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Abstract: Secondary diabetes mellitus is frequently ignored in specialized literature. In this narrative
review, the main endocrinopathies accompanied by increased glycemic values are identified, as well
as the mechanisms by which the excess or deficiency of certain hormones impact beta cell function
or insulin resistance. The main endocrinopathies (acromegaly, Cushing’s syndrome, Basedow—
Graves’ disease, pheochromocytoma, somatostatinoma and glucagonoma) and their characteristics
are described along with the impact of hormone changes on blood sugar, body mass index and
other parameters associated with diabetes. The overall information regarding the complex molecular
mechanisms that cause the risk of secondary diabetes and metabolic syndrome is of crucial importance
in order to prevent the development of the disease and its complications and particularly to reduce
the cardiovascular risk of these patients. The purpose of this study is to highlight the particular
features of endocrine pathologies accompanied by an increased risk of developing diabetes, in the
context of personalized therapeutic decision making. The epidemiological, physiopathological,
clinical and therapeutic approaches are presented along with the importance of screening for diabetes
in endocrine diseases.

Keywords: diabetes; acromegaly; endocrine diseases; Cushing’s syndrome; pheochromocytoma;
Graves’ disease; aldosteronism; somatostatinoma; glucagonoma

1. Introduction

Diabetes mellitus is a chronic disease, with a marked impact on quality of life, consid-
ered one of the most important and common diseases encountered in the medical clinic and
which at the present time, due to the multiple complications and comorbidities involved
in this pathology, represents a real risk at the global level [1]. Diabetes and prediabetes
frequently appear as manifestations of well-known endocrine diseases. Moreover, the
presence of diabetes represents an additional risk factor for cardiovascular mortality, but
also a factor that influences and personalizes therapeutic decision making. Usually, diabetes
secondary to endocrine diseases can be cured when the hormonal excess is corrected [2].

Diabetes caused by an endocrine disorder can be falsely considered type 2 diabetes.
The ADA classification of diabetes includes four categories: type 1 diabetes characterized
by the destruction of pancreatic {3 cells and absolute insulin deficiency, type 2 diabetes char-
acterized by the progressive deficiency of insulin secretion on the background of insulin
resistance, gestational diabetes and other specific types of diabetes due to other causes
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(for example, genetic defects of pancreatic 3 cell function or insulin action, diseases of the
exocrine pancreas, endocrinopathies, drug-induced diabetes or diabetes caused by chemi-
cals, diabetes caused by infections such as congenital rubella, cytomegalovirus) [3]. The
criteria for the diagnosis of diabetes are a fasting plasma glucose > 126 mg/dL (7 mmol/L)
or HbAlc > 6.5% or plasma glucose at 2 h > 200 mg/dL (11.1 mmol/L) during an oral
glucose tolerance test or plasma glucose at any time of the day > 200 mg/dL (11.1 mmol/L)
in a patient with diabetes symptoms. The International Expert Committee reports on the
role of the A1C assay in the diagnosis of diabetes [4].

Prediabetes is an intermediate stage between normal glucose tolerance and diabetes
and includes altered basal blood glucose and altered glucose tolerance. The criteria
that define prediabetes are fasting plasma glucose values between 100 and 125 mg/dL
(5.6-6.9 mmol /L) for modified basal glucose or plasma glucose 2 h after oral loading with
75 g of glucose between 140 and 199 mg/dL (7.8-11 mmol/L) for the alteration of glucose
tolerance or HbAlc between 5.7 and 6.4% [5].

According to the International Diabetes Federation (IDF) Atlas, in 2021, approximately
537 million people had diabetes mellitus, and this number is estimated to reach 643 million
by 2030 and 783 million by 2045. In 2021, approximatively 6.7 million people, in the age
group 20-79, died from diabetes mellitus. The increased prevalence of diabetes worldwide
is one of the most worrying aspects of this pathology. Considering these data, it is a necessity
to study this pathology, including the diseases that might lead to its occurrence [6].

This paper reviews the epidemiological, physiopathological, clinical and therapeu-
tic aspects of diabetes in patients with acromegaly, Cushing’s syndrome, pheochromo-
cytoma, primary hyperaldosteronism, Basedow—Graves’ disease, somatostatinoma and
glucagonoma, as the main identified endocrinopathies.

2. Diabetes Mellitus Secondary to Acromegaly

Acromegaly is a clinical syndrome caused by the excessive secretion of growth hor-
mone. It is a multisystem disease characterized by excessive somatic growth, multiple
comorbidities, premature mortality and dysmorphism. The excessive secretion of growth
hormone that occurs before the closure of the growth cartilage in a child or adolescent is
called pituitary gigantism [7].

In most cases, acromegaly is the result of a growth-hormone-secreting pituitary ade-
noma. Other causes of acromegaly are multiple endocrine neoplasia-1, McCune—-Albright
syndrome, ectopic pituitary adenoma with a sphenoidal location or in the parapharyn-
geal sinuses, iatrogenic excess of growth hormone, excessive secretion of central growth-
hormone-releasing hormone (GHRH) (hamartoma, choristoma or ganglioneuroma) and
peripheral (small-cell lung cancer, medullary thyroid carcinoma, pheochromocytoma,
adrenal adenoma, insulinoma) [8].

Growth hormone (GH) is secreted at the level of the adenohypophysis by somatotropic
cells, the maximum levels being reached at night, at the onset of sleep. Its secretion is
characterized by minimal basal secretion and episodes of pulsatile secretion. GHRH is a
hypothalamic peptide that stimulates GH synthesis and release, while somatostatin has the
role of inhibiting GH secretion. GHRH is secreted in discrete pulses that induce pulsatile
GH secretion, and somatostatin controls the basal GH level. GH binds to the GH receptor
predominantly located in the liver, and the receptor-ligand coupling favors the intracellular
synthesis and secretion of IGF-1 (insulin-like growth factor-1). Circulating IGF-1 then binds
to the IGF-1 receptor in peripheral tissues [9].

Unlike GH, the serum levels of IGF-1 are constant over a 24 h period. There are
numerous factors involved in the regulation of growth hormone secretion: stress, physical
exercise, nutritional status (GH secretion is lower in people with obesity), hormones
(estrogen stimulates GH secretion, excess glucocorticoids inhibit GH release). Also, IGF-1
inhibits GH secretion through negative feedback [10].

The diagnosis of acromegaly must be taken into account in patients who present an
increase in the size of the hands and feet, tightening of facial features with the growth of
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the mandible and prognathism, frontal bumps, growth of the nasal pyramid, macroglossia,
dental diastemas followed by premature teething, excessive sweating, voice thickness,
thickened integuments, arthropathy, kyphosis, carpal tunnel syndrome, sleep apnea and
oligomenorrhea. Acromegaly is accompanied by an increased risk of developing diabetes,
the appearance of colonic polyps and colon cancer, but also of cardiac conditions, such as
hypertension, left ventricular hypertrophy and ischemic heart disease. The symptoms due
to the direct compressive effects of the tumor mass are headache, visual field defects and
paralysis of the cranial nerves. Serum IGF-1 dosage is an effective screening method when
clinical manifestations raise the suspicion of acromegaly. Due to the pulsatile secretion of
GH, a single determination has no absolute value for confirming the diagnosis [11,12]. To
establish the diagnosis of acromegaly, the oral glucose tolerance test is used. Serum GH
levels measured every 30 min for 2 h after glucose administration fall below 1 ug/L in most
healthy individuals, whereas patients with acromegaly have a GH value above 1 pg/L.
Once the diagnosis has been confirmed, a pituitary MRI must be performed to confirm the
presence of the pituitary adenoma [13].

Acromegaly is frequently accompanied by metabolic comorbidities, mainly by dis-
orders of carbohydrate and lipid metabolism, representing additional risk factors for
increased cardiovascular mortality. Disorders of carbohydrate metabolism include altered
basal blood glucose, altered glucose tolerance and diabetes. The prevalence of these dis-
orders of carbohydrate metabolism varies considerably between different studies. The
prevalence of altered basal glucose varies between 7 and 22%, of altered glucose tolerance
between 6 and 45% and of diabetes between 19 and 56% [14]. A study that included
148 patients diagnosed with acromegaly between 1990 and 2010 showed that more than
50% of patients with acromegaly had an altered glycemic status at the time of diagnosis,
28.5% of patients with diabetes, 26.5% with prediabetes. Also, the study showed that, just
like in the general population, diabetes and prediabetes in acromegaly are correlated with
a family history of diabetes, older age and a higher body mass index [15]. Another study
conducted by Ciresi and colleagues in which 157 men and 150 women newly diagnosed
with acromegaly were included demonstrated that most of the metabolic characteristics in
acromegaly are more strongly associated with the female sex, with women exhibiting more
severe insulin resistance compared to men [16]. The main disorders of lipid metabolism
include a decrease in HDL-cholesterol values, with a prevalence between 33 and 40%, and
hypertriglyceridemia, whose prevalence varies between 39 and 47% [14].

