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Abstract: Diabetes mellitus is a significant health problem for medicine and economics. In 80–90%
of cases, it is type 2 diabetes (T2DM). An essential aspect for people with T2DM is to control blood
glucose levels and avoid significant deviations. Modifiable and non-modifiable factors influence
the incidence of hyperglycemia and, sometimes, hypoglycemia. The lifestyle modifiable factors
are body mass, smoking, physical activity, and diet. These affect the level of glycemia and impact
molecular changes. Molecular changes affect the cell’s primary function, and understanding them
will improve our understanding of T2DM. These changes may become a therapeutic target for future
therapy of type 2 diabetes, contributing to increasing the effectiveness of treatment. In addition, the
influence of external factors (e.g., activity, diet) on each domain of molecular characterization has
gained importance towards a better understanding of their role in prevention. In the current review,
we aimed to collect scientific reports on the latest research about modifiable factors connected with
the style of life which affect the glycemic level in the context of molecular discoveries.
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1. Introduction

Diabetes mellitus (DM) is a fundamental health problem for medicine and socioeco-
nomics. According to The World Health Organization data, the number of patients who
suffer from DM is consistently growing—from 108 million in 1980 to 422 million in 2014 [1].
Moreover, the global diabetes prevalence in 2019 is estimated at 463 million people and is
predicted to grow to 578 million in 2030 and 700 million in 2045 [2]. The constant increase
in the number of patients makes diabetes the most common non-infectious disease in the
world [2] and the second, after ischemic heart disease, in generating the most significant
economic costs in society [3].

Type 2 diabetes (T2DM) accounts for 80–90% of diabetes cases [3]. This type of DM is a
chronic disease manifested by the elevated level of glucose in the blood resulting primarily
from insulin resistance which over time is joined by a defect in insulin secretion [4].

Environmental factors such as the patient’s lifestyle, smoking, lack of physical ac-
tivity, and improper diet lead to obesity [4,5]. This influences the course of the disease,
the morbidity, and the occurrence of hyperglycemia and hypoglycemia in patients with
T2DM [6]. Fluctuations in the level of glycemia are reflected in molecular changes in cells.
Understanding the molecular changes in cells contributes to a better understanding of
T2DM. The aim of this study is to review the findings of molecular changes described in
the literature in 2017–2022, occurring under the influence of changes in glycemia in patients
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with type 2 diabetes, with particular emphasis on how these changes result from lifestyle
and what preventive and therapeutic challenges they create. We realize that this is an
extensive area of research that cannot be covered well enough in one publication, which is
why we decided to focus on examples of how modifiable factors affect glucose levels and
what molecular changes they bring.

2. Lifestyle Factors Affecting Blood Glucose Level in the Context of
Molecular Discoveries

The factors affecting glucose fluctuations can be divided into modifiable and unmodi-
fiable. Many modifiable factors influence increases and decreases in blood glucose levels,
which is positive information for clinicians dealing with T2DM [7]. In this review, the most
important factors to focus on are diet, body mass, smoking, and physical activity. The
available literature shows that they play a significant role in cell changes in people with
impaired glycemia. A summary of this section presents in Table 1.

In addition, in the latest literature, there are modifiable factors such as the model of
care, insurance structure, or drug therapy. These factors affect the course of the disease but
are not measurable in the molecular context. Therefore, despite their importance, they will
not be included in this work [7].

The non-modifiable factors in the current literature include age, longer duration of
diabetes, sex, family history, or gestational diabetes [8–10]. In our work, however, we deal
strictly with modified causes.

Table 1. The molecular consequences of factors affecting glucose level.

Factor Molecular Cause Metabolic Response

Body mass

“macrophages impair the ability to secrete insulin by β cells” [11] “insulin resistance leads to
hyperglycemia” [12]

“fluctuations of blood glucose levels are promoting inflammation
caused by the accumulation of circulating SFA” [13] “lipotoxicity” [13]

“translocase CD36 as a FA transporter” [14] “a key molecule in the reduced insulin
within higher body weight” [14]

“the occurrence of low blood sugar after RYGB” [15]

“moderate hypoglycemia impairs
neurological function; severe

hypoglycemia leads to the death of
neurons” [16]

“hypoglycemia may cause
a proarrhythmic effect” [17]

“calcium-sensitive kinase, calcium/calmodulin dependent-protein
kinase II (CaMKK), plays a critical role in glucose

homeostasis” [18–20]

“CaMKK regulates insulin signaling and
glucose homeostasis throughout the body

and in lipolysis and adipocyte
inflammation.” [21]

Smoking

“nicotine determinate aging of β cells of the pancreas” [22]

“impaired glucose metabolism, higher
glucose variability and worse course of

previously diagnosed T2DM” [22]

“exposure to nicotine changed the expression of aging proteins
such as p16, p19, p21 when exposed to higher values” [22]

“nicotine exposition might lead to hdl accumulation in pancreatic
islets cells”

“gene TCF7L2 was densely expressed in the mHb region of the
rodent brain and regulated the function of nicotinic acetylcholine

receptors” [23]
“nicotine-induced increase in blood glucose
may affect the response of mHb neurons and
stop local NACHR function causing habitual

tobacco smoking” [23]“increased circulating glucose levels can modulate mHb
function” [23]
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Table 1. Cont.

Factor Molecular Cause Metabolic Response

Physical
activity

“the elevation of the plasma levels of extracellular HSP70 is
connected to obesity and diabetes” [24] “reduced extracellular HSP70 concentration

can inhibit inflammation, mitochondrial fatty
acid oxidation, and increase activation of
SREBP-1c, which is a gene transcription

factor in ER stress” [25]

“increased HSP70 expression in brain cells can increase insulin
sensitivity, normalize blood glucose level” [24]

“long-term exercises increased the production of intracellular
HSP70 in the muscle, the liver, kidneys, and heart” [26]

“HSP72 has exercise-induced expression” [27]

“reduce the pro-inflammatory cytokines,
increase insulin sensitivity” [27]

“intracellular HSP-72 is anti-inflammatory by blocking the activity
of the jnk and nk-kb pathways” [27]

“physical activity in connection to an increase in tissue temperature
that occurs during exercise can increase HSP72 concentration” [27]

“in human skeletal muscles is noted two proteins of the orphan
nuclear receptor family, Nur77 and NOR1” [28] “induce insulin response genes and glucose

and fat metabolism” [29]“aerobic exercise strongly increased Nur77 and NOR1 in a healthy
population” [30]

