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Abstract: Diabetes mellitus is a chronic metabolic disease, the prevalence of which is constantly
increasing worldwide. It is often burdened by disabling comorbidities that reduce the quality and
expectancy of life of the affected individuals. The traditional complications of diabetes are generally
described as macrovascular complications (e.g., coronary heart disease, peripheral arterial disease,
and stroke), and microvascular complications (e.g., diabetic kidney disease, retinopathy, and neu-
ropathy). Recently, due to advances in diabetes management and the increased life expectancy of
diabetic patients, a strong correlation between diabetes and other pathological conditions (such as
liver diseases, cancer, neurodegenerative diseases, cognitive impairments, and sleep disorders) has
emerged. Therefore, these comorbidities have been proposed as emerging complications of diabetes.
P66% is a redox protein that plays a role in oxidative stress, apoptosis, glucose metabolism, and
cellular aging. It can be regulated by various stressful stimuli typical of the diabetic milieu and is
involved in various types of organ and tissue damage under diabetic conditions. Although its role
in the pathogenesis of diabetes remains controversial, there is strong evidence regarding the in-
volvement of p665' in the traditional complications of diabetes. In this review, we will summarize
the evidence supporting the role of p66°* in the pathogenesis of diabetes and its complications,
focusing for the first time on the emerging complications of diabetes.

Keywords: diabetes; traditional complications of diabetes; emerging complications of diabetes;
p66°hs; neurodegenerative disease; cognitive disorders; cancer; liver disease; sleep disturbance

1. Introduction

Diabetes mellitus is a chronic metabolic disease, the prevalence of which is steadily
increasing worldwide. Currently, 537 million adults (20-79 years) are living with diabetes
(one in ten), and this number is predicted to rise to 783 million by 2045 [1]. Type 2 diabetes
mellitus (T2D), the most common form of diabetes, is characterized by chronic hypergly-
cemia secondary to the loss of pancreatic beta-cell mass and function associated with in-
sulin resistance. The deficit of functional beta-cell mass is a necessary and early condition
for the development of T2D, and it is influenced by both environmental and genetic fac-
tors [2]. Indeed, increased levels of glucose and/or fatty acids (FAs) introduced in the diet
or due to dysmetabolic conditions (such as obesity and a sedentary lifestyle) raise the
metabolic load, causing chronic systemic inflammation, insulin resistance, and increased
blood glucose levels. Pancreatic beta-cells can initially compensate for increased glycemia
by producing and secreting greater amounts of insulin. Over time, however (depending
on the different individual genetic susceptibilities), the high metabolic load promotes
beta-cell death and dysfunction [2-5]. Specifically, chronic hyperglycemia and
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hyperlipidemia play crucial roles in inducing beta-cell failure, by acting through mecha-
nisms generally defined as gluco-/lipotoxicity. Consequently, insulin secretion is no
longer able to compensate for the high blood glucose levels, resulting in an impaired glu-
cose tolerance (IGT), overt hyperglycemia, and T2D. Unlike T2D, type 1 diabetes (T1D,
the second most common form of diabetes) is characterized by the autoimmune destruc-
tion of pancreatic beta-cells, resulting in an almost absolute insulin deficiency and, there-
fore, hyperglycemia.

Diabetes is often burdened by disabling comorbidities that reduce the quality of life
and life expectancy of the affected individuals. The complications of diabetes are generally
described as vascular complications, and classified as macrovascular (e.g., coronary heart
disease, peripheral arterial disease, or stroke) or microvascular (e.g., diabetic kidney dis-
ease, retinopathy, or neuropathy) [6]. Heart failure is also a common initial manifestation
of cardiovascular disease [7], which represents the leading cause of morbidity and mor-
tality in individuals with diabetes. Of note, diabetes and its complications were responsi-
ble for 6.7 million deaths in 2021 (one every 5 s) [1]. Although the complications of diabetes
occur in both T1D and T2D patients, according to some studies, the juvenile-onset T2D
phenotype shows more complications and greater mortality compared to T1D, probably
due to its greater association with cardio-metabolic risk factors (such as insulin resistance,
obesity, hypertension, and dyslipidemia) [8-12].

Interestingly, in recent years, the advances in diabetes management and the increase
in the life expectancy of diabetic patients have made it possible to identify less-recognized
and longer-term comorbidities, defined as emerging complications of diabetes [13,14]. In-
deed, while deaths from vascular diseases (which once accounted for more than 50% of
the deaths in diabetic patients) have declined [15-19], in some countries, cancer and de-
mentia have become the leading causes of mortality in people with diabetes [15,17]. Like-
wise, diabetes is associated with an increased risk of various cancers, neurodegenerative
diseases, and cognitive disorders (especially Alzheimer’s disease and vascular dementia)
[20], as well as liver diseases, such as non-alcoholic fatty liver disease (NAFLD), non-alco-
holic steatohepatitis (NASH), and liver fibrosis [21-25]. In addition, several studies have
recently demonstrated a strong association between diabetes and a broad range of other
comorbidities, thus defined as emerging complications of diabetes, which include func-
tional disabilities, affective disorders (especially depression), sleep disorders, and infec-
tions (e.g., COVID-19, pneumonia, and foot and kidney infections) [20]. Of note, while
traditional complications accounted for over 50% of the hospitalizations of people with
diabetes in 2003, they accounted for just 30% of the hospitalizations in 2018 in England
[26], probably giving way to emerging complications. These data confirm the changing
nature of diabetes complications in recent years and highlight the need to review diabetes
management to improve diabetic patients” quality and expectancy of life.

The p66shc protein is the largest of three protein isoforms (p66she, p52she, and p465h)
encoded by the proto-oncogene ShcA (Src collagen homologue A) [27]. ShcA-family isoforms
are adaptor proteins capable of recruiting different signaling molecules and are involved
in several cellular pathways (e.g., proliferation, growth, and survival). Unlike p525 and
p46%, which are consistently expressed in nearly all cell types, p663t expression levels
vary depending on tissues, aging, and pathological conditions. Furthermore, it has pecu-
liar functions, mainly due to its specific collagen homologue 2 (CH2) domain at its N-
terminal, containing serine phosphorylation sites. In particular, through the phosphory-
lation of the serine at position 36 of the amino acid sequence (Ser36), p66S' negatively
interferes with glucose metabolism and modulates oxidative stress (acting as both a redox
sensor and an enzyme), inducing apoptosis in several cell types and playing a role in cel-
lular aging [28-32]. It has been demonstrated that various stressor stimuli typical of the
diabetic milieu (such as oxidative stress, cytokines, hyperglycemia, and FAs) can induce
p66°5 protein expression and/or activation in several cell types. In addition, p66s is al-
ready known to be involved in various types of organ and tissue damage under diabetic
conditions [33-37]. Although its role in the pathogenesis of diabetes remains controversial,
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there is strong evidence for the involvement of p66% in the traditional complications of
diabetes.

In this review, we will summarize the evidence on the role of p665 in the onset and
progression of diabetes and its complications, focusing for the first time on the emerging
complications of diabetes.

2. The Role of p66°t in Diabetes and Its Traditional Complications
2.1. The Role of p665 in Pancreatic Beta-Cell Failure and Insulin Resistance

The role of p66%t in diabetes has been widely studied in recent years. Possible in-
volvement of p66S in diabetes was suggested by a study that identified ShcA proteins to
be among the most discriminating urinary biomarkers of the transition from prediabetes
to T2D [38]. Specifically, the ShcA protein levels significantly decreased from controls to
prediabetic patients, while they increased from prediabetes to T2D [38,39]. In these pa-
tients, the combination of ShcA protein levels and BMI values showed a sensitivity of
100% as predictive biomarkers of prediabetes, while the predictive power of HbAlc did
not exceed 50%. Since ShcA proteins may physiologically act as scaffold proteins for insu-
lin signaling in many cells, and chronic hyperinsulinemia can negatively affect this path-
way, the reduction in urinary ShcA protein levels observed in prediabetic patients could
be due to the hyperinsulinemia typical of prediabetes [39]. Nevertheless, the specific con-
tribution of p66° to this reduction has not been investigated.

Unlike what has been observed in prediabetes, the p665 levels have been found to
be increased in the peripheral blood mononuclear cells (PBMCs) of patients with diabetes,
as well as in the serum and placenta of patients with gestational diabetes mellitus [40,41],
supporting the hypothesis that p66t levels are increased in diabetes. Of note, both excess
of FAs and obesity, which are leading risk factors for diabetes, can specifically increase
the levels of p66°t protein, as well as its activation through phosphorylation in Ser36, in
cells and tissues involved in glucose homeostasis, such as insulin-secreting pancreatic
beta-cells [29,30,42], adipocytes [43], and hepatocytes [44], thus causing cellular stress,
apoptosis, cellular dysfunction, and insulin resistance, therefore favoring the pathogene-
sis of diabetes.

In particular, the observation that p66S' can mediate pancreatic beta-cell failure un-
der gluco-/lipotoxic conditions strongly supports the hypothesis that p66shc contributes to
the onset and progression of diabetes. In fact, increased p66 protein expression and
phosphorylation at Ser36, together with increased apoptosis levels, were found in human
and mouse islets and in rat insulin-secreting INS-1E cells chronically exposed to high lev-
els of glucose or saturated fatty acids (SFAs). P66 protein expression and function were
also found to be elevated in islets from high-fat-diet (HFD)-fed mice compared to mice
fed a standard diet, and in pancreatic islets of obese patients compared to lean subjects
[30]. In addition, high glucose or SFA-induced apoptosis was abrogated in islets from
p665e-knockout mice and following a p665* knockdown in INS-1E cells. Conversely, beta-
cell apoptosis was increased by the overexpression of p66'*, but not in a phosphorylation-
defective p665 mutant (Ser36 to Ala), thus suggesting a specific role of Ser36 phosphory-
lation in these events [30]. Interestingly, p665 appeared to mediate SFA-induced apopto-
sis more than high glucose-induced apoptosis in pancreatic beta-cells. In fact, while p665'
knockdown completely abrogated SFA-induced apoptosis, glucose-induced beta-cell
death was inhibited by only 50%. SFA-mediated p66° activation is also involved in the
beta-cell insulin resistance induced by chronically elevated SFA levels. In particular, SFA-
mediated p66St activation led to the activation of S6 kinase (S6K) and the inhibition of
insulin receptor substrate-1 (IRS-1), resulting in insulin signaling inhibition and a reduc-
tion in insulin’s stimulatory effects on its own biosynthesis and secretion [29].

