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Abstract: Acute pancreatitis (AP) is an acute inflammation of the pancreas associated with high
morbidity and mortality. Endocrine pancreatic insufficiency secondary to AP has drawn increasing
attention in recent years. The aim of this paper is to analyze the available clinical and experimental
literature to determine the cause and effect relationship of diabetes type 3¢ (T3cDM; pancreatogenic
diabetes) after acute pancreatitis. The clinico-pathological features and management challenges of
pancreatogenic diabetes overlap with other secondary causes of diabetes. A complex pathogenesis
involving pancreatic exocrine insufficiency, dysfunction of insulin secretion, and insulin resistance is
likely the cause of T3cDM after AP. To obtain an improved understanding of the pathophysiology of
diabetes after AP, more research is now needed to understand the risk of complications related to the
pancreas and diabetes in these patients.

Keywords: acute pancreatitis; post-pancreatitis diabetes mellitus; diabetes type 3c; pancreatogenic
diabetes; pancreatic exocrine insufficiency

1. Introduction

Acute pancreatitis (AP) causes organ damage associated with a risk of death [1-3].
AP has always been considered a self-limiting disease, in many cases reversible, but with
the current state of knowledge about AP, it is now also known to be the cause of glucose
metabolism disorders [4]. The results of an extensive meta-analysis of recent literature have
shown that prediabetes and/or diabetes (DM) affect almost 40% of patients after AP [5]. In
addition, it was found that patients with diabetes after an attack of acute pancreatitis have
a higher risk of death and readmission to hospital than patients with type 2 diabetes [6].

According to the latest guidelines [7], the development of diabetes after acute pancre-
atitis is classified as exocrine pancreatic diabetes. These results have changed the generally
stated opinion that morphological changes in the pancreas are reversible and that the
organ’s endocrine function fully recovers after treatment of acute pancreatitis, regardless
of severity [6-10]. DM can develop after an AP attack, but there is disagreement about
the factors and extent of the risk of endocrine pancreatic insufficiency secondary to acute
pancreatitis [5,11-13]. The underlying mechanisms by which DM develops after AP have
not been unreservedly elucidated. Due to the increased risk of morbidity and mortality
resulting from the coexistence of AP and DM, it is important to clarify the role of AP in
the mechanism of DM onset and/or progression. Clarification of the role of AP in the
development of DM may provide information for the development of preventive strategies
in this group of patients. The aim of this paper is to analyze the clinical and experimental
literature to investigate the cause and effect relationship of diabetes after acute pancreatitis.

2. Acute Pancreatitis

Acute pancreatitis is one of the most common acute conditions in gastroenterology.
In 15-20% of patients, AP presents as severe inflammation, and complications can be life-
threatening and are associated with 5% mortality [3]. The frequency of acute pancreatitis
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is rising throughout the world. The rise is partly due to increases in metabolic syndrome
and hypertriglyceridemia. The peak incidence of acute pancreatitis is in the fifth and
sixth decades of life; however, there is an increase in mortality with age. In the United
States, population incidence has been cited as 600 to 700 per 100,000 people, with 200,000 to
250,000 discharges occurring yearly for acute pancreatitis [14].

Localized destruction in the pancreas and a systemic inflammatory response char-
acterizes the pathophysiology of pancreatitis. The major inciting event is the premature
activation of the enzyme trypsinogen to trypsin within the acinar cell instead of the duct
lumen. This premature activation of these zymogens causes extensive tissue damage and re-
cruiting neutrophils, which initiates the inflammatory cascade. This inflammatory cascade
then leads to the systemic manifestations of acute pancreatitis [3,14].

According to the revised Atlanta classification, acute pancreatitis can be diagnosed
using the criteria in Table 1.

Table 1. AP diagnosis criteria according to the Atlanta classification [15].

At Least Two of the Following Criteria Are Fulfilled

1 Abdominal pain
2 An increase in serum lipase (or amylase) activity at least three times the upper limit of normal
3 Characteristic findings of acute pancreatitis in contrast-enhanced CT or, less often, MRI or transabdominal ultrasonography

Since in about a quarter of patients the first two criteria alone may not indicate acute
pancreatitis, caution is required. Additionally, it is possible that one in ten patients with
acute pancreatitis will be misdiagnosed [16]. It is known that the activity of pancreatic
enzymes (lipase or amylase) on admission to the hospital does not correlate with the
severity of the disease [17].

In practice, imaging studies are rarely conducted to establish a diagnosis of AP; instead,
a diagnosis is most often made on the basis of clinical symptoms and biochemical tests.
The onset of acute pancreatitis is considered to be the time when pain occurs, not the time
of admission to the hospital [3,15].

Alcohol and gallstones account for a total of 80% of AP, and idiopathic AP accounts for
10%, though this may mostly be the result of undiagnosed gall microlithiasis. There have
been relatively few studies of drug-associated acute pancreatitis. Trivedi and Pitchumoni
as well as Badalov et al. have described four categories of drugs that may induce acute
pancreatitis or pancreatic injury [18,19]. Forty-three drugs met the criteria to be included in
class I, including codeine, metronidazole, tetracycline, valproic acid, and hydrocortisone.
The following medications have met the criteria to be included in class II: acetaminophen,
a-methyldopa, mesalamine, all-trans-retinoic acid, and valproate. The data implicating the
drugs in class III are weaker than those for the previous two classes. These drugs include
alendronate, captopril, carbamazepine, metformin, and naproxen. Many single-case reports
exist in the literatures that describe the association of various medications in class IV with
the development of acute pancreatitis. Drugs included in this class include diclofenac,
ketoprofen, nitrofurantoin, and ritonovir [19]. In addition, it should be remembered that
although there are effective strategies to reduce the risk of developing acute pancreatitis
after endoscopic retrograde cholangiopancreatography (ERCP), ERCP is a recognized factor
in AP development [20,21]. The causes of acute pancreatitis are presented in Table 2.
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Table 2. The causes of acute pancreatitis [22].

Frequent Rare Very Rare (<1%)
Hereditary pancreatitis Infection (viral, bacterial, parasitic)
Hypercalcemia (hyperparathyroidism, excess vitamin D)

. Hypertriglyceridemia
Alcohol Iatroger}lc (after ERCP) Birth defects (e.g., bifid pancreas)
Abdominal trauma - : .
Gallstones Medications (e.g., azathioprine) Sphincter of Oddi dysfunction
Idiopathic & P Pancreatic tumors

Smoking

Poisons (e.g., scorpion venom)
Vasculitis
Autoimmune pancreatitis

There are also many rarer risk factors for AP that clinicians must consider to address
potential complications and/or prevent recurrence, such as: (a) trauma; (b) hypercalcemia;
(c) viral infections; (d) cancers; (e) anatomical variants; (f) heart bypass surgery; and
(g) organophosphate poisoning [23-25].

Acute pancreatitis can be subdivided into two types: interstitial oedematous pancreati-
tis and necrotizing pancreatitis [15] (Figure 1). Interstitial oedematous pancreatitis affects
the majority of patients and is characterized by a generalized form or local enlargement
of the pancreas due to inflammatory oedema and at most minor inflammatory changes
in the tissues surrounding the pancreas. It is mild and usually resolves within a week.
Necrotizing pancreatitis, found in 5-10% of patients, is diagnosed on the basis of a lack
of tissue enhancement after administration of a contrast agent in computed tomography.
Necrosis develops within a few days, so in order to avoid underestimating its extent, com-
puted tomography should be performed optimally after about 5-7 days from the onset of
the disease. Necrosis usually affects both the pancreas and the peripancreatic tissues, but
sometimes it affects only the pancreas or only its surroundings. In the further course of the
disease, the necrosis may remain solid or fluid, or may become resorbed or infected [15,26].

Types of AP
interstitial oedematous necrotising pancreatitis
yrea& / \
difﬁ.lse (or occasionally symptoms resolve necrosis involves about 5-10% of
localised) enlargement of within one week both the pancreas patients
the pancreas due to and peripancreatic
inflammatory oedema tissues

Figure 1. Types of acute pancreatitis [15,26].

The clinical severity of acute pancreatitis is stratified into three categories: mild,
moderately severe, and severe [3] (Figure 2).

The underlying mechanisms of inflammation and necrosis are not fully understood,
but it has generally been recognized that activated leukocytes play a significant role in the
pathogenesis of inflammation. Serum concentrations of pro-inflammatory cytokines, such
as tumor necrosis factor «, and interleukins, such as interleukin-1 beta (IL-1), interleukin-6
(IL-6), and interleukin-8 (IL-8), were significantly higher in severe pancreatitis compared
with mild pancreatitis [27,28].
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Figure 2. Clinical severity of acute pancreatitis [3].

During recovery from an attack of acute pancreatitis, both exocrine and endocrine
transient organ failure may occur [29,30]. Due to the possibility of pancreatic insufficiency,
pancreatic function should be monitored for up to three months after an attack of acute
pancreatitis. Endocrine pancreatic function should be monitored after about three months
(by fasting and postprandial blood sugar concentrations, and possibly by HbA1C mea-
surements) [3,31]. The above studies are necessary as acute pancreatitis has been found
to be a factor in accelerating diabetes of the exocrine pancreas, and especially as there is a
higher background prevalence of AP than any other pancreatic disease. A large epidemi-
ological study showed that AP was the most common disease of the pancreas preceding
diabetes [32]. Another study of the New Zealand population found a high percentage of AP
(61%) causing T3cDM, and the results of this study also showed a high overall prevalence
of 1.13 per 1000 population [33]. Additionally, a large systematic review and meta-analysis
revealed a high frequency (15%) of T3cDM in the first year after AP onset, with a 23%
increase over the next 5 years, and then an increase to 40% in the subgroup with a follow-up
of more than 5 years. There was a statistically significant 2.7-fold increased risk of newly
diagnosed DM at 5 years or more in comparison with that at 12 months and below [5].

3. The Type 3c Diabetes Mellitus

Diabetes is a group of metabolic diseases characterized by chronic hyperglycemia
resulting from impaired insulin secretion and/or action. Insufficient insulin secretion
and/or reduced tissue response to insulin impairs the complex action of insulin in target
tissues, resulting in impaired carbohydrate, lipid, and protein metabolism. Both insulin
secretion and function may be impaired. Diabetes can also develop in the course of other
diseases, including diseases of the exocrine part of the pancreas. The current classification of
diabetes mellitus comprises diabetes mellitus types 1-4 [7]. Whereas nearly every physician
is aware of the existence of type 1 and type 2 DM, diabetes mellitus secondary to pancreatic
diseases (type 3¢, pancreatogenic diabetes) is a condition seldom thought of in everyday
clinical practice. In recent years, there has been evidence to suggest that type 3c diabetes
may be more common than previously thought. Studies have shown that this type of
diabetes can be consistently underdiagnosed and misdiagnosed [34].
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Based on the above data, the prevalence of diabetes in the general population is
estimated to be approximately 6.6% worldwide, and according to the latest estimates, it
will continue to increase [35]. Whereas the prevalence of type 1 and type 2 diabetes is well
characterized, data on type 3c diabetes mellitus are not adequate.

Type 3c is often called brittle diabetes because glucose control is especially challenging
absent an appropriate beta cell (insulin) or alpha cell (glucagon) response. Patients with type
3c diabetes are more likely to experience complications and death related to hypoglycemic
events [36].