“diabetes can lead to increased levels of tau protein and Aβ” [31] “HIIT significantly reduced blood glucose
and tau and Aβ protein levels.” [32]

Diet

“there is no difference in HbA1c decrease in the Mediterranean diet
compared a low-fat diet. there was a significant decrease in fasting
glucose concentration in the Mediterranean group compared to the

low-fat diet” [33]

“it can be concluded that the fluctuations in
both hyperglycemia that make up the mean

HbA1c score are reduced in the
Mediterranean diet” [33]

“human islet amyloid polypeptide—hIAPP is probably responsible
for the loss of β cell function, and death” [34]

“the polyphenols found in virgin olive oil
have antioxidant properties and the ability to

inhibit the growth of human islet amyloid
polypeptide—hIAPP” [35]

“lipotoxicity can disrupt Cx36 gap junctions couplings within the
islets in diet-induced obesity” [36]

“decrease in insulin secretion and variability
in glycemic homeostasis [36]

“the mechanism of action of HFD contributing to the disorders of
homeostasis is multidirectional.” [37]

“aggregation of Aβ and
hyperphosphorylated Tau protein” [37]

“chronic overconsumption of HFDs leads to
impaired glucose homeostasis, insulin

resistance and T2DM” [38]

2.1. Body Mass

The low-grade inflammation in metabolic diseases, including obesity and diabetes, is
widely described in the literature [39]. There is ample evidence that inflammatory processes,
in addition to adipose tissue and the liver [40], are also activated in pancreatic islet cells in
obese patients [11]. Increased local proliferation of macrophages in islets provides signals
of promoting β-cell hyperplasia [41]. Macrophages impair the ability to secrete insulin by
β cells [11], thus enhancing insulin resistance, leading to hyperglycemia [12]. Moreover,
fluctuations between normal and high blood glucose levels promote inflammation caused
by the accumulation of circulating saturated fatty acids (SFA), leading to lipotoxicity [13].
Lipotoxicity may impair the function of β-cells and induce apoptosis [42]. Thus, this is
a vicious circle mechanism obesity, which causes inflammation through blood glucose
fluctuations, and hyperglycemia causes even more inflammatory damage, which causes
greater increases in blood glucose. So, reducing body weight and therapeutic tools targeting
islet inflammation may help restore normal β-cell function and reduce hyperglycemia in
patients [43]. It is possible that working on reducing inflammation will achieve another
effect in the form of reducing glycemic fluctuations and, as an added benefit, helping
patients to reduce body weight more effectively, simultaneously destroying the vicious
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circle. The abovementioned β-cell lipotoxicity, known as the accumulation of lipids in
β-cells, is observed with increased Body Mass Index (BMI) [44]. It considers that both
endogenous fatty acids (FA) synthesis and FA uptake are important for the increased
accumulation of lipids in islets [45]. Nagao et al. compared expression levels of the FA
transporters in islets and paid attention to the role of facilitated FA uptake for defective
insulin secretion. They tested the hypothesis that translocase CD36 as a FA transporter
can be a key molecule in the reduced insulin secretion capacity in a population with
higher body weight [14]. The main function of CD36 is to facilitate an influx of long-chain
SFA (LCSFA) across the plasma membrane, whose harmful effects on islets are widely
described in the literature [46]. In the study, overweight patients with T2DM expression
of CD36 in islets was 70% higher than obese patients but without T2DM, showing a clear
correlation that overexpression of CD36 in human islets led to decreased insulin secretion.
Overexpression of CD36 stops exocytosis by reducing exocytotic protein levels and reducing
granule docking. However, impaired exocytosis does not fully explain the phenomenon of
lipotoxicity. This finding demonstrates the molecular interrelations’ complexity, resulting
in impaired insulin secretion in obese patients. The conception of CD36 antibody treatment
of the human β-cell line EndoC-βH1 improves insulin secretion. Those results promise
to prevent the hyperglycemia caused by insufficient insulin secretion developed in type
2 diabetes in obese people or change the natural course of an already developed disease
by reducing glucose levels caused by insufficient insulin production over time. Such new
drugs need further and long-lasting tests [14]. It seems ironic but similar results in limiting
the inflammatory processes can be achieved in the simple idea of body weight reduction.

One of the newest obesity treatment interventions is bariatric surgery [47]. Zuo et al.,
in their studies, checked the long-term effectiveness of bariatric treatment and its influence
on β-cells after three years of follow-up [48]. Among the patients enrolled in the study,
body weight, HbA1c, glucose, and insulin levels decreased within six months and one
year after surgery, but after three years, weight gain was observed on average by 31%.
The improved islets function of the pancreas with weight loss and the worsened function
during weight gain show that obesity impacts the ability to secrete insulin. Impaired
secretion leads to insulin deficiency and, in consequence, increased glucose levels. The
improvement was caused by a reduction in body mass and blood glucose levels, leading
to a lower burden on β-cells and, at the same time, supporting the function of pancreatic
islets bringing a positive impact on improving blood glucose [48]. Therefore, T2DM and
glucose level incidence are related to body weight [49]. Although the mean glucose in the
continuous glucose monitoring system was negatively related to BMI [50], body weight
fluctuation was associated with micro and macrovascular complications in T2DM patients,
regardless of the patient’s baseline body weight and BMI [50].

On the other hand, bariatric surgery such as Roux-en-Y gastric bypass (RYGB) surgery,
sleeve gastrectomy, and fundoplication contribute to the occurrence of hypoglycemia [15].
The occurrence of low blood sugar after RYGB surgery is explained by a wider glycemic
excursion after food consumption, with an earlier and higher glucose peak and a lower
glucose nadir as a result of bypassing the pylorus and the proximal intestine [15,51,52]. In
addition, early postprandial insulin and GLP-1 secretion increase due to the rapid deliv-
ery of nutrients to the proximal anterior segment. In parallel with the altered glycemic
pattern, early postprandial insulin and GLP-1 secretion are excessive after RYGB due to
the rapid delivery of nutrients to the proximal anterior segment [51–54]. Moderate hy-
poglycemia impairs neurological function, but severe hypoglycemia leads to the death
of selectively vulnerable neurons [55]. Hypoglycemia induces neuronal depolarization.
Depolarization leads to a release of glutamate, aspartate, and zinc. Impaired astrocyte
uptake may contribute to increased glutamate extracellular levels. Glutamate receptor
activation and zinc influx induce the production of reactive oxygen species (ROS) from
mitochondria or NADPH oxidase, subsequent DNA damage and activation of poly (ADP-
ribose) polymerase-1 (PARP-1), mitochondrial permeability transition (MPT), which leads
to cell death [16,17]. Hypoglycemia is dangerous to nerve cells and contributes to cardiac



