tau phosphorylation), and the
hyperphosphorylation of tau leads to neurofibrillary lesions in AD [99].

Mitochondrial dysfunction has been purported to be the predominant cause of ROS
production in AD, as it results in the abnormal processing of ROS. Oxidative stress is
known to cause mitochondrial dysfunction by contributing to multiple mitochondrial
DNA mutations, altering Ca2+ homeostasis, which increases mitochondrial calcium and
subsequently disturbs neuronal function, as well as attacking complex sites in the transport
chain, importantly Complex I and Complex III, which can increase superoxide forma-
tion [100,101]. Moreover, altered bioenergetics can result from increased mitochondrial
fission; this is thought to be due to S-nitrosylation-dynamin-related protein 1 accumulation,
as postmortems of AD patients revealed an increase in this protein [102]. In familial cases
of AD, it is also known that PSEN1 and PSEN2 genes are associated with altered calcium
signaling in the mitochondria, which can lead to subsequent dysfunction [103]. Another
factor that can lead to the generation of ROS is the insertion of Aß oligomers into the lipid
bilayer of hippocampal neurons [99].
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Both oxidative stress and abnormal mitotic signaling provoke AD onset, as these
stressors can independently initiate cellular dysfunction; however, both are needed to
initiate disease pathogenesis in neurons that cause AD, highlighting the fact that oxidative
stress is a critical underlying factor [104].

5.5. Genetic Factors

The APOε4 is known to be the greatest risk factor for AD and is also linked to T2D.
Numerous neuropathological studies have highlighted that the highest number of AD
lesions in brain tissue were found in APOε4 diabetic patients. However, it still remains
unclear how the APOE isoforms affect the development of T2D and AD. Lower insulin
levels in CSF can be due to prolonged hyperinsulinemia. However, this relationship is not
as strong in patients who are APOε4 carriers. Additionally, patients with APOε4 are less
likely to respond to insulin-related interventions [105].

Patients with cognitive impairment have been reported to have higher levels of fasting
insulin. Moreover, APOε4 status can influence glucose tolerance. However, it remains
unclear whether APOε4 allele modification is due to hyperinsulinemia, and hence deeper
insight is needed to understand the pathogenesis of AD and how the APOE genotype can
influence insulin metabolism [105].

5.6. Role of Coagulation Defects and Endothelial Abnormalities in the Brain

The calcium-mediated intracellular signaling pathway is one of the many mechanisms
wherein thrombin causes oxidative stress in diabetes. This pathway regulates the transcrip-
tion factor, KLF14, and the PLK1 kinase pathway, which leads to the increased production
of ROS [106]. A mouse model of diabetes highlighted how exogenous thrombin adminis-
tration leads to increased blood–brain barrier permeability, the expression of inflammatory
cytokines, and a decreased expression of tight junction proteins [107]. Additionally, STZ-
induced diabetes in mice increased the expression of protease-activated receptors (PARs) in
the aorta. PARs are integral for the regulation of cell adhesion, inflammation, cell migration,
and platelet activation [108]. These STZ-induced diabetic mice showed endothelial impair-
ment. However, dabigatran etexilate, a direct thrombin inhibitor, remarkably improves this
endothelial dysfunction [109].

Thrombin has been proposed as a pathological mediator in AD, as thrombin [110],
thrombin receptors, and PAR-1 are all elevated in AD [111]. Moreover, thrombin is present
in the key pathological hallmark lesions of AD, such as neurofibrillary tangles and senile
plaques. Thrombin-related pathways are also found in diabetic retinopathy and microvas-
cular injury. A study reported increased expression of thrombin and PAR-1 in diabetic
retinopathy patients [112]. Furthermore, thrombin takes part in multiple mechanisms of
AD such as hippocampal degeneration, promotion of tau aggregation, and the secretion of
amyloid precursor protein in endothelial cells [76]. The depletion of factor XI was found
to diminish cognitive impairment in AD mice due to Aß-induced thrombin activation via
factor-XII-mediated factor XI activation [113]. Figure 2 demonstrates a possible simplified
pathway for cognitive decline in hyperglycemia induced by STZ in mouse models.
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Figure 2. A proposed simplified pathway for cognitive decline in the setting of streptozotocin (STZ)-
induced diabetic mouse models. In mouse models that had streptozotocin (STZ)-induced diabetes,
the thrombin pathway was found to be activated, which ultimately led to cognitive decline through
the dysfunction of the blood–brain barrier (BBB). This occurs predominantly due to the formation
of proinflammatory cytokines and the generation of reactive oxygen species (ROS), as well as the
reduced expression of tight junction proteins. Dabigatran has been repeatedly found to prevent this
by inhibiting the thrombin pathway.