Physiologically, GH exerts its effects both directly by inducing gluconeogenesis,
glycogenolysis and lipolysis and promoting insulin resistance in the liver and periph-
eral tissues, as well as indirectly through IGF-1, which facilitates the action of insulin [8].
The pathogenesis of insulin resistance in acromegaly is due to multiple factors. GH exerts a
lipolytic effect by determining the hydrolysis of triglycerides and the production of free
fatty acids from adipose tissue, and this increased synthesis of free fatty acids leads to a
decrease in insulin-mediated glucose uptake by inhibiting glucose transporters in adipose
tissue [17]. Moreover, GH suppresses key insulin signaling pathways involved in stimulat-
ing glucose transport in muscle and adipose tissue and in inhibiting glucose production in
the liver [18].

The resistance to insulin secondary to the excess of growth hormone is compensated
by the increased secretion of insulin from the pancreatic 3 cells, and over time, with the
decrease in the secretory capacity of the pancreas, prediabetes and diabetes can set in.
Therefore, the impairment of pancreatic 3 cell function with the subsequent reduction
in insulin secretion contributes significantly to the occurrence of glucose metabolism
disorders [19]. Once the 3 cell function is affected, the glucose metabolism disorders persist
even after the acromegaly is cured [20]. Although physiologically IGF-1 improves glucose
homeostasis, the chronic excess of GH in acromegaly that causes insulin resistance greatly
exceeds the possible beneficial effects of IGF-1 on insulin sensitivity [21].

The first treatment option for most patients with acromegaly is a transsphenoidal
surgical resection of the GH-secreting adenoma. Following surgical excision, both insulin
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sensitivity and insulin secretion improves, and in 23-58% of patients with pre-existing
diabetes, glucose metabolism returns to normal [20]. Drug therapy and radiotherapy
are generally second-line and third-line treatment options, having indications of being
preoperative adjuvant treatments to reduce the size of large macroadenomas, in patients
with multiple comorbidities, in patients who refuse surgical intervention or in the case of
postoperative recurrences [8]. Generation I somatostatin analogs (octreotide and lanreotide)
exert their therapeutic effect mainly through the somatostatin receptor 2 (SSTR2) and, to
a lesser extent, through the SSTR5 receptor, causing a decrease in GH secretion and a
decrease in secretory tumor formation [22]. Somatostatin analogs of the first generation
reduce insulin resistance but also the pancreatic secretion of insulin and glucagon. Thus,
the progressive improvement in insulin resistance can counterbalance the inhibitory effect
on insulin secretion, which appears mainly at the initiation of treatment, and in the long
term, glucose tolerance can be improved [23]. Although some studies have shown an
impairment of glycemic control, others have not confirmed these results, and the effect of
first-generation somatostatin analogs on glucose metabolism remains controversial [24].

Pasireotide is a second-generation somatostatin analog with an increased affinity
for the SSTR5 receptor and has been shown to be superior to octreotide or lanreotide
in the treatment of acromegaly. It is recommended in cases where surgical intervention
is ineffective or cannot be performed, as well as after the failure of therapy with first-
generation somatostatin analogs. Pasireotide has an increased frequency of hyperglycemia
and diabetes [24].

The PAOLA study carried out over a period of 6 months compared pasireotide with
octreotide and lanreotide autogel. Diabetes occurred in 21% of patients treated with
pasireotide LAR 40 mg and 26% of patients treated with pasireotide LAR 60 mg, compared
to 8% of patients treated with octreotide and lanreotide [25].

The increased affinity for the SSTR5 receptor can be used to explain the hyperglycemic
effects of pasireotide. Pancreatic o cells that secrete glucagon predominantly express the
SSTR2 receptor, and {3 cells mainly express SSTR2 and SSTR5 receptors. Following binding
to SSTR5, pasireotide suppresses insulin secretion, while having a modest inhibitory effect
on glucagon secretion. This glucagon-insulin imbalance could explain the occurrence of
hyperglycemia. In addition, binding to SSTR5 inhibits GLP-1 (glucagon-like peptide-1)
secretion [24].

Patients who develop diabetes after treatment with pasireotide require the initiation
of antidiabetic therapy, the first line being metformin. Dipeptidyl peptidase 4 inhibitors
and GLP-1 receptor agonists can be effective in reducing hyperglycemia, being considered
in stage II of the treatment [26].

Pegvisomant antagonizes the action of GH by peripherally blocking the binding of
GH to its receptor and the consequent decrease in the level of IGF-1. It is indicated in
stage II treatment of acromegaly, for patients with resistance or intolerance to somatostatin
analogs. Clinical studies have shown that pegvisomant normalizes serum IGF-1 levels in
over 90% of patients. Regarding the effect on carbohydrate metabolism, multiple studies
have shown that pegvisomant reduces fasting glucose and HbA1lc levels and improves
glucose tolerance, even in patients with diabetes or impaired glucose tolerance [21]. It is
not clear whether the positive effect of pegvisomant on glycemic disorders is due to the
decrease in IGF-1 value or its specific action on glycemia [27].

Cabergoline and bromocriptine are dopaminergic agonists that modestly inhibit GH
secretion, being used especially in cases with simultaneous GH and prolactin secretion, in
monotherapy or more frequently in combination with somatostatin analogs. Cabergoline
is more effective than bromocriptine. There are few data on the impact of dopaminergic
agonists on glycemic control in acromegaly [24]. In the case of patients with type 2 diabetes
without acromegaly, it has been proven that bromocriptine reduces the level of HbAlc and
fasting blood sugar [28].

If antidiabetic therapy is necessary, diabetes should be managed similarly to the
general population, with metformin being considered the first-line medication. Adverse
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effects of metformin such as diarrhea and abdominal pain have a greater significance for
patients under treatment with somatostatin analogs which are known to cause similar
adverse reactions. Diet change and weight loss are less important in the case of patients
with acromegaly because they generally do not have visceral obesity, and insulin resistance
is influenced by excess GH and IGF-1 [29].

GLP-1 receptor agonists and dipeptidyl peptidase 4 inhibitors should be considered
as second-line treatments in individual cases, having an important role in the treatment
of pasireotide-induced hyperglycemia. Diabetic patients with acromegaly could also be
treated with SGLT-2 (sodium-—glucose transport protein 2) inhibitors, although caution is
required for patients with an uncontrolled disease. Insulin therapy should be considered
especially when pancreatic 3 cell function is affected by a long-term hypersecretion of
GH [21,30,31]. Figure 1 summarize the diabetogenic effects of excessive growth hormone
in the case of acromegaly and the available therapeutics for acromegaly.
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Figure 1. Diabetes secondary to acromegaly: diabetogenic effects of excessive growth hormone
in the case of acromegaly and the available therapeutics for acromegaly. Hypothalamus (outlined
with a black box) up arrows indicate increase or excess, while down arrows indicate decrease.
(Figure originally created by the authors using BioRender: Scientific Image and Illustration Software
https:/ /www.biorender.com/).

3. Cushing’s Syndrome and Diabetes

Cushing’s syndrome is characterized by a chronic excess of glucocorticoids, regardless
of etiology. Cushing’s syndrome can be ACTH-dependent or ACTH-independent, caused
by an ACTH-secreting pituitary adenoma (Cushing’s disease) or by the ectopic secretion of
ACTH determined by lung, pancreatic or thymic carcinoid tumors, respectively, by a secret-
ing adrenal cortical adenoma or carcinoma of cortisol, iatrogenic (through corticotherapy),
ACTH-independent bilateral macronodular adrenal hyperplasia and primary pigmented
nodular adrenal disease. Cushing’s disease is the most common form of endogenous
Cushing’s syndrome, representing 80% of cases [32,33].
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Cortisol is a steroid hormone produced in the fasciculated area of the adrenal glands.
Its production is under the control of the hypothalamic—pituitary—adrenal cortical axis.
ACTH is the main factor that stimulates cortisol secretion [34]. Stress, pain, physical
exertion, trauma, infections and hypoglycemia activate the hypothalamic-pituitary-adrenal
cortical axis [34,35].

The first step in the diagnosis of Cushing’s syndrome is the exclusion of the exoge-
nous administration of glucocorticoids. Free urinary cortisol determined in urine/24 h
reflects the concentration of free plasma cortisol, being a good screening test for Cushing’s
syndrome [36]. The measurement of nocturnal salivary cortisol is another screening test,
saliva being collected between 11 and 12 p.m. [37]. The nocturnal inhibition test with
dexamethasone consists in the administration of 1 mg of dexamethasone between 23 and
24 h and a measurement of serum cortisol the following morning [38]. The inhibition test
with dexamethasone for 48 h, 2 mg/day;, is a confirmatory test [36].