Curr. Issues Mol. Biol. 2023, 45 1965

dysfunction [56]. Hypoglycemia may cause a proarrhythmic effect [17]. Lowered glucose
levels block the repolarizing K(+) channel HERG, which leads to an action potential and
QT prolongation and is uniformly associated with risk for torsade de pointes ventricu-
lar tachycardia [57]. Hypoglycemia increases the sympathetic response and the risk of
arrhythmias from Ca(2+) overload, which occurs with sympathomimetic medications and
excessive beta-adrenergic stimulation [58–60]. It recommends minimizing fluctuations in
body weight in patients with T2DM during weight loss to prevent complications resulting
from the dominant disease and too-low or -high glucose levels. Fluctuations in body weight
also impacted glucose variability [50]. Thus, the reduction of excess body weight should be
gradual, stable, and effective to achieve a better and safer outcome.

Adipose tissue is now recognized as a vital endocrine organ that contributes to the energy
homeostasis of the whole body. The role of calcium homeostasis in metabolic disorders has
become a subject of interest in recent years. During fasting and obesity, a calcium-sensitive
kinase, calcium/calmodulin dependent-protein kinase II (CaMKK), becomes activated in the
liver and plays a critical role in glucose homeostasis [18–20].

Deletion or inhibition of hepatic CaMKK in obese mice protects against glucose intoler-
ance and hyperinsulinemia [18]. This mechanism is related to the suppression of gluconeoge-
nesis and the improvement of insulin signaling in the liver.

Similarly, CaMKK deficiency enhances skeletal muscle insulin receptor (INSR) sig-
naling and glucose transport in diabetic mice [61]. Wen Dai et al. additionally presented
the role of CaMKK in another insulin-sensitive tissue, adipose tissue. Previous studies
on isolated human adipocytes have shown increased intracellular calcium concentrations
and concomitant decreases in glucose uptake in obese subjects [62]. In drosophila, store-
operated calcium entry regulator, stromal interaction molecule 1 (STIM1), and the endoplas-
mic reticulum–localized calcium channel, inositol triphosphate receptor (ITPR) have been
implicated in regulating adiposity and lipid metabolism [63,64]. Wen Dai et al. showed
that CaMKK is activated in obese adipose tissue [21].

Using cultured CaMKK-deficient adipocytes and an inducible mouse model of CaMKK
deficiency in adipose tissue, he demonstrated that the CaMKK adipocyte regulates insulin
signaling and glucose homeostasis throughout the body. In addition, CaMKK is involved
in lipolysis and adipocyte inflammation, which may further contribute to the pathogenesis
of insulin resistance. These data identify the CaMKK adipocyte as a critical component of
metabolic regulation in obesity [21]. Thus, adipocyte-specific inhibition of CaMKK may be
beneficial in metabolic dysfunctions such as hyperglycemia in type 2 diabetes.

2.2. Smoking

Cigarette smoking is another modifiable factor influencing glucose levels. On the one
hand, smoking is a risk factor for the onset of T2DM. In the meta-analysis, Willi et al. show
clear evidence that active smoking is related to up to 30–40% increased risk of T2DM [65]
in active smokers compared to patients who have never smoked [66,67]. Moreover, Kim
et al., in a presented group of 78,212 Koreans, showed that smoking, measured by a self-
reported questionnaire and urine cotinine (nicotine metabolite), was related to the much
more frequent diagnosis of new-onset diabetes mellitus (NODM) in this study named
as having no DM but developing the disease at a follow-up. Likewise, they proved that
actively smoking patients who smoked 20 and more cigarettes per day have a 64% higher
risk of NODM, and patients who smoked for more than ten years have a 34% higher risk of
NODM. The duration of exposure and the severity of nicotinism influenced the processes
of pancreatic β-cell dysfunction [68]. Cigarette nicotine changes glucose metabolism and
impairsinsulin influence on the liver, adipose tissue, and muscles. As a result, it may lead
to hyperglycemia [69]. Moreover, heavy metals as components of cigarettes also affect the
incidence of diabetes, especially exposure to arsenic, although the results of studies in the
literature are inconsistent [70]. Clinical studies suggested that smoking impacts body com-
position, insulin sensitivity, and pancreatic β-cell function [70]. Until now, the mechanisms
of pancreatic islet destruction in the context of nicotine exposure have remained elusive.
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In vitro studies on human cells and rodents provided an insight into the molecular mecha-
nisms that, in the case of β cells, are extremely important in the context of the therapeutic
potential of DM. Sun et al., in their newest study, showed for the first time that nicotine
determines the aging of β cells of the pancreas both in vivo and in vitro, which affected
impaired glucose metabolism, higher glucose variability, and worse course of previously
diagnosed T2DM. Exposure to nicotine was dose-dependent and caused the apparent aging
phenotype of β-TC-6 cells at lower concentrations and changed the expression of aging
proteins such as p16, p19, and p21 when exposed to higher values. Moreover, Sun et al.
revealed that intracellular Ca2+ and reactive oxygen species (ROS) levels were significantly
elevated in β-TC-6 cells; therefore, nicotine exposition might lead to ROS accumulation in
pancreatic islet cells. The expression of senescent markers and accumulation of ROS in β