5.7. Inflammation and Hypoglycemia-Induced Dementia

Hypoglycemia induces a plethora of inflammatory markers in the body and is also asso-
ciated with cognitive impairment. The predominant mechanism is via the production of ROS,
leading to two important outcomes: altered immune function and inflammation [114,115].
There is limited information regarding how hypoglycemia causes the generation of ROS;
however, studies have noted the dysfunction of the mitochondrial ETC in the brain as the
most likely mechanism [116].

A recent study conducted in mice demonstrated a causal mechanism between blood–
brain barrier (BBB) dysfunction and hypoglycemia, crucial for understanding the resultant
pathophysiology, as a previous study reported that AD patients had greater BBB leakage
versus a healthy population [117]. This study attributed BBB dysfunction to pericyte
damage, due to increased levels of MMP9, an inflammatory pericyte damage marker that,
in turn, decreases intracellular tight junction proteins in the BBB. This allows neurotoxic
vascular molecules to leak through the BBB and enhance neuronal damage [72].

Oxidative stress causes apoptosis in a number of cell types in the brain. Studies
have shown neural cell positivity to a variety of apoptosis and inflammatory markers
consequent upon hypoglycemic episodes. It was also demonstrated that the glycemic
levels of 30–35 mg/dL increased the number of cells positive for terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL), a marker of apoptosis, in the arcuate nucleus
of the hypothalamus, and additionally, Fluoro-Jade B (FJB), a marker of degenerating neu-
rons, has also been found in the cerebral cortex, the striatum, and the hippocampus [118].
Additional studies determined that recurrent hypoglycemia causes oxidative injury in
hippocampal CA1 dendrocytes, with further microglial activation induced by severe hy-
poglycemia, contributing to neuronal injury [119]. Furthermore, a study concluded that
hypoglycemia accelerates the progress of AD and, through the process of inflammation,
induces microgliosis and astrocytosis. Predominant inflammatory markers include IL-1β,
IL-6, TNF-α, and IFN-γ [120]. Cumulatively, the aforementioned studies show that a
neuroinflammatory process occurs, predominantly in the BBB and hippocampus, resulting
in increased BBB permeability, impaired synaptic plasticity, microgliosis and astrocytosis,
and CA1 dendritic injury, with the unexpected absence/rarity of neuronal cell death in the
hippocampus. Figure 3 shows the proposed mechanism for how AD develops through
neuroinflammatory processes secondary to hypoglycemia.



Int. J. Mol. Sci. 2023, 24, 9846 14 of 26

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 14 of 26 
 

 

hippocampus. Figure 3 shows the proposed mechanism for how AD develops through 
neuroinflammatory processes secondary to hypoglycemia. 

 
Figure 3. A proposed mechanism for the development of Alzheimer’s disease through repeated hy-
poglycemic events. Repeated hypoglycemic events were found to reduce transient receptor poten-
tial canonical channel 6 (TRPC6) expression and reduce GLUT3-mediated glucose uptake. Hypo-
glycemia also leads to blood–brain barrier (BBB) dysfunction through pericyte damage and an in-
crease in the MMP9 inflammatory marker. Ultimately, the aforementioned events lead to mitochon-
drial dysfunction and, subsequently, reactive oxygen species (ROS) generation. ROS then increases 
beta-amyloid (Aβ) and tau deposition and causes neuronal apoptosis. ROS also causes microglia-
induced cytokine production. These events cause the loss of the dendrocytes in the CA1 subregion 
of the hippocampus and impair synaptic plasticity, which ultimately increases the risk of Alz-
heimer’s disease (AD).  