A recent study has compared pancreatogenic diabetes with type 2 diabetes. Pancreato-
genic diabetes was characterized by a lower body mass index (BMI), required more insulin,
had more episodes of hypoglycemia, but had lower rates of dyslipidemia and hypertension.
It was found that T3cDM is characterized by a low BMI and the absence of elements of the
metabolic syndrome [37].

Pancreatogenic diabetes as a group is associated with an impaired incretin effect. It
has been shown that in fibrocalculous pancreatic diabetes, basal C-peptide and glucagon
are low, and glucagon concentration is not increased after glucose load. Glucagon-like
peptide 1 (but not gastric inhibitory peptide) increased 1.5 to 2 times in fibrocalculous
pancreatic diabetes as compared with T2DM and controls (fasting and post glucose),
without differences in dipeptidyl peptidase IV [38].

T3cDM is associated with an incidence ranging from 25% to 80% with chronic pan-
creatitis [35-43]. The risk of diabetes in patients with chronic pancreatitis increases with
the duration of the disease and with the severity of damage to the pancreas, especially
in the early form of pancreatic calcifications. The second most common cause of T3cDM
(8% of all T3cDM) seems to be pancreatic cancer [35,43]. It also rises with a prior distal
pancreatectomy [31].

Studies have determined that during fasting, pancreatic polypeptide concentrations
and responses to meal stimulation are reduced in pancreatogenic diabetes associated with
pancreatic ductal adenocarcinoma or chronic pancreatitis compared with T2DM [43].

Recent studies have shown that 60.2% of adult patients developed DM after AP
episodes, and 9% of children after acute recurrent pancreatitis or with chronic pancreatitis,
and this risk likely increases as they age into adulthood [5,11,44]. Several studies have
also been published on the prevention and treatment of newly diagnosed diabetes after
AP, but risk factors remain controversial [3,9,45]. Therefore, a mechanism of T3cDM has
been proposed, including inflammation, fibrosis, and hardening of the endocrine tissue
of the pancreas, which leads to a gradual reduction and loss of 3-cell function, leading to
impaired or non-insulin secretion [35-42] (Figure 3).

pancreatic
surginal resections

pancreatic Cancerl chronic pancreatitis

- “
pancreatic damage % The loss
and calcification ‘.}”" and
e damage of
autoimtﬁ; N g?;‘ﬁsa“c
pancreatitis cystis fibrosis

acute pancreatitis

Figure 3. Inmunohistochemical localization of insulin (A) in a normal pancreas and (B) in patients
with diabetes type 3c. (A): (210x) Strong and very strong reaction of insulin in islet 3-cells; (B): (265x)
diffuse strong and moderate reaction of insulin in islet 3-cells.
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There are also disturbances in the remaining pancreatic islet cells and a change in
the secretion of glucagon, somatostatin, and pancreatic polypeptide [46], which have
consequences for the clinical condition of the patient. In summary, T3cDM affects all
Langerhans islet cells and therefore has features of both insulin resistance and insulin
deficiency. Additionally, it was found that the patients are at risk of a hyperglycemia
and a hypoglycemia event with an increased insulin requirement in the early stage of the
disease [47].

A diagnosis of pancreatogenic diabetes was and still is difficult to make. The basic
diagnostic criteria include laboratory tests such as those performed when type 2 diabetes
is suspected, including clinical symptoms of hyperglycaemia and glucose > 200 mg/dL
(11.1 mmol/L), or fasting plasma glucose (fasting is defined as no caloric intake for at
least 8 h) with at least two biochemical abnormalities, e.g., >126 mg/dL (7.0 mmol/L),
or 2-h glucose (PG) > 200 mg/dL (11.1 mmol/L) after a 75 g oral glucose tolerance test,
or hemoglobin Alc (HbAlc) > 6.5% (48 mmol/mol). Generally, fasting plasma glucose,
2-h glucose after a 75 g oral glucose tolerance test, and HbAlc are equally appropriate for
diagnostic screening, and one of the above criteria is sufficient to diagnose diabetes [7].

The diverse etiology of T3cDM associated with acute or chronic pancreatic inflam-
mation, but also with pancreatic cancer, cystic fibrosis, pancreatic surgical resections, and
autoimmune pancreatitis, causes the disease development to be variable and heteroge-
neous. Therefore, a determination of the role of pancreatic dysfunction in the diagnosis of
T3cDM remains open and dependent on the underlying disease of this organ [48,49]. In
addition, the pathophysiology of pancreatogenic diabetes is multifactorial, with different
potential contributions in a given patient resulting from (a) loss of mass of pancreatic islet
cells, especially beta cells; (b) autoimmunity; (c) local and systemic inflammatory response;
(d) mutations of the CFTR (CF transmembrane conductance regulator) proteins; (e) defi-
ciency of fat-soluble vitamins A, D, E, and K; and (f) disruption of the insulin-incretin axis
(nesidioblastosis) [47-51] (Figures 3 and 4).

The question remains whether all diabetes associated with pancreatic disease should
be considered as T3cDM. More stringent diagnostic standards were proposed by Ewald and
Bretzel [26], but these were criticized because they are difficult to implement clinically [49-52].
Plain abdominal ultrasound can play an important role in diagnosing nonalcoholic pancreato-
genic diabetes [53]. The proposed criteria of the researchers are presented in Table 3 [34,54,55].

Table 3. Criteria for diagnosing T3cDM proposed by Ewald and Bretzel [32,54,56].

Major Criteria (All Must Be Fulfilled):

Evidence of exocrine pancreatic insufficiency
(faeces elastase 1 (FE1) < 200 pg/g or incorrect direct function testing)

Pathological pancreatic imaging
(endoscopic ultrasound, magnetic resonance imaging, and computed tomography)

3 Absence of type 1 diabetes mellitus-associated autoimmune markers.

Minor Criteria:

Impaired beta cell function (e.g., HOMA-B, C-peptide/glucose-ratio)

No excessive insulin resistance (e.g., HOMA-IR)

Impaired incretin secretion (e.g., GLP-1, pancreatic polypeptide)

W N =

Low serum levels of lipid soluble vitamins (A, D, E, and K)
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Figure 4. Proposed factors contributing to the pathophysiology of diabetes following acute pancreati-
tis, including potential mechanisms of dysglycemia.

The diagnosis of T3cDM is definitely complicated, and the diagnosis is sometimes
ambiguous, as long-term patients with type 1 and type 2 diabetes are associated with
exocrine pancreatic insufficiency [50] and patients with diabetes are more likely to develop
acute and/or chronic pancreatitis [35,40]. Based on the results of four large retrospec-
tive studies, it was found that type 2 diabetes increases the risk of acute pancreatitis by
1.86-2.89 times [56-59]. Additionally, it has been established that patients who previously
experienced attacks of acute pancreatitis may develop type 1 or type 2 diabetes, regardless
of exocrine pancreatic dysfunction. Moreover, adipose tissue, the gastro-intestinal tract, and
kidney function may also be involved in disease development [60]. It has been observed
that exocrine hypofunction of the pancreas develops in parallel with the dysfunction of the
endocrine function of the organ [61].

Most recently, a trend of positive correlations between high-density lipoprotein choles-
terol and amylase in T2DM patients has been discovered [62]. Increased hyperlipidemia
and oxidative stress are some of the major triggers for conditions such as atherosclerosis,
diabetic angiopathy, thrombotic events, and cardiovascular problems, all of which are
complications of diabetes [63].

A recent study on gut microbial dysbiosis in CP observed a unique bacterial signature
in the gut of patients with type 3c diabetes that differs from that observed in type 1 and
type 2 diabetes [64]. It is known that the pathogeneses of the three types of diabetes differ
significantly. Type 1 and type 2 diabetes are associated with insulin deficiency resulting
from autoimmunity and insulin resistance, respectively, while type 3c diabetes is associated
with a combination of insulin deficiency and hepatic insulin resistance [31,39,65]. Addi-
tionally, Sasikala et al. found that type 3c diabetes was associated with islet inflammation
and Th17 cell infiltration, resulting in IFN-y secretion, which causes a functional defect
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in beta cells [66]. It has also been suggested that isletitis may be caused by endotoxemia
resulting from intestinal microbial dysbiosis and altered permeability of the intestinal
mucosa in these patients [64]. Another cross-sectional study reported significant differences
in the gut microbiome in patients with type 3c diabetes compared with those with type 1
and type 2 diabetes, confirming the involvement of the microbiota in the pathogenesis of
pancreatogenic diabetes [67].

In general, there is no evidence-based treatment for type 3c diabetes, which is uniquely
different from type 1 and type 2 diabetes, and treatment should be based on cause and patho-
physiology [36]. Treatment of type 3c diabetes mellitus should include treatment of endocrine
and exocrine pancreatic insufficiency. Insulin is the most commonly prescribed therapy for
patients with pancreatogenic diabetes associated with advanced chronic pancreatitis. However,
there is no specific insulin regimen [68]. Caution is required in dosing and monitoring patients
with type 3c diabetes on insulin therapy because of the risk of hypoglycaemia due to impaired
glucagon function. There is some evidence to support the use of metformin as a first-line
therapy in patients with T3c diabetes. This drug has several important effects: metformin
may reduce the amount of insulin needed daily to lower blood glucose levels; it can protect
against the development of pancreatic ductal adenocarcinoma [39,69]; it may cause an increase
in GLP-1 levels and additionally increased expression of pancreatic GLP-1 and GIP receptor
genes (studies conducted on mice) [70]; and it may prolong the survival of diabetic patients
without pancreatic cancer metastases (32% lower risk of death) [71]. In addition to the drugs
mentioned above, the following drugs have been used in the treatment of endocrine dysfunc-
tion: suphonylureas, thiazolidinediones, DPP-4 inhibitors, GLP-1 analogues, and o-glucosidase
inhibitors [55]. The management of exocrine pancreatic insufficiency in type 3c diabetes mellitus
patients should include the administration of pancreatic enzymes to improve the absorption of
fats and fat-soluble vitamins (particularly vitamin D supplementation). Pancreatic insufficiency
causes the malabsorption of nutrients, and replacing pancreatic enzymes can improve nutrient
absorption and incretin secretion, which ultimately improves glycemic control [36,72].

Long-term (up to 18 years of follow-up) studies to examine the risk of death and
hospitalization in people with diabetes after pancreatitis (PPDM) compared with those with
T2DM found that people with PPDM had a significantly higher mortality rate of 80.5 per
1000 person-years (95% CI, 70.3-90.6) compared with T2DM patients, who had a mortality
rate of 1.13 per 1000 person-years (95% CI, 1.00-1.29). Additionally, patients with PPDM
had a significantly lower mean age at death than subjects with T2DM (67.8 vs. 70.0 years,
p <0.001) [6]. In terms of cause, cardiovascular disorders were the most common cause of
death in PPDM (mortality: 25.2 per 1000 person-years) [73].

In summary, individuals with PPDM have a higher risk of mortality (from cancer,
infectious disease, and gastrointestinal disease) and hospitalization (for chronic pulmonary
disease, moderate to severe renal disease, and infectious diseases) compared with in-
dividuals with T2DM [6]. The obtained results dictate the need to develop guidelines
for the management of PPDM in order to prevent the excessive number of deaths and
hospitalizations of diabetic patients after pancreatitis.

