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Abstract
Chronic pancreatitis (CP) is characterized by progressive inflammation and 
fibrosis of the pancreas that eventually leads to pancreatic exocrine and endocrine 
insufficiency. Diabetes in the background of CP is very difficult to manage due to 
high glycemic variability and concomitant malabsorption. Progressive beta cell 
loss leading to insulin deficiency is the cardinal mechanism underlying diabetes 
development in CP. Alpha cell dysfunction leading to deranged glucagon 
secretion has been described in different studies using a variety of stimuli in CP. 
However, the emerging evidence is varied probably because of dependence on the 
study procedure, the study population as well as on the stage of the disease. The 
mechanism behind islet cell dysfunction in CP is multifactorial. The intra-islet 
alpha and beta cell regulation of each other is often lost. Moreover, secretion of 
the incretin hormones such as glucagon like peptide-1 and glucose-dependent 
insulinotropic polypeptide is dysregulated. This significantly contributes to islet 
cell disturbances. Persistent and progressive inflammation with changes in the 
function of other cells such as islet delta cells and pancreatic polypeptide cells are 
also implicated in CP. In addition, the different surgical procedures performed in 
patients with CP and antihyperglycemic drugs used to treat diabetes associated 
with CP also affect islet cell function. Hence, different factors such as chronic 
inflammation, dysregulated incretin axis, surgical interventions and anti-diabetic 
drugs all affect islet cell function in patients with CP. Newer therapies targeting 
alpha cell function and beta cell regeneration would be useful in the management 
of pancreatic diabetes in the near future.
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Core tip: Chronic pancreatitis (CP) is a progressive inflammatory disorder leading to islet 
cell dysfunction and subsequent development of diabetes. The disease pathology is 
complex and is characterized by dysregulation of both the islet cells and the incretin axes. 
The different surgical procedures performed in patients with CP and antihyperglycemic 
drugs used to treat diabetes associated with CP also affect islet cell function. Diabetes 
secondary to CP is difficult to treat and contributes to disease morbidity. Newer therapies 
targeting alpha cell function and beta cell regeneration would be useful in the management 
of pancreatic diabetes in the near future.

Citation: Roy A, Sahoo J, Kamalanathan S, Naik D, Mohan P, Pottakkat B. Islet cell 
dysfunction in patients with chronic pancreatitis. World J Diabetes 2020; 11(7): 280-292
URL: https://www.wjgnet.com/1948-9358/full/v11/i7/280.htm
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INTRODUCTION
Chronic pancreatitis (CP) is a slow progressive inflammatory condition of the 
pancreas, resulting in pancreatic exocrine and endocrine insufficiency. Diabetes 
secondary to pancreatic pathology (acute pancreatitis, CP, and pancreatic 
adenocarcinoma) is termed type 3c diabetes[1]. Diabetes mellitus (DM) due to CP is 
characterized by predominant post-prandial hyperglycemia and fasting 
hyperglycemia usually occurs later. Hence, fasting glucose measurements alone can 
miss the diagnosis at an early stage of CP. It is often difficult to control blood glucose 
levels due to unpredictable swings between hyper and hypoglycemia, the so-called 
“brittle diabetes”. CP patients are at increased risk of hypoglycemia, partly because of 
poor glycogen reserve due to malabsorption resulting from severe exocrine 
insufficiency.

Pancreatic endocrine insufficiency leading to diabetes usually occurs late in the 
natural history of CP. The prevalence of diabetes-related to the pancreatopathies is 
usually underestimated because it is often misclassified as either type 1 or type 2 
diabetes. A study from Europe has shown the prevalence of type 3c diabetes to be 
around 9% among different diabetes populations[2]. About 80% of long-standing CP 
patients develop diabetes[3]. The prevalence of diabetes is much higher in fibro-
calculous pancreatic diabetes (FCPD) typically found in the Indian subcontinent. 
Pancreatic islets are constituted by various cells: alpha cells secrete glucagon; beta-cells 
secrete insulin; delta cells secrete somatostatin and pancreatic polypeptide (PP) cells 
secrete PP. Progressive inflammation and fibrosis lead to atrophy of the pancreas and 
acinar cell death, which together culminate in pancreatic exocrine insufficiency. 
Nonetheless, endocrine insufficiency soon follows. However, the mechanism behind 
this progressive islet cell damage has remained an active area of research. Hence, we 
searched the evidence available on islet cell dysfunction in CP and summarized the 
evidence in this review.