5.8. Molecular Factors and Transport Channels 
Hypoglycemia can alter the expression of many proteins and molecules in the neu-

rovascular unit, an important one being transient receptor potential canonical channel 6 
(TRPC6). A study conducted in mice demonstrated that this protein is sensitive to low 
glucose concentrations and is hence repressed when exposed to recurrent moderate hy-
poglycemia, as opposed to higher glucose concentrations, which cause an increase in 
mRNA and protein expression levels of TRPC6. This decline in TRPC6 expression has 
been directly associated with significantly reduced fluorescence intensity in neurons and 
dendrites, as well as positive TUNEL staining, indicative of apoptosis, in the CA1 and 
CA3 areas of the hippocampus. This demonstrates that TRPC6 inactivation is an aggra-
vating feature for hypoglycemia-induced cognitive impairment, and a protective feature 
in cases of its activation, making TRPC6 a potential therapeutic target [120,121]. 

Glucose uptake in neurons is almost solely conducted through GLUT3 channels. Re-
current moderate hypoglycemia is not thought to significantly affect GLUT3 expression, 
but it does reduce GLUT3-mediated glucose uptake, thus impacting cellular respiration 
and enhancing mitochondrial dysfunction, which, by extension, inhibits TRPC6 expres-
sion [120]. 

Figure 3. A proposed mechanism for the development of Alzheimer’s disease through repeated
hypoglycemic events. Repeated hypoglycemic events were found to reduce transient receptor
potential canonical channel 6 (TRPC6) expression and reduce GLUT3-mediated glucose uptake.
Hypoglycemia also leads to blood–brain barrier (BBB) dysfunction through pericyte damage and
an increase in the MMP9 inflammatory marker. Ultimately, the aforementioned events lead to
mitochondrial dysfunction and, subsequently, reactive oxygen species (ROS) generation. ROS then
increases beta-amyloid (Aβ) and tau deposition and causes neuronal apoptosis. ROS also causes
microglia-induced cytokine production. These events cause the loss of the dendrocytes in the CA1
subregion of the hippocampus and impair synaptic plasticity, which ultimately increases the risk of
Alzheimer’s disease (AD).

5.8. Molecular Factors and Transport Channels

Hypoglycemia can alter the expression of many proteins and molecules in the neu-
rovascular unit, an important one being transient receptor potential canonical channel 6
(TRPC6). A study conducted in mice demonstrated that this protein is sensitive to low
glucose concentrations and is hence repressed when exposed to recurrent moderate hypo-
glycemia, as opposed to higher glucose concentrations, which cause an increase in mRNA
and protein expression levels of TRPC6. This decline in TRPC6 expression has been directly
associated with significantly reduced fluorescence intensity in neurons and dendrites, as
well as positive TUNEL staining, indicative of apoptosis, in the CA1 and CA3 areas of
the hippocampus. This demonstrates that TRPC6 inactivation is an aggravating feature
for hypoglycemia-induced cognitive impairment, and a protective feature in cases of its
activation, making TRPC6 a potential therapeutic target [120,121].

Glucose uptake in neurons is almost solely conducted through GLUT3 channels. Re-
current moderate hypoglycemia is not thought to significantly affect GLUT3 expression,
but it does reduce GLUT3-mediated glucose uptake, thus impacting cellular respiration
and enhancing mitochondrial dysfunction, which, by extension, inhibits TRPC6 expres-
sion [120].
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6. Therapeutic Options or Treatment Opportunities of Hypoglycemia-Induced
Dementia
6.1. Continuous Glucose Monitoring and Early Detection of Hypoglycemia in Elderly Patients

CGM has proven to be beneficial in elderly patients who are more susceptible to
asymptomatic and nocturnal hypoglycemia [122]. With the use of CGM, an improvement
in glycemic control is apparent in patients with T1D irrespective of sociodemographic or
economic factors, or the mode of insulin delivery [123]. Studies have revealed that CGM
decreased the time spent in hypoglycemia and is associated with a decrease in HbA1c in
patients with T1D [32,124]. In comparison to T1D, many patients with T2D struggle to
achieve glycemic control. This could be because T2D patients utilize diabetes technologies
less frequently than T1D patients [123]. The majority of reports focused on the role of CGM
in T2D management and selected trials that employed intensive insulin therapy in T2D,
thereby excluding a large number of T2D patients on less intensive regimens. Despite this
fact, the available evidence is positive, showing long-term improvement in patient-oriented
outcomes in T2D patients using CGM [123]. All T2D patients are advised to self-monitor
their glucose levels, as results can help a patient schedule and organize various aspects
of their lifestyle to accommodate for significant changes in glucose levels. However, the
self-monitoring of glucose levels should not be so intensively performed as to warrant the
use of CGM, as there are no patient-oriented advantages to justify CGM’s high cost and
added difficulties for both patients and doctors, unless further research is carried out to
support its use in T2D patients, particularly when insulin injections are not indicated for
the patient [31].