The next stage of diagnosis consists in performing tests to establish the etiopathogenic
form of Cushing’s syndrome by measuring the plasma ACTH that differentiates the ACTH-
dependent and ACTH-independent forms of Cushing’s [39]. To distinguish between Cush-
ing’s disease and ectopic ACTH secretion, an inhibition test with high-dose dexamethasone
or a stimulation test with CRH or desmopressin can be used [40,41].

Disorders of carbohydrate metabolism occur in 14-74% of patients with Cushing’s
syndrome. The prevalence of diabetes varies between 21 and 47%, and of modified basal
blood glucose, between 21 and 64% [42].

The effects on carbohydrate metabolism are exerted mainly on the level of the liver,
skeletal muscles and adipose tissue. At the liver level, excess glucocorticoids stimulate
gluconeogenesis by activating numerous genes involved in the hepatic gluconeogenesis
process, stimulating lipolysis and proteolysis with increasing substrates for gluconeogen-
esis, potentiating the action of glucagon and inhibiting glycogenogenesis [43], as shown
in Figure 2.

At the muscle level, excess cortisol induces insulin resistance by interfering with
different components of the insulin-signaling cascade, as well as by stimulating proteolysis
and loss of muscle mass. All this reflects on the reduced capacity of the muscle to synthesize
glycogen and capture most of the postprandial glucose from the circulation, for which it is
responsible under physiological conditions [44].

Cortisol hypersecretion causes an increase in visceral obesity and a relative reduction
in peripheral adipose tissue, with the appearance of central obesity typical of Cushing’s
syndrome [45]. Abdominal obesity is closely associated with metabolic syndrome and
worsens insulin resistance. Moreover, the hypersecretion of cortisol influences the synthesis
and release of hormones from adipose tissue, mainly adipokines, further contributing to
the development of insulin resistance [43]. Also, glucocorticoids inhibit the synthesis and
secretion of pancreatic insulin, induce pancreatic 3 cell apoptosis, loss of {3 cell function
and the subsequent development of diabetes [46]. The involvement of the bone system
in affecting glucose homeostasis was also found. Long-term exposure to glucocorticoids
causes a reduction in circulating osteocalcin that can increase insulin resistance [47].

The first treatment option for Cushing’s syndrome, regardless of etiology, is mainly
surgical intervention, either selective pituitary transsphenoidal adenomectomy, unilateral
or bilateral adrenalectomy or excision of the ectopic ACTH-secreting tumor. If surgery fails
or if surgery is not possible, there are several second-line therapies available. For the cases
of postsurgical recurrence or incomplete resection, it is recommended to repeat the surgical
procedure or radiotherapy [48].

Drug treatment consists in the administration of steroidogenesis inhibitors, being
recommended as a second-line therapy in Cushing’s disease, as the first option in metastatic
ACTH ectopic secretion syndrome or if the secreting tumor cannot be located or as an
adjunctive treatment for lowering cortisol levels in adrenocortical carcinoma [49].
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Figure 2. Diabetic implications of Cushing’s syndrome: current therapeutics: Hypothalamus (out-
lined with a black box), up arrows indicate increase or excess while down arrows indicate decrease.
(Figure originally created by the authors using BioRender: Scientific Image and Illustration Software
https:/ /www.biorender.com/).

Due to the fact that cortisol hypersecretion is responsible for changes in carbohydrate
metabolism, the normalization of the postsurgical cortisol level generally determines the
improvement in glycemic values, but insulin resistance may persist in certain cases, requir-
ing antidiabetic treatment. A study that included 174 patients with Cushing’s syndrome
and followed the effects of surgical treatment on hyperglycemia showed that in 47% of
cases there was an improvement in blood glucose values, and in 21% of cases, blood glucose
returned to normal limits [50].

As in the general population, the treatment of diabetes begins with lifestyle changes
that include physical exercise and a diet aimed at reducing the intake of carbohydrates.
The drug treatment of first choice is metformin due to its action of reducing insulin resis-
tance. Due to the fact that glucocorticoids mainly exert their effects on metabolism in the
postprandial period, GLP-1 receptor agonists and dipeptidyl peptidase 4 inhibitors should
be considered as a second treatment option [51,52].

Sodium-—glucose cotransporter 2 inhibitors are associated with a higher risk of urinary and
genital infections, and the decision to use them must be carefully evaluated in patients with
Cushing’s syndrome, who due to the underlying disease already present an increased risk of
infection. Insulin may become necessary in patients whose uncontrolled diabetes persists [44].

Patients with Cushing’s syndrome secondary to exogenous corticosteroid administra-
tion have a risk of developing diabetes and other complications depending on the dose
and duration of corticosteroid administration. For these patients, the treatment must pri-
marily include oral antidiabetics focused on increasing insulin sensitivity and increasing
postprandial insulin secretion [43]. Insulin treatment may be necessary if diabetes cannot be
controlled with oral medication. Initially, due to the postprandial effects of corticosteroids,
only the administration of prandial insulin can be considered [53]. If basal-bolus therapy is
adopted, it must be taken into account that patients treated with glucocorticoids require more
prandial insulin than basal, in a ratio of 70-30% [54]. Insulin therapy should be considered as
a first-line therapy for patients already diagnosed with diabetes who require corticosteroid
therapy due to the rapid action of insulin compared to oral antidiabetic agents [43].
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4. Pheochromocytoma and Diabetes

Pheochromocytoma is a rare catecholamine-secreting tumor that derives from the
chromaffin cells of the adrenal medulla. Most pheochromocytomas are benign tumors, but
up to 10-15% are malignant [55]. Pheochromocytoma can appear sporadically or within
some family syndromes, having an autosomal dominant transmission. The syndromes as-
sociated with pheochromocytomas are multiple endocrine neoplasia 2 (MEN 2A and MEN
2B) linked to RET gene mutations, von Hippel-Lindau syndrome due to VHL gene muta-
tions and neurofibromatosis type 1 associated with NF1 gene mutations. MEN2A includes
pheochromocytoma, medullary thyroid carcinoma and hyperparathyroidism, and MEN2B
represents the association between pheochromocytoma, medullary thyroid carcinoma and
neuromas. SDHB gene mutations are frequent in malignant pheochromocytomas [56].

Depending on the type of catecholamine produced, pheochromocytoma can be pre-
dominantly noradrenaline-secreting, predominantly adrenaline-secreting or predominantly
dopamine-secreting. The effects of catecholamines on the cardiovascular system are the
strongest and appear as a result of the stimulation of « receptors with the appearance of
peripheral vasoconstriction and of 31 receptors with an increase in contractility and heart
rate [57]. The clinical picture of excess catecholamines includes the classic triad: headache,
palpitations and sweating. These are accompanied in 80-90% of cases by hypertension,
which can be persistent in approximately half of cases, paroxysmal in 45% of cases, and
5-15% of patients are normotensive. Other less common signs and symptoms are anxiety,
tremors, abdominal and chest pain, nausea, constipation, weight loss, heat intolerance,
pallor, sometimes skin congestion and hyperglycemia [58].

Paroxysmal arterial hypertension is the result of the sudden release of catecholamines
and can be induced by triggering factors such as physical exertion, postural changes,
anxiety, consumption of foods rich in tyramine (cheeses, wine), pregnancy, surgical inter-
ventions and various drugs (tricyclic antidepressants, opioids). The frequency of paroxysms
varies from several times a day to once every few months, and their duration varies from
a few minutes to over an hour. Episodes of catecholamine discharge can cause heart
failure, arrhythmias and intracranial hemorrhages [59]. The diagnosis is established by
highlighting an increased level of catecholamines through laboratory analyses and locating
the tumor through imaging investigations. Plasma and urinary catecholamines or their
metabolites can be dosed directly. The metabolism of catecholamines is achieved under
the action of the enzyme catechol-O-methyl transferase, which converts epinephrine to
metanephrine and norepinephrine to normetanephrine. Adrenaline and noradrenaline are
secreted intermittently, while their metabolites are produced continuously, so the dosing of
metanephrines is recommended [57].

The measurement of plasma free metanephrines has a higher sensitivity than the mea-
surement of fractionated free metanephrines from urine over 24 h. When their value is 34
times above the upper limit of normal, the diagnosis of pheochromocytoma is very likely.
If the results are at the limit, a clonidine suppression test can be performed. False-positive
results can occur following the administration of drugs (sympathomimetics, levodopa, MAO
inhibitors, tricyclic antidepressants, oc and 3 blockers), coffee consumption or stress [60].