cells revealed that nicotine intake enhances the senescence of β cells. These changes may
contribute to the progressive loss of islets and progressively more frequent fluctuations in
blood glucose levels and gradually approaching diagnosis of T2DM [22]. β cell regener-
ation and mass are important in long-term glucose control. Thus, premature senescence
of pancreatic β cells may contribute to smoking-induced T2DM [71]. Interestingly, Sun
et al. noticed that nicotine-induced aging of β cells is devastating to glucose homeostasis in
high-fat diet (HFD)-fed mice but not in mice with a normal diet. It hypothetically shows
a connection between two modifiable factors that can be used as a lifestyle intervention
that will work with redoubled force [22]. Medical intervention that protects β cells from
aging may be a strategy for preventing smoking-associated diabetes development, which is
compatible with reducing glucose variability and maintaining metabolic homeostasis [22].
Smoking cessation reduces the risk of developing diabetes [65], although ex-smokers have
a higher risk of developing diabetes than those who have never smoked. Quitting smoking
is incredibly profitable for patients because the risk of developing diabetes decreases with
increasing smoking abstinence [72], although the initial effect of quitting smoking may be
weight gain, most often in the central part of the abdomen, which may lead to impaired
glucose tolerance, insulin resistance, and, consequently, diabetes. Quitting smoking is
associated with a lower risk of diabetes in the long term [73]. Unfortunately, a study by
Keith et al., who studied the rate of nicotine metabolism in people with diabetes compared
to the healthy population, found that T2DM patients had an average 36.5% higher nicotine
metabolism rate (NMR). People who metabolize nicotine faster are exposed to the tendency
to smoke more for a longer period, which often leads to the inability to give up smoking
and increases the health effects of smoking [74]. It should be mentioned that smoking is
associated with insulin resistance and hyperglycemia in a dose-dependent manner. Even
in healthy men, chronic smoking was connected to high insulin concentration and insulin
resistance [75]. It is unclear whether T2DM causes higher NMR or whether people with
higher NMR are at risk of developing diabetes [74]. Unfortunately, one thing is for sure:
the effect of this relationship is the destruction of glycemic homeostasis and progressive
hyperglycemia. Smoking cessation, not only in diabetes patients but in every addicted per-
son, is the best choice and form of therapy to counteract the effects of glucose metabolism
disorders. Duncan et al. showed that the diabetes-associated gene TCF7L2 is densely
expressed in the rodent brain’s medial habenula (mHb) region. It regulated the function of
nicotinic acetylcholine receptors (nAChR) [23]. Gene TCF7L2 inhibition was responsible
for increasing nicotine consumption in rodents, while blood glucose levels were increased
by nicotine through TCF7L2-dependent stimulation of the mHb mechanism. Duncan
developed that the pancreas has a polysynaptic connection to the mHb, so nicotine intake
correlated with increased glucose and insulin level, similar to unregulated homeostasis due
to T2DM development. Increased circulating glucose levels can modulate mHb function.
Nicotine-induced increases in blood glucose may affect the response of mHb neurons and
stop local nAChR function while causing habitual tobacco smoking. Frequent fluctua-
tions in glycemia and hyperglycemia in T2DM patients cause mHb function modulation,
inhibiting nAChR and enhancing addiction. That mechanism could explain in another
way why T2DM patients have a more serious quitting problem and are frequent smokers.
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Moreover, mHb probably regulates hyperglycemic response to stress as a component of
fight-or-flight behavior. During nicotine fasting, mechanisms analogous to a state of hunger
are presented. By repeatedly hijacking this mHb-regulated stress response, frequent nico-
tine intake reveals abnormalities in blood glucose levels in a TCF7L2-dependent manner.
As mentioned above, loss of TCF7L2 function causes increased nicotine consumption but
decreases hyperglycemic response to nicotine and protects against disturbing glucose level
homeostasis. If this fact extends to human smokers, it can show the mechanism that de-
ficiency in TCF7L2-dependent signaling leads to an increased risk of tobacco addiction
but simultaneously protects against smoking-related diabetes [23]. This finding suggests
that DM may initiate in the brain. The discovery’s conclusions open new perspectives for
research to protect patients against nicotine-induced changes in habenula-regulated inter-
actions with the anatomic nervous system. It indirectly shows that focusing on molecular
mechanisms taking place only in the pancreas is insufficient, as DM is a systemic disease
that is also reflected in the central nervous system. Thus, glucose variability affects the
communication pathways between the pancreas and mHb, exacerbating the problem of
smoking and decompensation of the underlying disease.

2.3. Physical Activity

The following recognized modifiable factor for glucose control is physical activity. It is
recommended for people of all ages, regardless of their health condition, as it is perceived
as a factor leading to organism homeostasis. Undoubtedly, physical activity reduces the
probability of T2DM by increasing insulin sensitivity and glucose tolerance [76], leading to
the prevention of hyperglycemia. Skeletal muscles constitute a specific glucose store and a
metabolic factory [77]. Maintaining the correct mass of skeletal muscles, understood as the
balance between protein synthesis and protein breakdown [78], is a safety buffer for proper
glycemic management. T2DM, in an unclear mechanism, causes atrophy of skeletal muscles
and loss of nuclei [79,80]. The reduction in insulin reactivity of the mammalian target of
rapamycin complex 1 (mTORC1), which is a regulator of muscle protein synthesis, was
considered the cause [81]. Ato et al., in their study, assessed the connection between T2DM
and muscle growth under the influence of exercise corresponding to resistance training
(RT) in rodents. Although the number of muscle nuclei and mTORC1 activity deteriorated
in the T2DM rats compared to the control group, the muscle mass affected by RT was
similar in both groups. Therefore, physical exercise and associated muscle mass changes
are an intervention that improves the patient’s health, regardless of the advancement of
T2DM [82]. In the study by Lindström et al., in people with impaired glucose tolerance,
introduction of lifestyle changes consisting of weight loss, consumption of saturated fat,
increased dietary fiber consumption, and increased physical activity led to a reduction
in T2DM incidence and permanent changes in the way of life of patients [83]. There is a
positive correlation between BMI and a significant negative correlation between physical
activity and T2DM development [84].