6.2. The Importance of Documenting the Events of Hypoglycemia: The Use of Predictive
Technologies

In a narrative review written by Heller et al., it was reported that only 26% of the
population with T1D and 33% with T2D received medical care for hypoglycemic episodes,
with only 24% (T1D) and 31% (T2D) consulting with their own physician. In individu-
als experiencing frequent hypoglycemic events, there was a 15% underestimation in the
rate of recall [125,126]. Examples of technology used to monitor blood glucose levels are
self-monitoring blood glucose (SMBG) and interstitial glucose sampling using CGM [127].
Electronic logbooks have also allowed for more robust data collection of hypoglycemic
events. These systems, however, do not usually provide details that enable an under-
standing of the cause, severity of symptoms, or treatments employed in response to a
hypoglycemic episode [125]. The main established method of hypoglycemia prediction
is using classical time-series forecasting methods on blood glucose data [126]. Examples
include the autoregressive integrated moving average (ARIMA) and state–space models.
Recently, new machine learning methods have been investigated to predict future glucose
levels and have incorporated data such as insulin levels, meal information, physical activity,
and heart rate. Despite how these predictive models have helped in reducing hypoglycemia
risks, a major hindrance comes from false alerts, and new models are in development to
reduce the false alert rate [128].

6.3. Should Antidiabetic Drugs Be Continued in Diabetic Patients Who Develop Severe
Hypoglycemia-Induced Dementia?

Antidiabetic drugs aim to maintain or reduce blood glucose levels to close-to-normal
values for the majority of the time. The mechanism of action of glucose-lowering drugs
varies according to drug class, with some able to counteract the insulin resistance and
impaired glucose metabolism that can contribute towards dementia and AD [129]. Med-
ications such as metformin, short-acting sulfonylureas, dipeptidyl peptidase 4 (DPP-4)
inhibitors, and sodium–glucose cotransporter 2 (SGLT2) inhibitors have a low risk of
inducing hypoglycemia [40]. By contrast, long-acting sulfonylureas and insulin have an in-
creased risk of inducing hypoglycemia [40]. There are also drugs such as thiazolidinediones
(pioglitazone) that decrease the risk of dementia as well as hypoglycemia [130].
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In a systematic review conducted by McMillan et al., it was found that, overall, an-
tidiabetic agents were not associated with dementia incidence. However, the results of
subanalysis between different drug classes revealed that insulin therapy was linked to
dementia risk, whereas thiazolidinediones were potentially protective. Moreover, it was
found that a twofold increase in the risk of dementia was associated with severe hypo-
glycemic episodes [60]. A study by Weinstein et al., which aimed at determining whether
antidiabetic drugs are associated with cognitive dysfunction and dementia, revealed that
insulin therapy was associated with cognitive dysfunction due to the greater risk of hypo-
glycemia. By contrast, metformin and sulfonylureas were not associated with dementia
risk, nor with other measures of cognitive aging [129].

Generally, elderly patients who are at high risk of hypoglycemic events should be pre-
scribed medication that has minimal risk of inducing hypoglycemia. Moreover, polyphar-
macy should be simplified to reduce adverse effects and achieve appropriate glycemic
goals for each patient [40].

Machine learning algorithms predict outputs given input values. They are generally
categorized as regression, prediction, classification, detection, and clustering [131]. The
most commonly chosen algorithms for hypoglycemia detection and prediction include
artificial neural networks (ANNs) [131], and the second most common choice is kernel-
based support vector machine (SVM) [126]. In their research, Mosquera-Lopez et al. used
a support vector regression (SVR) model considering patients with T1D by training it to
predict, before bedtime, any overnight hypoglycemia. The algorithm was able to predict
94.1% of overnight hypoglycemic events, with a 95% confidence interval. This indicates
that, when trained using large datasets and optimized via decision theoretic criterion, an
SVR model can predict overnight hypoglycemic events and consequently reduce the risk
of nocturnal hypoglycemia [132]. Other algorithms include decision trees (DTs), which,
through several tree branches, can predict the outcome for a set of input features after
testing them [126], and random forests (RFs), which combine several DTs. In addition,
quantile regression forests (QRFs), which use a regression approach to predict future CGM
values, are being developed [128].