LITERATURE SEARCH AND STUDY SELECTION
We searched the literature using the following key search terms: “islet cell” [AND] 
“chronic pancreatitis”; “alpha cell” [AND] “chronic pancreatitis”; “beta cell” [AND] 
“chronic pancreatitis”; “insulin” [AND] “chronic pancreatitis”; “glucagon” [AND] 
“chronic pancreatitis”; “incretin” [AND] “chronic pancreatitis”; “GLP-1” [AND] 
“chronic pancreatitis”; “GIP” [AND] “chronic pancreatitis”; “beta cell” [AND] “alpha 
cell” [AND] “chronic pancreatitis”; “islet transplantation” [AND] “chronic 
pancreatitis” [AND] “beta cell”. Two authors [AR, JPS] independently searched the 
literature in PubMed. The search was restricted to English language articles and was 
performed from inception up to January 2020. We also looked for references in the 
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individual articles for their suitability and included them in this review if found to be 
appropriate. Studies which evaluated islet cell function in patients with CP in a 
comprehensive way were selected by the authors to be included in this review [JPS, 
SKK, DBN].

ALPHA CELL DYSFUNCTION IN CP
There has been a renewed interest in alpha cell dysfunction in both type 1 and type 2 
diabetes. Alpha cell dysfunction has also been implicated in the pathogenesis of CP 
related diabetes (Figure 1). The destruction of beta-cell mass is higher when compared 
to alpha cells in patients with CP[4], which may result in higher glucagon levels in these 
patients. This destruction of islet cell mass occurs relatively later in the disease process. 
Studies have shown that alpha cell numbers are not significantly decreased in CP 
patients as compared to control populations[4]. One report has shown that alpha cell 
mass can be increased in patients with CP[5].

Glucagon secretion in CP has been assessed in several studies using different 
dynamic methods such as oral glucose, intravenous (IV) arginine, and IV alanine 
(Table 1). Baseline plasma glucagon levels were shown to be either similar[6], reduced[7] 
or elevated[8] compared to healthy controls in different studies. Similarly, stimulated 
glucagon levels are also varied among different studies[8-10]. In the study by Lundberg 
et al[11], both basal and post-meal stimulated glucagon levels were shown to be higher 
in CP patients compared to a normal healthy control population. Interestingly, their 
patient cohort had a relatively early stage of pancreatitis and none of them had 
diabetes.

Glucose mediated glucagon suppression was also assessed by Mumme et al[12]. 
Similar to diabetes patients without pancreatitis, glucose-induced glucagon 
suppression was found to be impaired in CP patients with diabetes after an oral 
glucose tolerance test (OGTT). Moreover, glucagon levels were lower in response to 
hypoglycemia in CP patients with diabetes in a stepwise hypoglycemic clamp. This 
finding establishes the poor alpha cell function in CP patients, particularly those 
developing diabetes.

Since elevated glucagon is part of the first-line defense against hypoglycemia, the 
diminished glucagon response exposes a patient with CP and DM to the risk of severe 
hypoglycemia, particularly when the disease is quite advanced. Absence of the 
glucagon response following hypoglycemia was also shown by Larsen et al[13]. We 
previously demonstrated that glucagon was not suppressed following an oral glucose 
load in patients with chronic calcific pancreatitis (CCP) irrespective of their diabetes 
status[14]. This suggests that the ability of alpha cells to suppress glucagon secretion in 
response to glucose is significantly impaired in CCP patients. In an another study by 
Schrader et al[15], it was found that the glucose-induced glucagon suppression was 
decreased after partial pancreatectomy. They found a trend of lower baseline glucagon 
after surgery. However, glucagon suppression was 22% after surgery as compared to 
39% before surgery as shown by the OGTT. Interestingly, this impaired glucagon 
response was correlated with a reduction in insulin secretion but not with the elevated 
glucose level. They postulated that this alpha cell dysfunction is due to decreased beta 
cell mass. However, some studies have reported normal arginine stimulated glucagon 
response in CP patients with or without diabetes[16].

Another important consideration is whether this elevated glucagon is from outside 
the pancreas. Lund and colleagues[17] have shown evidence of extra-pancreatic 
glucagon in pancreatectomized patients as compared to normal healthy controls. They 
showed that hyperglucagonemia was seen after oral glucose but not during an IV 
isoglycemic glucose infusion in pancreatectomized patients. This suggests that CP 
patients with pancreatic atrophy may have elevated plasma glucagon level, which is 
gut derived. The possible mechanism for this may be due to a shift in the L-cells of the 
intestine towards secretion of more glucagon (mediated by prohormone convertase 2 
enzyme) in the absence of pancreatic alpha cells. The stimulus for L-cells may be an 
altered delivery of nutrients including glucose secondary to the distorted anatomy of 
the small intestine, particularly after surgery. This area needs to be further clarified in 
future studies involving CP patients.
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Table 1 Summary of the studies that assessed glucagon response in chronic pancreatitis

Ref. Population characteristics Method used Key findings

Mumme 
et al[12], 2017

(1) Patients with diabetes due to CP; (2) Patients 
with type 2 diabetes without CP; and (3) NGT 
patients without CP