4. Clinical Severity of Acute Pancreatitis and the Development of T3cDM

In recent years, several studies on the relationship between the clinical severity of acute
pancreatitis and the development of pancreatogenic diabetes have been published [9,45].
The severity of the AP disease depends mainly on the occurrence and extent of pancreatic
necrosis, which reflects local pancreatic damage and the dysfunction of further organs,
which in turn translates into systemic disorders [3].

In a study of Tu at al. to determine the effect of disease severity on the risk of develop-
ing new-onset diabetes after acute pancreatitis, the percentage of patients with pancreatic
necrosis in the diabetic group was higher than that in the non-diabetic group, indicat-
ing a significant role of pancreatic necrosis in newly developed diabetes after AP [74].
Connor et al. [75] found that 33% of patients without prior diabetes who underwent a pan-
creatic necrosectomy developed endocrine disorders. Subsequently, Umapathy et al. [76]
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reported that symptoms of diabetes mellitus were observed in 45% of patients after acute
necrotizing pancreatitis. This observation was confirmed by Bavare et al. [77], who stated
that, following necrotic pancreatitis, pancreatic exocrine or endocrine disorders were
observed in more than half of patients who had undergone a pancreatic necrosectomy.
Tsiotos et al. [78] and Gasparoto et al. [79] also found that necrotizing pancreatitis had a
significant effect on the disturbance of exocrine and endocrine pancreatic function in half
of the patients in their studies. In these cases, pancreatic morphological changes were
common (62.5%), and more so in patients with extensive necrosis. In another study, it was
observed that pancreatic exocrine insufficiency strongly correlated with the extent of organ
necrosis and pancreatic endocrine insufficiency [80]. Chandrasekaran et al. [81] showed a
higher frequency of endocrine dysfunction in patients undergoing a necrosectomy (61.9%
of patients compared with 28.5% of patients not undergoing surgery (p = 0.05)). Based
on the above results, it can be concluded that necrotizing pancreatitis plays an important
role in the development of diabetes. Extensive organ necrosis leads to atrophy or absence
of pancreatic tissue, which results in a reduced number of normal (3-cells of Langerhans
islets and thus a reduced amount of secreted insulin [82]. It is a very similar mechanism
to the pathogenesis of pancreatic diabetes after pancreatectomy [83-86]. Hamad et al.
found that among 4255 patients who had undergone a pancreatoduodenectomy or distal
pancreatectomy, with a median follow-up of 10.8 months after surgery, the incidence of
pancreatogenic diabetes was 20.3%. In patients with at least 3 years of follow-up, diabetes
developed in 32.2% [86].

In line with the necrosis—fibrosis hypothesis, using computed tomography,
Avanesov et al. [87] found that the total pancreatic volume was significantly reduced in
patients with recurrent AP compared with patients with a single episode of AP. In addition,
significant endocrine and exocrine insufficiency was observed in patients with recurrent
AP. The above data, mainly from severe cases of AP, suggest that the theory of increased
islet cell loss due to pancreatic necrosis leads to a greater risk of developing T3cDM and
impaired glucose metabolism. Additionally, a meta-analysis comparing the results of
studies with severe and mild AP showed a higher incidence of diabetes after severe AP
(39%) compared with mild AP (14%) [88].

AP-induced (-cell injury and the limited regenerative capacity of beta cells might
account for pancreatic endocrine insufficiency. Based on studies performed in the AP mouse
model as well as in pancreatic tissues from patients with acute necrotizing pancreatitis
(ANP), a loss of B-cells was found in both ANP patients and AP mice. Additionally,
activated cytokeratin 5 (Krt5+) positive pancreatic cells were observed in ANP pancreases
along with persistently elevated Notch activity, resulting in massive duct-like structures.
Notch signaling determines the differentiation of pancreatic progenitor cells in pancreatic
development. AP mice that received the Notch inhibitor showed that impaired glucose
tolerance was reversed 7 days and 15 days after AP, and the number of newborn small islets
increased due to some extent to the increased differentiation of Krt5+ cells into beta cells.
The results of the study confirm that a loss of 3-cells contributes to the endocrine failure
of the pancreas after AP, while inhibition of Notch activity promotes the differentiation of
pancreatic Krt5 + cells into (3-cells and improves glucose homeostasis [89].

However, there are also several studies in which the emergence of new diabetes has
been associated with alcohol consumption, gender, and age, but has not been associated
with the severity of acute pancreatitis [90,91]. In a meta-analysis involving a total of
24 prospective clinical trials of 1102 patients with their first episode of AP, Das et al. found
that the severity of AP, its etiology, and the age and gender of the patients had a minimal
impact on the development of prediabetes and diabetes [5].

If pancreatic (3-cell loss is an obvious cause of DM after severe necrotic AP, then the
pathogenesis of DM in mild AP is more complex and islet cell loss is not the only risk factor
or mechanism. One theory is that AP triggers an immune response in patients genetically
susceptible to the development of DM [5]. Antibodies against glutamine acid decarboxylase
and islet cell antigen (IA2) have been detected in patients with latent autoimmune DM [92]
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and type 1 diabetes [93]. Another theory is that insulin resistance may play the dominant
role in the development of T3cDM after AP [74]. In addition, the findings of the DORADO
project have provided a wealth of information on the signaling molecules that influence
and do not affect glucose metabolism in people with mild acute pancreatitis [94]. First,
it was found that the early changes following mild acute pancreatitis include functional
(3-cell adaptation, which is best assessed by the disposition index. Second, the DORADO
project established IL-6 as the primary mediator of cytokines in post-pancreatitis diabetes,
which exerts its glucose-regulating effects through insulin resistance (an increase in IL-6
by 1 ng/mL was associated with a 0.7% increase in insulin resistance (p = 0.038)) [94,95].
It has been found that IL-6 causes impaired phosphorylation of the insulin receptor and
insulin receptor substrate-1, leading to insulin resistance. A significant increase in IL-6
levels has been demonstrated in the course of acute pancreatitis, and it is possible that an
early increase in IL-6 levels leads to chronic hyperglycemia after resolution of the acute
disease [96-98]. In contrast, chronic hyperglycemia is a source of reactive oxygen species
causing increased lipid peroxidation, which further increases the risk of DM (Figure 2).

Endothelin (ET) is a peptide secreted by the endothelial cells, vascular smooth muscle
cells, macrophages, and the renal medulla [99,100]. ET-1 leads to structural changes in the
pancreas, resulting in both exocrine and endocrine dysfunction, which cause pancreatic
vasoconstriction, disrupting blood flow. ET-1 is considered a risk factor for pancreatic
diseases, especially acute ischemia and pancreatitis, as it induces the secretion of pro-
inflammatory cytokines (IL-1, IL-6), which exacerbate existing pancreatitis and lead to
disease progression [101].

It has recently been suggested that metabolic factors such as obesity and hypertriglyc-
eridemia put individuals at higher risk of developing AP, termed “metabolic AP” [102].
It has also been found that these factors may increase the risk of developing DM after
AP [103]. It is generally known that obesity itself is a significant risk factor for hypergly-
caemia and insulin resistance [104]. In a study by Mentula et al., it was noted that obesity
may contribute to early hyperglycemia in AP patients. Additionally, a multivariate analysis
showed that obesity is not an independent risk factor for organ failure. It has been shown
that the occurrence of obesity in patients correlates with an early increase in blood glucose
levels, which may predispose them to systemic disorders in the course of AP [105].

Other researchers have suggested that one of the possible mechanisms for the emer-
gence of new diabetes after mild AP is associated with a deficiency of fat-soluble vitamins
in patients with exocrine pancreatic dysfunction [106,107]. Vitamin D deficiency and lower
serum levels of 25-hydroxyvitamin D occur in up to 94% of patients with exocrine pancreatic
dysfunction [108,109], which is associated with a higher risk of DM [107,110].

The management of pancreatic diabetes after AP is difficult. In addition to routine
diabetes care, including monitoring for nephropathy, retinopathy, and neuropathy, physi-
cians must address complications related to pancreatitis, including post-pancreatitis pain,
poor oral intake, psychological issues, exocrine pancreatic insufficiency, and vitamin and
mineral deficiencies [111]. The management of pancreatic diabetes after AP includes behav-
ioral/style interventions (e.g., abstinence from alcohol/substances, nutrition, pain control,
exercise) and pharmacological therapies (e.g., pancreatic enzyme supplementation, insulin
and oral hypoglycaemic therapies, and treatment of osteoporosis) [111].

5. The Impaired Glucose Homeostasis after AP

Data on the development of a new prediabetes or diabetes after an AP attack are in-
conclusive. Some reports suggest that glucose homeostasis returns completely to normal [§],
while others indicate that its disturbance persists in a significant proportion of patients [112].
Moreover, the timing of the development of prediabetes and DM after an episode of AP
remains unclear, as does the influence of the etiology and severity of AP. In a study written
by Das et al. specifying the incidence of prediabetes and diabetes after the first attack of AP,
it was found that prediabetes and/or DM were present in 37% of patients after AP. Newly
diagnosed diabetes developed in 15% of patients within 12 months of their first AP attack,
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and the risk of diabetes was significantly increased after 5 years (relative risk 2.7 (95% CI 1.9
to 3.8)). It was found that 70% of patients required constant insulin therapy [5]. Glycemic
control in patients with diabetes mellitus resulting from pancreatitis is more difficult than
control in patients with T2DM. In a study conducted by Woodmansey et al. on a very large
population, it was proved that the mean HbA1lc levels were higher in people with diabetes
following pancreatic disease than in people with type 2 diabetes. Post-pancreatic diabetes was
associated with poor glycemic control (adjusted odds ratio 1.7 (1.3-2.2); p < 0.001) compared
with type 2 diabetes, and insulin use over 5 years was 20.9% (14.6-28.9) with diabetes after
acute pancreatitis. After analyzing the data, researchers concluded that exocrine pancreatic
diabetes is often referred to as T2DM, but is characterized by poorer glycemic control and
significantly greater insulin requirements [34].

Post-AP hyperglycemia is generally considered a transient event which almost com-
pletely resolves itself in almost all patients. It is now believed that fasting glucose should
not be used in the diagnosis of diabetes during the course of pancreatitis (and arbitrarily
within 90 days after hospitalization) because elevated glucose levels may reflect an acute
stress response and may also be a consequence of pancreatitis treatment (e.g., parenteral
nutrition, intravenous dextrose infusion) [113].

Petrov et al. proposed the use of the oral glucose tolerance test for the early diagnosis of
diabetes because the test is not hampered by an acute stress response (as in the case of fasting
glucose) and does not require a 90-day delay period (as in the case of glycated hemoglobin).
The authors believe that the diagnosis of transient stress-induced hyperglycemia in the
course of pancreatitis is important. However, stress hyperglycemia occurs in up to seven
out of ten patients with pancreatitis, and indiscriminate blood glucose monitoring in most
patients with pancreatitis during (or shortly after) hospitalization would not be helpful in
diagnosing diabetes mellitus [97,113,114].

Insulin resistance may be a key mechanism in the development of diabetes after AP. In
the conducted study, it was found that the HOMA-IR value during the observation in the
DM group was higher than in the group without DM [76]. Balzano et al. [115] suggests that
T3cDM is associated with the classic risk factors for type 2 diabetes, e.g., age, gender, family
history of diabetes, and BMI, as well as (3-cell dysfunction and insulin resistance, which
emerged as important determinants. Pancreatogenic diabetes is a heterogeneous disease
entity that largely overlaps with type 2 diabetes. However, the HOMA-IR value in the
study was obtained during the follow-up phase, not during hospitalization. Recognition of
T3cDM is important for the identification of underlying pancreatic disease that may require
specific intervention. Insulin therapy is ultimately needed for most patients, and metformin
should be considered when concomitant insulin resistance is present [54]. Hence, research
is needed to confirm whether insulin resistance after acute pancreatitis is caused by AP.