Nowadays, the molecular background of this relationship is investigated. Heat shock
proteins (HSPs) play an essential role in the pathogenesis of insulin resistance, which
leads to hyperglycemia, for example, Heat shock protein 70 (HSP70) [24,85]. HSP70 is a
cytoprotective chaperone that folds and degrades proteins. There is an association between
this molecule’s induction, transcription, and translation and a decrease in insulin resistance-
related metabolic diseases through inflammation, mitochondrial function, and endoplasmic
reticulum (ER) stress [25]. The elevation of the plasma levels of extracellular HSP70 is
connected to obesity and diabetes, which are pro-inflammatory states mentioned in the
current review. Reduced HSP70 concentration can inhibit inflammation and mitochondria
fatty acid oxidation, and increase activation of SREBP-1c, a gene transcription factor in
ER stress. Increased HSP70 expression in brain cells can increase insulin sensitivity and
normalize blood glucose levels.
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The investigation in well-characterized animal models to represent the human con-
dition with T2DM showed that long-term exercises [86,87] increased the production of
intracellular HSP70 in the muscle, the liver, kidneys, and heart [26], and can blunt the partial
increase of insulin resistance in the whole body. Thus, long-term exercises through better
insulin sensitivity decrease glucose variability and make the constant metabolic conditions
a beneficial effect on whole-body homeostasis. Another HSP, heat shock protein 72 (HSP72),
also has exercise-induced expression. Intracellular HSP72 is anti-inflammatory by blocking
the activity of the JNK and NK-κB pathways and reducing the pro-inflammatory cytokines,
increasing insulin sensitivity. The concentration of HSP72 is decreased in skeletal muscle
and liver in patients who suffer from obesity and insulin resistance compared to the healthy
group. Moreover, the overexpression of HSP72 in skeletal muscle can prevent a high-fat
diet-induced glucose intolerance and insulin resistance in rats [88]. Physical activity in
connection with an increase in tissue temperature during exercise can increase HSP72
concentration and benefit glycemia [27]. Thus, through well-chosen exercises maintaining
an appropriately high temperature of the patient’s body, ensuring an increase in HSP72, it
is possible to generate appropriate metabolic pathways that will reduce the negative effects
of both obesity and type 2 diabetes, reducing hyperglycemia or even leading to normo-
glycemia. In the research presented by Atkin et al., there was a group of heat shock and
related proteins that, overall, tended to be consistently higher in T2D compared to controls
in response to hypoglycemia [89]. In addition, a significant increase in interleukin-6 was
observed both in the control group and in T2D patients 4 h after induced hypoglycemia [89].

In recent decades, microarray analysis has allowed the consideration of many potential
therapeutic targets. In human skeletal muscles, researchers noted two proteins of the orphan
nuclear receptor family, Nur77 and NOR1 [28], which induce insulin response genes and
glucose and fat metabolism [29]. Pearen et al., in their work, suggested that aerobic exercise,
which offers the benefit of increasing insulin sensitivity and improving glucose and lipid
metabolism, might be related to NOR1 [90]. Aerobic exercise strongly increased Nur77
and NOR1 in a healthy population. Mey et al. proved that in both obesity and T2DM, the
insulin response regulated by Nur77 and NOR1 was impaired, and interventions in the
form of aerobic exercise partially restored this response [30]. If the presented hypothesis is
correct, the activation of NOR1 is responsible for regulating exercise adaptations; then, it is
possible to use activating NOR1 function in treating metabolic diseases, including diabetes.
It raises the possibility of pharmacological enhancement of NOR1 while enhancing the
positive effect of exercise on diabetes-related hyperglycemia.

Diabetic patients suffer from anxiety and depressive symptoms more often and are
more likely to develop dementia than healthy people of the same age and gender [91–93].
The high comorbidity of obesity and psychiatric disorders such as anxiety can exacerbate
metabolic and neurological symptoms dramatically. Orumiyehei et al. investigated the
effects of high-intensity interval training (HIIT) on molecular brain changes and cognitive
and anxiety behaviors in type 2 diabetic rats [32]. This study showed an increase in Tau
and Aβ protein levels in the hippocampus of diabetic rats. Accumulations of hyperphos-
phorylated tau protein and amyloid beta (Aβ) lead to memory impairment, which is the
hallmark of Alzheimer’s disease (AD), the leading cause of dementia [31]. As previous
studies have shown, diabetes can lead to increased Tau protein levels and Aβ in humans
and animals [94]. HIIT significantly reduced blood glucose and tau and Aβ protein levels.
Induction of anxiolytic behavior has also been observed. The result of the study indicates
the neuroprotective effects of exercise in diabetes-induced brain disorders.

At this point, attention should also be paid to another effect of sugar levels on the
nervous system. Hypoglycemia also has an adverse effect on its operation. A study pre-
sented by Zhou et al. found disruption of mitochondrial homeostasis in the hippocampal
tissue of diabetic mice experiencing repeated mild hypoglycemia. Hypoglycemia disrupted
the fine mitochondrial structure, reduced the number of mitochondria, and upregulated
the expression of mitochondrial dynamics and mitophagy markers, including dynamin-
related protein 1 (Drp1), Bcl-2/adenovirus E1B 19-kDa-interacting protein-3 (BNIP3), and
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microtubule-associated protein 1 light-chain 3 (LC3) in the hippocampus of T1DM mice [95].
In subsequent studies, diabetic mice subjected to severe hypoglycemia showed histological
damage, damage to the blood–brain barrier, cerebral edema, and loss of pericytes. There
was also a decrease in the expression of BBB tight junction proteins occludin and claudin-
5, expression of markers specific for pericytes PDGFR-β (platelet-derived growth factor
receptor-β) and α-SMA, and an increase in the expression of the inflammatory factor Matrix
Metalloproteinase-9 (MMP9) [96]. This resulted in cognitive impairment in the tested mice.

2.4. Diet

The last featured factor that influences glucose variability is diet. The goals of intro-
ducing a diet in patients with T2DM are based on well-introduced dietary habits, which can
eliminate the primary symptoms of the disease, reduce the risk of glucose fluctuations, and
thus eliminate micro and macrovascular complications [8]. The meta-analysis by Esposito
et al. stated that all diets recognized by current science as healthy diets equally reduced the
risk of T2DM by 20% [97]. Good dietary intervention can reduce long-term changes caused
by hyperglycemia and complications caused by T2DM and stop the progression of T2DM
or lead to the remission of the disease [98]. Generally known dietary recommendations are
lower lipid intake because excessive lipids increase cholesterol, triglycerides, and free fatty
acids, which may impair metabolic function viability [36,99]. HFD, after all, is a factor often
used in molecular studies to obtain lipotoxicity, which was mentioned in the current review.