(1) OGTT; (2) Hyperinsulinemic, 
stepwise hypoglycemic clamp

(1) Higher fasting glucagon levels and an initial rise of glucagon after the OGTT in both groups with diabetes compared to the healthy 
group; and (2) Lower glucagon levels in both groups with diabetes after hypoglycemia in the clamp study

Kumar 
et al[14], 2018

Chronic calcific pancreatitis: pre- and post-Frey's 
procedure

OGTT Before surgery: Elevated glucagon level at 60- and 120-min post OGTT compared to the fasting state

Lundberg 
et al[11], 2016

Non-diabetic patients with CP and healthy 
controls

(1) MMTT; and (2) FSIVGTT (1) Elevated glucagon levels (total area under curve) in CP patients at both basal and post-stimulation state; and (2) No difference in 
basal to peak increment glucagon levels between the groups

Knop et al[38], 
2010

(1) CP patients with NGT; (2) CP patients with 
IGT; (3) CP patients with DM; and (4) Normal 
healthy controls

(1) OGTT; and (2) IVGTT (1) Similar fasting mean glucagon in all the groups; (2) During OGTT: No increase in glucagon level in the CP + NGT group; increased 
glucagon up to 60 min in the CP + IGT and CP + DM groups; a small early rise in glucagon which was suppressed later in the healthy 
group; and (3) During FSIVGTT, AUC for glucagon was higher in the CP + DM group compared to normal controls

Larsen 
et al[6], 1988

(1) Type 1 diabetes; (2) Insulin dependent 
diabetes secondary to CP; and (3) Normal 
healthy controls

(1) IV Glucagon; (2) IV Arginine 
infusion;  and (3) Mixed meal test

No difference in baseline glucagon or stimulated glucagon levels between the groups with diabetes

Kannan 
et al[8], 1979

CP patients and healthy control group (1) 50 g OGTT; and (2) L-arginine 
stimulation

(1) Elevated basal fasting glucagon and higher glucagon levels during the OGTT in CP patients compared to controls; and (2) An early 
rise in glucagon after L-arginine stimulation in CP patients compared to normal patients

Donowitz 
et al[10], 1975

CP group and healthy control group IV L-alanine infusion (1) Lower basal glucagon levels in CP patients; and (2) No rise in glucagon level after alanine stimulation in CP patients compared to 
normal controls

AUC: Area under curve; CP: Chronic pancreatitis; DM: Diabetes mellitus; FSIVGTT: Frequently sampled intravenous glucose tolerance test; IGT: Impaired glucose tolerance; IV: Intravenous; IVGTT: Intravenous glucose tolerance test; 
MMTT: Mixed meal tolerance test; NGT: Normal glucose tolerance; OGTT: Oral glucose tolerance test.

BETA-CELL DYSFUNCTION IN CP
Beta-cell destruction and consequently, insulin deficiency, has been viewed as the 
most important mechanism for the development of DM in CP (Figure 1). Meier et al[18] 
showed that the destruction of 65% of beta cells was associated with diabetes in CP 
patients. Postprandial hyperglycemia is more directly related to the reduction in beta-
cell mass. Fasting hyperglycemia, which is more related to insulin resistance usually 
develops when beta-cell mass is significantly reduced. Schrader et al[4] reported a 29% 
reduction in beta-cell area in CP patients and in their study, one-third of patients had 
diabetes as compared to controls. A significant reduction in beta-cell mass has also 
been reported in patients with advanced CP without diabetes[19].

The presence of beta-cell dysfunction, in addition to reduced beta-cell mass is also 
very important in the development of DM in CP. The residual beta cells cannot 
function effectively in an environment of significant inflammation and fibrosis seen in 
CP. An in vitro analysis has shown that beta-cells retain only 53% of glucose-
stimulated insulin secretive function in advanced CP patients without diabetes[19]. 
Lundberg et al[11], showed significantly lower mean disposition index (a composite 
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Figure 1  Mechanisms of islet cell dysfunction in patients with chronic pancreatitis. GLP-1: Glucagon-like peptide 1; GIP: Glucose-dependent 
insulinotropic polypeptide; PP: Pancreatic polypeptide.

marker of insulin secretion) after a frequently sampled intravenous glucose tolerance 
test in CP patients as compared to controls. However, following a mixed meal 
tolerance test (MMTT), a low C-peptide at 30 min was the only significant difference 
between CP and control patients. Interestingly, they also showed that calcific 
pancreatitis patients have a greater reduction in insulin secretion from beta cells when 
compared to non-calcific pancreatitis patients. This may imply that pancreatic 
calcification occurs in relatively advanced stages of pancreatitis.

