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Abstract
Diabetes is a highly prevalent disease that was initially simplified into three major types: Type 1, type 2 and gestational diabetes. With the global rise in incidence of acute pancreatitis (AP), a lesser-known type of diabetes referred to as diabetes of the exocrine pancreas (DEP) is becoming more recognized. However, there is a poor understanding of the inherent relationship between diabetes and AP. There is established data about certain diseases affecting the exocrine function of the pancreas which can lead to diabetes. More specifically, there are well established guidelines for diagnosis and management of DEP caused be chronic pancreatitis. Conversely, the sequelae of AP leading to diabetes has limited recognition and data. The purpose of this review is to provide a comprehensive summary of the prevalence, epidemiology, pathophysiology and future research aims of AP-related diabetes. In addition, we propose a screening and diagnostic algorithm to aid clinicians in providing better care for their patients.
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Core Tip: Acute pancreatitis (AP)-related diabetes has limited recognition and data. The disease occurs more often than previously recognized and patients are often misdiagnosed with type 2 diabetes. The purpose of this review is to provide a comprehensive summary of the prevalence, epidemiology, pathophysiology and future research aims of AP-related diabetes. In addition, we propose a screening and diagnostic algorithm to aid clinicians in providing better care for their patients.

INTRODUCTION
Acute pancreatitis (AP) is a condition defined by rapid onset pancreatic inflammation that is short-lived and may be associated with local and systemic complications[1]. Alcohol use and gallstones are the most common etiologies, which may explain its standing as one of the leading gastrointestinal diseases requiring hospitalization in the United States[2]. The severity of AP is graded based on the presence or absence of local complications, systemic complications, and persistent organ failure. Patients with mild disease recover with supportive care alone while those with severe disease may experience prolonged hospitalization and require procedural interventions to treat various complications. The severe form of the disease occurs in 20% of all patients with AP and carries a mortality rate as high as 30%-40%[1,3]. Following a single episode of AP, all patients are susceptible to the potential sequela of the injury sustained by the pancreas regardless of the severity of the episode[4]. The complication acquiring interest of late is new-onset diabetes mellitus (DM) after AP.
Diabetes is a term used to classify a group of diseases characterized by persistent hyperglycemia that afflicts 37 million adults in the United States alone. Type I diabetes (T1D) accounts for 5%-10% of the total prevalence of diabetes and is hypothesized to be a consequence of autoimmune destruction of beta cells, resulting in inadequate insulin levels[5]. The most common form of diabetes, type II DM (T2DM), is caused by insufficient insulin secretion by pancreatic beta cells and progressive development of insulin resistance (IR). Persistent impairment in glucose control may also be promoted by diseases of the exocrine pancreas, including AP[6]. This form of diabetes has been referred to as type 3c diabetes or diabetes of the exocrine pancreas (DEP)[6,7].
Hyperglycemia during AP was previously speculated to be a transient event that resolved as the inflammatory process improved[4]. Recent meta-analyses have questioned this notion by showing evidence of a high incidence of AP-related DM[4]. Two meta-analyses found 15%-23% of patients developed new-onset diabetes following a single episode of AP and the remaining patients had greater than a two-fold risk of diabetes over five years[8,9].
The various pancreatic diseases known to potentially cause DEP are often grouped together despite this collection encompassing multiple distinct conditions that should be further investigated on an individual basis. The unique mechanisms in which these conditions cause damage to the pancreas is important to take into consideration as they may allow for specific therapeutic options, change screening recommendations, and affect the length of time to diabetes. AP in particular, the most common disease of the exocrine pancreas, warrants further discussion. The goal of this review is to summarize the prevalence and pathophysiology of DEP after episode(s) of AP, elucidate diagnostic criteria for AP-related DM and identify risk factors of those at highest risk of developing the complication. We will also suggest management and screening recommendations, including the emergence of potential new ways to diagnose AP-related DM and identify areas for further study.