6. Exocrine Pancreatic Dysfunction and the Development of T3cDM

Despite convincing evidence from in vivo and in vitro studies on the strict morpholog-
ical and functional dependence between pancreatic acinar cells and Langerhans islet cells
(the “insulin-acinar axis”) [116], the relationship between exocrine disorders and pancreatic
endocrine disorders remains poorly characterized. Typically, clinical trials investigating the
temporal relationship between pancreatic exocrine and endocrine dysfunction have been
disproportionately focused on studying diabetes as a risk factor for exocrine pancreatic
dysfunction (EPD). However, evidence for the inverse relationship, e.g., exocrine pancreatic
dysfunction as a risk factor for the appearance of DM, was only circumstantial. The reason
for the lack of evidence for the above thesis is the difficulty of determining the optimal
study population due to the existence of multiple causes of exocrine pancreatic dysfunc-
tion, most of which do not subsequently result in a high incidence of new cases of DM.
The only well-known example was cystic fibrosis, in which mutations in the CTFR gene
occurred, causing exocrine pancreatic dysfunction and leading to cystic fibrosis-related
diabetes. Studies from several recent systematic reviews of pancreatitis have shown that
the incidence of EPD does not typically increase over time after acute pancreatitis, while
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the incidence of new onset diabetes is increasing [117-119]. In a cohort study, a higher
incidence of diabetes was observed in patients with EPD (17.0%) than in patients without
EPD (5.2%, (p < 0.001)). Additionally, the mean duration between EPD and the onset of
DM was found to be 1.8 years [106].

In other studies, up to 40% of cases involve the occurrence of both endocrine and
exocrine disorders after AP [45,91,108], but a small (3%) overlap of pancreatic dysfunction
has also been shown [67]. The exocrine function measurements differed from one study to
another. In a study by Tu et al. [120], which aimed to assess the incidence of endocrine and
exocrine pancreatic insufficiency after AP, it was found that pancreatic exocrine insufficiency
is more difficult to diagnose than endocrine insufficiency. Usually, symptoms such as
abdominal pain, abdominal extension, and fatty diarrhea in combination with an X-ray
and stool examination are used for an accurate diagnosis. In this study, 5.3% of patients
suffered from abdominal pain, 10.6% of patients suffered from abdominal distension, and
15.04% of patients suffered from diarrhea after discharge from the hospital. Only 4.4% of
the patients had a BMI less than 18 (kg/m?) [120]. The symptoms of exocrine pancreatic
insufficiency are neither unusual nor specific, and are therefore of little diagnostic value.
The FE-1 test was used to indirectly assess the exocrine function of the pancreas. It was
found that 6.2% of patients could be diagnosed with severe exocrine pancreatic insufficiency
(<100 pg/g) and that 29.2% of patients had only mild to moderate exocrine pancreatic
insufficiency (100-200 pg/g) [120]. FE1 has been criticized as a test for exocrine function
because some researchers doubt its specificity and sensitivity. Leeds et al. concluded
that FE-1 < 100 ug/g is highly specific for pancreatic exocrine insufficiency, but that
100-200 pg/g may only offer limited specificity and sensitivity [121]. Additionally, when
the pre-test probability of exocrine pancreatic insufficiency is low, it often leads to multiple
false positives [122]. In a systematic review and meta-analysis by the COSMOS group,
low serum amylase and lipase levels were significantly associated with type 2 diabetes,
type 1 diabetes, excessive obesity, and metabolic syndrome [123]. However, the role of
digestive enzymes in the pathogenesis of metabolic disorders requires further research.
According to the definition of Ewald, T3cDM takes into account the need to prove exocrine
dysfunction [34]. Therefore, the relationship between endocrine and exocrine disorders in
AP patients should be determined, and exocrine pancreatic insufficiency should be assessed
using FE-1 and strengthened with other diagnostic tools, such as magnetic resonance
imaging of the pancreatic duct.

In addition, a population-based study has shown that pancreatic exocrine function
(as measured by FE-1) is independently related to the composition and diversity of the
gut microflora [124], confirming another possible mechanism underlying the association
between EPD and new-onset diabetes [125]. Moreover, it is believed that altered intestinal
microflora is a factor predisposing patients to insulin resistance and T2DM by intensifying
inflammation [126,127]. Several studies have found an altered microflora of the small
intestine in patients with exocrine pancreatic dysfunction [128,129]. The likely altered
gut microflora in EPD patients may induce insulin resistance by promoting low-grade
inflammation in the patient, leading to a new onset of diabetes mellitus. These data are in
line with the results of the DORADO project, which found that low levels of inflammation
were associated with levels of the pro-inflammatory cytokine IL-6 [94,95].

7. Conclusions

Acute pancreatitis carries a risk of developing diabetes after pancreatitis. Compared
with T2DM, post-pancreatitis diabetes is associated with poor glycemic control, a much
higher insulin requirement, a higher risk of developing cancer, death at an earlier age, and
a significantly higher risk of death [111].

One of the possible causes of the increase in the number of complications and mortality
associated with diabetes after AP is misdiagnosis in the early stages, leading to delayed
diagnosis with undesirable complications. The current classification approach involves
broadly categorizing patients as having AP-related DM based on the chronologic onset
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of DM in relation to the AP episode. The clinico-pathological features and management
challenges of pancreatogenic diabetes overlap with other secondary causes of diabetes. A
complex pathogenesis involving pancreatic exocrine insufficiency, dysfunction of insulin
secretion, and insulin resistance is likely the cause of T3cDM after AP.

The consequences of the prompt and correct diagnosis of T3cDM after AP are far-
reaching and include advising patients on diet and lifestyle, improving glycemic control,
reducing short- and long-term complications, and increasing patient and physician satisfac-
tion. There is hope that oxyntomodulin—an intestinal peptide involved in the regulation
of pancreatic exocrine function—may function as a potential biomarker to differentiate DM
after AP from T2DM [94].

Due to an improved understanding of the pathophysiology of DM after AP, more
research is now needed on the effects of drug therapy on DM after AP. Further prospective
studies will help us to understand the risks of complications related to the pancreas and
diabetes in these patients.

Author Contributions: Conceptualization, M.S.-M., LB.-L. and G.M.; methodology, M.S.-M.; formal
analysis, M.S.-M.; investigation, M.S.-M.; resources, M.S.-M.; data curation, M.S.-M.; writing—original
draft preparation, M.S.-M,; writing—review and editing, M.S.-M., LB.-L. and G.M.; visualization,
M.S.-M.; supervision, M.S.-M.; project administration, M.S.-M.; funding acquisition, M.S.-M., LB.-L.
and G.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

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

References

1. Barreto, S.G.; Rodrigues, J. Acute pancreatitis in Goaea hospital-based study. J. Indian Med. Assoc. 2008, 106, 575-576. [PubMed]

2. Barreto, S.G.; Rodrigues, ]. Comparison of APACHE II and Imrie Scoring Systems in predicting the severity of Acute Pancreatitis.
World J. Emerg. Surg. 2007, 2, 33. [CrossRef] [PubMed]

3. Lankisch, P.G.; Apte, M.; Banks, P.A. Acute pancreatitis. Lancet 2015, 386, 85-96. [CrossRef] [PubMed]

4. Gillies, N.A.; Pendharkar, S.A ; Singh, R.G.; Asrani, V.M.; Petrov, M.S. Lipid metabolism in patients with chronic hyperglycemia
after an episode of acute pancreatitis. Diabetes Metab. Syndr. Clin. Res. Rev. 2017, 11 (Suppl. S1), S233-S241. [CrossRef]

5. Das, S.L; Singh, PP; Phillips, A.R.; Murphy, R.; Windsor, J.A.; Petrov, M.S. Newly diagnosed diabetes mellitus after acute
pancreatitis: A systematic review and meta-analysis. Gut 2014, 63, 818-831. [CrossRef]

6. Cho,].; Scragg, R.; Petrov, M.S. Risk of mortality and hospitalization after post-pancreatitis diabetes mellitus vs type 2 diabetes
mellitus: A population-based matched cohort study. Am. J. Gastroenterol. 2019, 114, 804-812. [CrossRef]

7. American Diabetes Association Professional Practice Committee 2. Classification and Diagnosis of Diabetes: Standards of Medical
Care in Diabetes-2022. Diabetes Care 2022, 45 (Suppl. S1), S17-S38. [CrossRef]

8.  Ibars, E.P; Sanchez de Rojas, E.A.; Quereda, L.A.; Ramis, R.F,; Sanjuan, V.M.; Peris, R.T. Pancreatic function aft er acute biliary
pancreatitis: Does it change? World J. Surg. 2002, 26, 479—-486. [CrossRef]

9.  Uomo, G.; Gallucci, F; Madrid, E.; Miraglia, S.; Manes, G.; Rabitti, PG. Pancreatic functional impairment following acute
necrotizing pancreatitis: Long-term outcome of a non-surgically treated series. Dig. Liver Dis. 2010, 42, 149-152. [CrossRef]

10. Singer, M.V.; Gyr, K.; Sarles, H. Revised classification of pancreatitis. Report of the Second International Symposium on the
Classification of Pancreatitis in Marseille, France, March 28-30, 1984. Gastroenterology 1985, 89, 683-685. [CrossRef]

11.  Shen, H.N,; Yang, C.C; Chang, YH.; Lu, C.L.; Li, C.Y. Risk of diabetes mellitus after first-attack acute pancreatitis: A national
population-based study. Am. J. Gastroenterol. 2015, 110, 1698-1706. [CrossRef]

12. Yasuda, T.; Ueda, T.; Takeyama, Y.; Shinzeki, M.; Sawa, H.; Nakajima, T.; Kuroda, Y. Long-term outcome of severe acute
pancreatitis. J. Hepato-Biliary-Pancreat. Sci. 2008, 15, 397-402. [CrossRef]

13. Lee, YK, Huang, M.Y.; Hsu, C.Y; Su, Y.C. Bidirectional Relationship Between Diabetes and Acute Pancreatitis: A Population-
Based Cohort Study in Taiwan. Medicine 2016, 95, €2448. [CrossRef] [PubMed]

14. Gapp,J,; Tariq, A.; Chandra, S. Acute Pancreatitis. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022.


http://www.ncbi.nlm.nih.gov/pubmed/19552084
http://doi.org/10.1186/1749-7922-2-33
http://www.ncbi.nlm.nih.gov/pubmed/18067678
http://doi.org/10.1016/S0140-6736(14)60649-8
http://www.ncbi.nlm.nih.gov/pubmed/25616312
http://doi.org/10.1016/j.dsx.2016.12.037
http://doi.org/10.1136/gutjnl-2013-305062
http://doi.org/10.14309/ajg.0000000000000225
http://doi.org/10.2337/dc22-S002
http://doi.org/10.1007/s00268-001-0253-7
http://doi.org/10.1016/j.dld.2009.08.007
http://doi.org/10.1016/0016-5085(85)90468-8
http://doi.org/10.1038/ajg.2015.356
http://doi.org/10.1007/s00534-007-1266-x
http://doi.org/10.1097/MD.0000000000002448
http://www.ncbi.nlm.nih.gov/pubmed/26765434

Biomedicines 2023, 11, 667 14 of 18

15.