FCPD is a distinct entity particularly prevalent in South India[20]. FCPD occurs in the 
3rd or 4th decade of life and is often difficult to treat because of its brittleness. The 
mechanism of development of diabetes in FCPD is different when compared to other 
causes of CP[21]. Arginine stimulated C-peptide was found to be significantly lower in 
FCPD patients, but tropical calcific pancreatitis (TCP) patients without diabetes 
showed a normal response[16]. However, in North Indian TCP patients with mild 
dysglycemia, decreased beta-cell function was noted to be the major factor[22]. In our 
study[14], beta-cell function, as measured by insulin secretion sensitivity index-2 
(another composite measure of insulin secretion) was lower in a group of CCP patients 
with DM compared to CCP patients with prediabetes or normal glucose tolerance 
(NGT).

PP CELL DYSFUNCTION IN CP
PP deficiency in CP has been observed in several studies. The most compelling 
evidence comes from glucose clamp studies, which showed the effect of PP deficiency 
in CP[23]. Seymour et al[24] showed that PP deficiency causes a reduction in the number 
of insulin receptors in the liver without altering insulin affinity. PP deficiency has been 
observed mostly in the postprandial state. A recent study[25] did not find any difference 
in fasting PP between CP patients with pancreatic adenocarcinoma and normal 
healthy controls irrespective of their glycemic status.

Interestingly, PP administration in CP patients reversed hepatic insulin resistance, 
confirming its role in CP related DM[23,24]. Subsequently, a randomized controlled trial 
of 72-h PP infusion showed significant improvement in insulin sensitivity in CP 
patients with diabetes[26]. Considering this evidence, an absent response of PP 
following a mixed meal was considered to be pathognomonic of CP related diabetes 
by a group of experts[27]. However, further studies are required to identify the effect of 
PP in CP patients. PP also suppresses glucagon secretion from alpha cells. This action 
is mediated by the PPYR1 receptor present in the islet  alpha cells of both humans and 
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mice[28]. Since PP deficiency in CP has been demonstrated in different studies, it is 
possible that this suppressive effect on alpha cell glucagon secretion is lost in CP 
patients thereby resulting in hyperglucagonemia (Figure 1).

DELTA CELL DYSFUNCTION IN CP
Studies on somatostatin secreting delta cells are scarce and their exact role in CP has 
not been established. The study by Larsen et al[6] showed higher somatostatin levels 
following a mixed meal and arginine stimulation in diabetes secondary to pancreatitis 
as compared to type 1 diabetes and healthy controls. It was postulated that higher 
somatostatin levels may help to lower blood glucose level in patients with CP. The 
mechanism suggested was an inhibitory effect of somatostatin on both insulin and 
glucagon secretion. Somatostatin may also delay glucose absorption from the gut.

MECHANISMS OF ISLET CELL DYSFUNCTION IN CP
Disruption in the interaction between alpha and beta cells
Alpha cell secretion of glucagon is indirectly controlled by several mechanisms and 
these are perturbed in CP. One such mechanism is a beta cell defect leading to less 
insulin secretion in CP. Insulin suppresses glucagon during hyperglycemia and 
reciprocally, glucagon levels rise when insulin levels decline during hypoglycemia[29]. 
This switching mechanism may be lost in CP as progressive beta-cell failure is an 
established feature of CP. However, recent studies in animal models have shown that 
glucagon has potentiating action on beta cells to secrete more insulin, particularly in 
the postprandial state[30]. It is possible that hyperglucagonemia observed in CP is a 
compensatory response to falling insulin levels due to beta-cell loss.

Altered incretin axis in CP
Incretin hormones such as glucagon-like peptide 1 (GLP-1) and glucose-dependent 
insulinotropic polypeptide (GIP) are secreted from L- and K-cells of the small intestine, 
respectively. Both GLP-1 and GIP physiologically regulate glucose metabolism by 
increasing insulin secretion via G-protein coupled receptors in beta-cells. However, 
GLP-1 suppresses glucagon secretion from alpha cells, whereas GIP augments 
glucagon secretion in the presence of hyperglycemia[31,32]. The reduced incretin 
hormone effect is a well-documented pathophysiological abnormality in type 2 
diabetes[32].

The reduced incretin effect has been demonstrated in different studies in CP 
patients (Figure 1). However, whether this is primarily due to the effect of CP per se or 
due to the development of diabetes in CP patients is unclear. Vilsbøll et al[33] showed 
that the late phase insulin response (30-120 min) to GIP is particularly impaired in CP 
patients, whereas the response to GLP-1 was preserved in both the first and second 
phases. This difference was attributed to different post-receptor signaling between GIP 
and GLP-1, although they act through the same G-protein coupled receptor. The late 
phase insulin response (30-120 min) to GIP and not to GLP-1 infusion was shown to be 
impaired in CP patients with diabetes compared to CP patients with NGT[34].