PREVALENCE OF DM AFTER AP
In the United States, AP is estimated to account for approximately 275000 hospital admissions and $2.5 billion in healthcare costs annually[10]. A meta-analysis of the global incidence of AP from 1961 to 2016 found the incidence of AP has been increasing over time. Select populations were noted to have disproportionate rises in incidence especially throughout the majority of countries within the Western world, including North America, Europe, and Oceania[3]. One study aimed at determining the global incidence of AP reported the countries with the greatest incidence of AP in 2019 were India, China, and the United States. Alcohol was found to be an important cause of increased morbidity and mortality. The study also uncovered the existence of significant differences in the burden of AP across geographic regions and differences in outcomes based on socioeconomic factors. For example, patients admitted to smaller hospitals with fewer resources were noted to have a higher risk of pancreatitis-related mortality[10].
The lesser-known sequelae of AP are the development of endocrine and exocrine insufficiency, which in turn can contribute to the development of diabetes. All patients are susceptible to these effects, even those with a mild case of AP and after a first-time episode[11]. In one cohort study, exocrine pancreatic dysfunction was associated with significantly increased risk for new-onset DM, including when the analysis was limited to mild AP[12]. A systematic review and meta-analysis from May 2019 found the incidence of AP-related DM was 23% and new onset insulin dependent DM (IDDM) was 15%. The incidence of DM was higher for severe AP (SAP) compared to mild AP, pancreatic necrosis compared to without, and alcoholic compared to biliary AP. The incidence of IDDM after SAP was 21% and 18% following an episode of alcohol-related AP. Within five years of the initial episode of AP, the rate of DM and IDDM was 20% and 14%, respectively. The rate of DM and IDDM after AP increased to 37% and 25%, respectively[9]. Another study demonstrated similar findings of the development of endocrine and exocrine insufficiency despite severity of AP, number of or time from episodes of AP, gender, and etiology. However, there was a statistically significant difference in the prevalence of DM when patients with SAP were compared with non-SAP[12].

PATHOPHYSIOLOGY
Ongoing investigations have proposed multiple mechanisms believed to contribute to the development of AP-related DM. These mechanisms presumably occur in parallel and it is unknown which mechanism has the greatest impact. Prior to further discussing the theories it is important to understand the roles of the individual cell types of the pancreas and where they reside. This will aid in demonstrating the clinical implications of their malfunction or loss.
The pancreas consists of two tissue types which give rise to the distinct actions of the pancreas, the exocrine and endocrine functions. Exocrine tissue makes up an estimated 95% of the pancreas and produces enzymes necessary for digestion. The remaining tissue is made up of special endocrine cells embedded within the exocrine pancreas that are collectively known as the islets of Langerhans[13]. This collection consists of four cell types that play exclusive roles in regulating glucose levels and pancreatic secretions: Alpha cells, beta cells, pancreatic polypeptide (PP) cells and delta cells. Alpha cells release glucagon and make up 15% of the total islet cell volume in the anterior portions of the pancreas (head, body and tail). Glucagon is important in preventing hypoglycemia through several well-known mechanisms. Insulin-releasing beta cells make up 80% of the islet volume in the anterior pancreas and 20% of the volume in the posterior head. Insulin regulates glucose by promoting uptake and storage of glucose in the liver, muscle and adipose tissue. The hormone also regulates the action of alpha cells through paracrine inhibition. PP cells make up 80% of the islet volume in the posterior head and have a small presence (< 1%) in the anterior portions of the pancreas. They produce PP, which enhances the effect of insulin on the liver. Delta cells have a small overall existence, contributing to < 1% of islet volume in the posterior head and 5% in the anterior pancreas. Nevertheless, they are essential for their release of somatostatin which has multiple functions throughout the body. In the gastrointestinal system, somatostatin is important for regulating the release of glucagon and insulin through paracrine inhibition. The hormone also slows both gastric emptying and nutrient absorption from the intestinal tract[7].