Imaging investigations are usually performed after biochemical confirmation of excess
catecholamines. A CT and MRI are also recommended as a first step. If the biochemical
measurements confirm the tumor, but the CT or MRI scan does not localize the tumor or
if there is a suspicion of a malignant pheochromocytoma with metastasis, a scintigraphy
with metaiodobenzylguanidine (MIBG) or a PET-CT with fluoro-deoxy-glucose (PET-FDG)
or fluorodihydroxyphenylalanine can be performed (FDOPA PET) [61]. Diabetes mellitus
can affect up to 35% of pheochromocytoma patients [62,63].

The excess of catecholamines determines the suppression of insulin secretion at the
pancreatic level mainly by stimulating x-adrenergic receptors and insulin resistance in pe-
ripheral tissues by stimulating [3-adrenergic receptors. At the muscle level, catecholamines
inhibit the uptake and use of glucose [64]. At the hepatic level, increases in catecholamine
levels increase glucose production by stimulating the processes of glycogenolysis and glu-
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coneogenesis [65]. Surgical resection is the only definitive treatment of pheochromocytoma.
Preoperative blood pressure management is extremely important to prevent perioperative
cardiovascular complications. The administration of x-receptor blockers is the first treat-
ment option, the most frequently used being phenoxybenzamine. Calcium channel blockers
can be used as an alternative. To combat tachycardia and postural hypotension resulting
from the use of « blockers, 3 blockers can be added to the therapeutic regimen but only a
few days after « blockers to avoid a hypertensive crisis [57]. Preoperative treatment should
be initiated 7-14 days before surgery and should include a sodium-rich diet and increased
fluid intake to prevent severe arterial hypotension after tumor removal [61]. Laparoscopic
adrenalectomy is the method of choice for most pheochromocytomas. Classical interven-
tion is recommended for large or invasive pheochromocytomas. A partial adrenalectomy
with preservation of the adrenal cortex can be performed in the case of patients with
hereditary pheochromocytoma and small tumors who have already undergone a complete
contralateral adrenalectomy in order to prevent permanent adrenal insufficiency [57].

Tumor-formation resection improves glycemic values. Furthermore, hypoglycemia
has been described as a possible postinterventional complication both in diabetic and
nondiabetic patients [64]. A study carried out between 1996 and 2015 by Beninato and
colleagues, which included 153 patients diagnosed with pheochromocytoma, of which
23% had diabetes or glucose intolerance, showed that after tumor excision, more than
90% of patients presented values of lower blood sugar, and in 79% of cases, the resolution
of diabetes was reached. Patients who present other risk factors for the development
of diabetes, such as a higher body mass index, are more likely to require antidiabetic
medication postoperatively [63]. Another study conducted in 2003 by La Batide-Alanore
and collaborators showed that 90% of the diabetic patients included in the study were
cured of diabetes. The 10% who were not cured had an incomplete resection of the tumor,
with the exception of one patient with hypothyroidism who had a complete resection [62].

The clinical picture of pheochromocytoma and its diabetic consequences are summa-
rized in Figure 3.
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Figure 3. Pheochromocytoma and diabetes: clinical picture of pheochromocytoma and diabetic
consequences, up arrows indicate increase while down arrows indicate decrease. (Figure originally
created by the authors using BioRender: Scientific Image and Illustration Software https:/ /www.
biorender.com/).
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5. Diabetes Mellitus Secondary to Graves’ Disease

Known as Basedow—Graves’ disease, exophthalmic goiter or von Basedow’s disease,
this pathology was first described in the 19th century, through a symptomatological picture
that included eye abnormalities, a hyperactive thyroid gland increased in volume and
accelerated heart rate [66]. Globally, this thyroid condition is considered the main cause
of hyperthyroidism [67]. Although in the first phase the hyperthyroidism of Graves’
disease was considered the result of an increased secretion of thyroid hormones by the
pituitary gland, in 1956, through the discovery of antibodies against the TSH receptor,
it was established that the pathology belongs to autoimmune diseases [68]. From an
epidemiological point of view, Basedow—Graves’ disease reports an annual incidence of
20-50 cases per 100,000 people. Ophthalmopathy associated with Graves” disease has
an incidence of 3 cases per 100,000 men and 16 cases per 100,000 women, with a raised
frequency in the Caucasian race [66]. The disease can affect the population in any decade
of age, with a maximum incidence between 30 and 50 years, women presenting a risk of
approximately 3% of developing this condition during their lifetime. Although they can
appear at a long distance from each other, ophthalmopathy and hyperthyroidism usually
develop within a year [69].

The triggering of the autoimmune process in Basedow-Graves’ disease starts from
a predisposing genetic ground on which environmental factors and endogenous factors
act. The autoimmune reaction influences the B lymphocytes of the thyroid gland, which
are the basis of the production of antibodies against the TSH receptor, which in most cases,
through their stimulating action, will result in thyroid hyperfunction [70].

Several aspects are involved in the clinical manifestations of Graves’ disease, including
the severity and period of manifestation of hyperthyroidism but also the age of the patient
at the onset of the disease [71]. The signs and symptoms that appear in more than 50% of
patients are specific to hyperthyroidism and are characterized by fatigue, heat intolerance,
weight loss, palpitations, tachycardia, tremors, anxiety and fatigue [72]. The age of the
patient at the onset of the disease is of particular interest because the association of cardiac
manifestations, weight loss and loss of appetite with older age has been observed. Atrial
fibrillation secondary to hyperthyroidism occurs in more than 10% of patients over 60 years
old, and palpable thyroid goiter is associated with an age under 60 years [66].

In young patients under 50 years old, neurological symptoms such as anxiety or tremor
predominate in the clinical picture, but cases have been observed in which psychiatric
symptoms, such as psychosis, are also associated [73]. Orbitopathy from Basedow—Graves’
disease can be present in different stages, it can be limiting, it affects vision, and it is
characterized by lacrimation, inflammation, irritation, retroorbital pain and exophthal-
mos [66]. Rundle and associates described for the first time the clinical model according
to which Graves’ orbitopathy develops. Initially, an active phase of the disease appears,
which extends over a period of approximately 3 years and is characterized by inflammation
and congestion. In the active phase, ocular clinical manifestations may appear, including
proptosis, diplopia, hyperlacrimation, pain, ocular discomfort, dry eye and periorbital
edema. An inactive phase follows, in which the manifestations of orbitopathy persist but
are stable [74].

The dermatopathy associated with Basedow—Graves’ disease most frequently asso-
ciates severe cases of ophthalmopathy, and although it can also appear in other areas such as
elbows and fingers, it is most frequently located pretibial [68]. In patients with dermatopa-
thy, acropachia may appear, which is similar to clubbing [75]. Basedow’s disease diagnosis
is based on the presence of clinical signs and symptoms and laboratory investigations. The
Merseburg triad consisting of diffuse gout, thyrotoxicosis and ophthalmopathy raises a
clear suspicion of the disease. From the point of view of laboratory analyses, this disease is
characterized by undetectable levels of TSH and increased levels of triiodothyronine T3
and thyroxine T4. As additional tests, TSH receptor antibodies (TRabs) can be dosed [72].

The radioactive iodine absorption test (RAIU) and the thyroid scintigram that reveals
an enlarged thyroid with a homogeneous capture of I-123 are also important in establishing



Int. . Mol. Sci. 2023, 24, 12676

11 of 27

the diagnosis [76,77]. Hyperthyroidism from Graves’ disease is treated either by using syn-
thetic antithyroid drugs or by using radioiodine therapy or by resorting to a thyroidectomy.
Synthetic antithyroid drugs are the first-line treatment, especially in the case of young, preg-
nant or short-term patients before a thyroidectomy or radioiodine therapy. This category
includes carbimazole, methimazole and propylthiouracil [78]. They all block the synthesis
of thyroid hormones by inhibiting the organization of iodine. Propylthiouracil in high
doses also blocks the peripheral conversion of T4 into T3. The duration of the treatment is
12-18 months, after which the treatment can be interrupted if the concentrations of TSH
and TRAD reach normal values [79]. Beta blockers can be used in the initial treatment of
Graves’ disease, before thyroid function is normalized, to reduce adrenergic symptoms.
Propranolol or other long-acting beta blockers are preferable [80].

Treatment with radioactive iodine causes the progressive destruction of thyroid tissue
and is recommended in the case of relapses after treatment with synthetic antithyroid drugs
or in the event of severe side effects of synthetic antithyroid drugs. Pregnancy, breastfeed-
ing, severe ophthalmopathy and the presence of nodules with a risk of malignancy are
contraindications [78]. A total or subtotal thyroidectomy is indicated for patients with large,
compressive goiters, in case of a suspicion of malignancy or if the evolution is unfavorable
under antithyroid treatment [81].