Studies on p665 deletion in vitro in cell types other than pancreatic beta-cells have
provided further data supporting the possible role of p66sh in the pathogenesis of diabe-
tes, mainly due to its insulin-signaling repressor activity [45]. Indeed, it has been
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demonstrated that p66S" can mediate cellular insulin resistance by interacting with S6K
and IRS-1 to form a complex that is able to inhibit insulin signaling under lipotoxic con-
ditions in endothelial cells and adipocytes [43,46]. According to these results, the knock-
down of p66° increased the insulin sensitivity in several cell types in vitro (including
liver, kidney, and muscle cells) [47] and enhanced the glucose uptake in HeLa cells and
murine embryonic fibroblasts [48]. Additionally, p665«< deletion resulted in the upregula-
tion of glucose transporters (GLUT 1 and 3) and increased basal glucose transport in my-
oblasts, whereas its overexpression produced the opposite effects [33].

Despite the in vitro results, the data on the ability of p665t to affect glucose homeo-
stasis in lean or obese whole-genome-knockout mice for the p665 gene (p665'<-) are con-
troversial (reviewed in [45]). Indeed, while Ranieri SC et al. identified p66S' as a major
mediator of insulin resistance and T2D in leptin-deficient (ob/ob) mice [43], Ciciliot S et al.
demonstrated that reduced p665 levels were protective against obesity, without prevent-
ing insulin resistance, ectopic fat accumulation, or glucose intolerance, in the same mouse
model and in humans [49]. The modified gut microbiome found in p665*- mice may, in
part, explain the lack of improvement in HFD-induced metabolic dysfunction, despite a
consistently leaner phenotype, as dysbiosis could be responsible for insulin resistance in-
dependently of weight gain [50]. Conversely, a study performed on a different p665
mouse model, named ShcL, demonstrated that reduced p66s levels improved insulin
sensitivity in adipocytes, muscles, and the liver without preventing diet-induced obesity
[47]. These controversial results suggest the need to explore the p66s action in different
mice models and to develop tissue-specific and inducible p665+=" mice to identify the spe-
cific role of p665 in various tissues, as well as for different developmental stages or tim-
ings of exposure to environmental stresses (e.g., HFD). In fact, carrying out experiments
in mice at different ages and with different durations of the HFD regimens can lead to
conflicting results [45], which are sometimes difficult to reconcile.

With regards to T1D, studies have reported that p665<- mice were not resistant to
streptozotocin-induced diabetes. In fact, after streptozotocin injection, both p665+<- and
wild-type mice showed the same increase in blood glucose levels [51,52].

In conclusion, although robust evidence endorses the involvement of p665 in pan-
creatic beta-cell failure and loss, the findings on insulin sensitivity, glucose tolerance, glu-
cose uptake, and metabolism have not been conclusive, questioning the role of p6635 in
diabetes induction and progression.

2.2. The Role of p665 in Traditional Complications of Diabetes

Several pieces of evidence have confirmed the role of p66S in promoting the tradi-
tional complications of diabetes (Figure 1). Numerous studies have shown that diabetic
p665'= mice are protected from the onset of micro- and macro-vascular complications
compared to their wild-type counterparts [51-57]. It has been shown that p665 gene de-
letion increases the endothelial expression of antioxidant enzymes, alleviates hyperglyce-
mia-induced oxidative stress, and prevents diabetes-induced endothelial dysfunction in
streptozotocin-treated mice [52]. Concordantly, p66st was found to be involved in major
diabetes-related microangiopathies, namely nephropathy, retinopathy, and neuropathy.
In particular, it has been demonstrated that high glucose-mediated p665 overexpression
induces podocyte apoptosis through the Notch-PTEN-PI3K/Akt/mTOR pathway, thus
suggesting its possible involvement in diabetic kidney disease pathogenesis [58]. Accord-
ingly, the renal expression of p66°'< was increased in diabetic rats, while the knockout of
p665 reduced glomerular injury and restored renal microvascular responses. Moreover,
the epigenetic inhibition of p665' ameliorated diabetic nephropathy in mice [59,60]. A hy-
perglycemia-induced increase in p665' expression was also found in human retinal endo-
thelial cells and retinal pigment epithelial cells. Increased p665* expression resulted in
functional damage and/or apoptosis in these cells, thus contributing to the development
of diabetic retinopathy [61,62]. Diabetic autonomic neuropathy (DAN) is a further diabe-
tes complication suggested to exert deleterious effects on bone marrow innervation and
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the mobilization of hematopoietic stem/progenitor cells (HSPCs), also known as HSPC
mobilopathy. The latter effect can impair the recovery after vascular ischemia, thus in-
creasing the risk of cardiovascular diseases related to DAN. Interestingly, DAN increased
the p665' expression in the bone marrow cells of T1D and T2D diabetic mice models and
in the PBMCs of diabetic patients, while a p66 deletion in diabetic mice prevented these
DAN-mediated deleterious effects [63]. In particular, it has been shown that overactive
p66° coupled impaired myelopoiesis with the HSPC mobilopathy that occurs under di-
abetes. Concordantly, in diabetic patients, p665 gene expression in PBMCs was correlated
with myelopoiesis and increased in the presence of peripheral arterial disease (PAD), a
condition characterized by the defective traffic of HSPCs [64], while the deletion of p665'
in hematopoietic cells reduced aberrant myelopoiesis and rescued postischemic HSPC
mobilization and homing under diabetic conditions [65]. Interestingly, p66%' has been
found to be responsible for vascular hyperglycemic memory, that is, the persistence of
hyperglycemia-induced vascular functional damage, despite the restoration of euglyce-
mia in diabetic patients. This occurs because the normalization of glucose levels cannot
reverse the epigenetically regulated activation of p665 and the concomitant increase in
reactive oxygen species (ROS) in endothelial cells. In contrast, the silencing of p66i re-
duces ROS production, restores endothelium-dependent vasorelaxation, and attenuates
endothelial cell apoptosis [66]. Likewise, in diabetes-associated atherosclerosis, the epige-
netically sustained p66% expression in plaque macrophages drives the hyperglycemic
memory typical of this pathological condition, while the inhibition of p66%* abolishes the
sustained pro-atherogenic phenotype [67]. P665' has been found to also play a direct role
in cardiomyopathy. Indeed, as already described for endothelial dysfunction and athero-
genesis under diabetic conditions, epigenetic changes in the p665* promoter are responsi-
ble for the persistence of cardiomyopathy, despite intense glycemic control. Concordantly,
p66° expression has been found to be persistently increased through epigenetic regula-
tion in the heart of diabetic mice and to be associated with oxidative stress, myocardial
inflammation, and left ventricular dysfunction. Also in this case, p66°« silencing blunted
oxidative stress and restored cardiac function in diabetic mice [68]. A p665' gene deletion
was also found to prevent diabetes-induced cardiac stem cell aging and heart failure [56].
Finally, it has been demonstrated that a p665 deletion in mouse models accelerated dia-
betic wound healing by reducing advanced glycation, oxidative stress, and tissue damage,
while promoting granulation tissue development and vascularization, inhibiting the anti-
healing epithelial pathway, and modulating the vascular response to ischemia. The dele-
tion of p665' also significantly protected against diabetes-related ischemic damage in limb
muscles, a factor contributing to diabetic foot disease [55].

Of note, in a study on diabetic patients (5-6 years of follow-up), the p665 expression
levels in PBMCs were not associated with prevalent diabetic complications at baseline.
However, they predicted the onset of new complications at follow-up, especially macro-
angiopathy [69].

Confirming the involvement of p66s in diabetes complications, several drugs, and
substances that target p66S or its upstream and downstream molecules have beneficial
effects against the complications associated with diabetes (as reviewed in [70]).

On the other hand, since the molecular pathways involved in p66St action appear to
be different based on the cell type and not yet fully understood, it is necessary to further
study and elucidate the intracellular role and the pathway of p66st before using it as a
therapeutic target [70].

Although it is known that stressor stimuli typical of the prediabetic or diabetic milieu
(especially FAs and hyperglycemia) can induce p66shc activation in many cell types and
tissues, thus contributing to the onset of diabetes and its complications, based on the avail-
able results, it is not yet clear whether the main trigger of p665h is excess glucose or FAs.
As obesity represents the main risk factor of diabetes, lipotoxicity may act as a triggering
factor of p66 in the pathogenesis of diabetes [29,30,42-44]. On the other hand, elevated
blood glucose has been more widely regarded as a trigger of p66S in diabetes
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complications that arise in a more advanced stage of the disease, when hyperglycemia is
overt [60-69]. Despite this, for example, FAs have been shown to activate p66 in endo-
thelial or renal cells, thus contributing to the onset of diabetic complications [46,71-74].
Therefore, it is possible that FAs and excess glucose may contribute in different ways to
activating p66st depending on several variables (e.g., cell type, biological event assessed,
stage of diabetes).

~ Diabetes mellitus

» Gluco-/lipotoxicity-induced beta-cell failure
* Insulin resistance Emerging
. complications

Vascular disease
(endothelial dysfunction,
atherogenesis, peripheral

arterial disease)

Neurodegenerative diseases
and cognitive disorders
(Alzheimer's disease,
Parkinson’s disease,
multiple sclerosis)

Retinopathy d :L

Liver disease
(non-alcoholic fatty liver disease,

liver fibrosis)

Cardiomyopathy @ 52 non-alcoholic steatohepatitis,

and heart failure

Cancer
Nephropathy (breast cancer,
1 colon cancer,

hepatocellular carcinoma)

Neuropathy
Yy
® Sleep disturbance
- (obstructive sleep apnea)
Delay in wound healing e

and diabetic foot disease

Figure 1. The p66°' protein has been recognized to be involved in gluco/lipotoxicity-induced beta-
cell failure and insulin resistance, which represent the two hallmarks of type 2 diabetes pathogene-
sis. On the other hand, the involvement of p665 in the onset of type 1 diabetes has not been estab-
lished. In addition, p665' has been demonstrated to play an important role in many traditional (on
the left) and emerging (on the right) complications of diabetes.