Knop et al[35] compared CP patients with DM, CP patients with NGT, type 2 diabetics 
and healthy controls. They found a significantly lower incretin effect [measured by 
100% × (β-cell secretory response to OGTT - intravenous β-cell secretory response)/β-
cell secretory response to OGTT] in CP patients with diabetes, whereas CP patients 
without hyperglycemia had similar incretin hormones to the healthy population. 
However, basal GLP-1 was higher in CP patients with diabetes and type-2 diabetes 
patients. Importantly, beta-cell function was found to be similar in all four groups 
implying that the reduced incretin effect may be a consequence of the development of 
diabetes itself.

However, Lundberg et al[11] found no significant difference in either GLP-1 or GIP 
levels during MMTT in CP patients. Hornum et al[36] also did not find any difference in 
GIP response following a mixed meal in CP patients with pancreatic exocrine 
insufficiency compared to healthy subjects. Nevertheless, they showed an increased 
GLP-2 response in CP patients. This correlated with a higher superior mesenteric 
arterial flow. The incremental GLP-2 was possibly due to the easy access of more 
nutrients to the distal intestine stimulating GLP-2 secretion as a result of quick transit 
in CP patients. At present, the clinical role of GLP-2 is yet to be established in the 



Roy A et al. Islet cell dysfunction in patients with CP

WJD https://www.wjgnet.com 286 July 15, 2020 Volume 11 Issue 7

pathogenesis of diabetes, and in CP patients.
The role of incretin hormones is also implicated in the pathogenesis of alpha cell 

abnormality in CP. GLP-1 suppresses glucagon, whereas GIP has the opposite effect 
on glucagon[37]. Interestingly, Knop et al[38] demonstrated that glucagon levels were 
elevated in the first 60 min following the OGTT, but glucagon was suppressed during 
the IVGTT in CP patients. Importantly, glucagon suppression deteriorated throughout 
the spectrum of diabetes in CP patients. Glucagon suppression was low in CP patients 
with NGT, absent in CP with impaired glucose tolerance and glucagon levels were 
paradoxically elevated in CP with frank DM. The authors found that both basal and 
stimulated GIP response was higher in CP patients with DM, but GLP-1 levels were 
similar to the controls. This suggests that a change in the delicate balance between 
stimulatory and inhibitory incretin hormones that regulate glucagon secretion from 
alpha cells is an important contributor to hyperglucagonemia. However, Lund et al[17] 
found a significantly higher GLP-1 response during the OGTT in pancreatectomized 
patients compared to normal controls, but no difference in GIP response was seen. 
This area requires further studies to analyze the contribution of the extent of incretin 
hormone defect in alpha cell dysfunction.

CP is a state of malabsorption leading to steatorrhea as a result of pancreatic 
exocrine insufficiency. Both nutrient absorption and assimilation are important drivers 
of adequate incretin secretion (Figure 1). In an elegant study by Knop et al[39], it was 
found that CP patients with pancreatic exocrine insufficiency had higher GLP-1 and 
GIP responses to a mixed meal when the patients were supplemented with pancreatic 
enzymes. This higher incretin response was also associated with higher insulin 
secretion. A comparable result of increased GIP was shown previously by Ebert 
et al[40]. Similarly, higher GLP-2 levels after ingestion of a mixed meal were noted in CP 
patients when supplemented with pancreatic enzymes[41]. This is an active area of 
research. Pancreatic enzyme replacement therapy in CP and its effect on glucose 
homeostasis needs to be clarified in future studies. Studies are lacking in this area and 
whether enzyme supplementation itself improves glycemic control via the increased 
incretin effect or improved glycemic control per se leads to improved incretin response 
is still debated. Moreover, studies are also needed to identify how altered gut motility 
affects incretin hormones and glucose homeostasis in CP patients.

Dysregulation of amino acid metabolism
Another important consideration is the altered amino acid metabolism in CP. Amino 
acids are important mediators of the “liver-alpha cell axis”. Increased hepatic 
resistance to glucagon increases the levels of certain amino acids and that, in turn, 
stimulates glucagon secretion from alpha cells[42]. It was recently shown that glucagon 
resistance in the liver increases the production of alanine, causing hyperglucagonemia 
further resulting in elevated glucose levels[43]. Indeed, the “glucagon-alanine index” is 
suggested to be a marker of glucagon’s biological effect.

Abnormalities in amino acid metabolism have already been described in CP. It was 
found that the concentration of citrulline, gamma-aminobutyric acid, taurine, and 
aspartic acid were significantly decreased in CP patients[44]. On the other hand, hepatic 
steatosis has been described in pancreatectomized patients which may also cause 
elevated amino acids[45]. Thus, the contribution of disturbed amino acid metabolism on 
elevated glucagon level is yet to be established. Therefore, this area requires further 
active research to establish the relationship between hepatic steatosis, alpha cell 
dysfunction and disturbed amino acid metabolism in CP patients.