The treatment of Graves’ ophthalmopathy consists primarily in quitting smoking
and restoring the euthyroid state. For the therapy of mild forms, it is recommended to
take supplements based on selenium, as well as local treatment measures (artificial tears,
ophthalmic ointments), and for moderate to severe forms, IV corticosteroid therapy in high
doses as a pulse therapy is recommended [82]. Orbital radiotherapy is preferred in patients
with severe ocular mobility disorders, while surgical decompression is recommended
6 months after the inactivation of the disease in moderate to severe forms [81].

There are very few data in the literature regarding the frequency of diabetes secondary
to Basedow—Graves’ disease. A study conducted by Song and associates with the aim of
evaluating the risk of diabetes mellitus in patients with Basedow—-Graves’ disease included
4593 patients with Graves’ disease. Diabetes was diagnosed in 16.3% of patients over a
7-year follow-up period. Moreover, the study showed that patients treated with radioactive
iodine had a higher risk of developing diabetes than those treated with synthetic antithyroid
drugs, and the risk increases with the increase in the duration of treatment [83]. The excess
of thyroid hormones contributes to the occurrence of diabetes both by affecting insulin
secretion and by increasing insulin resistance at the peripheral level [2]. Hyperthyroidism
is associated with an increased level of postprandial plasma insulin and proinsulin but
also with an increased apoptosis of pancreatic 3 cells. Moreover, the half-life of insulin
is reduced probably due to the increased rate of degradation and the high release of
biologically inactive insulin precursors [84].

In untreated Graves’ disease, proinsulin levels in response to food intake increase [85].
At the level of the pancreatic « cells, the effect of thyroid hormones translates into the
stimulation of glucagon secretion. Hyperthyroidism causes the acceleration of intestinal
peristalsis and an increased absorption of glucose from the intestine [86].

Thyroid hormones increase hepatic glucose production by increasing the hepatic
expression of the glucose transporter GLUT 2 and stimulate endogenous glucose production
by increasing gluconeogenesis and glycogenolysis processes, leading to a decrease in
liver sensitivity to insulin [87]. Also, hyperthyroidism stimulates lipolysis, resulting in
an increase in the levels of free fatty acids and consequently the stimulation of hepatic
gluconeogenesis, and at the muscle level, it causes an increase in GLUT 4 expression and
the use of glucose [88].

The treatment of hyperthyroidism with synthetic antithyroid drugs does not signif-
icantly affect glycemic control. In the study conducted by Maxon et al. (1975), 40% of
patients presented disturbances in carbohydrate metabolism 9 months after obtaining
euthyroidism, and in another study conducted in India in 2019, a third of patients had al-
tered glucose tolerance 3 months after obtaining euthyroidism [89,90] There are no specific
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recommendations for the treatment of diabetes secondary to Graves’ disease. However,
certain oral antidiabetics can influence aspects of Graves’ disease.

Thiazolidinediones should be used with caution in Graves’ disease and even avoided
in patients with active Graves’ orbitopathy. Thiazolidinediones, as agonists of the PPARy
nuclear receptor expressed in orbital adipose and connective tissues, stimulate the dif-
ferentiation of adipocytes at the orbital level and aggravate ophthalmopathy [91]. Also,
the administration of metformin to patients with insulin resistance was associated with a
reduction in the volume of the thyroid gland but also in the size of the thyroid nodules [92].
Figure 4 summarizes the diabetic complications and therapeutics of Graves’ disease.
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Figure 4. Diabetes mellitus secondary to Graves’ disease: diabetic complications and therapeutics
of Graves’ disease. Up arrows indicate increase or excess while down arrows indicate decrease
(figure originally created by the authors using BioRender: Scientific Image and Illustration Software
https:/ /www.biorender.com/).

6. Diabetes Mellitus Secondary to Primary Aldosteronism

Primary aldosteronism is an endocrinological disease, considered the most common
cause of resistant hypertension, being associated over the years with an increased risk of
cardiovascular complications [93]. Primary aldosteronism is characterized by a hypersecre-
tion of aldosterone in the context of a low pasmatic renin. With a prevalence of 20% among
patients with resistant HTN and 10% among patients with severe HTN, once this pathology
was considered rare, being discovered and treated in a relatively low percentage [94]. In the
pathophysiology of AP, the renin-angiotensin—aldosterone system is involved, an essential
hormonal cascade in the homeostasis of hydroelectrolytic balance and blood pressure
regulation [95].

Glycoprotein hormone (secreted at the level of juxtaglomerular cells from the level of
the renal afferent arteriole) renin cleaves the circulating angiotensinogen into angiotensin I,
which ends up being converted with the help of the conversion enzyme to angiotensin II.
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Through the AT1 type 1 receptor, angiotensin II induces renal sodium resorption, aldos-
terone secretion and vascular contraction. Aldosterone acts on kidney cells by increasing
sodium reabsorption, induces potassium secretion and can cause injuries, inflammation
or fibrosis at the cardiac, renal or blood vessel levels [96]. Angiotensin II and potassium
secretion normally stimulate aldosterone production, but in this pathology, aldosterone
production is independent of the renin-angiotensin—aldosterone system, is inappropriately
high and cannot be suppressed by sodium loading. The main causes of primary hyperal-
dosteronism are idiopathic aldosteronism with bilateral adrenal hyperplasia and unilateral
aldosterone-secreting adenoma [97].

From a biochemical point of view, PA is characterized by the suppressed activity of
plasma renin, hypersecretion of aldosterone, and although hypokalemia can be observed
in most patients, studies show that only a percentage of 9-37% of patients present this
change [98]. Hypertension secondary to primary aldosteronism occurs based on the activa-
tion of the sympathetic nervous system and hypervolemia. It has been observed, however,
that edema rarely occurs in this pathology, hypertension from aldosteronism being similar
to primary arterial hypertension [99].

The risk of cardiovascular events is much higher in patients with primary aldostero-
nism compared to those with primary essential hypertension. Hyperaldosteronism can
increase the risk of myocardial infarction up to 6 times, the risk of stroke up to 4 times or
the risk of atrial fibrillation up to 12 times. In addition, patients are exposed to an increased
risk of left ventricular hypertrophy, tissue fibrosis or increased stiffness of the large arteries.
The identification and initiation of treatment are essential to prevent cardiovascular and
cerebral consequences [100]. Data published in recent years demonstrate the association
of primary aldosteronism with an increased risk of stroke, coronary heart disease, heart
failure, arterial fibrillation and CVD but also diabetes and metabolic syndrome compared
to people diagnosed with essential hypertension [3,101]. Insulin sensitivity in skeletal
muscles and adipocytes is affected by mineralocorticoid receptor activation induced by
aldosterone [102].

Studies show that aldosterone is secreted in excess in patients suffering from obesity.
Since obesity is a main risk factor for type 2 diabetes, hyperaldosteronism in obese patients
can contribute to a change in glucose tolerance both by affecting insulin secretion and
by changing insulin sensitivity [103]. Hypokalemia has been shown not to be specific
to the disease; however, in cases of hypokalemia, it can be accompanied by metabolic
disorders such as hypomagnesemia, mild hyponatremia or alkalosis [104]. Screening
for hyperaldosteronism is extremely important, due to the increasing prevalence of this
pathology and its known impact on cardiovascular morbidity. Biochemical testing by
measuring the ratio between plasma aldosterone concentration (PAC) and plasma renin
activity (PRA), also known as ARR, is a sensitive and useful marker in screening because it
detects an increase in plasma aldosterone in combination with a low renin level, thus being
superior to the isolated dosage of potassium, DRC, or serum aldosterone [105].

After interpreting the ARR screening test as positive, it is necessary to establish the
diagnosis of primary hyperaldosteronism. The purpose of the test is to evaluate aldosterone
secretion, whether it is suppressible or not, because in true primary hyperaldosteronism
it cannot be suppressed [106]. For the diagnosis of primary hyperaldosteronism, four
confirmatory tests were approved: oral sodium loading, fludrocortisone suppression test
(FST), captopril test and saline infusion test (SIT). Each test offers specific advantages or
disadvantages, so there is no optimal test which can be considered the “gold standard” in
the diagnosis of this pathology [107].

Hypertension secondary to primary aldosteronism occurs based on the activation of
the sympathetic nervous system and hypervolemia. It has been observed, however, that
edema rarely occurs in this pathology, hypertension from aldosteronism being similar to
primary arterial hypertension [99]. The risk of cardiovascular events is much higher in
patients with primary aldosteronism compared to those with primary essential hyperten-
sion. Hyperaldosteronism can increase the risk of myocardial infarction up to 6 times,
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the risk of stroke up to 4 times or the risk of atrial fibrillation up to 12 times. In addition,
patients are exposed to an increased risk of left ventricular hypertrophy, tissue fibrosis
or increased stiffness of the large arteries. The identification and initiation of treatment
is essential to prevent cardiovascular and cerebral consequences [100]. Data published
in recent years demonstrate the association of primary aldosteronism with an increased
risk of stroke, coronary heart disease, heart failure, arterial fibrillation and CVD but also
diabetes and metabolic syndrome compared to people diagnosed with essential hyperten-
sion [101]. Although the mechanism remains unclear, ever since the initial description of
hyperaldosteronism by Dr. Conn in 1950, excess aldosterone has been associated with the
onset of diabetes. Hypokalemia secondary to hyperaldosteronism was initially described
as a reason for the change in glucose tolerance, by affecting insulin secretion. However,
the administration of potassium to correct hypokalemia has managed to normalize insulin
secretion and glucose tolerance only partially [3,108].