3. The Role of the p66st Protein in Emerging Complications of Diabetes
3.1. Liver Disease

Non-alcoholic or metabolic dysfunction-associated fatty liver disease (NAFLD or
MAFLD, respectively) is a condition characterized by excessive lipid accumulation in the
liver. When severe, it can progress to a kind of non-viral and non-alcoholic hepatitis called
non-alcoholic or metabolic dysfunction-associated steatohepatitis (NASH or MASH, re-
spectively), characterized by hepatic inflammation and necrosis, which can result in ad-
vanced fibrosis, hepatic cirrhosis, and/or hepatocellular carcinoma [75,76].

T2D is an important risk factor for NAFLD and can accelerate its progression in
NASH and advanced fibrosis [77]. Several factors are implicated in the etiology and pro-
gression of NAFLD in people with T2D, including hyperglycemia, dyslipidemia, obesity,
and insulin resistance [78]. They can impair intrahepatocellular lipid metabolism by in-
creasing the uptake of exogenous FAs in the liver, hepatic lipogenesis, and de novo lipo-
genesis, while reducing lipolysis, oxidation, and the secretion of FAs [24,79-81]. The
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combination of other factors, such as inflammation, endotoxins, adipokines, hepatokines,
mitochondrial dysfunction, oxidative stress, and hepatocyte apoptosis, contributes to the
progression of NAFLD into NASH, and finally, into cirrhosis [82].

The total and phosphorylated p66% (Ser36) protein and its mitochondrial transloca-
tion were found to be increased in the liver of HFD-fed mice. Interestingly, the inactivation
of hepatic p665« attenuated the mitochondrial fragmentation and the consequent oxidative
stress, preventing HFD-induced hepatic insulin resistance and hyperglycemia [83]. De-
spite these results, a recent study demonstrated that whole-genome p665+- mice are not
protected from hepatic insulin resistance and lipid accumulation induced by overfeeding
[49]. On the other hand, p66" mRNA and protein expression levels were found to be
significantly elevated in human NAFLD liver samples compared to normal liver speci-
mens. In addition, among patients with NALFD, those affected by NASH showed signif-
icantly higher hepatic levels of both total and phosphorylated (Ser36) p66% [84]. Interest-
ingly, the p53/p66S pathway could play a role in regulating the progression of NASH,
since the p53 knockout suppressed p665 signaling and, at the same time, it decreased
hepatic lipid peroxidation and the number of apoptotic hepatocytes and ameliorated the
progression of nutritional steatohepatitis [84]. The role of p66Sc in the pathogenesis of
NALFD is further supported by a study demonstrating that carnosic acid, a plant-derived
compound with antioxidant and anti-apoptotic effects, can prevent the pro-apoptotic ef-
fects of the SFA palmitate in human liver cells L02 and reduce the NAFLD incidence in
rats fed with HFD by inhibiting the miR-34a/SIRT1/p66% pathway [85]. Similarly, isoste-
viol, a derivative of stevioside, prevents FA-/HFD-induced hepatic injury by modulating
PKC-B/p665h</ROS and endoplasmic reticulum stress pathways in primary rat hepatocytes
in vitro and in a rat NAFLD model in vivo [44]. Recent findings have indicated that
hepatocyte senescence can contribute to hepatic steatosis in NAFLD, and it may be caused
by the upregulation of p665* expression. Concordantly, increased hepatic p66st protein
levels were correlated with an enhanced expression of the senescence marker p21 and
mirrored the degree of disease severity in NAFLD patients [84,86].

Finally, since several studies have demonstrated the involvement of p66sh signaling
in liver fibrosis, its role in the progression of liver fibrosis under diabetic conditions should
not be excluded [87-89].

3.2. Cancer

Increasing evidence suggests that patients with diabetes, particularly T2D, are char-
acterized by an increased risk of developing different types of cancer (especially hepato-
cellular, pancreatic, gallbladder, colorectal, breast, and endometrial cancers) [90,91]. Hy-
perglycemia, hyperinsulinemia, excess of FAs, and chronic low-grade inflammation typi-
cal of T2D, could be possible mechanisms responsible for the rise in the cancer risk in
diabetic patients [92-94]. Each of them can lead to greater ROS production and the wors-
ening of oxidative stress [95], which is known to be a biological event that is able to trigger
or enhance the tumorigenic process [93], especially when it occurs in tumor suppressor
genes [96].

In this scenario, the abnormal activation of p665h that occurs in diabetes (sustained
by hyperglycemia, hyperinsulinemia, an excess of FAs, and chronic low-grade inflamma-
tion) enhances oxidative stress, representing a mechanism in the pathogenesis of cancer
and possibly explains the strong correlation between cancer and diabetes. This effect
might appear somewhat controversial since p665'-generated oxidative stress plays an im-
portant role in the removal of damaged cells via ROS-induced apoptosis [97,98]. Moreo-
ver, p66shc activation halts the Ras-MAPK pathway, reducing the cell proliferation and
migration rate [97,98]. Thus, p665 activation can even protect tissues from uncontrolled
cancer cell expansion by reducing proliferation and facilitating the elimination of dam-
aged cells. Nevertheless, when unrestrained, p66°h-induced oxidative stress can promote
the accumulation of mutations in oncogenes or tumor suppressor genes, nullifying the
anti-proliferative and pro-apoptotic role of p66st and, thus, triggering tumorigenesis [97].



Int. J. Mol. Sci. 2024, 25, 108

8 of 16

In addition, ROS produced by p66S may act as second messengers of cell proliferation
[97]. Accordingly, it has been demonstrated that p665+/p53 double-knockout animals are
protected from the oncogenic effect observed in p53 single knockouts [99]. In line with
these observations, several studies have demonstrated that p665 is overexpressed in var-
ious cancers, including those most linked to diabetes (i.e., breast cancer, hepatocellular
carcinoma, and colon cancer) [100], and it is involved in different key elements of tumor-
igenesis such as cell proliferation, cell migration, and cell adhesion [97].

In particular, the overexpression of p66 is associated with cancer development and
metastasis [101-103], in part due to the activation of the AKT pro-survival pathway, in
breast cancer cell lines [104]. Accordingly, it has been demonstrated that the functional
inactivation of p66s inhibits the epithelial-mesenchymal transition in breast cancer cells,
limiting cancer metastasis [105]. In addition, in human breast cancer cells, p665* overex-
pression increased the activation of Racl, which has been implicated in cancer initiation,
progression, invasion, and metastasis [106]. Similarly, in colon cancer, a high expression
of p665 enhanced cancer cell survival rates by activating the PI3K/AKT pathway [107],
and it was correlated with a poor cancer prognosis [108]. In hepatocellular carcinoma,
p665' expression was found to be increased [109], and this overexpression was coupled
with STAT3 activation, which is a positive regulator of cell growth and tumor progression
[110]. Accordingly, in this kind of cancer, low p66° levels have been associated with bet-
ter survival [111].

These data suggest that p66S activation could represent a shared pathogenetic mech-
anism in the development of T2D and cancer, and this could explain the increased risk of
developing different types of cancer in diabetic patients. Nevertheless, in order to endorse
this hypothesis, further studies are needed to confirm p665’s involvement in the patho-
genesis of both T2D and cancer.

3.3. Neurodegenerative Diseases and Cognitive Disorders

Accumulating evidence has demonstrated a ~1.4-2-fold increase in the risk of devel-
oping progressive cognitive impairments and neurodegenerative diseases in T2D patients
[112,113]. ROS accumulation, oxidative stress, and mitochondrial dysfunction are consid-
ered the main drivers of diabetes-related brain damage, including neurodegenerative
complications and cognitive disorders [114,115]. In particular, glucose autoxidation, lipid
peroxidation, and the decreased activity of antioxidant enzymes increase ROS production
in the diabetic brain [114,115] leading to mitochondrial structural and functional altera-
tions. These mechanisms activate the apoptotic cascade by triggering the release of cyto-
chrome ¢, promoting neuronal apoptosis and, therefore, the development of cognitive or
neurodegenerative disorders [116,117].

As previously mentioned, p665is a key regulator of ROS production and mitochon-
drial function, and so may also play a role in the pathogenesis of diabetic neurodegener-
ative or cognitive complications. Accordingly, it has been demonstrated that a p665«
knockout results in a reduction in inflammation and oxidative stress markers, with an
improvement in the cognitive decline in diabetic mice, thus endorsing p665"<’s involve-
ment in oxidative stress-mediated brain damage in mouse models of diabetes [115].

In Alzheimer’s disease (AD), diabetes-related oxidative stress in the brain promotes
the accumulation of neurotoxic Af3 in synaptic mitochondria, inhibiting mitochondrial
respiration and biogenesis, impairing mitochondrial electron transport chain function,
and resulting in the overproduction of ROS, which, in turn, increases the processing of the
amyloid-beta precursor protein (APP) for AP deposition [116]. Several studies have
demonstrated that p66shc mediates the toxicity induced by neurotoxic Ap deposition. In-
deed, the treatment of human SH-SY5Y neuroblastoma and neuronal PC12 cells with ex-
ogenous Af3 results in the increased phosphorylation of p66sh at Ser36, ROS accumulation,
and cell death, partially in a JNK-dependent manner. Accordingly, the overexpression of
a phosphorylation-defective p665 mutant (Ser36 to Ala) reduces the AB-induced intracel-
lular ROS levels and protects cells against AB-induced death [118]. On the other hand, the
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increased expression and activation of p66s in central nervous system cells promotes a
metabolic shift from mitochondrial-dependent oxidative phosphorylation to aerobic gly-
colysis, thus increasing the sensitivity to A3 toxicity [119]. In contrast, the genetic ablation
of p665 in PSAPP transgenic mice, an established AD mouse model of AB-amyloidosis,
reverses cognitive deficits by improving mitochondrial dysfunction and oxidative dam-
age. Interestingly, these beneficial effects are not associated with alteration of Af3 levels,
confirming a role for p665* in mediating Ap-induced toxicity, rather than A expression
and accumulation [120].

P665he-mediated oxidative stress and mitochondrial dysfunction are also involved in
the pathogenesis of Parkinson’s disease (PD), another neurodegenerative disorder gener-
ally associated with diabetes [121]. It has recently emerged that PD is associated with mu-
tations and, therefore, alterations in the expression of genes coding for PTEN-induced pu-
tative kinase 1 (Pink1), Parkin, and DJ-1, which are proteins leading to impaired mitoph-
agy and the accumulation of dysfunctional mitochondria [121]. It was demonstrated that
Pink-1-deficient cells from PD patients showed hyperphosphorylation of p665 as well as
a reduction in mitochondrial antioxidant enzymes under oxidative stress conditions [122].
It is interesting to observe that the dysregulation of these genes has also been found in
db/db mice and HFD-fed mice, thus suggesting an involvement of p665-mediated oxida-
tive stress and mitochondrial dysfunction in diabetic brains developing PD [122].