16.

17.

18.
19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Banks, P.A.; Bollen, T.L.; Dervenis, C.; Gooszen, H.G.; Johnson, C.D.; Sarr, M.G.; Tsiotos, G.G.; Vege, S.S.; Acute Pancreatitis
Classification Working Group. Classification of acute pancreatitis—2012: Revision of the Atlanta classification and definitions by
international consensus. Gut 2013, 62, 102-111. [CrossRef] [PubMed]

Petrov, M.S.; Yadav, D. Global epidemiology and holistic prevention of pancreatitis. Nat. Rev. Gastroenterol. Hepatol. 2018,
16, 175-184. [CrossRef] [PubMed]

Lankisch, P.G.; Burchard-Reckert, S.; Lehnick, D. Underestimation of acute pancreatitis: Patients with only a small increase in
amylase/lipase levels can also have or develop severe acute pancreatitis. Gut 1999, 44, 542-544. [CrossRef]

Trivedi, C.D.; Pitchumoni, C.S. Drug-induced pancreatitis: An update. J. Clin. Gastroenterol. 2005, 39, 709-716. [CrossRef]
Badalov, N.; Baradarian, R.; Iswara, K.; Li, J.; Steinberg, W.; Tenner, S. Drug-induced acute pancreatitis: An evidence-based review.
Clin. Gastroenterol. Hepatol. 2007, 5, 648-661.e3. [CrossRef]

Kochar, B.; Akshintala, V.S.; Afghani, E.; Elmunzer, B.J.; Kim, K.J.; Lennon, A.M.; Khashab, M.A.; Kalloo, A.N.; Singh, V.K.
Incidence, severity, and mortality of post-ERCP pancreatitis: A systematic review by using randomized, controlled trials.
Gastrointest. Endosc. 2015, 81, 143-149.e9. [CrossRef]

Njei, B.; McCarty, T.R.; Muniraj, T.; Sharma, P,; Jamidar, P.A.; Aslanian, H.R.; Varadarajulu, S.; Navaneethan, U. Comparative
effectiveness of pharmacologic and endoscopic interventions for prevention of post-ERCP pancreatitis: A network meta-analysis.
Endosc. Int. Open 2020, 8, E29-E40. [CrossRef]

Lowenfels, A.B.; Maisonneuve, P.; Sullivan, T. The changing character of acute pancreatitis: Epidemiology, etiology, and prognosis.
Curr. Gastroenterol. Rep. 2009, 11, 97-103. [CrossRef] [PubMed]

Mukherjee, R.; Smith, A.; Sutton, R. COVID-19-related pancreatic injury. Br. |. Surg. 2020, 107, e190. [CrossRef] [PubMed]
Szatmary, P.; Arora, A.; Thomas Raraty, M.G.; Joseph Dunne, D.E; Baron, R.D.; Halloran, C.M. Emerging Phenotype of Severe
Acute Respiratory Syndrome-Coronavirus 2-associated Pancreatitis. Gastroenterology 2020, 159, 1551-1554. [CrossRef]
Pandanaboyana, S.; Moir, J.; Leeds, ].S.; Oppong, K.; Kanwar, A.; Marzouk, A.; Belgaumkar, A.; Gupta, A.; Siriwardena, A.K,;
Haque, A.R.; et al. COVID PAN collaborative group. SARS-CoV-2 infection in acute pancreatitis increases disease severity and
30-day mortality: COVID PAN collaborative study. Gut 2021, 70, 1061-1069. [CrossRef]

Singh, V.K.; Bollen, T.L.; Wu, B.U.; Repas, K.; Maurer, R.; Yu, S.; Mortele, K.J.; Conwell, D.L.; Banks, P.A. An assessment of the
severity of interstitial pancreatitis. Clin. Gastroenterol. Hepatol. 2011, 9, 1098-1103. [CrossRef]

Chen, C.C.; Wang, S.S.; Tsay, S.H.; Lee, EY.; Lu, R H.; Chang, EY.; Lee, S.D. Effects of gabexatemesilate on serum inflammatory
cytokines in rats with acute necrotizing pancreatitis. Cytokine 2006, 33, 95-99. [CrossRef]

Caglayan, K.; Gilingor, B.; CinarAvci, B.; Gur, S.; Arslan, N. Effects of oleuropein on serum inflammatory cytokines and
histopathological changes in rats with pancreatitis. Adv. Clin. Exp. Med. 2015, 24, 213-218. [CrossRef]

Wu, D.; Xu, Y,; Zeng, Y.; Wang, X. Endocrine pancreatic function changes after acute pancreatitis. Pancreas 2011, 40, 1006-1011.
[CrossRef]

Pezzilli, R.; Simoni, P.; Casadei, R.; Morselli-Labate, A.M. Exocrine pancreatic function during the early recovery phase of acute
pancreatitis. Hepatobiliary Pancreat. Dis. Int. 2009, 8, 316-319.

Rickels, M.R.; Bellin, M.; Toledo, E.G.; Robertson, R.P.; Andersen, D.K.; Chari, S.T.; Brand, R.; Frulloni, L.; Anderson, M.A.;
Whitcomb, D.C. Pancreas Fest Recommendation Conference Participants. Detection, evaluation and treatment of diabetes mellitus
in chronic pancreatitis: Recommendations from Pancreas Fest 2012. Pancreatology 2013, 13, 336-342. [CrossRef]

Woodmansey, C.; McGovern, A.P.; McCullough, K.A.; Whyte, M.B.; Munro, N.M.; Correa, A.C.; Gatenby, P.A.C.; Jones, S.A;
de Lusignan, S. Incidence, Demographics, and Clinical Characteristics of Diabetes of the Exocrine Pancreas (Type 3c): A Retro-
spective Cohort Study. Diabetes Care 2017, 40, 1486-1493. [CrossRef] [PubMed]

Pendharkar, S.A.; Mathew, J.; Petrov, M.S. Age- and sex-specific prevalence of diabetes associated with diseases of the exocrine
pancreas: A population-based study. Dig. Liver Dis. 2017, 49, 540-544. [CrossRef] [PubMed]

Ewald, N.; Bretzel, R.G. Diabetes mellitus secondary to pancreatic diseases (Type 3c)—Are we neglecting an important disease?
Eur. ]. Intern. Med. 2013, 24, 203-206. [CrossRef] [PubMed]

Ewald, N.; Kaufmann, C.; Raspe, A.; Kloer, H.U ; Bretzel, R.G.; Hardt, P.D. Prevalence of diabetes mellitus secondary to pancreatic
diseases (type 3c). Diabetes Metab. Res. Rev. 2012, 28, 338-342. [CrossRef]

Vonderau, J.S.; Desai, C.S. Type 3c: Understanding pancreatogenic diabetes. JAAPA 2022, 35, 20-24. [CrossRef]
Valdez-Hernandez, P; Pérez-Diaz, I.; Soriano-Rios, A.; Gémez-Islas, V.; Garcia-Fong, K.; Hernandez-Calleros, ].; Uscanga-Dominguez, L.;
Pelaez-Luna, M. Pancreas. Pancreatogenic Diabetes, 2 Onset Forms and Lack of Metabolic Syndrome Components Differentiate It from
Type 2 Diabetes. Pancreas 2021, 50, 1376-1381. [CrossRef]

Ghosh, I.; Mukhopadhyay, P; Das, K.; Anne, M.B.; Ali Mondal, S.; Basu, M.; Nargis, T.; Pandit, K.; Chakrabarti, P.; Ghosh, S.
Incretins in fibrocalculous pancreatic diabetes: A unique subtype of pancreatogenic diabetes. ]. Diabetes 2020, 13, 506-511.
[CrossRef]

Hart, PA,; Bellin, M.D.; Andersen, D.K,; Bradley, D.; Cruz-Monserrate, Z.; Forsmark, C.E.; Goodarzi, M.O.; Habtezion, A.;
Korc, M.; Kudva, Y.C,; et al. Consortium for the Study of Chronic Pancreatitis, Diabetes, and Pancreatic Cancer(CPDPC). Type 3c
(pancreatogenic) diabetes mellitus secondary to chronic pancreatitis and pancreatic cancer. Lancet Gastroenterol. Hepatol. 2016,
1,226-237. [CrossRef]

Malka, D.; Hammel, P,; Sauvanet, A.; Rufat, P.; O"Toole, D.; Bardet, P; Belghiti, J.; Bernades, P.; Ruszniewski, P.; Lévy, P. Risk
factors for diabetes mellitus in chronic pancreatitis. Gastroenterology 2000, 119, 1324-1332. [CrossRef]


http://doi.org/10.1136/gutjnl-2012-302779
http://www.ncbi.nlm.nih.gov/pubmed/23100216
http://doi.org/10.1038/s41575-018-0087-5
http://www.ncbi.nlm.nih.gov/pubmed/30482911
http://doi.org/10.1136/gut.44.4.542
http://doi.org/10.1097/01.mcg.0000173929.60115.b4
http://doi.org/10.1016/j.cgh.2006.11.023
http://doi.org/10.1016/j.gie.2014.06.045
http://doi.org/10.1055/a-1005-6366
http://doi.org/10.1007/s11894-009-0016-4
http://www.ncbi.nlm.nih.gov/pubmed/19281696
http://doi.org/10.1002/bjs.11645
http://www.ncbi.nlm.nih.gov/pubmed/32352160
http://doi.org/10.1053/j.gastro.2020.05.069
http://doi.org/10.1136/gutjnl-2020-323364
http://doi.org/10.1016/j.cgh.2011.08.026
http://doi.org/10.1016/j.cyto.2005.12.004
http://doi.org/10.17219/acem/40453
http://doi.org/10.1097/MPA.0b013e31821fde3f
http://doi.org/10.1016/j.pan.2013.05.002
http://doi.org/10.2337/dc17-0542
http://www.ncbi.nlm.nih.gov/pubmed/28860126
http://doi.org/10.1016/j.dld.2016.12.010
http://www.ncbi.nlm.nih.gov/pubmed/28110921
http://doi.org/10.1016/j.ejim.2012.12.017
http://www.ncbi.nlm.nih.gov/pubmed/23375619
http://doi.org/10.1002/dmrr.2260
http://doi.org/10.1097/01.JAA.0000885140.47709.6f
http://doi.org/10.1097/MPA.0000000000001930
http://doi.org/10.1111/1753-0407.13139
http://doi.org/10.1016/S2468-1253(16)30106-6
http://doi.org/10.1053/gast.2000.19286

Biomedicines 2023, 11, 667 15 of 18

41.

42.

43.

44.

45.

46.