Insulin sensitivity in skeletal muscles and adipocytes is affected by mineralocorticoid
receptor activation induced by aldosterone [102]. Studies show that aldosterone is secreted
in excess in patients suffering from obesity. Since obesity is a main risk factor for type
2 diabetes, hyperaldosteronism in obese patients can contribute to a change in glucose
tolerance both by affecting insulin secretion and by changing insulin sensitivity [103]. It
is suggested that aldosterone affects insulin sensitivity via the mineralocorticoid receptor
(MR) in both humans and rodents. Moreover, a prediction of the development of insulin
resistance in 10 years was observed, in people with elevated plasma aldosterone, suggesting
a correlation between hyperaldosteronism and a potential onset of type 2 diabetes [109].
From a clinical point of view, patients evaluated for the suspicion of primary hyperaldos-
teronism have, of course, long-lasting hypertension, in most cases refractory to more and
more drugs. Although this pathology is often symptomatic, when symptoms are present,
they are generally attributed to hypokalemia and hyperaldosteronism. Among the main
symptoms are fatigue, weakness, muscle-skeletal spasms, headache, polyuria and polydip-
sia [106]. Hypokalemia has been shown not to be specific to the disease; however, in cases
of hypokalemia, it can be accompanied by metabolic disorders such as hypomagnesemia,
mild hyponatremia or alkalosis [104].

Screening for hyperaldosteronism is extremely important, due to the increasing preva-
lence of this pathology and its known impact on cardiovascular morbidity. Biochemical
testing by measuring the ratio between plasma aldosterone concentration (PAC) and plasma
renin activity (PRA), also known as ARR, is a sensitive and useful marker in screening
because it detects an increase in plasma aldosterone in combination with a low renin level,
thus being superior to the isolated dosage of potassium, DRC, or serum aldosterone [105].
After interpreting the ARR screening test as positive, it is necessary to establish the diag-
nosis of primary hyperaldosteronism. The purpose of the test is to evaluate aldosterone
secretion, whether it is suppressible or not, because in true primary hyperaldosteronism it
cannot be suppressed [106].

For the diagnosis of primary hyperaldosteronism, four confirmatory tests were ap-
proved: oral sodium loading, fludrocortisone suppression test FST, captopril test and saline
infusion test (SIT). Each test offers specific advantages or disadvantages, so there is no
optimal test, which can be considered the “gold standard” in the diagnosis of this pathol-
ogy [107]. The last step of the diagnostic procedure is represented by the localization of
primary aldosteronism in order to distinguish a unilateral effect from a bilateral one. This
step is essential in establishing a potential treatment: unilateral laparoscopic adrenalectomy
in the case of unilocalized adenomas or mineralocorticoid receptor antagonists in the case
of a bilateral disease [110]. The gold standard for locating the disease is currently repre-
sented by adrenal venous sampling (AVS), superior to CT but with limitations in medical
practice due to an invasiveness that leads to risks such as adrenal venous rupture, patient
discomfort and the need of experienced interventional radiologists [111].

A noninvasive but useful tool in the subtyping of primary hyperaldosteronism is
represented by high-resolution computed tomography. The results obtained after this
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evaluation can be either adrenal glands with a normal appearance, minimal unilateral
thickening of the adrenal glands, unilateral macroadenoma or bilateral adenomas. However,
the functionality of the detected unilateral masses cannot be evaluated by computed
tomography [112].

The treatment of primary aldosteronism is aimed at improving or normalizing arterial
hypertension and correcting hypokalemia. However, due to the increased risk of cardio-
vascular diseases or type 2 diabetes, it is necessary to focus the treatment on decreasing
aldosterone production or blocking the mineralocorticoid receptor [113].

In the guidelines of the Endocrine Society for the management of primary aldostero-
nism, unilateral laparoscopic adrenalectomy is recommended for patients with a unilateral
disease, or treatment with MRAs (mineralocorticoid receptor antagonists) is recommended
for patients who do not want or cannot undergo surgery but also in the case of bilateral
damage. It is recommended to initiate first-line therapy with spironolactone or, as an
alternative, eplerenone [93]. Spironolactone in the maximum dose that allows control
of hypokalemia and blood pressure is the diuretic of choice in the medical treatment of
primary aldosteronism. Eplerenone has proved to have fewer adverse effects and a greater
selectivity for mineralocorticoid receptors than spironolactone, but it is still less potent and
is not approved for the treatment of this pathology in the USA or Europe [113].

There are a multitude of studies that show an improvement in arterial hypertension af-
ter adrenalectomy [114,115]. Wu and associates describe in a longitudinal study a reduction
in mortality from various causes in the case of resorting to total adrenalectomy in favor of
treatment with mineralocorticoid receptor antagonists in monotherapy in patients with uni-
lateral primary aldosteronism [116]. The Taiwan Primary Aldosteronism Investigation also
highlights, in a study conducted on 20 patients with primary aldosteronism, an improve-
ment in myocardial fibrosis but also an improvement in arterial stiffness and intima—-media
thickness after surgical intervention [117]. A study conducted by Komada and colleagues
concluded a reduction in aldosterone plasma levels and an improvement in hypokalemia
after surgical treatment of the tumor. They also determined an improvement in total insulin
secretion but also in the glycemic index, measured during the glucose tolerance test, after
the surgical intervention [118]. Another study that aimed to observe the change in glucose
tolerance and insulin sensitivity after the treatment of primary aldosteronism observed
the rapid and long-term restoration of insulin sensitivity both in patients who underwent
surgery and in those who were subjected to drug therapy [119].

7. Diabetes Mellitus and Somatostatinoma

Somatostatin-secreting tumors known as somatostatinomas are rare neuroendocrine
tumors, with an incidence of approximately 1 in 40 million people and represent approxi-
mately 4% of gastrointestinal neuroendocrine neoplasms. They are clinically characterized
by weight loss, diarrhea, steatorrhea, gallstones, hypochlorhydria and diabetes [120]. The
main peptide released by somatostatinomas is represented by somatostatin, a hormone
isolated in 1973 by the research group of Nobel Prize-winning endocrinologist Roger
Guillemin [121]. Initially isolated from the hypothalamus, and called the GH release-
inhibiting hormone, somatostatin was later determined to be produced and secreted also at
the pancreatic level, in the islets of Langerhans.

The two main forms of somatostatin in the body, somatostatin 28 (SRIF28) and somato-
statin 14 (SRIF14), derive from preprosomatostatin, which is cleaved into prosomatostatin.
Pancreatic delta cells secrete somatostatin 14, while the dominant secretory form at the
level of the gastrointestinal tract is somatostatin 28 [122].

Somatostatin is a hormone secreted by the delta cells of the pancreas, stomach and
intestine and has a paracrine role of inhibiting the secretion of glucagon and insulin from
the pancreatic islet cells [123]. Following the inhibition of insulin secretion by the increased
serum values of somatostatin, patients with somatostatinoma can present hyperglycemic
changes through glucose intolerance from modified fasting glucose to the onset of dia-
betes [124]. By inhibiting the secretion of glucagon, growth hormone and other hormones
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that are capable of increasing blood sugar, it is assumed that somatostatinoma can also
have a hypoglycemic action, although the mechanism by which hypoglycemia is produced
is not yet sufficiently studied. In 1980, Wright and associates presented the first clinical
case of a woman with somatostatinoma accompanied by hypoglycemia at presentation,
who during treatment presented with both hypoglycemia and hyperglycemia [125].

Somatostatin inhibits the release of medium pancreatic enzymes and cholecystokinin.
As a result of these effects, the hypersecretion of somatostatin will lead to the develop-
ment of diabetes, steatorrhea, gallstones (following the decrease in the contractility of
the gallbladder) and malabsorption [126]. Numerous secretory functions, both endocrine
and exocrine, are under the control of somatostatin. Almost all intestinal hormones are
inhibited by somatostatin, including gastrin, secretin, GIP (gastric inhibitory polypeptide),
insulin and glucagon, but the direct effects of the hormone on certain target organs are also
known. It has effects on intestinal motility, is involved in the absorption of nutrients in
the small intestine and inhibits the secretion of gastric acid and pancreatic enzymes [127].
Somatostatinomas represent less than 5% of functional pancreatic neuroendocrine tumors
and are formed by somatostatin-secreting delta cells, which result in a hypersecretion of
this hormone. In addition to the pancreatic location, they can also appear at the duodenal
level, especially periampullary. True somatostatinomas are rare and most of the time are
discovered accidentally following investigations for other pathologies [128]. These tumors
can be sporadic, but most often, they can appear in association with other syndromes, most
frequently involved in multiple endocrine neoplasia type I, Von Hippel-Lindau syndrome
or neurofibromatosis type 1 [129].