Even in multiple sclerosis (MS), a neurodegenerative autoimmune disease with a
higher incidence in patients with T2D, p66S-mediated mitochondrial oxidative stress
may contribute to neuronal damage [123,124]. Indeed, in mouse models of experimental
autoimmune encephalomyelitis, a demyelinating autoimmune disease that closely resem-
bles human MS, the deletion of p665' determined a delayed onset and a lower severity of
the disease. In particular, it has been suggested that p66S activation under oxidative
stress conditions generates, in turn, hydrogen peroxide by reacting with cytochrome c,
which induces the oxidation of the mitochondrial permeability transition pore and mito-
chondrial swelling, thus triggering neuronal apoptosis [124]. Therefore, it is possible that
diabetes-induced oxidative stress may contribute to the activation of p66stcand, thus, to
the pathogenesis of this neurodegenerative complication.

In conclusion, several studies have demonstrated a direct involvement of p66% in
the development of dementia in diabetes patients and have suggested a crucial role of
p66% in oxidative stress and mitochondrial dysfunction in neurodegenerative diseases
such as AD, PD, and MS. Since most of these mechanisms are common to diabetes patho-
genesis, it is likely that p665 plays a causal role in the development of these neurodegen-
erative disorders in diabetic patients.

3.4. Sleep Disturbance

There is a strong association between sleep disorders and the development of T2D.
Sleep disorders typically affect the quality, amount, and timing of sleep, leading to im-
paired daytime functioning and distress. There is probably a bidirectional implication be-
tween sleep disorders and T2D, as poor sleep quality could increase the risk of T2D inci-
dence and T2D patients with sleep disturbances show a worse prognosis. Indeed, sleep
alterations are associated with decreased insulin sensitivity, the overactivation of inflam-
matory pathways, impaired brain glucose metabolism, hyperactivation of the hypothala-
mus-pituitary—adrenal axis with an overproduction of cortisol, suboptimal self-care (i.e.,
lower medication adherence), and impaired decision making (i.e., unhealthy diet and sed-
entary behavior) [125,126].

In particular, obstructive sleep apnea (OSA) is characterized by nocturnal intermit-
tent hypoxemia and is linked to oxidative stress and glucose metabolism dysfunction.
Since p66st plays a key role in regulating oxidative stress and glucose metabolism, Lyu X
et al., investigated the expression of p66°* in the PBMCs of patients with OSA and its as-
sociation with polysomnographic parameters. They found that the p66sh mRNA and pro-
tein levels in PBMCs were significantly higher in OSA patients compared to controls and
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that the p665" mRNA levels were positively correlated with the hypopnea index, oxygen
desaturation index, percentage of total sleep time with an oxygen saturation below 90%,
and Epworth sleepiness scale in OSA patients [127]. Despite this, whether p665 is in-
volved in the pathogenic process of OSA and whether it is related to the severity of inter-
mittent hypoxia remain unknown [127].

Although p66%'<’s involvement in sleep disorders needs to be investigated, p665<'s
correlation with hyperglycemia, inflammatory pathways, impaired glucose metabolism,
and oxidative stress is known. Since these mechanisms are shared by T2D and sleep dis-
orders, an involvement of p665in the pathogenesis of the latter under diabetic conditions
is conceivable [70].

4. Conclusions

The advances in diabetes management and the increase in the life expectancy of dia-
betic patients have made it possible to identify less-recognized and longer-term diabetes
comorbidities, defined as emerging complications of diabetes [13,14,20]. Likewise, diabe-
tes is associated with an increased risk of various neurodegenerative diseases, cognitive
disorders, liver diseases, and cancers, as well as functional disabilities, affective disorders,
sleep disorders, and infections [13,14,20-25,91]. Apparently, the available and upcoming
anti-diabetes drugs are not able to challenge these emerging complications.

P66% is a redox protein that plays a role in oxidative stress, apoptosis, glucose me-
tabolism, and cellular aging [28-30,32,34]. It is involved in various types of organ and tis-
sue damage under diabetic conditions, and, there is strong evidence regarding its involve-
ment in the traditional complications of diabetes (Figure 1). Concordantly, several drugs
and substances that target p665 or its upstream and downstream molecules have shown
beneficial effects against the traditional complications associated with diabetes (as re-
viewed in [70]). In this review, we focused for the first time on the role of p66st in the
pathogenesis of the emerging complications of diabetes. In particular, we found that p663h
may be involved in the pathogenesis of diabetes-related neurodegenerative diseases and
cognitive disorders (i.e., AD [118-120], PD [121,122], and MS [123,124]), diabetes-caused
liver diseases (i.e., NAFLD and NASH [44,84-86], and liver fibrosis [87-89]), various can-
cers correlated with diabetes (i.e., breast cancer [101-106], colon cancer [107,108], and
hepatocellular carcinoma [109,110]), and sleep disorders associated with diabetes (OSA
[127]) (Figure 1).

Overall, p66°hc hyperactivation may cover a preponderant role in mediating cellular
damage in various tissues/organs, representing a key molecular event in both triggering
the onset of diabetes (for instance, when the damage occurs in pancreatic beta-cells) and
facilitating the onset of diabetes complications over time. Consequently, p665 could rep-
resent a promising new therapeutic target for the prevention of the onset and progression
of diabetes and its emerging complications, with enormous implications for human
health. Future perspectives may include both the identification of new drugs/substances
able to interfere with the pathway of p66shc and the development of RNA-based drugs
able to modulate p665 expression or activation.

Author Contributions: Conceptualization, A.N., F.G., G.B. and N.M.; Writing —original draft prep-
aration, AN, F.G,, G.B., N.M.,, AB. and M.R,; Writing —review and editing, AN., F.G,, G.B., N.M.,,
AB, MR, RD, VAG. and C.C; Visualization, A.C., S.P. and L.L.; Supervision, A.N. and F.G. All
authors have read and agreed to the published version of the manuscript.

Funding: This work has been supported by the funding of CN00000041 National Center for Gene
‘Therapy and Drugs based on RNA Technology’, funded by European Union-NextGenerationEU —
PNRR MUR- M4C2- Investimento 1.4—CUP UNIBA: H93C22000430007.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable

Data Availability Statement: Not applicable.



Int. |. Mol. Sci. 2024, 25, 108 11 of 16

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

IDF DIABETES ATLAS [Internet]. 10th Edition. Books—NCBI Available online:
https://www.ncbi.nlm.nih.gov/books/NBK581934/?term=IDF%20DIABETES%20ATLAS%20%5BInternet%5D.%2010th%20edi-
tion (accessed on 23 August 2023).

Marrano, N.; Biondi, G.; Cignarelli, A.; Perrini, S.; Laviola, L.; Giorgino, F.; Natalicchio, A. Functional Loss of Pancreatic Islets
in Type 2 Diabetes: How Can We Halt It? Metabolism 2020, 110, 154304.

Lytrivi, M.; Castell, A.L.; Poitout, V.; Cnop, M. Recent Insights Into Mechanisms of 3-Cell Lipo- and Glucolipotoxicity in Type
2 Diabetes. |. Mol. Biol. 2020, 432, 1514-1534.

Halban, P.A.; Polonsky, K.S.; Bowden, D.W.; Hawkins, M.A ; Ling, C.; Mather, K.J.; Powers, A.C.; Rhodes, C.].; Sussel, L.; Weir,
G.C. B-Cell Failure in Type 2 Diabetes: Postulated Mechanisms and Prospects for Prevention and Treatment. ]. Clin. Endocrinol.
Metab. 2014, 99, 1983-1992.

Biondi, G.; Marrano, N.; Borrelli, A.; Rella, M.; Palma, G.; Calderoni, I; Siciliano, E.; Lops, P.; Giorgino, F.; Natalicchio, A. Adi-
pose Tissue Secretion Pattern Influences 3-Cell Wellness in the Transition from Obesity to Type 2 Diabetes. Int. J. Mol. Sci. 2022,
23,105522.

Fowler, M.J. Microvascular and Macrovascular Complications of Diabetes. CliniCal Diabetes 2008, 26, 77-82.

Shah, A.D.; Langenberg, C.; Rapsomaniki, E.; Denaxas, S.; Pujades-Rodriguez, M.; Gale, C.P.; Deanfield, J.; Smeeth, L.; Timmis,
A.; Hemingway, H. Type 2 Diabetes and Incidence of Cardiovascular Diseases: A Cohort Study in 1.9 Million People. Lancet
Diabetes Endocrinol. 2015, 3, 105-113.

Constantino, M.I,; Molyneaux, L.; Limacher-Gisler, F.; Al-Saeed, A.; Luo, C.; Wu, T.; Twigg, S.M.; Yue, D.K.; Wong, J. Long-
Term Complications and Mortality in Young-Onset Diabetes: Type 2 Diabetes Is More Hazardous and Lethal than Type 1 Dia-
betes. Diabetes Care 2013, 36, 3863-3869.

Fan, Y,; Lau, E.S.H.; Wu, H; Yang, A.; Chow, E.; Kong, A.P.S;; Ma, R.C.W.; Chan, ].C.N,; Luk, A.O.Y. Higher Incidence of Car-
diovascular-Kidney Complications in Chinese with Youth-Onset Type 2 Diabetes versus Youth-Onset Type 1 Diabetes Attenu-
ated by Control of Cardio-Metabolic Risk Factors: A Population-Based Prospective Cohort Study in Hong Kong. Diabetes Res.
Clin. Pract. 2023, 202, 110728.

Amutha, A.; Anjana, R.M.; Venkatesan, U.; Ranjani, H.; Unnikrishnan, R.; Venkat Narayan, K.M.; Mohan, V.; Ali, M.K. Incidence
of Complications in Young-Onset Diabetes: Comparing Type 2 with Type 1 (the Young Diab Study). Diabetes Res. Clin. Pract.
2017, 123, 1-8.

Wong, J.; Constantino, M.; Yue, D.K. Morbidity and Mortality in Young-Onset Type 2 Diabetes in Comparison to Type 1 Dia-
betes: Where Are We Now? Curr. Diab Rep. 2015, 15, 566.