6.4. Is Insulin Therapy Still Needed to Protect against Dementia?

Studies have shown that insulin therapy plays a role in preventing AD by promoting
a reduction in intracellular amyloid plaque, tau hypophosphorylation, and Aβ-derived
diffusible ligand-binding site downregulation. The main insulin therapies are intravenous
insulin and intranasal insulin [133].

Intravenous insulin increases plasma insulin levels whilst maintaining normal plasma
glucose levels, allowing for verbal declarative memory recollection and selective attention
enhancement [133]. Studies have shown that, in elderly subjects with AD, insulin infusion
improved declarative memory in those who had cognitive impairment in comparison to the
healthy control group. Moreover, other studies have shown that insulin infusion improved
memory performance in all individuals [134].

Intranasal insulin can be safely given to individuals without diabetes, as it has been tol-
erated well in clinical tests [135]. A recent systematic review and meta-analysis conducted
by Long et al. revealed no significant difference between the use of intranasal insulin and
the placebo group in improving cognition in mild cognitive impairment (MCI) or dementia,
with the exception of verbal cognition. However, due to the scarcity of clinical trials in this
area, no definitive conclusion can be drawn about the effectiveness of intranasal insulin
use for dementia protection, although there is interest in its potential efficacy [136].

6.5. Effect of Lifestyle Modification in Hypoglycemia-Induced Dementia

Lifestyle modifications can decrease HbA1c levels in patients with T2D. The two main
non-pharmacological interventions are dietary changes and physical exercise [137,138].
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6.5.1. Dietary Intervention

A diet that is high in simple carbohydrates and saturated fats increases the risk of
insulin resistance, T2D, and related cognitive impairment. This occurs due to amyloid pre-
cursor protein processing modification through the elevation of Aβ-related cerebrovascular
disturbance, a reduction in brain insulin signaling, and the reduced expression of the IDE.

The Mediterranean diet can decrease HbA1c levels, thus achieving better glycemic
control with lower fasting blood glucose levels and therefore decreasing insulin resistance.
This, in turn, decreases the risk of age-related cognitive decline, diabetes, and cardiovascular
diseases [139]. Several systematic reviews and meta-analyses have shown the benefits of
the Mediterranean diet, including a study by Schwingshackl et al. that demonstrated a
19% decrease in risk of T2D in patients who adhered to the Mediterranean diet and another
by Koloverou et al. that showed a 23% decrease [140]. Additionally, the consumption of
dietary minerals has shown a protective effect against metabolic diseases including T2D;
magnesium modifies Aβ polypeptide processing and stimulates the α-secretase cleavage
pathway, hence playing a role in cognitive protection. Moreover, magnesium deficiency
can lead to oxidative stress, thereby contributing to AD pathology [137].

6.5.2. Physical Exercise

Physical exercise has been shown to improve learning and memory in humans and
decrease the risk of dementia [141]. Different types of physical activity act as an effec-
tive treatment for diabetes. First, regular exercise has been found to lower brain Aβ
deposition [139], blood pressure, insulin resistance, dyslipidemia, and HbA1c in T2D indi-
viduals [141]. Aerobic exercise, at moderate or high intensity, increases insulin sensitivity,
cardiac output, blood vessel compliance and responsiveness, pulmonary function, and
immunological performance in both T1D and T2D. In addition, it decreases HbA1c [141],
consequently decreasing cardiovascular mortality rates in diabetic patients and allowing
for better glycemic control. However, patients should avoid exercise during episodes of
hypoglycemia and immediately afterward (for 24 h), as moderately intensive exercise can
induce hypoglycemia [142].

6.6. Hypoglycemia Risk Minimization in Patients with Type 2 Diabetes

Both pharmacological and non-pharmacological strategies have been introduced to
try to break the cycle of hypoglycemia-induced dementia. From a non-pharmacological
perspective, lifestyle modifications as well as the implementation of structured care tailored
to the patient’s individual needs can help maintain therapeutic glycemic goals [143].