Chronic inflammation
CP is currently viewed as a progressive fibro-inflammatory disorder. Persistent 
inflammation is found in early CP and is more pronounced in established CP. This 
finally results in fibrosis of the pancreas with exocrine insufficiency, islet cell 
dysfunction, development of diabetes, and pancreatic carcinoma at the advanced 
stage[46] (Figure 1). It has also been suggested by Lundberg et al[11], that alpha cells 
present in the islet are under stress due to chronic inflammation and secrete higher 
amounts of glucagon until the disease reaches an advanced stage, when the alpha cell 
mass/secretory function starts to decline resulting in hypoglucagonemia. The 
pancreatic inflammation in CP also leads to altered sensitivity of alpha cells to oral 
glucose resulting in decreased glucagon suppression as suggested by Knop et al[38].

Beta-cell dysfunction usually occurs late in this process possibly due to a lack of 
TNF-related apoptosis-inducing ligand and apoptotic receptor (CD95)[47]. However, 
persistent inflammation and subsequent changes in the intra-islet cytokine milieu may 
adversely affect the intrinsic signaling machinery of beta cells, thus resulting in beta 
cell dysfunction and less insulin secretion[48]. In CP with autoimmune etiology, CD8+ T 
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cell-mediated beta cell dysfunction was described earlier[49]. Talukdar et al[50] showed 
that pancreatic islet cells in CP patients with DM are infiltrated with Th1 cells and this 
correlated with the increased rate of beta-cell apoptosis in this group of patients. The 
same study reported increased signal transducer and activator of transcription 1 or 
decreased pancreas and duodenal homeobox gene 1 (PDX-1) expression in CP patients 
with diabetes. The intra-islet increase in the interferon-gamma results in the reduction 
of PDX-1 expression and finally, beta-cell dysfunction.

Another important concept is beta cell dedifferentiation, wherein the mature beta-
cells regress to more like precursor cells, which are less glucose-sensitive. A recent 
study by Sun et al[51] showed that CP patients without diabetes had a higher percentage 
of dedifferentiated cells in their islets (10.4% vs 3.6%) as compared to normal controls. 
Importantly, the beta-cell apoptosis rate in CP patients with DM was similar to the 
normal population. Interestingly, this finding is strongly correlated with islet 
inflammation and fibrosis associated with atrophy. This shows that the direct effect of 
inflammation plays an important role in beta cell dysfunction even in the early stages 
of CP.

Role of pancreatic stellate cells
Stellate cells have been identified in pancreatic islets and their role in chronic 
progressive fibrosis of the pancreas in type 2 diabetes has been described recently[52]. 
However, its effect on islet cells remains uncertain. Activated stellate cell-induced 
dysfunction in pancreatic beta-cells has been described recently in a few animal 
studies[53,54] although human studies are lacking.

DIFFERENCE IN ISLET CELL FUNCTION BETWEEN CP WITH DM VS CP 
WITH NGT
The development of type 2 DM is seen as a continuum of different stages from NGT to 
prediabetes to frankly elevated blood glucose to satisfy the criteria for diabetes. It is 
intriguing to look at the changes in islet cell function in CP patients as they gradually 
progress to diabetes from normal glucose levels. As already described, early 
dysfunction in insulin secretion and glucagon suppression is seen in CP patients 
without diabetes[11]. Indeed, it has been shown that beta cell function and insulin 
secretion is lower in CP patients with DM compared to CP patients with NGT[14,38]. CP 
patients with prediabetes are intermediate in terms of beta cell secretary function[14,38]. 
Although our study[14] showed no difference in glucagon suppression between CP 
subjects with NGT, prediabetes and diabetes groups at baseline, Knop et al[38] clearly 
demonstrated a rise in glucagon level in a continuous manner across NGT to diabetes 
in CP. Moreover, CP patients with DM have significantly low GIP stimulated late 
insulin secretion (20-120 min) compared to CP with NGT who had a significantly 
greater insulin response to GIP. Taken together these findings show that the 
development of diabetes in CP is related to alterations in both alpha and beta cell 
function, whereas islet cell function is maintained in CP patients with NGT.

EFFECT OF DIFFERENT INTERVENTIONS ON ISLET CELL FUNCTION IN 
CP
It is likely that patients with CP will undergo interventional procedures such as 
pancreatectomy (including Frey’s procedure) for various reasons including intractable 
pain. Indeed, recent studies have shown that pancreatic surgery is a strong and 
independent risk factor for the development of diabetes in CP patients[55,56]. It is of 
great interest to determine the changes in islet cell function following an intervention 
and how these changes translate into the development of diabetes.