Dabelea, D.; Stafford, ].M.; Mayer-Davis, E.].; D’Agostino, R.; Dolan, L.; Imperatore, G.; Linder, B.; Lawrence, ].M.; Marcovina,
S.M.; Mottl, A.K.; et al. Association of Type 1 Diabetes vs Type 2 Diabetes Diagnosed During Childhood and Adolescence with
Complications during Teenage Years and Young Adulthood. JAMA 2017, 317, 825-835.

Gregg, EW,; Li, Y.; Wang, ]J.; Rios Burrows, N.; Ali, M.K,; Rolka, D.; Williams, D.E.; Geiss, L. Changes in Diabetes-Related
Complications in the United States, 1990-2010. N. Engl. ]. Med. 2014, 370, 1514-1523.

Gregg, E.W.; Sattar, N.; Ali, M.K. The Changing Face of Diabetes Complications. Lancet Diabetes Endocrinol. 2016, 4, 537-547.
Pearson-Stuttard, J.; Buckley, J.; Cicek, M.; Gregg, E.W. The Changing Nature of Mortality and Morbidity in Patients with Dia-
betes. Endocrinol. Metab. Clin. North. Am. 2021, 50, 357-368.

Einarson, T.R.; Acs, A.; Ludwig, C.; Panton, U.H. Prevalence of Cardiovascular Disease in Type 2 Diabetes: A Systematic Liter-
ature Review of Scientific Evidence from across the World in 2007-2017. Cardiovasc. Diabetol. 2018, 17, 83.

Pearson-Stuttard, J.; Bennett, J.; Cheng, Y.J.; Vamos, E.P.; Cross, A.].; Ezzati, M.; Gregg, EW. Trends in Predominant Causes of
Death in Individuals with and without Diabetes in England from 2001 to 2018: An Epidemiological Analysis of Linked Primary
Care Records. Lancet Diabetes Endocrinol. 2021, 9, 165-173.

Harding, J.L.; Shaw, J.E.; Peeters, A.; Davidson, S.; Magliano, D.J. Age-Specific Trends from 2000-2011 in All-Cause and Cause-
Specific Mortality in Type 1 and Type 2 Diabetes: A Cohort Study of More Than One Million People. Diabetes Care 2016, 39,
1018-1026.

Gregg, E.W.; Cheng, Y.J; Srinivasan, M.; Lin, ].; Geiss, L.S.; Albright, A.L.; Imperatore, G. Trends in Cause-Specific Mortality
among Adults with and without Diagnosed Diabetes in the USA: An Epidemiological Analysis of Linked National Survey and
Vital Statistics Data. Lancet 2018, 391, 2430-2440.

Tomic, D.; Shaw, ].E.; Magliano, D.]. The Burden and Risks of Emerging Complications of Diabetes Mellitus. Nat. Rev. Endocrinol.
2022, 18, 525-539.

Harding, J.L.; Pavkov, M.E.; Magliano, D.J.; Shaw, J.E.; Gregg, E.W. Global Trends in Diabetes Complications: A Review of
Current Evidence. Diabetologia 2019, 62, 3-16.

Tsilidis, K.K.; Kasimis, J.C.; Lopez, D.S.; Ntzani, E.E.; Ioannidis, ].P.A. Type 2 Diabetes and Cancer: Umbrella Review of Meta-
Analyses of Observational Studies. BMJ 2015, 350, 7607.



Int. J. Mol. Sci. 2024, 25, 108 12 of 16

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Chatterjee, S.; Peters, S.A.E.; Woodward, M.; Arango, S.M.; Batty, G.D.; Beckett, N.; Beiser, A.; Borenstein, A.R.; Crane, P.K,;
Haan, M.; et al. Type 2 Diabetes as a Risk Factor for Dementia in Women Compared with Men: A Pooled Analysis of 2.3 Million
People Comprising More Than 100,000 Cases of Dementia. Diabetes Care 2016, 39, 300-307.

Tolman, K.G.; Fonseca, V.; Dalpiaz, A.; Tan, M.H. Spectrum of Liver Disease in Type 2 Diabetes and Management of Patients
with Diabetes and Liver Disease. Diabetes Care 2007, 30, 734-743.

Pearson-Stuttard, J.; Blundell, S.; Harris, T.; Cook, D.G.; Critchley, J. Diabetes and Infection: Assessing the Association with
Glycaemic Control in Population-Based Studies. Lancet Diabetes Endocrinol. 2016, 4, 148-158.

Pearson-Stuttard, J.; Cheng, Y.J.; Bennett, J.; Vamos, E.P.; Zhou, B.; Valabhji, ].; Cross, A.J.; Ezzati, M.; Gregg, E.W. Trends in
Leading Causes of Hospitalisation of Adults with Diabetes in England from 2003 to 2018: An Epidemiological Analysis of
Linked Primary Care Records. Lancet Diabetes Endocrinol. 2022, 10, 46-57.

Pelicci, G.; Lanfrancone, L.; Grignani, F.; McGlade, J.; Cavallo, F.; Forni, G.; Nicoletti, I.; Grignani, F.; Pawson, T.; Pelicci, P.G. A
Novel Transforming Protein (SHC) with an SH2 Domain Is Implicated in Mitogenic Signal Transduction. Cell 1992, 70, 93-104.
Perrini, S.; Tortosa, F.; Natalicchio, A.; Pacelli, C.; Cignarelli, A.; Palmieri, V.O.; Caccioppoli, C.; De Stefano, F.; Porro, S.;
Leonardini, A.; et al. The P66Shc Protein Controls Redox Signaling and Oxidation-dependent DNA Damage in Human Liver
Cells. Am. ]. Physiol. Gastrointest. Liver Physiol. 2015, 309, 826-840.

Biondi, G.; Marrano, N.; Dipaola, L.; Borrelli, A.; Rella, M.; D’oria, R.; Genchi, V.A.; Caccioppoli, C.; Porreca, I.; Cignarelli, A.;
et al. The P66Shc Protein Mediates Insulin Resistance and Secretory Dysfunction in Pancreatic 3-Cells under Lipotoxic Condi-
tions. Diabetes 2022, 71, 1763-1771.

Natalicchio, A.; Tortosa, F.; Labarbuta, R.; Biondi, G.; Marrano, N.; Carchia, E.; Leonardini, A.; Cignarelli, A.; Bugliani, M.;
Marchetti, P.; et al. The P66(Shc) Redox Adaptor Protein Is Induced by Saturated Fatty Acids and Mediates Lipotoxicity-Induced
Apoptosis in Pancreatic Beta Cells. Diabetologia 2015, 58, 1260-1271.

Natalicchio, A.; Laviola, L.; De Tullio, C.; Renna, L.A.; Montrone, C.; Perrini, S.; Valenti, G.; Procino, G.; Svelto, M.; Giorgino, F.
Role of the P66Shc Isoform in Insulin-like Growth Factor I Receptor Signaling through MEK/Erk and Regulation of Actin Cyto-
skeleton in Rat Myoblasts. J. Biol. Chem. 2004, 279, 43900-43909.

Migliaccio, E.; Giogio, M.; Mele, S.; Pelicci, G.; Reboldi, P.; Pandolfi, P.P.; Lanfrancone, L.; Pelicci, P.G. The P66shc Adaptor
Protein Controls Oxidative Stress Response and Life Span in Mammals. Nature 1999, 402, 309-313.

Natalicchio, A.; De Stefano, F.; Perrini, S.; Laviola, L.; Cignarelli, A.; Caccioppoli, C.; Quagliara, A.; Melchiorre, M.; Leonardini,
A.; Conserva, A.; et al. Involvement of the P66Shc Protein in Glucose Transport Regulation in Skeletal Muscle Myoblasts. Am.
J. Physiol. Endocrinol. Metab. 2009, 296, 228-237.

Natalicchio, A.; Tortosa, F.; Perrini, S.; Laviola, L.; Giorgino, F. P66Shc, a Multifaceted Protein Linking Erk Signalling, Glucose
Metabolism, and Oxidative Stress. Arch. Physiol. Biochem. 2011, 117, 116-124.

Xi, G.; Shen, X.; Radhakrishnan, Y.; Maile, L.; Clemmons, D. Hyperglycemia-Induced P66shc Inhibits Insulin-like Growth Factor
I-Dependent Cell Survival via Impairment of Src Kinase-Mediated Phosphoinositide-3 Kinase/AKT Activation in Vascular
Smooth Muscle Cells. Endocrinology 2010, 151, 3611-3623.

Zhang, M.; Tang, ].; Shan, H.; Zhang, Q.; Yang, X.; Zhang, J.; Li, Y. P66Shc Mediates Mitochondrial Dysfunction Dependent on
PKC Activation in Airway Epithelial Cells Induced by Cigarette Smoke. Oxid. Med. Cell Longev. 2018, 2018, 5837123.

Laviola, L.; Orlando, M.R.; Incalza, M.A.; Caccioppoli, C.; Melchiorre, M.; Leonardini, A.; Cignarelli, A.; Tortosa, F.; Labarbuta,
R.; Martemucci, S.; et al. TNFa Signals via P66(Shc) to Induce E-Selectin, Promote Leukocyte Transmigration and Enhance
Permeability in Human Endothelial Cells. PLoS ONE 2013, 8, 81930.

Yousef, H.; Khandoker, A.H.; Feng, S.F.; Helf, C.; Jelinek, H.F. Inflammation, Oxidative Stress and Mitochondrial Dysfunction
in the Progression of Type II Diabetes Mellitus with Coexisting Hypertension. Front. Endocrinol. 2023, 14, 1173402.

Jelinek, H.E.; Helf, C.; Khalaf, K. Human SHC-Transforming Protein 1 and Its Isoforms P66shc: A Novel Marker for Prediabetes.
J. Diabetes Investig. 2021, 12, 1881-1889.

Pagnin, E.; Fadini, G.; De Toni, R.; Tiengo, A.; Calo, L.; Avogaro, A. Diabetes Induces P66shc Gene Expression in Human Pe-
ripheral Blood Mononuclear Cells: Relationship to Oxidative Stress. J. Clin. Endocrinol. Metab. 2005, 90, 1130-1136.