Pharmacological risk reduction has been facilitated by the use of newly emerging an-
tidiabetic therapies such as incretin enhancement therapies (incretin analogs and dipeptidyl–
peptidase 4 inhibitors) instead of sulfonylureas and insulin secretagogues [144]. Patients
utilizing lifestyle adjustment strategies and/or metformin and peroxisome proliferator-
activated receptor (PPAR) agonists have shown a relatively negligible risk for hypoglycemia.
The UKPDS 73 study showed a 0.3% and 0.1% hypoglycemic risk rate for metformin and
lifestyle modification in patients receiving monotherapy or dietary modifications, respec-
tively, for 6 years after diagnosis [145]. Additionally, the ADOPT study showed a lower
risk of hypoglycemia with rosiglitazone and metformin than with glyburide over 5 years
of treatment [146]. The UKPDS 33 study examined the risk of hypoglycemia in patients
initially treated with insulin therapy, reporting hypoglycemia with “any” initial insulin
therapy had rates of 33% and 43% at years 1 and 10, respectively [147]. Furthermore,
data acquired from the DARTS-MEMO database shows that at least one episode of severe
hypoglycemia in insulin-treated patients arose in about 7.3% of T2D and 7.1% of T1D
patients [148]. Sulfonylureas similarly showed a higher risk for hypoglycemic episodes,
with a United Kingdom hypoglycemia study commissioned by the Department for Trans-
port showing hypoglycemic self-reported rates of 39% (mild) and 7% (severe) in patients
with T2D on sulfonylureas [149]. However, studies have shown that treatment with new
third-generation sulfonylureas (glimepiride, glipizide, and gliclazide) and metiglinides
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lowers the risk versus glibenclamide and chlorpropamide. Other contributory factors, such
as differing duration of action, are thought to contribute to this difference [150].

A Canadian population-based study demonstrated how the introduction of new an-
tidiabetic drugs has changed trends of antidiabetic medication prescriptions between 2002
and 2013 in terms of lowering the risk of hypoglycemia [151]. Trends show increased
prescriptions for metformin and new medications, and decreased use of glyburide. Physi-
cians preferred a combination of different medications, especially in newly diagnosed
patients. These changes were consistent with the clinical guidelines that encouraged the
use of medications with lower hypoglycemia risk and, over the study period, the overall
percentage of hypoglycemia declined [152]. Newer agents seem to have a favorable impact
on cerebral protection, through direct and indirect mechanisms, as has been reported in
multiple studies [152–155].

6.7. Management of Hypoglycemia in Older Patients with Type 2 Diabetes

Due to comorbidities increasing with age, a personalized approach for glycemic
targets is needed to achieve adequate glucose control and avoid T2D complications [40].
The American College of Physicians recommends less intensive medication regimens when
HbA1c levels are 6.5% or below and more conservative goals when HbA1c values are
between 7% and 8%. The American Association of Clinical Endocrinologists recommends
HbA1c levels less than 6.5%, as long as this level can be achieved safely, with a more lenient
target (>6.5%) for diabetic patients with comorbid illnesses [40].

Before pharmacological intervention, lifestyle modifications should be implemented
to reduce hypoglycemic events in elderly patients. These include a balanced diet and
undertaking moderate regular physical exercise, with regular checks of blood pressure
and lipid levels [156]. Establishing patient adherence to prescribed medication is cru-
cial [156]. Since elderly patients are more likely to be taking more than one medication,
drug costs may create a financial burden. Therefore, treatment goals should be developed
and achieved according to the medical, social, and economic status of elderly patients [157].
Pharmacological intervention to reduce the frequency of hypoglycemic episodes should
be applied to the elderly. The first line of treatment for elderly patients with an estimated
glomerular filtration rate of ≥30 mL/min/1.73 is metformin, as it has a low risk of causing
hypoglycemia and has demonstrated cardiovascular safety.