As mentioned earlier in this paper, diabetes is a factor in Alzheimer’s disease. A HFD
contributes to the development of glucose homeostasis disorders [100]. HFD stimulates
diabetes and insulin resistance in neuronal Thy1-C/EBPβ (Tg) transgenic mice, accompa-
nied by a marked accumulation of mouse Aβ and hyperphosphorylated Tau aggregation
in the brain, inducing cognitive deficits. This effect is weakened after deleting AEP from
C/EBPβ Tg mice [101]. Additionally, exposure to HFD often results in insulin resistance
and pancreatic β-cell dysfunction. The mechanism of action of HFD contributing to the dis-
orders of insulin homeostasis is multidirectional. HFD causes attenuation of β-cell insulin
secretion and peripheral insulin action through inflammation of the hypothalamus [37].
Pro-inflammatory cytokines produced by the β cells due to islet macrophage accumulation
may further block β cell function [102]. In addition, HFDs can activate 12-lipoxygenase
activity in β-cells through cytokines, FFA, and increased blood glucose levels, thereby
increasing the production of 12-hydroxyeicosatetraenoic acid (12-HETE). 12-HETE pro-
motes oxidative stress and impairs Nrf2 function, leading to β-cell apoptosis and glucose
intolerance [103]. This contributes to the increased insulin release from the β-cells and thus
to hyperinsulinemia. Hyperinsulinemia coupled with an inflammatory response promotes
lipolysis in adipose tissue, allowing FFA and glycerol to flow into the liver and promote
gluconeogenesis. At the same time, increased insulin levels increase muscle glycolysis and
lactate production, which is released into the circulation and can be used as a substrate
for gluconeogenesis in the liver [104]. Subsequently, increased gluconeogenesis increases
hepatic glucose production and thus leads to systemic insulin resistance. In addition, recent
studies have shown that the A2b adenosine receptor (A2bAR), a recognized mediator
of inflammation, controls pancreatic dysfunction in HFD-induced obesity [38]. In sum-
mary, chronic overconsumption of HFDs leads to impaired glucose homeostasis, insulin
resistance, and T2DM.

A high level of SFA is a pro-inflammatory factor and leads to impairment of β-cells
function and, as a result, loss of glycemic control [33,105,106]. A diet with a lower car-
bohydrate content enables the reduction of HbA1c reduction in people with previously
diagnosed diabetes [107]. However, compared to a lower-carbohydrate diet, the Mediter-
ranean diet significantly reduces HbA1c [106]. Moreover, there is no difference in HbA1c
decrease in the Mediterranean diet compared to a low-fat diet. Interestingly, there was a
significant decrease in fasting glucose concentration in the Mediterranean group compared
to the low-fat diet [33]. Thus, given that HbA1c is the mean glucose value and fasting
glucose is much lower, it can be concluded that hyperglycemia and hypoglycemia that
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make up the mean HbA1c score are reduced in the Mediterranean diet. A hypothetically
similar HbA1c value in low-fat diets may equate to more significant rises and falls in blood
glucose levels during the day. This effect is not seen as an increase in HBA1c as it is still
the average of 3-month blood glucose levels. Perhaps that is why the diet recommended
in the literature is the Mediterranean diet, which seems to be the most accurate dietary
recommendation. The assumptions of the Mediterranean diet are based on the content
of plants and oils. The polyphenols found in virgin olive oil have antioxidant proper-
ties and the ability to inhibit the growth of human islet amyloid polypeptide-hIAPP [35],
which is probably responsible for the loss of β-cell function and death [34]. There are
no therapeutic strategies to prevent amyloid aggregation. Therefore, consuming olive oil
in T2DM patients appeared to have a high benefit balance. The mechanism of action of
polyphenols is related to alleviating inflammation and oxidative stress, partly by regulat-
ing the AMP-activated protein kinase (AMPK) and nuclear factor-κB (NF-kB) signaling
pathways [108]. Altered activation of AMPK by phosphorylation is associated with in-
flammation in a mouse model of obesity or obese patients [109,110]. One of them, ferulic
acid, reduces oxidative stress and inflammation throughout the body, as evidenced by
reduced production of ROS, pro-inflammatory cytokines, and expression of adhesion
molecules and circulating low-density lipoprotein (LDL) levels by upregulating AMPK
phosphorylation [111]. Additionally, adiponectin expression and circulating high-density
lipoprotein (HDL) levels are increased [111]. In the studies presented by Huang et al.,
resveratrol, by influencing AMPK signaling, reverses mitochondrial dysfunction, increases
total antioxidant capacity, increases superoxide dismutase SOD and glutathione peroxidase
(GPx) activity, and reduces the content of malondialdehyde (MDA) and carbonyl protein in
obese mice fed with HFD [112]. Consistent with these observations, resveratrol inhibits
NF-κB activation, resulting in reduced tumor necrosis factor-α (TNF-α), interleukin-1β
(IL-1β), interleukin-6 (IL-6), and cyclooxygenase 2 (COX-2) mRNA expression and reduced
secretion of IL-6 and prostaglandin E2(PGE2) in adipocytes [113]. In summary, phenolic
compounds may modulate oxidative stress and obesity-related inflammation through
various mechanisms: NADPH oxidase (NOX), AMPK, NF-κB, protein kinase C (PKC),
and Nrf2 signaling most likely mediate. Therefore, targeting these pathways may be a
practical therapeutic approach for treating metabolic disorders such as insulin resistance. In
addition to the abovementioned properties, olive oil is of great interest due to its biological
properties, having also anti-cancer, antibacterial, and protective properties for erythrocytes,
being a source of vitamins (tocopherol), polyunsaturated fatty acids (FFA), and about thirty
natural phenolic compounds, including oleuropein (Ole), which has proven antidiabetic
activity, by inhibiting the cytotoxicity induced by hIAPP aggregates [114]. Cooking oils,
including olive oil, also contain FFA, which, depending on their saturation, has a positive
or negative effect on the functioning of β cells, thus increasing the risk of developing T2DM.
In their work, Von Hanstein et al. investigated the toxicity effect on pancreatic β cells
of certain mixtures of unsaturated and saturated fats [115]. The results were surprising
because they determined that the more prominent component of unsaturated FFA in oil
compositions did not protect against T2DM development. Only the chain length of the
FFA accounted for the toxicity of the FFA to EndoC-βH1 cells. Medium-chain FFA shorter
than C16 were not toxic to EndoC-βH1 cells [115]. Such chain lengths are found in palm
kernel and coconut oil. The researchers, therefore, concluded that the unique positive effect
of consuming olive oil was not associated with a large amount of unsaturated fatty acids,
which was commonly repeated information [115,116], but with the presence of other plant
components, such as the polyphenols described above [115]. Dietary recommendations in
the form of consumption of olive oil are still valid and justified by the protection of pancre-
atic cells against death, and thus worse glycemic homeostasis and frequent fluctuations
leading to the diagnosis of T2DM.