Menge et al[57] showed a 50% decline in insulin secretion after a 75-g OGTT in CP 
patients undergoing hemi-pancreatectomy. Interestingly, follow-up of these 
participants (n = 10) for 3 years (range 2.2-3.8 years) showed a considerable 
improvement in the level of plasma insulin and C-peptide, although preoperative 
basal values were not reached[58]. The authors attributed this limited functional 
recovery of beta cells to improvement in the inflammatory milieu and gastric motility 
in the long term as compared to the immediate postoperative period. Importantly, in 
the immediate postoperative period, it was found that resection of the pancreatic tail 
was associated with significant worsening of glycemia after glucose challenge, 
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whereas pancreatic head resection resulted in lower glycemic excursion. This finding 
suggests that different procedures have a different impact on postoperative beta cell 
function. Similar findings of initial deterioration followed by relatively stable beta cell 
function up to 36 months were also demonstrated in an earlier study[59]. On the 
contrary, a recent study[60] showed that CP patients who underwent a surgical drainage 
procedure (Puestow, Frey, or similar procedure) had a rapid decline in C-peptide level 
during a mixed meal test. However, studies have also reported no change in beta cell 
function in subjects with CP following surgical interventions such as resection and 
drainage[14,61].

Alpha cell function is also affected following surgery in patients with CP. Altered 
glucagon suppression following surgery has been described in a few studies[14,15]. 
Fasting lower glucagon after surgery probably reflected a loss of alpha cell mass[15] 
during the procedure, but there was a significant increase in glucagon secretion post-
glucose challenge after surgery[14,15]. This could reflect the possible effect of impaired 
beta cell function on alpha cells as insulin secretion is also simultaneously impaired. 
Taken together, it is evident that beta cell function declines after surgery and it may 
stabilize in the long-term, but at a lower level compared to the presurgical state, and 
there is definite evidence of alpha cell dysfunction following surgical procedures in 
CP.

Another issue that needs to be considered in patients with CP is assessment of the 
functional preservation of islet cell function following total pancreatectomy and 
autologous islet transplantation (TP-AIT). A detailed discussion on this topic can be 
found elsewhere[62,63]. Roughly one third of patients maintain insulin independence 
following TP-AIT at around two years post-transplantation and a significant 
proportion of patients require a reduced insulin dose[64,65]. However, the percentage of 
patients achieving insulin independence declines as time progresses. In some studies, 
almost 50% of patients achieved insulin independence at a median follow- up of 
approximately two years[66].

The formal assessment of beta cell functionality is by fasting insulin, C-peptide, 
glycosylated hemoglobin (HbA1c) and importantly by the requirement of exogenous 
insulin for glycemic control. Recently Ali and colleagues showed that there is a 
gradual decrease in post-meal stimulated insulin and C-peptide following islet 
transplant and more so after 6 months of follow-up[67]. They also demonstrated a 
gradual decline in the beta 2 score (a composite score to assess islet viability based on 
fasting glucose, fasting C-peptide, insulin dose and HbA1C) after transplantation. 
However, the study by Robertson et al[68] demonstrated no difference in insulin and C-
peptide response to glucose potentiated acute arginine stimulation in CP patients after 
TP-AIT (follow up of 1-8 years). The beta cell response strongly correlated with the 
number of transplanted islets. These authors also observed that transplanted alpha 
cells showed a normal response to arginine stimulation and glucagon was 
appropriately suppressed after glucose infusion. This result suggests that alpha cells 
function normally after islet transplant. However, in an earlier study, it was shown 
that the glucagon response to hypoglycemia was impaired during a 3-h hypoglycemic 
hyperinsulinemic clamp study in recipients of autologous islet transplant in CP after 
pancreatectomy[69].

EFFECTS OF ANTI-HYPERGLYCEMIC DRUGS ON ISLET CELL FUNCTION 
IN PATIENTS WITH CP
There are very few studies in the literature which have evaluated the effect of 
antidiabetic drugs on islet cell function in CP patients. Of the drugs used to treat 
diabetes in CP, the effect of thiazolidinediones (TZDs) has been noted, particularly in 
animal studies. TZDs have been shown to limit the progression of pancreatitis by 
inhibiting the fibrogenic action of pancreatic stellate cells in rat models[70]. However, 
human studies on the effect of TZDs on islet cells are lacking. Side effects such as fluid 
retention, bone loss[71] in the face of malnutrition in CP patients are important and 
TZDs should be used cautiously in CP.

A randomized controlled trial did not show any difference in insulin and C-peptide 
response in sitagliptin treated patients with CP who underwent TP-AIT in comparison 
to placebo after up to 18 months of treatment[72]. There was no difference in insulin 
dependence or insulin dose reduction either. There is good evidence that GLP-1 
analogues increase beta cell mass and prevent apoptosis in rodent models[73,74]. 
However, the effect of incretin therapy on human pancreatic islet cell morphology was 
not marked in diabetes patients who received incretin therapies as compared to those 
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who did not[75]. Importantly, the use of these agents is not suitable in patients with CP 
due to the risk of precipitating pancreatitis itself[76] and some histological evidence of 
cellular changes that may increase the risk of neoplasia[77].