Huang, T.-T.; Sun, W.-J.; Liu, H.-Y.; Ma, H.-L.; Cui, B.-X. P66Shc-Mediated Oxidative Stress Is Involved in Gestational Diabetes
Mellitus. World ]. Diabetes 2021, 12, 1894-1907.

Karunakaran, U.; Elumalai, S.; Moon, J.S.; Chang Won, K. CD36 Dependent Redoxosomes Promotes Ceramide-Mediated Pan-
creatic 3-Cell Failure via P66Shc Activation. Free Radic. Biol. Med. 2019, 134, 505-515.

Ranieri, S.C.; Fusco, S.; Panieri, E.; Labate, V.; Mele, M.; Tesori, V.; Ferrara, A.M.; Maulucci, G.; De Spirito, M.; Martorana, G.E.;
et al. Mammalian Life-Span Determinant P66shcA Mediates Obesity-Induced Insulin Resistance. Proc. Natl. Acad. Sci. USA 2010,
107, 13420-13425.

Yi, H; Xu, D.; Wu, X;; Xu, F,; Lin, L.; Zhou, H. Isosteviol Protects Free Fatty Acid- and High Fat Diet-Induced Hepatic Injury
via Modulating PKC-B/P66Shc/ROS and Endoplasmic Reticulum Stress Pathways. Antioxid. Redox Signal. 2019, 30, 1949-1968.
Ciciliot, S.; Fadini, G.P. Modulation of Obesity and Insulin Resistance by the Redox Enzyme and Adaptor Protein P66Shc. Int.
J. Mol. Sci. 2019, 20, 985.

Paneni, F.; Costantino, S.; Cosentino, F. P66(Shc)-Induced Redox Changes Drive Endothelial Insulin Resistance. Atherosclerosis
2014, 236, 426-429.

Tomilov, A.A.; Ramsey, ].].; Hagopian, K.; Giorgio, M.; Kim, K.M.; Lam, A.; Migliaccio, E.; Lloyd, K.C.; Berniakovich, I.; Prolla,
T.A.; et al. The Shc Locus Regulates Insulin Signaling and Adiposity in Mammals. Aging Cell 2011, 10, 55-65.



Int. |. Mol. Sci. 2024, 25, 108 13 of 16

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Soliman, M.A.; Abdel Rahman, A.M.; Lamming, D.A.; Birsoy, K.; Pawling, J.; Frigolet, M.E.; Lu, H.; Fantus, I.G.; Pasculescu, A.;
Zheng, Y.; et al. The Adaptor Protein P66Shc Inhibits MTOR-Dependent Anabolic Metabolism. Sci. Signal. 2014, 7, 17.

Ciciliot, S.; Albiero, M.; Menegazzo, L.; Poncina, N.; Scattolini, V.; Danesi, A.; Pagnin, E.; Marabita, M.; Blaauw, B.; Giorgio, M.;
et al. P665Shc Deletion or Deficiency Protects from Obesity but Not Metabolic Dysfunction in Mice and Humans. Diabetologia
2015, 58, 2352-2360.

Ciciliot, S.; Albiero, M.; Campanaro, S.; Poncina, N.; Tedesco, S.; Scattolini, V.; Costa, F.D.; Cignarella, A.; Vettore, M.; Di Gangi,
LM.; et al. Interplay between Gut Microbiota and P66Shc Affects Obesity-Associated Insulin Resistance. FASEB J. 2018, 32, 4004-
4015.

Menini, S.; Amadio, L.; Oddi, G.; Ricci, C.; Pesce, C.; Pugliese, F.; Giorgio, M.; Migliaccio, E.; Pelicci, P.G.; Iacobini, C.; et al.
Deletion of P66Shc Longevity Gene Protects against Experimental Diabetic Glomerulopathy by Preventing Diabetes-Induced
Oxidative Stress. Diabetes 2006, 55, 1642-1650.

Camici, G.G.; Schiavoni, M.; Francia, P.; Bachschmid, M.; Martin-Padura, I.; Hersberger, M.; Tanner, F.C.; Pelicci, P.G.; Volpe,
M.; Anversa, P.; et al. Genetic Deletion of P66(Shc) Adaptor Protein Prevents Hyperglycemia-Induced Endothelial Dysfunction
and Oxidative Stress. Proc. Natl. Acad. Sci. USA 2007, 104, 5217-5222.

Li, Q.; Kim, Y.R.; Vikram, A.; Kumar, S.; Kassan, M.; Gabani, M.; Lee, S.K,; Jacobs, J.S.; Irani, K. P66Shc-Induced MicroRNA-34a
Causes Diabetic Endothelial Dysfunction by Downregulating Sirtuinl. Arterioscler. Thromb. Vasc. Biol. 2016, 36, 2394-2403.
Zhou, S.; Chen, H.Z.; Wan, Y.Z; Zhang, Q.J.; Wei, Y.S.; Huang, S.; Liu, J.J.; Lu, Y.B.; Zhang, Z.Q.; Yang, R.F.; et al. Repression of
P66Shc Expression by SIRT1 Contributes to the Prevention of Hyperglycemia-Induced Endothelial Dysfunction. Circ. Res. 2011,
109, 639-648.

Fadini, G.P.; Albiero, M.; Menegazzo, L.; Boscaro, E.; Pagnin, E.; Iori, E.; Cosma, C.; Lapolla, A.; Pengo, V.; Stendardo, M.; et al.
The Redox Enzyme P66Shc Contributes to Diabetes and Ischemia-Induced Delay in Cutaneous Wound Healing. Diabetes 2010,
59, 2306-2314.

Rota, M.; LeCapitaine, N.; Hosoda, T.; Boni, A.; De Angelis, A.; Padin-Iruegas, M.E.; Esposito, G.; Vitale, S.; Urbanek, K.; Casarsa,
C.; et al. Diabetes Promotes Cardiac Stem Cell Aging and Heart Failure, Which Are Prevented by Deletion of the P66shc Gene.
Circ. Res. 2006, 99, 42-52.

Francia, P.; Cosentino, F.; Schiavoni, M.; Huang, Y.; Perna, E.; Camici, G.G.; Liischer, T.F.; Volpe, M. P66(Shc) Protein, Oxidative
Stress, and Cardiovascular Complications of Diabetes: The Missing Link. J. Mol. Med. 2009, 87, 885-891.

Zheng, D.; Tao, M,; Liang, X.; Li, Y.; Jin, J.; He, Q. P66Shc Regulates Podocyte Autophagy in High Glucose Environment Through
the Notch-PTEN-PI3K/Akt/mTOR Pathway. Histol. Histopathol. 2020, 35, 405-415.

Bock, F.; Shahzad, K.; Wang, H.; Stoyanov, S.; Wolter, J.; Dong, W.; Pelicci, P.G.; Kashif, M.; Ranjan, S.; Schmidt, S.; et al. Acti-
vated Protein C Ameliorates Diabetic Nephropathy by Epigenetically Inhibiting the Redox Enzyme P66Shc. Proc. Natl. Acad.
Sci. USA 2013, 110, 648-653.

Miller, B.S.; Blumenthal, S.R.; Shalygin, A.; Wright, K.D.; Staruschenko, A.; Imig, ]J.D.; Sorokin, A. Inactivation of P66Shc De-
creases Afferent Arteriolar KATP Channel Activity and Decreases Renal Damage in Diabetic Dahl SS Rats. Diabetes 2018, 67,
2206-2212.

Mishra, M.; Duraisamy, A.]J.; Bhattacharjee, S.; Kowluru, R.A. Adaptor Protein P66Shc: A Link Between Cytosolic and Mito-
chondrial Dysfunction in the Development of Diabetic Retinopathy. Antioxid. Redox Signal. 2019, 30, 1621-1634.

Al Sabaani, N. Exendin-4 Inhibits High Glucose-Induced Oxidative Stress in Retinal Pigment Epithelial Cells by Modulating
the Expression and Activation of P66Shc. Cutan. Ocul. Toxicol. 2021, 40, 175-186.

Albiero, M.; Poncina, N.; Tjwa, M.; Ciciliot, S.; Menegazzo, L.; Ceolotto, G.; Vigili De Kreutzenberg, S.; Moura, R.; Giorgio, M.;
Pelicci, P.; et al. Diabetes Causes Bone Marrow Autonomic Neuropathy and Impairs Stem Cell Mobilization via Dysregulated
P66Shc and Sirtl. Diabetes 2014, 63, 1353—1365.

Albiero, M.; Ciciliot, S.; Tedesco, S.; Menegazzo, L.; D’Anna, M.; Scattolini, V.; Cappellari, R.; Zuccolotto, G.; Rosato, A.;
Cignarella, A ; et al. Diabetes-Associated Myelopoiesis Drives Stem Cell Mobilopathy through an OSM-P66Shc Signaling Path-
way. Diabetes 2019, 68, 1303-1314.

Albiero, M.; D’anna, M.; Bonora, B.M.; Zuccolotto, G.; Rosato, A.; Giorgio, M.; lori, E.; Avogaro, A.; Fadini, G.P. Hematopoietic
and Nonhematopoietic P66Shc Differentially Regulates Stem Cell Traffic and Vascular Response to Ischemia in Diabetes. Anti-
oxid. Redox Signal. 2022, 36, 593-607.

Paneni, F.; Mocharla, P.; Akhmedov, A.; Costantino, S.; Osto, E.; Volpe, M.; Liischer, T.F.; Cosentino, F. Gene Silencing of the
Mitochondrial Adaptor P66(Shc) Suppresses Vascular Hyperglycemic Memory in Diabetes. Circ. Res. 2012, 111, 278-289.
Shahzad, K.; Gadi, I.; Nazir, S.; Al-Dabet, M.M.; Kohli, S.; Bock, F.; Breitenstein, L.; Ranjan, S.; Fuchs, T.; Halloul, Z.; et al. Acti-
vated Protein C Reverses Epigenetically Sustained P66Shc Expression in Plaque-Associated Macrophages in Diabetes. Commun.
Biol. 2018, 1, 104.

Costantino, S.; Paneni, F.; Mitchell, K.; Mohammed, S.A.; Hussain, S.; Gkolfos, C.; Berrino, L.; Volpe, M.; Schwarzwald, C.;
Liischer, T.F.; et al. Hyperglycaemia-Induced Epigenetic Changes Drive Persistent Cardiac Dysfunction via the Adaptor P66Shc.
Int. J. Cardiol. 2018, 268, 179-186.