In addition to the Mediterranean diet, there are various dietary ideas to improve
health. Bearing in mind that T2DM is also influenced by changes in the composition of
macronutrients, regulating metabolic functions, glucose homeostasis, and influencing the
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biology of pancreatic cells [117,118], Her and colleagues tested the hypothesis of the effect
of carbohydrates on the modulation of the energetic and metabolic adaptation of pancreatic
islets to high-fat diets on mouse models. The significant restriction of carbohydrates in
the diet typical of ketogenic diets reduced the amount of adipose tissue, increased energy
expenditure, reduced glycemia, and insulin resistance compared with high-fat and high-
carbohydrate diets. Significant reduction in carbohydrates in the diet impacted molecular
changes in pancreatic islets, which is highlighted by a limited capacity for β-cell mass
expansion in response to HFD, characterized by a change in the secretory response. The
ketogenic diet is certainly a diet that reduces the development of obesity. However, more
research is needed on the effects of this diet on β cell biology to introduce specific dietary
restrictions to the care of patients with T2DM [119]. In addition, caloric restriction can
reduce the incidence of metabolic diseases, although the mechanisms behind this benefit
are not fully understood. Do Amaral and colleagues investigated whether caloric restriction
could protect against a decrease in insulin secretion and variability in glycemic homeostasis,
for which intercellular communication inside the islets of Langerhans via the Connexin36
(Cx36) gap junctions was responsible. Rodents showing signs of pre-diabetes after a high-
fat diet, after a monthly 40% caloric restriction, showed a decrease in body weight and
regained insulin sensitivity. Lipotoxicity can disrupt Cx36 gap junction couplings within
the islets in diet-induced obesity. Thus, the decrease in Cx36 gap couplings that typically
occur in metabolic diseases could be regenerated by caloric restriction, improving Ca2+

dynamics, and regulating insulin secretion. Therefore, limiting the caloric supply may be a
factor that will prevent patients from developing metabolic diseases, including obesity and
T2DM, and in people with diabetes, it can decrease glucose variability [36].

3. Summary

The current review of the latest research proved that the modifiable factors affecting
glucose variability, hypo-, and hyperglycemia are significant in the development and pro-
gression of T2DM. The interventions in body mass, smoking, diet, and physical activity
in diabetic patients impact the course and prognosis of the disease or even stop diabetes
development. Nowadays, medicine emphasizes the need to understand the pathophysio-
logical background of the disease in order to target treatment. There is a strong relationship
between molecular pathophysiology and modifiable factors of glucose level—summary in
Table 2 and Figure 1. The molecular knowledge of the disease allows for proposing small
but particular interventions that are far more effective. Unfortunately, many of the studies
cited are of value in the context of the future, with more research than specific therapeutic
measures with the current state of the knowledge.

Table 2. Factors affecting glucose fluctuations in the context of molecular discoveries.

Author Years Factors Affecting Glucose Level in the Context of
Molecular Discoveries

Influence on Glucose Level
↑ Increase
↓ Decrease

Body weight

Ying, W. et al. [12] 2019

â weight gain increased local proliferation of macrophages in
islets that provide signals of promotion β-cell hyperplasia ↑

â macrophages impair the ability to secrete insulin by β cells,
enhancing insulin resistance and leading to hyperglycemia
and exposure to lipotoxicity, causing frequent
glucose variability

↑

â by reducing inflammation, the effect of reducing glycemic
fluctuations helps patients to reduce body weight ↓
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Table 2. Cont.

Author Years Factors Affecting Glucose Level in the Context of
Molecular Discoveries

Influence on Glucose Level
↑ Increase
↓ Decrease

Nagao, M.
et al. [14] 2020

â weight gain influence on the overexpression of translocase
CD36 in islets, which led to decreased insulin secretion,
impaired exocytosis, and reduced granule docking

↑

â CD36 antibody treatment of the human β-cell line EndoC-
βH1 improves insulin secretion ↓

Zuo, D et al. [48] 2020

â obesity impacts the ability to secret insulin. Impaired secre-
tion leads to insulin deficiency and, in consequence,
glucose variability

↑

â the newest obesity treatment intervention is
bariatric surgery ↓

â reduction in body mass and blood glucose levels, leading
to a lower burden on β-cells and supporting the function of
pancreatic islets bringing a positive impact on reducing the
glucose level

↓

â after three years follow-up, weight gain was observed on
average by 31% ↑

Salehi, M et al. [15] 2018

â low blood sugar after RYGB surgery is explained by a wider
glycemic excursion after food consumption, with an earlier
and higher glucose peak and a lower glucose nadir as a
result of bypassing the pylorus and the proximal intestine

↓

Dai, W et al. [21] 2021

â CaMKK adipocyte regulates insulin signaling and glucose
homeostasis throughout the body

â CaMKK is involved in lipolysis and adipocyte inflammation,
which may further contribute to the pathogenesis of
insulin resistance

â adipocyte-specific inhibition of CAMKK may benefit
metabolic dysfunctions such as hyperglycemia in type
2 diabetes

↓

Smoking

Kim, J.H et al. [68] 2019
â the duration of exposure and the severity of nicotinism influ-

ence the processes of pancreatic β-cell dysfunction, causing
glucose variability

↑

Sun, L et al. [22] 2020

â nicotine determinates aging of β cells of the pancreas both
in vivo and in vitro; effect is impaired glucose metabolism ↑

â the expression of senescent markers and accumulation of
ROS in β cells revealed that nicotine intake enhances the
senescence of β cells

↑

â medical intervention that protects β cells from aging may be
a strategy in the prevention of smoking-associated diabetes
development, which is compatible with reducing glucose
variability and maintaining metabolic homeostasis

↓
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Table 2. Cont.