MECHANICAL DESTRUCTION OF THE PANCREAS VS LOSS OF ISLET MASS
Unlike T1D and T2DM, DEP is a consequence of damage to the pancreas that affects all of the highly specialized cells of the organ. Based on this observation and previous data showing a higher incidence of DEP in patients suffering from necrotizing pancreatitis compared to those without necrosis, a correlation between the extent of loss of islet cells and the risk of developing AP-related DM has been suggested[9]. This inference has been further substantiated by evidence that patients with T1D and T2DM have decreased pancreatic volume compared to non-diabetics[14]. Nevertheless, emerging evidence indicates the overall pathogenesis is likely more complicated and requires more investigation. One systematic review examining the risk of developing DM after partial pancreatectomy found the incidence of new-onset DM was significantly different between various types of resection. Those who underwent a distal pancreatectomy had the highest incidence of developing DEP followed by patients who underwent a Whipple. Patients who underwent a central pancreatectomy had the smallest incidence[15]. A study by Tu et al[16] reports that in comparison to necrosis in the head and body of the pancreas, necrosis in the tail was associated with a greater risk of developing diabetes. Others also report that surgical resection of up to 50% of the pancreas did not necessarily lead to diabetes[14]. These new findings may explain why the severity of AP does not necessarily positively correlate with the risk of developing AP-related DM.

DYSFUNCTION OF THE EXOCRINE PANCREAS
Damage to the exocrine pancreas may contribute to endocrine dysfunction through mechanisms still undergoing analysis. When chronic pancreatic exocrine disease occurs, findings of decreased pancreatic endocrine function including islet function and insulin secretion can be seen. For example, one of the results of chronic pancreatitis is damage to nerve bundles, specifically vagal afferents, which are necessary for PP secretion. Volume loss within the posterior head of the pancreas, in which resides the majority of PP cells, further exacerbates the reduction in insulin secretion. Significant pancreatic endocrine dysfunction can thereby lead to DEP[14].
In a recent cohort study, Cho et al[12] found that patients with exocrine pancreatic dysfunction requiring pancreatic enzyme replacement therapy (PERT) after their initial attack of pancreatitis were at increased risk of new-onset DM. New-onset DM was defined as diagnostic coding of DM and/or receiving a new oral hypoglycemic medication. This association remained even when the analysis was limited to mild AP. Patients with exocrine dysfunction are prone to deficiencies in fat-soluble vitamins.
In the past, vitamin D was found to play a role in glucose control. Mirhosseini et al[17] describe the mechanism in a meta-analysis, reporting that the active form of vitamin D regulates the expression of the insulin receptor gene and facilitates the transport of glucose into muscle cells. The authors conclude that vitamin D supplementation may significantly reduce serum fasting plasma glucose (FPG) and hemoglobin A1c (HbA1c)[17]. However, study results regarding the association of vitamin D and glucose control have been inconsistent. One randomized placebo-controlled trial found that daily vitamin D and calcium supplementation did not have a significant effect on insulin sensitivity, insulin secretion, or β-cell function in vitamin D deficient individuals at risk of T2DM[18]. An important point to note is that the authors classified patients “at risk of T2DM” based on a diabetes risk questionnaire. In a post hoc analysis restricted to patients with clinically diagnosed prediabetes, they found a significant beneficial effect of vitamin D and calcium supplementation on insulin sensitivity. There were no changes in insulin secretion or beta cell function.
In a more recent study, Norbitt et al[19] investigated potential connections between the intake of fat- and water-soluble vitamins with markers of glucose metabolism in patients after AP. They found a significant association between three fat-soluble vitamins (α-carotene, β-carotene, and total carotene) and homeostasis model assessment of β-cell function (HOMA-β) in patients with new-onset prediabetes/diabetes after AP[19]. Despite this association, there were no significant associations with FPG or HOMA-IR index. Although more studies are needed to help uncover the role of vitamin deficiencies in oxidative stress-driven disorders, it appears that optimizing the exocrine function of the pancreas plays an important role in glucose control. This may provide a key opportunity for intervention to prevent AP-related DM.