From a genetic point of view, chromosomal aberrations such as the loss of heterozy-
gosity on chromosome 11q, 6q and the modification of chromosome 3p alleles have impli-
cations in the pathogenesis of this disease. Regarding age and gender, somatostaninoma
most frequently appears late in adults after their 40s, without a gender predilection [130].
Nonfunctional somatostatinoma is frequently found at the level of the duodenum and
is discovered either accidentally or following the presentation of the patient for symp-
toms related to the mechanical obstruction of the biliary tree [131]. This can determine,
in the evolution of the disease, a clinical picture characterized by jaundice or abdominal
pain [132].

Secretory or functional tumors are most often found in the pancreas and describe a
specific clinical picture given by the effects of somatostatin on the body. In symptomatic
cases, cholelithiasis occurs in 70% of cases and diabetes in 60% [130]. Diabetes mellitus
was observed in 75% of patients with somatostatinoma of a pancreatic localization, but as
regards the duodenal localization, only 11% of them presented this pathology. Diabetes
secondary to somatostatinoma is well controlled with oral antidiabetics and diet or, in some
cases, with low doses of insulin. The absence of ketoacidosis is explained by the inhibitory
role of somatostatin for both insulin and glucagon. A cause for the increased incidence of
diabetes in patients with pancreatic tumors compared to duodenal tumors could be the
replacement of the functional tissue at this level with tumor cells [133].

There are rare cases in which an inhibitory syndrome appears, caused by the suppres-
sion of insulin, exocrine pancreatic enzymes and cholecystokinin, characterized by the triad
of diabetes mellitus, steatorrhea and cholelithiasis [134]. Regarding the early diagnosis of
somatostatinoma, this is often made difficult either by the lack of symptoms in the case of
nonfunctional tumors or by nonspecific symptoms that point us toward other conditions in
the case of secretory tumors [130].

The fasting serum level of somatostatin is usually increased in this pathology, but
this dosage is not specific because somatostatin also increases in pheochromocytoma, lung
cancer, medullary thyroid carcinoma or paraganglioma [135]. As an alternative, in some
centers, the 24 h urine level of 5-hydroxy indole acetic acid (5-HHIA), which is a breakdown
product of serotonin, was measured, but certain factors can interfere with its measurement,
such as certain medicines and food products [136]. Paraclinical investigations that can be
used to establish a diagnosis are computed tomography with a contrast of the abdomen
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(considered the choice due to noninvasiveness and wide availability) or MRI, which has a
greater sensitivity than CT for the detection of small secondary liver lesions [126].

To view and take biopsies in order to confirm the diagnosis, endoscopic ultrasound
(EUS) is used/indicated in tumors at the level of the duodenal wall, or at the level of
the head of the pancreas, endoscopic retrograde cholangiopancreatography (ERCP) or
esophagogastroduodenoscopy (EGD) [130]. The only curative treatment is represented by
surgical intervention, with the excision of the tumor but also of all metastasized lymph
nodes [137]. Preferred procedures include distal pancreatectomy with splenectomy, proxi-
mal pancreatoduodenectomy with preservation of the folds or the Whipple procedure [138].
Tumor staging is essential in order to initiate surgical treatment because grade 3 neuroen-
docrine tumors are most often metastasized and become inoperable [139]. For patients with
inoperable tumors or metastases, somatostatin analogs present an important treatment
option in order to improve symptoms. They represent the first line in palliative treatment
for controlling somatostatin secretion and tumor growth [140].

Controlled studies showed that the administration of 120 mg of lanreotide every
4 weeks was associated with a prolonged survival of patients compared to the placebo
group [141]. Somatostatin analogs used in the treatment of neuroendocrine tumors are
frequently associated with adverse effects such as hyperglycemia. Studies conducted
on 29 patients with metastatic pancreatic neuroendocrine tumors who were treated with
pasireotide LAR 60 mg/month report a significant increase in fasting blood glucose from
106 mg/dL at the beginning of the study to 150 mg/dL at its end [142]. Although in the
specialized literature there are no guidelines dedicated to the therapy of metabolic diseases
secondary to endocrinopathies, associated diabetes can usually be controlled with oral
agents and rarely requires the use of insulin [143].

8. Diabetes Mellitus Secondary to Glucagonoma

Glucagon is a hormone secreted by the alpha cells of the pancreas, in response to
a decrease in the concentration of glucose in the body in certain situations such as pro-
longed fasting or intense physical exertion. It consists of 29 amino acids and is derived
from a peptide called proglucagon. By stimulating gluconeogenesis and glycogenolysis,
glucagon is known for increasing blood glucose levels, but it also plays a role in amino
acid metabolism. Insulin resistance, which results in diabetes, is a result of a long-term
exposure to elevated blood glucagon levels [144], as depicted in Figure 5. Besides diabetes,
a whole spectrum of metabolic complications, such as cardiovascular complications or
obesity, are associated with glucagon secretion and insulin resistance because they are
closely related to the control of body weight and energy consumption [145]. Along with
insulin, glucagon also promotes ketogenesis, contributing to maintaining a healthy and
necessary fuel balance for a harmonious functioning of the body. In other words, glucagon
is a hormone that mobilizes glucose, while insulin functions as an anabolic hormone [146].

Most people diagnosed with type 2 diabetes develop hyperglucagonemia during
fasting, but this cannot be considered a general response because there are patients in
whom no change is observed. It has been hypothesized that the initial lack of glucagon
suppression or hypersecretion during a high-carbohydrate meal indicates that the cellular
response to hyperglycemia is diminished, although the exact mechanism underlying this
impact is still unclear [147,148].

Among the main causes of hyperglucagonemia are the postoperative state of gastric
bypass, nonalcoholic fatty liver disease and glucagonoma [149]. Pancreatic neuroendocrine
tumors represent a group of tumors with varied tumor biology, prognosis and clinical
presentation. Glucagonoma is among pancreatic neuroendocrine tumors (pNETs) that
include heterogeneous functional neoplasias [150].

Glucagonoma is a rare, hormonally active neuroendocrine tumor that results in
glucagon hypersecretion. Clinical manifestations are defined as glucagonoma syndrome
(GS). Excess glucagon is provided by the appearance of tumors in alpha pancreatic cells, tu-
mors that usually have a slow growth rate and are called functional pancreatic tumors [151].
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Figure 5. Regulation of blood glucose level by insulin/glucagon balance (figure originally created by
the authors using BioRender: Scientific Image and Illustration Software https://www.biorender.com/).

In 1942, Becker and colleagues described the first case of glucagonoma in a 45-year-old
woman, whose symptoms were weight loss, glossitis, extensive dermatitis and impaired
glucose tolerance. After the autopsy, a neoplasm with islet cells in the pancreas was also
revealed [152].

McGavran and his colleagues identified in 1966 a metastatic tumor of the pancreatic
islets, which was associated with the clinical picture present in diabetes and dermatitis
but also with high levels of glucagon in the blood [153,154]. Another study carried out
by Yao and associates that aimed to evaluate the epidemiology and survival prognosis in
patients with islet cell carcinoma describes a 2% incidence of patients with glucagonoma
out of 1310 cases of pancreatic tumors of neuroendocrine origin [155].

Glucagonomas are often large tumors, with dimensions at diagnosis of approximately
3 cm which, due to the high concentration of alpha cells present in the tail and body of the
pancreas, develop most frequently at this level. At the time of diagnosis, more than half of
the tumors have metastases. The frequency in men and women is approximately equal,
and as for the age of onset, most patients present symptoms in the sixth decade of life.

The estimated global incidence of glucagonoma is approximately 1 in 20 million
people, so we can talk about a rare syndrome [156]. Kindmark and associates reported
in a study conducted on patients with pancreatic tumors with glucagon hypersecretion,
diagnosed over a period of 20 years, the occurrence of glucagonoma in approximately
7% of the subjects included in the study (23 out of 340). Of these, 22% had a diagnosis of
diabetes before the appearance of the glucagonoma, and 35% developed diabetes during the
study period [152,157]. In a study carried out on 623 cases (268 men and 339 women) with
the aim of providing new data regarding the clinical picture, diagnosis and treatment of
glucagonoma, the following clinical findings were observed: necrolytic migratory erythema
was present in 82.4% of subjects, diabetes in 68.5%, anemia in 49.6%, weight loss was
observed in 60.2% and mucosal damage in 41.2% of patients [158].