Author Years Factors Affecting Glucose Level in the Context of
Molecular Discoveries

Influence on Glucose Level
↑ Increase
↓ Decrease

Duncan, A.,
et al. [23] 2019

â gene TCF7L2 inhibition is responsible for increasing nicotine
consumption in rodents, while nicotine increases levels of
blood glucose by TCF7L2-dependent stimulation of the mHb

↑

â the pancreas has a polysynaptic connection to the mHb, so
nicotine intake correlates with increased glucose and insulin
level, which is similar to deregulating homeostasis due to
T2DM development

↑

â increased circulating glucose levels can modulate
mHb function ↑

â nicotine-induced increases in blood glucose may affect the
response of mHb neurons and stop local nAChR function
while causing habitual tobacco smoking

↑

â deficiency in TCF7L2 dependent signaling leads to increased
risk of tobacco addiction but simultaneously protects against
smoking-related diabetes

↓

â glucose variability affects the communication pathways be-
tween the pancreas and mHb, exacerbating the problem of
smoking and decompensation of the underlying disease

↑

â there are new perspectives for research to protect patients
against nicotine-induced changes in habenula-regulated in-
teractions with the anatomic nervous system

↓

Physical activity

Ato, S et al. [82] 2019

â the number of muscle nuclei and mTORC1 activity deterio-
rated in the T2DM rats compared to the control group; the
muscle mass affected by resistant training RT was similar to
the healthy group

↓

â physical exercise alters muscle mass and reduces the devas-
tating effect of T2DM ↓

Krause, M
et al. [24] 2015

â HSP70 has a significant role in the pathogenesis of
insulin resistance ↑

â reduced HSP70 concentration can inhibit inflammation and
mitochondria fatty acid oxidation, and increase activation of
SREBP-1c, which is a gene transcription factor in ER stress

↓

â the elevation of the plasma levels of extracellular HSP70 is
connected to obesity and diabetes, which are
pro-inflammatory states

↑

â increased HSP70 expression in brain cells can increase
insulin sensitivity, normalize blood glucose level ↓

â long-term exercise increases the production of intracellular
HSP70 in the muscle cells of the liver, kidneys, and heart ↓

â long-term exercises increase insulin sensitivity and decrease
glucose variability, and make the constant metabolic condi-
tions a beneficial effect on whole-body homeostasis

↓
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Table 2. Cont.

Author Years Factors Affecting Glucose Level in the Context of
Molecular Discoveries

Influence on Glucose Level
↑ Increase
↓ Decrease

Tsuzuki, T.
et al. [27] 2017

â intracellular HSP72 is anti-inflammatory by blocking the
activity of the JNK and NK-κB pathways and reducing the
pro-inflammatory cytokines, increasing insulin sensitivity

↓

â HSP72 has exercise-induced expression ↓

â the concentration of HSP72 is decreased in skeletal muscle
and liver in patients who suffer from obesity and
insulin resistance

↑

â well-chosen exercises maintain an appropriately high tem-
perature of the patient’s body, ensuring an increase in HSP72.
It is possible to generate appropriate metabolic pathways
that will reduce the adverse effects of both obesity and
T2DM, reducing glucose fluctuations

↓

Pearen, M.A
et al. [90] 2018

â Nur77 and NOR1 induce insulin response genes and glucose
and fat metabolism ↓

â aerobic exercise, which offers the benefit of increasing in-
sulin sensitivity, glucose, and lipid metabolism, may be re-
lated to regulation by NOR1

↓

Mey, J.T. et al. [30] 2019

â aerobic exercise strongly increases Nur77 and NOR1 in a
healthy population ↓

â obesity and in T2DM, the insulin response regulated by
Nur77 and NOR1 is impaired, and interventions in the form
of aerobic exercise partially restore this response

↓

â there is a possibility of pharmacological enhancement of
NOR1 while enhancing the positive effect of exercise on
diabetes-related hyperglycemia

↓

Orumiyehei, A.
et al. [32] 2022 â HIIT significantly reduced blood glucose and tau and Aβ

protein levels ↓

Diet

do Amaral, M.E.C.
et al. [36] 2020

â lipotoxicity can disrupt Cx36 gap junction couplings within
the islets in diet-induced obesity ↑

â caloric restriction can protect against a decrease in insulin
secretion and variability in glycemic homeostasis, for which
intercellular communication inside the islets of Langerhans
via the Cx36 gap junctions is responsible

↓

â a decrease in Cx36 gap couplings that typically occurs in
metabolic diseases can be regenerated by caloric restriction,
improving Ca2+ dynamics and regulation of
insulin secretion

↓

Liu, P. et al. [101] 2022

â HFD stimulates diabetes and insulin resistance in neuronal
Thy1-C/EBPβ (Tg) transgenic mice, accompanied by a
marked accumulation of mouse Aβ and hyperphosphory-
lated Tau aggregation in the brain

-
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Table 2. Cont.

Author Years Factors Affecting Glucose Level in the Context of
Molecular Discoveries

Influence on Glucose Level
↑ Increase
↓ Decrease

Arruda, A.P.
et al. [37] 2011

â HFD causes attenuation of β-cell insulin secretion and
peripheral insulin action through inflammation of
the hypothalamus

↑

Tersey, S.A.
et al. [103] 2014

â HFDs can activate 12-lipoxygenase activity in β-cells
through cytokines, FFA, and increased blood glucose levels,
thereby increasing the production of
12-hydroxyeicosatetraenoic acid (12-HETE)

↑

Johnston-Cox, H.
et al. [38] 2012

â recent studies have shown that the A2b adenosine receptor
(A2bAR), a recognized mediator of inflammation, controls
pancreatic dysfunction in HFD-induced obesity

↑

Leri, M. et al. [34] 2019

â the polyphenols found in virgin olive oil have antioxidant
properties and the ability to inhibit the growth of hIAPP,
which is probably responsible for the loss of β-cell function
and death

↓

von Hanstein, A.-S
et al. [115] 2020

â the more significant component of unsaturated FFA in oil
compositions does not have a protective factor against
T2DM. Only the chain length of the FFA accounts for the
toxicity of the FFA to EndoC-βH1 cells

↑

â medium-chain FFA shorter than C16 is not toxic to EndoC-
βH1 cells -

â the unique positive effect of consuming olive oil is not associ-
ated with a large amount of unsaturated fatty acids but with
the presence of other plant components, such as polyphenols

↓

â dietary recommendations in the form of consumption of
olive oil are still valid and are justified by the protection
of pancreatic cells against death, and thus worse glycemic
homeostasis and frequent fluctuations leading to the diag-
nosis of T2DM

↓

Her, T.K. et al. [119] 2020

â significant reduction in carbohydrates in the diet has an im-
pact on molecular changes in pancreatic islets, highlighted
by the restricted capacity for beta cell mass expansion in
response to HFD, which is characterized by a change in the
secretory response

↓

In type 2 diabetes, patients mainly struggle with the problem of hyperglycemia, how-
ever, an equally important and often overlooked aspect is the presence of hypoglycemia in
them. As this work shows, so far, few studies have focused on the impact of too-low blood
sugar levels on changes taking place in the cell, despite the significant clinical problems pre-
sented by patients with hypoglycemia, ranging from impaired consciousness and cognitive
functions to even death. This indicates the need for further research on this aspect.
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