RISK FACTORS
An important component of understanding the etiology of AP-related DM is identifying risk factors linked with heightened endocrine dysfunction after AP. One case-controlled study with multivariable analysis found AP-related DM occurred more often in patients with components of metabolic syndrome such as hypertension, obesity and hyperlipidemia[20]. The potential explanation is that this particular population has an underlying predisposition toward T2DM and the additional insult of AP accelerates the progression to sustained hyperglycemia[21,22]. In another study, Lv et al[23] found similar results but also discovered non-alcoholic fatty liver disease (NAFLD) was an additional independent risk factor. Until now, most studies have focused on the effect of the exocrine pancreas on endocrine function yet the liver also plays a critical role in regulating and maintaining glucose levels. Those with NAFLD have underlying IR due to chronic inflammation from the release of inflammatory mediators by adipose tissue. These mediators which include leucine-rich alpha-2-glycoprotein 1 and interleukin-6 have been found to inhibit insulin receptors and the action of insulin through different signaling pathways[23]. The authors suggest chronic inflammation combined with inflammation-induced lipolysis contribute to the process of IR. Investigations to further characterize risk factors for AP-related DM are needed to help identify patients who will benefit from closer follow-up and earlier interventions to control glucose levels following an episode of AP.

DIAGNOSIS
Diagnostic criteria for T1D and T2DM have been well established and have undergone very minor revision over the last decades. The diagnosis of DEP has been more challenging to standardize as it shares clinical features that overlap with T1D and T2DM. The development of standardized criteria is also complicated by the fact that DEP is the result of multiple clinically distinct diseases and/or mechanisms. These individual etiologies lead to variable levels of pancreatic dysfunction and have varying rates of progression to diabetes, making the timing of the initiation of screening difficult to determine[7,24]. Previously, Ewald and Bretzel[25] suggested the following to diagnose DEP: Major criteria (all must be fulfilled): Presence of exocrine pancreatic insufficiency (according to the monoclonal fecal elastase-1 test or direct function tests); pathological pancreatic imaging (endoscopic ultrasound, magnetic resonance imaging, computed tomography); absence of T1DM associated autoimmune markers. Minor criteria: Impaired beta cell function (e.g., HOMA-B, C-peptide/glucose-ratio); no excessive IR (e.g., HOMA-IR); impaired incretin secretion [e.g., glucagon-like peptide 1 (GLP-1), PP]; low serum levels of lipid-soluble vitamins (A, D, E, and K).
Although cited in numerous articles over the years, the criteria were never universally accepted. As we learn more about the underlying mechanisms of each disease process and how they may lead to DEP, most of the above criteria have become invalid. For example, pancreatic insufficiency is not a specific characteristic of any of the diseases of the exocrine pancreas. Pancreatic insufficiency is a risk factor for the development of DEP and therefore should not be considered a defining characteristic. Additionally, pathological pancreatic imaging varies among the different diseases and is not a reliable marker of pancreatic function. Not all patients with imaging findings consistent with necrotizing pancreatitis develop DEP. Patients with mild pancreatitis may lack significant radiographic findings yet are still at risk of developing DEP. Furthermore, patients with pancreatic adenocarcinoma are commonly diagnosed with diabetes prior to developing cancer visible on cross-sectional imaging[26].