Fadini, G.P.; Albiero, M.; Bonora, B.M.; Poncina, N.; Vigili de Kreutzenberg, S.; Avogaro, A. P66Shc Gene Expression in Periph-
eral Blood Mononuclear Cells and Progression of Diabetic Complications. Cardiovasc. Diabetol. 2018, 17, 16.

Mousavi, S.; Khazeei Tabari, M.A.; Bagheri, A.; Samieefar, N.; Shaterian, N.; Kelishadi, R. The Role of P66Shc in Diabetes: A
Comprehensive Review from Bench to Bedside. ]. Diabetes Res. 2022, 24, 7703520.



Int. |. Mol. Sci. 2024, 25, 108 14 of 16

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Costantino, S.; Paneni, F.; Virdis, A.; Hussain, S.; Mohammed, S.A.; Capretti, G.; Akhmedov, A.; Dalgaard, K.; Chiandotto, S.;
Pospisilik, J.A.; et al. Interplay Among H3K9-editing Enzymes SUV39H1, JMJD2C and SRC-1 Drives P66Shc Transcription and
Vascular Oxidative Stress in Obesity. Eur. Heart ]. 2019, 40, 383-391.

Mengozzi, A.; Costantino, S.; Paneni, F.; Duranti, E.; Nannipieri, M.; Mancini, R.; Lai, M.; La Rocca, V.; Puxeddu, I.; Antonioli,
L.; et al. Targeting SIRT1 Rescues Age- and Obesity-Induced Microvascular Dysfunction in Ex Vivo Human Vessels. Circ. Res.
2022, 131, 476-491.

Arany, I; Hall, S.; Reed, D.K.; Dixit, M. The Pro-oxidant Gene P66shc Increases Nicotine Exposure-induced Lipotoxic Oxidative
Stress in Renal Proximal Tubule Cells. Mol. Med. Rep. 2016, 14, 2771-2777.

Arany, L; Clark, J.S,; Reed, D.K,; Juncos, L.A.; Dixit, M. Role of P66shc in Renal Toxicity of Oleic Acid. Am. ]. Nephrol. 2013, 38,
226-232.

Eslam, M.; Newsome, P.N.; Sarin, S.K.; Anstee, Q.M.; Targher, G.; Romero-Gomez, M.; Zelber-Sagi, S.; Wai-Sun Wong, V.;
Dufour, J.F.; Schattenberg, ].M.; et al. A New Definition for Metabolic Dysfunction-Associated Fatty Liver Disease: An Interna-
tional Expert Consensus Statement. ]. Hepatol. 2020, 73, 202-209.

Adams, L.A.; Sanderson, S.; Lindor, K.D.; Angulo, P. The Histological Course of Nonalcoholic Fatty Liver Disease: A Longitu-
dinal Study of 103 Patients with Sequential Liver Biopsies. |. Hepatol. 2005, 42, 132-138.

Younossi, Z.M.; Golabi, P.; de Avila, L.; Paik, ].M.; Srishord, M.; Fukui, N.; Qiu, Y.; Burns, L.; Afendy, A.; Nader, F. The Global
Epidemiology of NAFLD and NASH in Patients with Type 2 Diabetes: A Systematic Review and Meta-Analysis. ]. Hepatol. 2019,
71, 793-801.

Larter, C.Z.; Farrell, G.C. Insulin Resistance, Adiponectin, Cytokines in NASH: Which Is the Best Target to Treat? ]. Hepatol.
2006, 44, 253-261.

Stefan, N. Causes, Consequences, and Treatment of Metabolically Unhealthy Fat Distribution. Lancet Diabetes Endocrinol. 2020,
8, 616-627.

Stefan, N.; Haring, H.U.; Cusi, K. Non-Alcoholic Fatty Liver Disease: Causes, Diagnosis, Cardiometabolic Consequences, and
Treatment Strategies. Lancet Diabetes Endocrinol. 2019, 7, 313-324.

Marchesini, G.; Brizi, M.; Morselli-Labate, A.M.; Bianchi, G.; Bugianesi, E.; McCullough, A.J.; Forlani, G.; Melchionda, N. Asso-
ciation of Nonalcoholic Fatty Liver Disease with Insulin Resistance. Am. J. Med. 1999, 107, 450—455.

Kim, H.; Lee, D.S.; An, T.H.; Park, H.]J.; Kim, W.K.; Bae, K.H.; Oh, K.J. Metabolic Spectrum of Liver Failure in Type 2 Diabetes
and Obesity: From NAFLD to NASH to HCC. Int. . Mol. Sci. 2021, 22, 94495.

Feng, L.; Wang, S.; Chen, F.; Zhang, C.; Wang, Q.; Zhao, Y.; Zhang, Z. Hepatic Knockdown of Endothelin Type A Receptor
(ETAR) Ameliorates Hepatic Insulin Resistance and Hyperglycemia Through Suppressing P66Shc-Mediated Mitochondrial
Fragmentation in High-Fat Diet-Fed Mice. Diabetes Metab. Syndr. Obes. 2021, 14, 963-981.

Tomita, K,; Teratani, T.; Suzuki, T.; Oshikawa, T.; Yokoyama, H.; Shimamura, K.; Nishiyama, K.; Mataki, N.; Irie, R.; Minamino,
T.; et al. P53/P66Shc-Mediated Signaling Contributes to the Progression of Non-Alcoholic Steatohepatitis in Humans and Mice.
J. Hepatol. 2012, 57, 837-843.

Shan, W.; Gao, L.; Zeng, W.; Hu, Y.; Wang, G.; Li, M.; Zhou, ].; Ma, X,; Tian, X.; Yao, J. Activation of the SIRT1/P66shc Antiapop-
tosis Pathway via Carnosic Acid-Induced Inhibition of MiR-34a Protects Rats against Nonalcoholic Fatty Liver Disease. Cell
Death Dis. 2015, 6, 196.

Zhang, J.; Li, Y.; Wang, B.; Luo, Y.; Shi, J.; Zhao, B. The P66shc-Mediated Regulation of Hepatocyte Senescence Influences He-
patic Steatosis in Nonalcoholic Fatty Liver Disease. Med. Sci. Monit. 2020, 26, €921887.

Zhao, Y.; Wang, Z.; Feng, D.; Zhao, H.; Lin, M; Hu, Y.; Zhang, N.; Lv, L.; Gao, Z.; Zhai, X,; et al. P66Shc Contributes to Liver
Fibrosis through the Regulation of Mitochondrial Reactive Oxygen Species. Theranostics 2019, 9, 1510-1522.

Zhao, Y.; Wang, Z.; Zhou, J.; Feng, D.; Li, Y.; Hu, Y.; Zhang, F.; Chen, Z.; Wang, G.; Ma, X.; et al. LncRNA Mical2/MiR-203a-3p
Sponge Participates in Epithelial-Mesenchymal Transition by Targeting P66Shc in Liver Fibrosis. Toxicol. Appl. Pharmacol. 2020,
403, 115125.

Wang, Z.; Zhao, Y.; Zhao, H.; Zhou, ].; Feng, D.; Tang, F.; Li, Y.; Lv, L.; Chen, Z.; Ma, X; et al. Inhibition of P66Shc Oxidative
Signaling via CA-Induced Upregulation of MiR-203a-3p Alleviates Liver Fibrosis Progression. Mol. Ther. Nucleic Acids 2020, 21,
751-763.

Ling, S.; Brown, K.; Miksza, ].K.; Howells, L.; Morrison, A ; Issa, E.; Yates, T.; Khunti, K.; Davies, M.].; Zaccardi, F. Association
of Type 2 Diabetes with Cancer: A Meta-Analysis with Bias Analysis for Unmeasured Confounding in 151 Cohorts Comprising
32 Million People. Diabetes Care 2020, 43, 2313-2322.

Pearson-Stuttard, J.; Papadimitriou, N.; Markozannes, G.; Cividini, S.; Kakourou, A.; Gill, D.; Rizos, E.C.; Monori, G.; Ward,
H.A.; Kyrgiou, M.; et al. Type 2 Diabetes and Cancer: An Umbrella Review of Observational and Mendelian Randomization
Studies. Cancer Epidemiol. Biomark. Prev. 2021, 30, 1218-1228.

Natalicchio, A.; Faggiano, A.; Zatelli, M.C.; Argentiero, A.; D’Oronzo, S.; Marrano, N.; Beretta, G.D.; Acquati, S.; Adinolfi, V.;
Di Bartolo, P.; et al. Metabolic Disorders and Gastroenteropancreatic-Neuroendocrine Tumors (GEP-NETs): How Do They In-
fluence Each Other? An Italian Association of Medical Oncology (AIOM)/Italian Association of Medical Diabetologists
(AMD)/Italian Society of Endocrinology (SIE)/Italian Society of Pharmacology (SIF) Multidisciplinary Consensus Position Pa-
per. Crit. Rev. Oncol. Hematol. 2022, 169, 103572.

Cignarelli, A.; Genchi, V.A.; Caruso, I.; Natalicchio, A.; Perrini, S.; Laviola, L.; Giorgino, F. Diabetes and Cancer: Pathophysio-
logical Fundamentals of a “Dangerous Affair”. Diabetes Res. Clin. Pract. 2018, 143, 378-388.



Int. J. Mol. Sci. 2024, 25, 108 15 of 16

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Natalicchio, A.; Montagnani, M.; Gallo, M.; Marrano, N.; Faggiano, A.; Zatelli, M.C.; Mazzilli, R.; Argentiero, A.; Danesi, R.;

D’Oronzo, S.; et al. MiRNA Dysregulation Underlying Common Pathways in Type 2 Diabetes and Cancer Development: An

Italian Association of Medical Oncology (AIOM)/Italian Association of Medical Diabetologists (AMD)/Italian Society of Dia-

betology (SID)/Italian Society of Endocrinology (SIE)/Italian Society of Pharmacology (SIF) Multidisciplinary Critical View.

ESMO Open 2023, 8, 101573.

Matsuda, M.; Shimomura, L. Increased Oxidative Stress in Obesity: Implications for Metabolic Syndrome, Diabetes, Hyperten-

sion, Dyslipidemia, Atherosclerosis, and Cancer. Obes. Res. Clin. Pract. 2013, 7, e€330-e341.

Lee, S.C.; Chan, J.C.N. Evidence for DNA Damage as a Biological Link between Diabetes and Cancer. Chin. Med. ]. 2015, 128,

1543-1548.