47.
48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Rebours, V.; Boutron-Ruault, M.-C.; Schnee, M.; Ferec, C.; Le Marechal, C.; Hentic, O.; Maire, F.; Hammel, P.; Ruszniewski, P,;
Levy, P. The natural history of hereditary pancreatitis: A national series. Gut 2009, 58, 97-103. [CrossRef]

Wang, W.; Guo, Y.; Liao, Z.; Zou, D.W,; Jin, Z.D.; Zou, D.J.; Jin, G.; Hu, X.G.; Li, Z.S. Occurrence of and risk factors for diabetes
mellitus in Chinese patients with chronic pancreatitis. Pancreas 2011, 40, 206-212. [CrossRef] [PubMed]

Hart, PA.; Kudva, Y.C; Yadav, D.; Andersen, D.K; Li, Y.; Toledo, EG.S.; Wang, E; Bellin, M.D.; Bradley, D.; Brand, R.E.; etal. A
reduced pancreatic polypeptide response is associated with new onset pancreatogenic diabetes versus type 2 diabetes. J. Clin.
Endocrinol. Metab. 2022, 21, dgac670. [CrossRef] [PubMed]

Bellin, M.D. Pancreatogenic Diabetes in Children with Recurrent Acute and Chronic Pancreatitis: Risks, Screening, and Treatment
(Mini-Review). Front. Pediatr. 2022, 10, 884668. [CrossRef] [PubMed]

Vipperla, K.; Papachristou, G.I; Slivka, A.; Whitcomb, D.C.; Yadav, D. Risk of New-Onset Diabetes Is Determined by Severity of
Acute Pancreatitis. Pancreas 2016, 45, el4—el5. [CrossRef]

Sliwiriska-Mosson, M.; Marek, G.; Milnerowicz, H. The role of pancreatic polypeptide in pancreatic diseases. Adv. Clin. Exp. Med.
2017, 26, 1447-1455. [CrossRef]

Wynne, K.; Devereaux, B.; Dornhorst, A. Diabetes of the exocrine pancreas. ]. Gastroenterol. Hepatol. 2019, 34, 346-354. [CrossRef]
Ciochina, M.; Balaban, D.V.; Manucu, G.; Jinga, M.; Gheorghe, C. The Impact of Pancreatic Exocrine Diseases on the 3-Cell and
Glucose Metabolism—A Review with Currently Available Evidence. Biomolecules 2022, 12, 618. [CrossRef]

Richardson, A.; Park, W.G. Acute pancreatitis and diabetes mellitus: A review. Korean J. Intern. Med. 2021, 36, 15-24. [CrossRef]
Hart, P.A.; Bradley, D.; Conwell, D.L.; Dungan, K.; Krishna, S.G.; Wyne, K.; Bellin, M.D.; Yadav, D.; Andersen, D.K,;
Serrano, J.; et al. Diabetes following acute pancreatitis. Lancet Gastroenterol. Hepatol. 2021, 6, 668—675. [CrossRef]

Amuedo, S.; Bellido, V.; Mangas Cruz, M.A.; Gros Herguido, N.; Lopez Gallardo, G.; Pérez Morales, A.; Soto Moreno, A.
Successful Use of an Advanced Hybrid Closed-loop System in a Patient With Type 3¢ Pancreatogenic Diabetes Secondary to
Nesidioblastosis. Can. J. Diabetes 2022. [CrossRef]

Roeyen, G.; De Block, C. A plea for more practical and clinically applicable criteria defining type 3c diabetes. Pancreatology 2017,
17, 875. [CrossRef]

Chakravarthy, M.D.; Thangaraj, P.; Saraswathi, S. Missed Case of Pancreatogenic Diabetes Diagnosed Using Ultrasound. . Med.
Ultrasound 2021, 29, 218-220. [CrossRef] [PubMed]

Andersen, D.K.; Korc, M,; Petersen, G.M.; Eibl, G.; Li, D.; Rickels, M.R.; Chari, S.T.; Abbruzzese, J.L. Diabetes, Pancreatogenic
Diabetes, and Pancreatic Cancer. Diabetes 2017, 66, 1103-1110. [CrossRef] [PubMed]

Bhattamisra, S.K.; Siang, T.C.; Rong, C.Y.; Annan, N.C.; Sean, E.H.Y,; Xi, L.W,; Lyn, O.S.; Shan, L.H.; Choudhury, H.; Pandey, M.; et al.
Type-3c Diabetes Mellitus, Diabetes of Exocrine Pancreas—An Update. Curr. Diabetes Rev. 2019, 15, 382-394. [CrossRef]

Girman, C.J.; Kou, T.D,; Cai, B.; Alexander, C.M.; O'Neill, E.A.; Williams-Herman, D.E.; Katz, L. Patients with type 2 diabetes
mellitus have higher risk for acute pancreatitis compared with those without diabetes. Diabetes Obes. Metab. 2010, 12, 766-771.
[CrossRef] [PubMed]

Urushihara, H.; Taketsuna, M.; Liu, Y.; Oda, E.; Nakamura, M.; Nishiuma, S.; Maeda, R. Increased risk of acute pancreatitis in
patients with type 2 diabetes: An observational study using a Japanese hospital database. PLoS ONE 2012, 7, e53224. [CrossRef]
Lai, SW.; Muo, C.H.; Liao, K.F; Sung, FC.; Chen, P.C. Risk of acute pancreatitis in type 2 diabetes and risk reduction on
anti-diabetic drugs: A population-based cohort study in Taiwan. Am. J. Gastroenterol. 2011, 106, 1697-1704. [CrossRef]

Noel, R.A.; Braun, D.K,; Patterson, R.E.; Bloomgren, G.L. Increased risk of acute pancreatitis and biliary disease observed in
patients with type 2 diabetes: A retrospective cohort study. Diabetes Care 2009, 32, 834-838. [CrossRef]

Chen, R.; Corona, E.; Sikora, M.; Dudley, J.T.; Morgan, A.A.; Moreno-Estrada, A.; Nilsen, G.B.; Ruau, D.; Lincoln, S.E,;
Bustamante, C.D.; et al. Type 2 diabetes risk alleles demonstrate extreme directional differentiation among human populations,
compared to other diseases. PLoS Genet. 2012, 8, €1002621. [CrossRef]

Hayden, M.R; Patel, K.; Habibi, J.; Gupta, D.; Tekwani, S.S.; Whaley-Connell, A.; Sowers, ].R. Attenuation of endocrine-exocrine
pancreatic communication in type 2 diabetes: Pancreatic extracellular matrix ultrastructural abnormalities. J. Cardiometab. Syndr.
2008, 3, 234-243. [CrossRef]

Yadav, R.; Bhartiya, ].P.; Verma, S.K.; Nandkeoliar, M.K. The evaluation of serum amylase in the patients of type 2 diabetes
mellitus, with a possible correlation with the pancreatic functions. J. Clin. Diagn. Res. 2013, 7, 1291-1294. [CrossRef] [PubMed]
Wautier, J.L.; Guillausseau, P.J. Diabetes, advanced glycation endproducts and vascular disease. Vasc. Med. 1998, 3, 131-137.
[CrossRef] [PubMed]

Jandhyala, S.M.; Madhulika, A.; Deepika, G.; Rao, G.V.; Reddy, D.N.; Subramanyam, C.; Sasikala, M.; Talukdar, R. Altered
intestinal microbiota in patients with chronic pancreatitis: Implications in diabetes and metabolic abnormalities. Sci. Rep. 2017,
7,43640. [CrossRef] [PubMed]

Bibbo, S.; Dore, M.P.; Pes, G.M.; Delitala, G.; Delitala, A.P. Is there a role for gut microbiota in type 1 diabetes pathogenesis?
Ann. Med. 2017, 49, 11-22. [CrossRef]

Sasikala, M.; Ravikanth, V.V,; Murali Manohar, K.; Deshpande, N.; Singh, S.; Pavan Kumar, P,; Talukdar, R.; Ghosh, S.; Aslam, M.;
Rao, G.V,; et al. Bach2 repression mediates Th17 cell induced inflammation and associates with clinical features of advanced
disease in chronic pancreatitis. United Eur. Gastroenterol. ]. 2018, 6, 272-282. [CrossRef]

Talukdar, R.; Sarkar, P.; Jakkampudi, A.; Sarkar, S.; Aslam, M.; Jandhyala, M.; Deepika, G.; Unnisa, M.; Reddy, D.N. The gut
microbiome in pancreatogenic diabetes differs from that of Type 1 and Type 2 diabetes. Sci. Rep. 2021, 11, 10978. [CrossRef]


http://doi.org/10.1136/gut.2008.149179
http://doi.org/10.1097/MPA.0b013e31820032ae
http://www.ncbi.nlm.nih.gov/pubmed/21404458
http://doi.org/10.1210/clinem/dgac670
http://www.ncbi.nlm.nih.gov/pubmed/36404274
http://doi.org/10.3389/fped.2022.884668
http://www.ncbi.nlm.nih.gov/pubmed/35558377
http://doi.org/10.1097/MPA.0000000000000536
http://doi.org/10.17219/acem/65094
http://doi.org/10.1111/jgh.14451
http://doi.org/10.3390/biom12050618
http://doi.org/10.3904/kjim.2020.505
http://doi.org/10.1016/S2468-1253(21)00019-4
http://doi.org/10.1016/j.jcjd.2022.09.117
http://doi.org/10.1016/j.pan.2017.10.004
http://doi.org/10.4103/JMU.JMU_138_20
http://www.ncbi.nlm.nih.gov/pubmed/34729335
http://doi.org/10.2337/db16-1477
http://www.ncbi.nlm.nih.gov/pubmed/28507210
http://doi.org/10.2174/1573399815666190115145702
http://doi.org/10.1111/j.1463-1326.2010.01231.x
http://www.ncbi.nlm.nih.gov/pubmed/20649628
http://doi.org/10.1371/journal.pone.0053224
http://doi.org/10.1038/ajg.2011.155
http://doi.org/10.2337/dc08-1755
http://doi.org/10.1371/journal.pgen.1002621
http://doi.org/10.1111/j.1559-4572.2008.00024.x
http://doi.org/10.7860/JCDR/2013/6016.3120
http://www.ncbi.nlm.nih.gov/pubmed/23998048
http://doi.org/10.1177/1358836X9800300207
http://www.ncbi.nlm.nih.gov/pubmed/9796076
http://doi.org/10.1038/srep43640
http://www.ncbi.nlm.nih.gov/pubmed/28255158
http://doi.org/10.1080/07853890.2016.1222449
http://doi.org/10.1177/2050640617716596
http://doi.org/10.1038/s41598-021-90024-w

Biomedicines 2023, 11, 667 16 of 18

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Moran, A.; Brunzell, C.; Cohen, R.C.; Katz, M.; Marshall, B.C.; Onady, G.; Robinson, K.A.; Sabadosa, K.A.; Stecenko, A.;
Slovis, B.; et al. Clinical care guidelines for cystic fibrosis-related diabetes: A position statement of the American Diabetes
Association and a clinical practice guideline of the Cystic Fibrosis Foundation, endorsed by the Pediatric Endocrine Society.
Diabetes Care 2010, 33, 2697-2708. [CrossRef]

Wang, Z.; Lai, S.T; Xie, L.; Zhao, ].D.; Ma, N.Y.; Zhu, J.; Ren, Z.G,; Jiang, G.L. Metformin is associated with reduced risk of
pancreatic cancer in patients with type 2 diabetes mellitus: A systematic review and meta-analysis. Diabetes Res. Clin. Pract. 2014,
106, 19-26. [CrossRef]

Maida, A.; Lamont, B.].; Cao, X.; Drucker, D.]. Metformin regulates the incretin receptor axis via a pathway dependent on
peroxisome proliferator-activated receptor-« in mice. Diabetologia 2011, 54, 339-349. [CrossRef]