Here, we will focus on screening and diagnosis of AP-related diabetes (Figure 1). The first step should be to rule out undiagnosed diabetes/prediabetes by obtaining an HbA1c on admission for AP. We recommend screening for diabetes three months after hospital discharge by obtaining an HbA1c and an oral glucose tolerance test (OGTT). The timing of screening at three months post-hospitalization was selected to limit confounding by stress-related hyperglycemia and to help ensure that the HbA1c is an accurate reflection of changes in glucose levels after AP. Recommendations to use an OGTT are based on several observations. First, studies have shown poor test performance of HbA1c in diagnosing diabetes in patients with cystic fibrosis, another well-known disease affecting the exocrine pancreas. As a result, screening guidelines for cystic fibrosis-related diabetes recommend use of OGTT over HbA1c, and the committee concluded HbA1c was not sufficiently sensitive for diagnosis of diabetes in this patient population[27]. Similarly, Meier and Giese[28] advocate for the use of OGTT for earlier detection of diabetes in those with pancreatic disease. They found the OGTT diagnosed diabetes when the beta cell area was reduced by 64% compared to a more sizeable beta cell area loss of 89% when diabetes was diagnosed by HbA1c. A more recent study found that fasting glucose and HbA1c underestimate the prevalence of DEP and also recommend use of OGTT[29]. In this study, the diagnosis of over half of the new cases of diabetes after SAP were only possible by using the OGTT.
Once a diagnosis of diabetes is established, the next steps involve ruling out T1D and T2DM. The exclusion of T1D is more straightforward and can be performed by demonstrating the absence of autoantibodies. Duggan et al[29] suggest that c-peptide levels may be used to differentiate DEP and T2DM. Levels of c-peptide are typically used to distinguish T1D from T2DM, as levels are low in T1D and high in T2DM. They found that SAP patients with diabetes demonstrated a lower insulin response to glucose ingestion and had lower c-peptide secretion. This suggests the diagnosis of AP-related DM/DEP should be made in the setting of low c-peptide levels and the absence of autoantibodies[29]. More studies are needed to confirm the correlation, but it is a reasonable place to start. As studies showed risk of developing DEP up to five years after a single attack, it would be reasonable to consider continuing annual screening with HbA1c and OGTT vs more frequently depending on the presence of other risk factors.

MANAGEMENT
While the overall pathophysiology of DEP is far more complex than the more common types of diabetes, the treatment algorithms for T2DM are often applied for management of DEP. This may be problematic on several fronts. Studies have shown that patients with CP have an increased risk of developing pancreatic adenocarcinoma through a mechanism potentiated by hyperinsulinemia[2,7,30]. As a result, interventions that reduce ambient insulin levels (i.e., exercise, weight loss, low-carb diet) coupled with the anti-neoplastic properties of Metformin has become the preferred first-line treatment option. If glucose levels remain elevated it is reasonable to consider the addition of oral agents from the thiazolidinedione and/or alpha-glucosidase inhibitor classes. Clinical trials evaluating the safety of sulfonylureas, GLP-1 analogs, and dipeptidyl peptidase-IV inhibitors are lacking and these medications should be avoided due to possible association with pancreatitis[7,30]. All patients should also be counseled on the importance of abstinence from alcohol and tobacco use.
Screening for malabsorption and fat-soluble vitamin deficiencies can help guide the initiation of PERT and vitamin supplementation. The response and release of incretins, such as GLP-1, to fat hydrolysis may even be impaired with subclinical fat-soluble vitamin deficiency and thereby promote post-prandial hyperglycemia. PERT may augment the post-prandial incretin response and has been demonstrated to stabilize glucose levels in patients with alcoholic pancreatitis and cystic fibrosis. Additionally, some believe that PERT may help improve pain associated with pancreatitis.
Every effort should be made to detect AP-related DM before the development of critical insulin deficiency. If insulin therapy is necessary, it is important to remember that DEP may cause enhanced peripheral sensitivity to insulin, increasing the risk of hypoglycemia[7,30]. Dosing calculations similar to those used for T1D should be used rather than those used for T2DM[7]. Additionally, patients with DEP may require more frequent dose adjustments compared to patients with T2DM.