Lebiedzinska-Arciszewska, M.; Oparka, M.; Vega-Naredo, I.; Karkucinska-Wieckowska, A.; Pinton, P.; Duszynski, J.; Wieckow-

ski, M.R. The Interplay between P66Shc, Reactive Oxygen Species and Cancer Cell Metabolism. Eur. |. Clin. Investig. 2015, 45

(Suppl. S1), 25-31.

Mir, H.A,; Ali, R.; Mushtaq, U.; Khanday, F.A. Structure-Functional Implications of Longevity Protein P66Shc in Health and

Disease. Ageing Res. Rev. 2020, 63, 101139.

Beltrami, E.; Valtorta, S.; Moresco, R.; Marcu, R.; Belloli, S.; Fassina, A.; Fazio, F.; Pelicci, P.; Giorgio, M. The P53-P66Shc Apop-

totic Pathway Is Dispensable for Tumor Suppression Whereas the P66Shc-Generated Oxidative Stress Initiates Tumorigenesis.

Curr. Pharm. Des. 2013, 19, 2708-2714.

Bhat, S.S.; Anand, D.; Khanday, F.A. P66Shc as a Switch in Bringing about Contrasting Responses in Cell Growth: Implications

on Cell Proliferation and Apoptosis. Mol. Cancer 2015, 14, 76.

Lewis, K.; Kiepas, A.; Hudson, J.; Senecal, ].; Ha, ].R.; Voorand, E.; Annis, M.G.; Sabourin, V.; Ahn, R.; La Selva, R.; et al. P66ShcA

Functions as a Contextual Promoter of Breast Cancer Metastasis. Breast Cancer Res. 2020, 22, 7.

Haines, E.; Saucier, C.; Claing, A. The Adaptor Proteins P66Shc and Grb2 Regulate the Activation of the GTPases ARF1 and

ARF6 in Invasive Breast Cancer Cells. J. Biol. Chem. 2014, 289, 5687-5703. https://doi.org/10.1074/JBC.M113.516047.
Ursini-Siegel, J.; Muller, W.J. The ShcA Adaptor Protein Is a Critical Regulator of Breast Cancer Progression. Cell Cycle 2008, 7,

1936-1943.

Ursini-Siegel, J.; Hardy, W.R,; Zheng, Y.; Ling, C.; Zuo, D.; Zhang, C.; Podmore, L.; Pawson, T.; Muller, W.]. The ShcA SH2

Domain Engages a 14-3-3/PI3'K Signaling Complex and Promotes Breast Cancer Cell Survival. Oncogene 2012, 31, 5038-5044.

Jiang, Y.; Luo, Z.; Gong, Y.; Fu, Y.; Luo, Y. NAD+ Supplementation Limits Triple-Negative Breast Cancer Metastasis via SIRT1-

P665Shc Signaling. Oncogene 2023, 42, 808-824.

Bhat, H.F.; Baba, R.A.; Adams, M.E.; Khanday, F.A. Role of SNTA1 in Racl Activation, Modulation of ROS Generation, and

Migratory Potential of Human Breast Cancer Cells. Br. |. Cancer 2014, 110, 706-714.

Zhang, L.; Zhu, S; Shi, X.; Sha, W. The Silence of P66(Shc) in HCT8 Cells Inhibits the Viability Via PI3K/AKT/Mdm-2/p53 Sig-

naling Pathway. Int. J. Clin. Exp. Pathol. 2015, 8, 9097-9104.

Galimov, E.R.; Sidorenko, A.S.; Tereshkova, A.V.; Pletiushkina, O.I.; Cherniak, B.V.; Chumakov, P.M. P66shc Action on Re-

sistance of Colon Carcinoma RKO Cells to Oxidative Stress. Mol. Biol. 2012, 46, 139-146.

Yan, H.; Jihong, Y.; Feng, Z.; Xiaomei, X.; Xiaohan, Z.; Guangzhi, W.; Zhenhai, M.; Dongyan, G.; Xiaochi, M.; Qing, F.; et al.

Sirtuin 1-Mediated Inhibition of P66shc Expression Alleviates Liver Ischemia/Reperfusion Injury. Crit. Care Med. 2014, 42, 246.

Huang, P.; Feng, X.; Zhao, Z.; Yang, B.; Fang, T.; Guo, M.; Xia, ]J. P66Shc Promotes HCC Progression in the Tumor Microenvi-

ronment via STAT3 Signaling. Exp. Cell Res. 2019, 383, 111550.

Fasolato, S.; Ruvoletto, M.; Nardo, G.; Rasola, A.; Sciacovelli, M.; Zanus, G.; Turato, C.; Quarta, S.; Terrin, L.; Fadini, G.P.; et al.

Low P66shc with High SerpinB3 Levels Favors Necroptosis and Better Survival in Hepatocellular Carcinoma. Biology 2021, 10,

363.

Ortiz, G.G.; Huerta, M.; Gonzalez-Usigli, H.A.; Torres-Sanchez, E.D.; Delgado-Lara, D.L.; Pacheco-Moisés, F.P.; Mireles-Rami-

rez, M.A,; Torres-Mendoza, B.M.; Moreno-Cih, R.I.; Veldzquez-Brizuela, I.E. Cognitive Disorder and Dementia in Type 2 Dia-

betes Mellitus. World |. Diabetes 2022, 13, 319-337.

Marrano, N.; Biondi, G.; Borrelli, A.; Rella, M.; Zambetta, T.; Di Gioia, L.; Caporusso, M.; Logroscino, G.; Perrini, S.; Giorgino,

E.; et al. Type 2 Diabetes and Alzheimer’s Disease: The Emerging Role of Cellular Lipotoxicity. Biomolecules 2023, 13, 183.

Muriach, M.; Flores-Bellver, M.; Romero, F.J.; Barcia, ].M. Diabetes and the Brain: Oxidative Stress, Inflammation, and Autoph-

agy. Oxid. Med. Cell Longev. 2014, 2014, 102158.

Minami, Y.; Sonoda, N.; Hayashida, E.; Makimura, H.; Ide, M.; Ikeda, N.; Ohgidani, M.; Kato, T.A.; Seki, Y.; Maeda, Y.; et al.

P66Shc Signaling Mediates Diabetes-Related Cognitive Decline. Sci. Rep. 2018, 8, 3213.

Luo, ].S;; Ning, ].Q.; Chen, Z.Y.; Li, W.J.; Zhou, R.L.; Yan, R.Y.; Chen, M.].; Ding, L.L. The Role of Mitochondrial Quality Control

in Cognitive Dysfunction in Diabetes. Neurochem. Res. 2022, 47, 2158-2172.

Picca, A.; Calvani, R.; Coelho-Junior, H.J.; Landi, F.; Bernabei, R.; Marzetti, E. Mitochondrial Dysfunction, Oxidative Stress, and

Neuroinflammation: Intertwined Roads to Neurodegeneration. Antioxidants 2020, 9, 647.

Smith, W.W.; Norton, D.D.; Gorospe, M.; Jiang, H.; Nemoto, S.; Holbrook, N.J.; Finkel, T.; Kusiak, J.W. Phosphorylation of

P665hc and Forkhead Proteins Mediates Abeta Toxicity. J. Cell Biol. 2005, 169, 331-339.

Lone, A.; Harris, R.A ; Singh, O.; Betts, D.H.; Cumming, R.C. P66Shc Activation Promotes Increased Oxidative Phosphorylation

and Renders CNS Cells More Vulnerable to Amyloid Beta Toxicity. Sci. Rep. 2018, 8, 17081.



Int. |. Mol. Sci. 2024, 25, 108 16 of 16

120.

121.

122.

123.

124.

125.

126.

127.

Derungs, R.; Camici, G.G.; Spescha, R.D.; Welt, T.; Tackenberg, C.; Spani, C.; Wirth, F.; Grimm, A.; Eckert, A.; Nitsch, R.M.; et
al. Genetic Ablation of the P66Shc Adaptor Protein Reverses Cognitive Deficits and Improves Mitochondrial Function in an
APP Transgenic Mouse Model of Alzheimer’s Disease. Mol. Psychiatry 2017, 22, 605-614.

Cheng, H.; Gang, X,; Liu, Y.; Wang, G.; Zhao, X.; Wang, G. Mitochondrial Dysfunction Plays a Key Role in the Development of
Neurodegenerative Diseases in Diabetes. Am. ]. Physiol. Endocrinol. Metab. 2020, 318, E750-E764.

Maj, M.C,; Tkachyova, I; Patel, P.; Addis, ].B.; Mackay, N.; Levandovskiy, V.; Lee, ].; Lang, A.E.; Cameron, J.M.; Robinson, B.H.
Oxidative Stress Alters the Regulatory Control of P66Shc and Akt in PINK1 Deficient Cells. Biochem. Biophys. Res. Commun. 2010,
399, 331-335.

Hou, W.H,; Li, C.Y.; Chang, H.H.; Sun, Y.; Tsai, C.C. A Population-Based Cohort Study Suggests an Increased Risk of Multiple
Sclerosis Incidence in Patients with Type 2 Diabetes Mellitus. ]. Epidemiol. 2017, 27, 235-241.

Savino, C.; Pelicci, P.; Giorgio, M. The P66Shc/Mitochondrial Permeability Transition Pore Pathway Determines Neurodegen-
eration. Oxid. Med. Cell Longev. 2013, 2013, 719407.

Wium-Andersen, LK.; Jorgensen, T.S.H.; Jorgensen, M.B.; Osler, M.; Wium-Andersen, M.K. Diabetes, Sleep Disorders and Risk
of Depression—A Danish Register-Based Cohort Study. J. Diabetes Complicat. 2022, 36, 108266.

Schipper, S.B.].; Van Veen, M.M,; Elders, P.].M.; van Straten, A.; Van Der Werf, Y.D.; Knutson, K.L.; Rutters, F. Sleep Disorders
in People with Type 2 Diabetes and Associated Health Outcomes: A Review of the Literature. Diabetologia 2021, 64, 2367-2377.
Lyu, X,; Cai, ].; Yan, R.; Huang, P.; Gong, H.; Peng, J.; Liu, Y,; Li, S.; Tan, S.; Hu, M.; et al. P665hc Is Increased in Peripheral Blood
Mononuclear Cells of the Patients with Obstructive Sleep Apnea. Int. . Med. Sci. 2023, 20, 455-462.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