Future interventions look promising. A study by Suh et al. showed that poly(ADP-
ribose)-polymerase-1 (PARP-1) inhibitors immediately blocked the production of poly(ADP-
ribose) and decreased neuronal death by greater than 80% in the majority of brain regions
examined after hypoglycemia [158]. PARP-1 has been demonstrated to be involved in
neurodegenerative conditions and aging, via its ability to induce “parthanatos”, a unique
cell death pathway, and subsequently impairs autophagy and leads to an accumulation of
neurotoxic peptides, and PARP-1 has also been implicated to play a role in DNA excision
repair, neuroinflammation, and catalyzing DNA NF-KB binding in microglia [159,160].
Hence, PARP-1 inhibitors can delay AD progression through the mitigation of microglia
activation, which was shown in mouse models [161].

Furthermore, as TRPC6 dysfunction has been closely linked with cognitive impairment
in T2D patients with recurrent episodes of mild hypoglycemia, a promising study in
mice revealed that targeting TRPC6 was a therapeutic option for treating hypoglycemia-
induced cognitive dysfunction [121]. It was found that upon the activation of TRPC6 with
hyperforin, mitochondrial segregation was halted in the hippocampi of diabetic mice, via
an increase in TRPC6-mediated calcium influx and the subsequent activation of adenosine
5‘-monophosphate-activated protein kinase (AMPK) [121].

6.8. Role of Personalized Medicine in Managing Hypoglycemia and Associated Complications

Personalized medicine is an emerging concept in disease treatment that involves
determining a patient’s treatment by using specific information about a particular patient’s
social, economic, and medical status. In the case of diabetes, personalized medicine
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takes into account one’s genetic makeup to tailor prevention, detection, treatment, and
monitoring strategies [162], thereby increasing treatment effectiveness whilst reducing
treatment failures and adverse effects [163].

One example of personalized medicine is in patients with monogenic diabetes. Mono-
genic diabetes is caused by a defect in a single gene and causes ~1% of all diabetes. The
most well-known and well-studied form is maturity-onset diabetes of the young (MODY).
Patients with MODY1 and MODY3 have been found to be extremely sensitive to sulfony-
lureas; therefore, these patients should be treated with sulfonylureas as their first-line
treatment and require approximately one-tenth of the usual sulfonylureas dose to maintain
optimal HbA1c levels [163].

Personalized medicine requires that each patient’s genotype be analyzed, a costly
endeavor, though this is likely to decrease in the future. Other barriers include training an
adequate number of genetics specialists in order to optimally apply the results of genetic
testing, obtaining adequate insurance coverage, and guaranteeing the privacy of genetic
records [162].

7. Conclusions

Taken as a whole, a comprehensive understanding of the role of hypoglycemia in
the progression of dementia is crucial to determining effective preventive measures and
tackling the health burden of the disease. Hypoglycemia plays a definitive role in cognitive
impairment and the progression of dementia in both type 1 and type 2 diabetic patients.
The pathological relationship between the two is complex, with the available literature sug-
gesting common pathological abnormalities such as insulin resistance, increased oxidative
stress, and impaired glucose metabolism. Additionally, the deposition of amyloid proteins,
and diabetes risk-induced micro- and macrovascular changes are also key pathological
abnormalities when considering the relationship between the two.

Hypoglycemic cognitive decline is a result of a variety of complex mechanistic path-
ways explored in the literature, such as ROS generation in the brain, blood–brain barrier
damage, and the effects of chronic hyperinsulinemia. Furthermore, insulin receptor resis-
tance leading to dysfunction, and cerebral small vessel disease are also important when
discussing the complex pathways contributing to hypoglycemic cognitive decline.

There are many risk factors for hypoglycemia-induced dementia in diabetics, with age
and genetics being the most prominent. The elderly population is specifically at risk, and it
is important to identify risk factors of hypoglycemia, such as lifestyle and polypharmacy, to
allow for early intervention and a reduction in dementia risk. Newer generation antidiabetic
therapies are reported to have a lower incidence of drug-induced hypoglycemia than
standard insulin replacement therapy and are therefore preferentially used in current
medical practice. Predictive technologies that use current glucose monitoring systems to
predict hypoglycemia and the evolution of personalized medicine have raised glucose
monitoring and patient treatment to a new level of precision and have also facilitated the
reduction in hypoglycemia-induced dementia. Recent reports also suggest that the future
use of drug targets such as TRPC6 could be promising in hypoglycemic episode prevention.
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