FUTURE RESEARCH
Further investigation should focus on how to use IR and insufficient insulin production to distinguish T2DM from DEP. Although we have proposed a set of diagnostic criteria, further research is needed to confirm whether the absence of autoantibodies in conjunction with low c-peptide levels is enough to diagnose DEP. Additionally, exploration into the possible contribution of PP cell tracking and other biomarkers to characterize DEP is necessary[4].
Improved characterization of alpha cells, beta cells, PP cells and delta cells may also have implications on the diagnosis and treatment of DEP[4]. Methods to do so may include new radiological techniques as well as neural networks. Newer advanced magnetic resonance techniques, including diffusion-weighted imaging, T1 mapping, and T2 mapping, provide quantifiable imaging features to gain additional understanding of underlying irregularities in AP. This goes beyond the traditional magnetic resonance sequences’ qualitative imaging features to detect morphological changes in AP[31]. Further, these newer radiological techniques may be able to improve the detection of islet volume changes involved in DEP. Advanced analytic techniques, including radiomics and artificial neural networks, may be able to uncover imaging biomarkers to enable further risk stratification of DEP secondary to AP.
Artificial intelligence (AI) offers risk stratification and prognostication information for AP, including DEP secondary to AP. Machine learning through large data sets may be able to better determine an association between AP disease severity and DEP. An ongoing clinical trial is investigating whether AI machine learning can be used to estimate the disease severity in AP according to the revised Atlanta criteria, which may have implications on DEP[32]. Similarly, while parameters used in handcrafted AP severity prediction scores, such as APACHE II and Ranson, are typically unavailable until 24 to 72 h after hospitalization, the early achievable severity index prediction score which was developed using machine learning, can identify patients at high risk for SAP within 24 h of hospital admission[33]. Early identification of patients at risk of SAP allows for early interventions to decrease mortality, which may also be critical in preventing the development of DEP.
As deficiency of fat-soluble vitamins associated with exocrine pancreatic dysfunction may be linked to new-onset DM, early administration of fat-soluble vitamins needs to be further studied as a possible preventative measure against the development of DEP[12]. Additionally, serum levels of fat-soluble vitamins (vitamin D in particular) may have the potential to be used as markers of risk of AP-related DM, as mentioned by Norbitt et al[19]. The connection comes from previous findings that vitamin D levels negatively correlated with AP severity indexes[19,34].
Based on the data mentioned earlier, the incidence of AP continues to rise and we should anticipate an increasing incidence of AP-related DM. This escalates the importance of needing to screen for, monitor, and treat DEP[3]. The next major step in research should also include investigating the reasons for the increased incidence of AP to prevent the disease and DEP by extension.

CONCLUSION
AP is the most common disease of the exocrine pancreas and places a significant strain on healthcare costs as the incidence continues to rise. While many studies have focused on treatment during hospitalization, the sequela of the disease are becoming more important as more patients develop AP and recover from the disease. AP-related diabetes, a type of DEP, is likely more prevalent than initially thought as it is often misclassified as T2DM and treated as such. As new studies emerge, we have learned that the diagnostic criteria for AP-related diabetes needs to be better defined in order to improve management of this unique type of diabetes. Through common knowledge of the pathophysiology of T1D and T2DM and the review of newer studies attempting to find biomarkers to help characterize DEP, we were able to propose a set of diagnostic criteria for AP-related DM. Although studies are needed to test the utility, this may at least provide a starting point. Furthermore, we have identified specific areas in need of further research in hopes that it may help lead to the development of guidelines for the diagnosis and management of AP-related DM.
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[bookmark: _Hlk141276159]Figure 1 Diagnostic algorithm for acute pancreatitis related diabetes. OGTT: Oral glucose tolerance test; GAD65: Glutamic acid decarboxylase; IA2: Tyrosine phosphatase; ZnT8: Zinc transporter 8; T1DM: Type 1 diabetes mellitus; AP: Acute pancreatitis.
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