Sadeghi, N.; Abbruzzese, ].L.; Yeung, S.C.; Hassan, M.; Li, D. Metformin use is associated with better survival of diabetic patients
with pancreatic cancer. Clin. Cancer Res. 2012, 18, 2905-2912. [CrossRef]

Makuc, J. Management of pancreatogenic diabetes: Challenges and solutions. Diabetes Metab. Syndr. Obes. 2016, 9, 311-315.
[CrossRef] [PubMed]

Cho, J.; Scragg, R.; Petrov, M.S. Postpancreatitis Diabetes Confers Higher Risk for Pancreatic Cancer Than Type 2 Diabetes: Results
from a Nationwide Cancer Registry. Diabetes Care 2020, 43, 2106-2112. [CrossRef] [PubMed]

Tu, J.; Yang, Y.; Zhang, J.; Yang, Q.; Lu, G.; Li, B,; Tong, Z.; Ke, L.; Li, W.; Li, ]. Effect of the disease severity on the risk of
developing new-onset diabetes after acute pancreatitis. Medicine 2018, 97, e10713. [CrossRef] [PubMed]

Connor, S.; Alexakis, N.; Raraty, M.G.; Ghaneh, P; Evans, J.; Hughes, M.; Garvey, C.J.; Sutton, R.; Neoptolemos, ].P. Early and late
complications after pancreatic necrosectomy. Surgery 2005, 137, 499-505. [CrossRef] [PubMed]

Umapathy, C.; Raina, A.; Saligram, S.; Tang, G.; Papachristou, G.I; Rabinovitz, M.; Chennat, J.; Zeh, H.; Zureikat, A H,;
Hogg, M.E.; et al. Natural History After Acute Necrotizing Pancreatitis: A Large, U.S. Tertiary Care Experience. |. Gastrointest. Surg.
2016, 20, 1844-1853. [CrossRef] [PubMed]

Bavare, C.; Prabhu, R.; Supe, A. Early morphological and functional changes in pancreas following necrosectomy for acute severe
necrotizing pancreatitis. Indian |. Gastroenterol. 2004, 23, 203-205. [PubMed]

Tsiotos, G.G.; Luque-de Ledn, E.; Sarr, M.G. Long-term outcome of necrotizing pancreatitis treated by necrosectomy. Br. J. Surg.
1998, 85, 1650-1653. [CrossRef] [PubMed]

Winter Gasparoto, R.C.; Racy Mde, C.; De Campos, T. Long-term outcomes after acute necrotizing pancreatitis: What happens to
the pancreas and to the patient? JOP 2015, 16, 159-166. [CrossRef]

Boreham, B.; Ammori, B.J. A prospective evaluation of pancreatic exocrine function in patients with acute pancreatitis: Correlation
with extent of necrosis and pancreatic endocrine insufficiency. Pancreatology 2003, 3, 303-308. [CrossRef]

Chandrasekaran, P.; Gupta, R.; Shenvi, S.; Kang, M.; Rana, S.S.; Singh, R.; Bhasin, D.K. Prospective comparison of long term
outcomes in patients with severe acute pancreatitis managed by operative and non operative measures. Pancreatology 2015,
15,478-484. [CrossRef]

Gupta, R.; Wig, ].D.; Bhasin, D.K,; Singh, P; Suri, S.; Kang, M.; Rana, S.S.; Rana, S. Severe acute pancreatitis: The life after.
J. Gastrointest. Surg. 2009, 13, 1328-1336. [CrossRef] [PubMed]

Kapoor, VK. Complications of pancreato-duodenectomy. Perspect. Surg. 2016, 95, 53-59.

Kahl, S.; Malfertheiner, P. Exocrine and endocrine pancreatic insufficiency after pancreatic surgery. Best Pract. Res. Clin. Gastroenterol.
2004, 18, 947-955. [CrossRef] [PubMed]

Roeyen, G.; Jansen, M.; Chapelle, T.; Bracke, B.; Hartman, V.; Ysebaert, D.; De Block, C. Diabetes mellitus and pre-diabetes
are frequently undiagnosed and underreported in patients referred for pancreatic surgery. A prospective observational study.
Pancreatology 2016, 16, 671-676. [CrossRef]

Hamad, A.; Hyer, ].M.; Thayaparan, V.; Salahuddin, A.; Cloyd, ].M.; Pawlik, T.M.; Ejaz, A. Pancreatogenic Diabetes after Partial
Pancreatectomy: A Common and Understudied Cause of Morbidity. . Am. Coll. Surg. 2022, 235, 838-845. [CrossRef]
Avanesov, M.; Loser, A.; Smagarynska, A.; Keller, S.; Guerreiro, H.; Tahir, E.; Karul, M.; Adam, G.; Yamamura, J. Clinico-
radiological comparison and short-term prognosis of single acute pancreatitis and recurrent acute pancreatitis including pancreatic
volumetry. PLoS ONE 2018, 13, €0206062. [CrossRef]

Zhi, M.; Zhu, X.; Lugea, A.; Waldron, R.T.; Pandol, S.J.; Li, L. Incidence of New Onset Diabetes Mellitus Secondary to Acute
Pancreatitis: A Systematic Review and Meta-Analysis. Front. Physiol. 2019, 10, 637. [CrossRef]

Zhang, X.; Tao, J.; Yu, J.; Hu, N.; Zhang, X.; Wang, G.; Feng, J.; Xiong, X.; Li, M.; Chai, D.; et al. Inhibition of Notch activity
promotes pancreatic cytokeratin 5-positive cell differentiation to beta cells and improves glucose homeostasis following acute
pancreatitis. Cell Death Dis. 2021, 12, 867. [CrossRef]

Ho, TW.,; Wu, ] M,; Kuo, T.C; Yang, C.Y,; Lai, H.S.; Hsieh, S.H.; Lai, F.; Tien, YW. Change of Both Endocrine and Exocrine
Insufficiencies After Acute Pancreatitis in Non-Diabetic Patients: A Nationwide Population-Based Study. Medicine 2015, 94, e1123.
[CrossRef]

Nikkola, J.; Laukkarinen, ].; Lahtela, ].; Seppanen, H.; Jarvinen, S.; Nordback, I.; Sand, J. The Long-term Prospective Follow-up of
Pancreatic Function After the First Episode of Acute Alcoholic Pancreatitis: Recurrence Predisposes One to Pancreatic Dysfunction
and Pancreatogenic Diabetes. J. Clin. Gastroenterol. 2017, 51, 183-190. [CrossRef]

Arvan, P; Pietropaolo, M.; Ostrov, D.; Rhodes, C.J. Islet autoantigens: Structure, function, localization, and regulation. Cold Spring
Harb. Perspect. Med. 2021, 2, a007658. [CrossRef] [PubMed]


http://doi.org/10.2337/dc10-1768
http://doi.org/10.1016/j.diabres.2014.04.007
http://doi.org/10.1007/s00125-010-1937-z
http://doi.org/10.1158/1078-0432.CCR-11-2994
http://doi.org/10.2147/DMSO.S99701
http://www.ncbi.nlm.nih.gov/pubmed/27601927
http://doi.org/10.2337/dc20-0207
http://www.ncbi.nlm.nih.gov/pubmed/32616613
http://doi.org/10.1097/MD.0000000000010713
http://www.ncbi.nlm.nih.gov/pubmed/29851776
http://doi.org/10.1016/j.surg.2005.01.003
http://www.ncbi.nlm.nih.gov/pubmed/15855920
http://doi.org/10.1007/s11605-016-3264-2
http://www.ncbi.nlm.nih.gov/pubmed/27619808
http://www.ncbi.nlm.nih.gov/pubmed/15627657
http://doi.org/10.1046/j.1365-2168.1998.00950.x
http://www.ncbi.nlm.nih.gov/pubmed/9876068
http://doi.org/10.6092/1590-8577/2958
http://doi.org/10.1159/000071768
http://doi.org/10.1016/j.pan.2015.08.006
http://doi.org/10.1007/s11605-009-0901-z
http://www.ncbi.nlm.nih.gov/pubmed/19415400
http://doi.org/10.1016/S1521-6918(04)00089-7
http://www.ncbi.nlm.nih.gov/pubmed/15494288
http://doi.org/10.1016/j.pan.2016.04.032
http://doi.org/10.1097/XCS.0000000000000360
http://doi.org/10.1371/journal.pone.0206062
http://doi.org/10.3389/fphys.2019.00637
http://doi.org/10.1038/s41419-021-04160-2
http://doi.org/10.1097/MD.0000000000001123
http://doi.org/10.1097/MCG.0000000000000564
http://doi.org/10.1101/cshperspect.a007658
http://www.ncbi.nlm.nih.gov/pubmed/22908193

Biomedicines 2023, 11, 667 17 of 18

93.

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.

120.

121.

Huang, G.; Wang, X; Li, Z.; Li, H.; Li, X.; Zhou, Z. Insulin autoantibody could help to screen latent autoimmune diabetes in
adults in phenotypic type 2 diabetes mellitus in Chinese. Acta Diabetol. 2012, 49, 327-331. [CrossRef] [PubMed]

Petrov, M.S. Panorama of mediators in postpancreatitis diabetes mellitus. Curr. Opin. Gastroenterol. 2020, 36, 443-451. [CrossRef]
[PubMed]

Gillies, N.; Pendharkar, S.A.; Asrani, V.M.; Mathew, J.; Windsor, J.A.; Petrov, M.S. Interleukin-6 is associated with chronic
hyperglycemia and insulin resistance in patients after acute pancreatitis. Pancreatology 2016, 16, 748-755. [CrossRef]

Lesina, M.; Wormann, S.M.; Neuhofer, P; Song, L.; Algiil, H. Interleukin-6 in inflammatory and malignant diseases of the
pancreas. Semin. Immunol. 2014, 26, 80-87. [CrossRef] [PubMed]

Jivanji, C.]J.; Asrani, V.M.; Windsor, J.A.; Petrov, M.S. New-Onset Diabetes After Acute and Critical Illness: A Systematic Review.
Mayo Clin. Proc. 2017, 92, 762-773. [CrossRef] [PubMed]

Sliwinska-Mosson, M.; Marek, G.; Grzebieniak, Z.; Milnerowicz, H. Relationship between somatostatin and interleukin-6: A
cross-sectional study in patients with acute pancreatitis. Pancreatology 2018, 18, 885-891. [CrossRef]

Liischer, T.F,; Wenzel, R.R. Endothelin and endothelin antagonists: Pharmacology and clinical implications. Agents Actions Supply
1995, 45, 237-253. [CrossRef]

Sehgal, A; Behl, T.; Singh, S.; Sharma, N.; Albratty, M.; Alhazmi, H.A.; Meraya, A.M.; Aleya, L.; Sharma, A.; Bungau, S. Exploring
the pivotal role of endothelin in rheumatoid arthritis. Inflammopharmacology 2022, 30, 1555-1567. [CrossRef]

Sliwiriska-Mosson, M.; Sciskalska, M.; Karczewska-Gorska, P.; Milnerowicz, H. The effect of endothelin-1 on pancreatic diseases
in patients who smoke. Adv. Clin. Exp. Med. 2013, 22, 745-752.