Depression can occur in approximately 50% of patients and is considered a con-
sequence of chronic dermatopathy. Besides this, other neuropsychiatric manifestations
include psychosis, dementia, ataxia, paranoid delusions, agitation and proximal muscle
weakness [152]. Although the exact cause of erythema migrans is not exactly known, it is
suspected to be a result of a combination of inadequate nutrition and a low level of zinc and
amino acids in the body. Diabetes occurs secondary to the direct effects of glucagon. Gas-
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trointestinal disorders, such as diarrhea, may occur as a result of glucagon hypersecretion
associated with gastrin, VIP, serotonin or calcitonin secretions [152].

The most common skin manifestation in this pathology is represented by necrolytic mi-
gratory erythema. It can be present in up to 70% of cases [159]. The erythema is widespread,
and the main affected areas include the perigenital, perioral or extremities. It is initially
characterized by erythematous, painful plaques or papules, which increase in size gradually
until they end up forming bullous lesions [152]. The main processes involved in necrolytic
migratory erythema are represented by superficial epidermal necrosis and the formation of
crusts and vesicles but also healing through hyperpigmentation. Following a skin biopsy,
vacuolated or dyskeratotic keratinocytes, necrosis of the upper epidermis, pallor of ker-
atinocytes and psoriasiform hyperplasia can be highlighted [160]. The hypersecretion of
glucagon with its catabolic effect, in association with the malnutrition resulting from diar-
rhea, can result in the onset or worsening of already established diabetes. Hyperglycemia in
glucagonoma is considered to be closely related to the size of the tumor [161]. The diagnosis
of this pathology includes both the clinical findings, including the appearance of necrolytic
migratory erythema, and the documentation of elevated serum glucagon levels but also
the evidence of a glucagon-secreting tumor from the islet cells of the pancreas [162].

Fasting glucagon dosing is necessary in the pathology of pancreatic tumors. Increased
levels of glucagon in the blood can be considered diagnostic criteria for glucagonoma;
however, hypergluconemia can also occur in other pathologies such as acute or chronic
pancreatitis, liver cirrhosis, renal failure, diabetes, Cushing’s syndrome, stress, trauma and
chronic liver failure [151]. The gold standard in diagnosis is the visualization of the tumor
by angiography, a procedure with an important role in the visualization of liver metastases.
Due to the availability and costs of medical practice, the first-line tools are ultrasound
and computed tomography. Other paraclinical methods of investigation include magnetic
resonance imaging (MRI) or PET-CT [163,164]. Changes in blood tests, such as HbAlc,
serum insulin, C-peptide, serum glucose or glycoalbuminemia can highlight an impaired
glucose tolerance. It is known that the size of the tumor and the occurrence of metastases
are directly related to the increase in serum glucose. The level of zinc in the blood is also
low, and the assessment of liver function, especially the dosage of alkaline phosphatase, is
also important for a more complete picture [151].

Nonspecific biochemical markers such as chromatogranin A, a marker for well-
differentiated neuroendocrine tumors, pancreatic polypeptide, which is a marker for non-
functional pancreatic tumors, or neuron-specific enolase, a marker for poorly differentiated
tumors, can be dosed to monitor tumor progression but also for diagnosis [165].

Regarding the treatment of glucagonoma, if, at the time of diagnosis, the tumor is
localized, surgical resection is the only curative option. The type of resection must be
determined according to the location and size of the tumor, after a careful and complete
evaluation [166].

Complete oncological resection in the case of glucagonoma includes total pancrea-
tectomy in the case of glucagonoma spread over the entire surface of the pancreas, pan-
creatoduodenectomy indicated for tumors limited to the head of the pancreas or distal
pancreatectomy with or without splenectomy for tumors in the tail or body of the pan-
creas [167]. Prior to surgical resection, patients must be administered heparin in order to
prevent venous thrombosis and initiate parenteral nutrition and glycemic control [168].
However, since at the time of diagnosis between 50% and 90% of glucagonomas have
metastases, surgical removal is not always possible [169]. In patients with surgical con-
traindications, chemotherapy with streptozicin, fluorouracil, doxorubicin, chlorozotocin,
dacarbazine, irinotecan, etoposide or taxanes can be used because they are substances that,
when used selectively, lead to the destruction of islet cells [170].

Somatostatin analogs, especially octeotride but also lantreotide, have a role in lowering
the serum concentration of glucagon, help to limit the tumor and have demonstrated a
real success in resolving necrolytic migratory erythema [171]. Somatostatin analogs target
the somatostatin receptors that are overexpressed in patients with glucagonoma and thus
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manage to achieve a reduction in the release of glucagon in the blood and a shrinking of the
tumor, which leads to an improvement in symptoms such as hyperglycemia or necrolytic
migratory erythema [172].

Diabetes is seen in two-thirds of glucagonoma patients. Generally, there is only mild
diabetes or abnormal glucose tolerance. Noninsulin-dependent diabetes mellitus is more
common, without obvious complication or ketoacidosis. Although the serum glucagon
level does not always coincide with the presence of diabetes, it is possible to explain how
excessive amounts of glucagon may cause a malfunction of glucose metabolism. In most
situations, diet, oral hypoglycemic medications, or, in rare circumstances, insulin can be
used to treat diabetes in glucagonoma syndrome [173].

We summarize all the endocrine diseases mentioned in this article and the recom-
mended treatment for each pathology in Table 1.

Table 1. Endocrine diseases that can lead to secondary diabetes mellitus with the recommended

therapy.
Disease Treatment References
1.  Transsphenoidal surgical resection of the GH-secreting adenoma [21]
2. Somatostatin analogs (octreotide, lanreotide, pasireotide) [8,22,23]
Acromegaly 3. Radiation therapy [20]
4. Growth hormone (GH) receptor antagonist (pegvisomant) (8l
5. Dopaminergic agonists (carbegoline, bromcriptine) [29]
1. Surgical intervention such as selective pituitary transsphenoidal

Cushing’s Syndrome

adenomectom, unilateral or bilateral adrenalectomy or excision of the [48]
ectopic ACTH-secreting tumor

Radiotherapy (postsurgical recurrence or incomplete resection) [48]
3. Steroidogenesis inhibitors [49]
1.  Curative Laparoscopic adrenalectomy Classical intervention for

invasive tumors Partial adrenalectomy with preservation of the [61]

Pheochromocytoma adrenal cortex
2. Preoperative: a-receptor blockers (phenoxybenzamine), calcium channel [65]
blockers, beta blockers N
1.  Synthetic antithyroid drugs (carbimazole, methimazole, [78,79]
propylthiouracil) !
2. Thiroidectomy [81]
Graves’ disease 3. Radioiodine therapy [78]
4. Beta blockers: propanolol [80]
5. Selenium supplements [82]
1. Unilateral laparoscopic adrenalectomy (unilateral disease) [112]
Primary aldosteronism 2. Mineralcorticoid receptor antagonist: spironolactone, eplerenone [113]
(bilateral disease)
1.  Curative: distal pancreatectomy with splenectomy or proximal [137,138]
Somatostatinoma pancreato-duodenectomy o
2. Palliative: Somatostatin analogs (lanreotide, pasireotide) [139,142]
1. Curative: total pancreatectomy pancreatoduodenectomy with or without [169]
splenectomy
Glucagonoma 2. Chemotherapy (streptozicin, fluorouracil, doxorubicin, chlorozotocin, [172]

dacarbazin, irinotecan, etoposide, taxanes)

3. Somatostatin analogs (octeotride, lanreotide) [173]
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9. Conclusions

Diabetes is a chronic, complex disease with a vast clinical picture and complications
involving several organs and systems. This pathology requires permanent follow-up and
appropriate treatment, aiming at both glycemic control and the prevention of the risk factors
involved in its pathogenesis. Diabetes mellitus secondary to endocrine diseases is generally
characterized by mild signs and symptoms, with hyperglycemia that is most often reversible
after the therapy of the underlying disease. The importance of screening for diabetes
in endocrine diseases lies in the fact that diabetes increases the risk for cardiovascular
mortality, and its early detection can improve the quality of life of patients. The treatment
of diabetes secondary to endocrine diseases is generally the treatment of the underlying
endocrine disease, either through surgical interventions or through drug treatment, but
also includes the therapeutic modalities initiated in the treatment of type 1 or 2 diabetes.
The glycemic control of secondary diabetes, either through a hygienic—dietetic regime,
oral antidiabetics or insulin therapy, is largely managed according to the same rules and
principles as the therapy for primary forms of diabetes.
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