Petrov, M.S. Editorial: Abdominal fat: A key player in metabolic acute pancreatitis. Am. J. Gastroenterol. 2013, 108, 140-142.
[CrossRef]

Smith, S.C., Jr. Multiple risk factors for cardiovascular disease and diabetes mellitus. Am. J. Med. 2007, 120, S3-S11. [CrossRef]
Corcoy, R. Diabetes and obesity—An international problem. Int. J. Gynecol. Obstet. 2012, 119, S178. [CrossRef]

Mentula, P; Kylanpaa, M.L.; Kemppainen, E.; Puolakkainen, P. Obesity correlates with early hyperglycemia in patients with
acute pancreatitis who developed organ failure. Pancreas 2008, 36, e21-e25. [CrossRef]

Cho, J.; Scragg, R.; Pandol, S.J.; Petrov, M.S. Exocrine Pancreatic Dysfunction Increases the Risk of New-Onset Diabetes Mellitus:
Results of a Nationwide Cohort Study. Clin. Transl. Sci. 2021, 14, 170-178. [CrossRef] [PubMed]

Song, Y.; Wang, L.; Pittas, A.G.; Del Gobbo, L.C.; Zhang, C.; Manson, J.E.; Hu, EB. Blood 25-hydroxy vitamin D levels and incident
type 2 diabetes: A meta-analysis of prospective studies. Diabetes Care 2013, 36, 1422-1428. [CrossRef] [PubMed]

Klapdor, S.; Richter, E.; Klapdor, R. Vitamin D status and per-oral vitamin D supplementation in patients suffering from chronic
pancreatitis and pancreatic cancer disease. Anticancer Res. 2012, 32, 1991-1998. [PubMed]

Sikkens, E.C.; Cahen, D.L.; Koch, A.D.; Braat, H.; Poley, ].-W.; Kuipers, E.J.; Bruno, M.]. The prevalence of fat-soluble vitamin
deficiencies and a decreased bone mass in patients with chronic pancreatitis. Pancreatology 2013, 13, 238-242. [CrossRef]
Ehrampoush, E.; Mirzay Razzaz, J.; ArjmandHGhaemi, A.; RaeisiShahraki, H.; Ebrahim Babaei, A.; Osati, S.; Homayounfar, R.
The association of vitamin D levels and insulin resistance. Clin. Nutr. ESPEN 2021, 42, 325-332. [CrossRef]

Singh, A.; Aggarwal, M.; Garg, R.; Stevens, T.; Chahal, P. Post-pancreatitis diabetes mellitus: Insight on optimal management
with nutrition and lifestyle approaches. Ann. Med. 2022, 54, 1776-1786. [CrossRef]

Gornik, I; Vujaklija, A.; Luki¢, E.; Madzarac, G.; Gasparovi¢, V. Hyperglycemia in sepsis is a risk factor for development of type II
diabetes. . Crit. Care 2010, 25, 263-269. [CrossRef] [PubMed]

Petrov, M.S.; Basina, M. Diagnosis of endocrine disease: Diagnosing and classifying diabetes in diseases of the exocrine pancreas.
Eur. ]. Endocrinol. 2021, 184, R151-R163. [CrossRef] [PubMed]

Petrov, M.S.; Zagainov, V.E. Influence of enteral versus parenteral nutrition on blood glucose control in acute pancreatitis: A
systematic review. Clin. Nutr. 2007, 26, 514-523. [CrossRef] [PubMed]

Balzano, G.; Dugnani, E.; Pasquale, V.; Capretti, G.; Radaelli, M.G.; Garito, T.; Stratta, G.; Nini, A.; Di Fenza, R.; Castoldi, R.; et al.
Clinical signature and pathogenetic factors of diabetes associated with pancreas disease (T3cDM): A prospective observational
study in surgical patients. Acta Diabetol. 2014, 51, 801-811. [CrossRef]

Czako, L.; Hegyi, P.; Rakonczay, Z., Jr.; Wittmann, T.; Otsuki, M. Interactions between the endocrine and exocrine pancreas and
their clinical relevance. Pancreatology 2009, 9, 351-359. [CrossRef]

Das, S.L.; Kennedy, J.I.; Murphy, R.; Phillips, A.R.; Windsor, J.A.; Petrov, M.S. Relationship between the exocrine and endocrine
pancreas after acute pancreatitis. World ]. Gastroenterol. 2014, 20, 17196-17205. [CrossRef]

Huang, W.; de la Iglesia-Garcia, D.; Baston-Rey, I.; Calvifio-Suarez, C.; Larifio-Noia, J.; Iglesias-Garcia, J.; Shi, N.; Zhang, X,;
Cai, W.; Deng, L.; et al. Exocrine Pancreatic Insufficiency Following Acute Pancreatitis: Systematic Review and Meta-Analysis.
Dig. Dis. Sci. 2019, 64, 1985-2005. [CrossRef]

Hollemans, R.A.; Hallensleben, N.D.L.; Mager, D.J.; Kelder, J.C.; Besselink, M.G.; Bruno, M.].; Verdonk, R.C.; van Santvoort, H.C.;
Dutch Pancreatitis Study Group. Pancreatic exocrine insufficiency following acute pancreatitis: Systematic review and study
level meta-analysis. Pancreatology 2018, 18, 253-262. [CrossRef]

Tu,].; Zhang, J.; Ke, L.; Yang, Y; Yang, Q.; Lu, G.; Li, B.; Tong, Z.; Li, W.; Li, J. Endocrine and exocrine pancreatic insufficiency
after acute pancreatitis: Long-term follow-up study. BMC Gastroenterol. 2017, 17, 114. [CrossRef]

Leeds, ].S.; Oppong, K.; Sanders, D.S. The role of fecal elastase-1 in detecting exocrine pancreatic disease. Nat. Rev. Gastroenterol. Hepatol.
2011, 8, 405-415. [CrossRef]


http://doi.org/10.1007/s00592-010-0196-2
http://www.ncbi.nlm.nih.gov/pubmed/20473693
http://doi.org/10.1097/MOG.0000000000000654
http://www.ncbi.nlm.nih.gov/pubmed/32618612
http://doi.org/10.1016/j.pan.2016.06.661
http://doi.org/10.1016/j.smim.2014.01.002
http://www.ncbi.nlm.nih.gov/pubmed/24572992
http://doi.org/10.1016/j.mayocp.2016.12.020
http://www.ncbi.nlm.nih.gov/pubmed/28302323
http://doi.org/10.1016/j.pan.2018.09.013
http://doi.org/10.1007/978-3-0348-7346-8_34
http://doi.org/10.1007/s10787-022-01051-6
http://doi.org/10.1038/ajg.2012.384
http://doi.org/10.1016/j.amjmed.2007.01.002
http://doi.org/10.1016/S0020-7292(12)60103-9
http://doi.org/10.1097/mpa.0b013e31814b22b5
http://doi.org/10.1111/cts.12837
http://www.ncbi.nlm.nih.gov/pubmed/32692901
http://doi.org/10.2337/dc12-0962
http://www.ncbi.nlm.nih.gov/pubmed/23613602
http://www.ncbi.nlm.nih.gov/pubmed/22593477
http://doi.org/10.1016/j.pan.2013.02.008
http://doi.org/10.1016/j.clnesp.2021.01.012
http://doi.org/10.1080/07853890.2022.2090601
http://doi.org/10.1016/j.jcrc.2009.10.002
http://www.ncbi.nlm.nih.gov/pubmed/19914033
http://doi.org/10.1530/EJE-20-0974
http://www.ncbi.nlm.nih.gov/pubmed/33460395
http://doi.org/10.1016/j.clnu.2007.04.009
http://www.ncbi.nlm.nih.gov/pubmed/17559987
http://doi.org/10.1007/s00592-014-0614-y
http://doi.org/10.1159/000181169
http://doi.org/10.3748/wjg.v20.i45.17196
http://doi.org/10.1007/s10620-019-05568-9
http://doi.org/10.1016/j.pan.2018.02.009
http://doi.org/10.1186/s12876-017-0663-0
http://doi.org/10.1038/nrgastro.2011.91

Biomedicines 2023, 11, 667 18 of 18

122.

123.

124.

125.

126.

127.

128.

129.

Vanga, R.R;; Tansel, A,; Sidiq, S.; El-Serag, H.B.; Othman, M.O. Diagnostic Performance of Measurement of Fecal Elastase-1
in Detection of Exocrine Pancreatic Insufficiency: Systematic Review and Meta-analysis. Clin. Gastroenterol. Hepatol. 2018,
16, 1220-1228.e4. [CrossRef] [PubMed]

Ko, J.; Cho, J.; Petrov, M.S. Low serum amylase, lipase, and trypsin as biomarkers of metabolic disorders: A systematic review
and meta-analysis. Diabetes Res. Clin. Pract. 2020, 159, 107974. [CrossRef] [PubMed]

Frost, F; Kacprowski, T.; Rithlemann, M.; Biilow, R.; Kiihn, J.P; Franke, A.; Heinsen, FA.; Pietzner, M.; Nauck, M,;
Volker, U.; et al. Impaired Exocrine Pancreatic Function Associates with Changes in Intestinal Microbiota Composition and
Diversity. Gastroenterology 2019, 156, 1010-1015. [CrossRef] [PubMed]

Valdes, A.M.; Walter, ].; Segal, E.; Spector, T.D. Role of the gut microbiota in nutrition and health. BM] 2018, 361, k2179. [CrossRef]
Karlsson, FH.; Tremaroli, V.; Nookaew, I.; Bergstrom, G.; Behre, C.J.; Fagerberg, B.; Nielsen, J.; Backhed, F. Gut metagenome in
European women with normal, impaired and diabetic glucose control. Nature 2013, 498, 99-103. [CrossRef]

Qin, J; Li, Y,; Cai, Z,; Li, S.; Zhu, ].; Zhang, F,; Liang, S.; Zhang, W.; Guan, Y.; Shen, D.; et al. A metagenome-wide association
study of gut microbiota in type 2 diabetes. Nature 2012, 490, 55-60. [CrossRef]

Lee, A.A.; Baker, ].R.; Wamsteker, E.J.; Saad, R.; Di Magno, M.]. Small Intestinal Bacterial Overgrowth Is Common in Chronic
Pancreatitis and Associates with Diabetes, Chronic Pancreatitis Severity, Low Zinc Levels, and Opiate Use. Am. |. Gastroenterol.
2019, 114, 1163-1171. [CrossRef]

Kumar, K.; Ghoshal, U.C,; Srivastava, D.; Misra, A.; Mohindra, S. Small intestinal bacterial overgrowth is common both among
patients with alcoholic and idiopathic chronic pancreatitis. Pancreatology 2014, 14, 280-283. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(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.


http://doi.org/10.1016/j.cgh.2018.01.027
http://www.ncbi.nlm.nih.gov/pubmed/29374614
http://doi.org/10.1016/j.diabres.2019.107974
http://www.ncbi.nlm.nih.gov/pubmed/31811884
http://doi.org/10.1053/j.gastro.2018.10.047
http://www.ncbi.nlm.nih.gov/pubmed/30391469
http://doi.org/10.1136/bmj.k2179
http://doi.org/10.1038/nature12198
http://doi.org/10.1038/nature11450
http://doi.org/10.14309/ajg.0000000000000200
http://doi.org/10.1016/j.pan.2014.05.792

	Introduction 
	Acute Pancreatitis 
	The Type 3c Diabetes Mellitus 
	Clinical Severity of Acute Pancreatitis and the Development of T3cDM 
	The Impaired Glucose Homeostasis after AP 
	Exocrine Pancreatic Dysfunction and the Development of T3cDM 
	Conclusions 
	References