CONCLUSION
CP is a progressive inflammatory disorder leading to islet cell disturbances and the 
subsequent development of diabetes. The disease pathology is complex and is 
characterized by dysregulation of islet cells. An ongoing inflammatory milieu affects 
different aspects of the functionality of islet cells. A critical decrease in beta cell mass 
as well as a decline in insulin and C-peptide secretion are the classic defects found in 
CP. At baseline, patients with CP but without diabetes have adequate beta cell 
function which is progressively lost along with the development of prediabetes to 
diabetes. There is also evidence of inappropriate glucagon secretion in CP patients 
more so after surgical procedures; however, their impact on glycemic control remains 
to be determined. The source of this elevated glucagon needs to be confirmed in future 
studies. PP cells and delta cell functional abnormalities as well as altered secretion of 
incretin hormones (GLP-1/GIP) are evident in CP and significantly contribute to alpha 
and beta cell dysregulation.

The different surgical procedures performed in patients with CP and the 
antihyperglycemic drugs used to treat diabetes associated with CP also affect islet cell 
function. Surgical intervention in CP can lead to stabilization of beta cell decline albeit 
at a lower level than the presurgical state. Islet cell transplantation is promising in the 
management of diabetes in CP following total pancreatectomy. It seems to be an 
effective measure to curtail the risk of diabetes development by maintaining adequate 
beta cell function. Newer therapies targeting alpha cell function and beta cell 
regeneration would be useful in the management of pancreatic diabetes in the near 
future.

REFERENCES
1 Hart PA, Bellin MD, Andersen DK, Bradley D, Cruz-Monserrate Z, Forsmark CE, Goodarzi MO, 

Habtezion A, Korc M, Kudva YC, Pandol SJ, Yadav D, Chari ST; 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 
[PMID: 28404095 DOI: 10.1016/S2468-1253(16)30106-6]

2 Ewald N, Kaufmann C, Raspe A, Kloer HU, Bretzel RG, Hardt PD. Prevalence of diabetes mellitus 
secondary to pancreatic diseases (type 3c). Diabetes Metab Res Rev 2012; 28: 338-342 [PMID: 22121010 
DOI: 10.1002/dmrr.2260]

3 Ewald N, Hardt PD. Diagnosis and treatment of diabetes mellitus in chronic pancreatitis. World J 
Gastroenterol 2013; 19: 7276-7281 [PMID: 24259958 DOI: 10.3748/wjg.v19.i42.7276]

4 Schrader H, Menge BA, Schneider S, Belyaev O, Tannapfel A, Uhl W, Schmidt WE, Meier JJ. Reduced 
pancreatic volume and beta-cell area in patients with chronic pancreatitis. Gastroenterology 2009; 136: 513-
522 [PMID: 19041312 DOI: 10.1053/j.gastro.2008.10.083]

5 Webb MA, Chen JJ, James RFL, Davies MJ, Dennison AR. Elevated Levels of Alpha Cells Emanating 
from the Pancreatic Ducts of a Patient with a Low BMI and Chronic Pancreatitis. Cell Transplant 2018; 27: 
902-906 [PMID: 29852747 DOI: 10.1177/0963689718755707]

6 Larsen S, Hilsted J, Tronier B, Worning H. Pancreatic hormone secretion in chronic pancreatitis without 
residual beta-cell function. Acta Endocrinol (Copenh) 1988; 118: 357-364 [PMID: 2899369 DOI: 
10.1530/acta.0.1180357]

7 Linde J, Nilsson LH, Barany FR. Diabetes and hypoglycemia in chronic pancreatitis. Scand J Gastroenterol 
1977; 12: 369-373 [PMID: 867001 DOI: 10.3109/00365527709180943]

8 Kannan V, Nabarro JD, Cotton PB. Glucagon secretion in chronic pancreatitis. Horm Res 1979; 11: 203-
212 [PMID: 387567 DOI: 10.1159/000179055]

9 Kalk WJ, Vinik AI, Bank S, Buchanan KD, Keller P, Jackson WP. Glucagon responses to arginine in 
chronic pancreatitis. Possible pathogenic significance in diabetes. Diabetes 1974; 23: 257-263 [PMID: 
4596075 DOI: 10.2337/diab.23.4.257]

10 Donowitz M, Hendler R, Spiro HM, Binder HJ, Felig P. Glucagon secretion in acute and chronic 
pancreatitis. Ann Intern Med 1975; 83: 778-781 [PMID: 1200523 DOI: 10.7326/0003-4819-83-6-778]

11 Lundberg R, Beilman GJ, Dunn TB, Pruett TL, Freeman ML, Ptacek PE, Berry KL, Robertson RP, Moran 
A, Bellin MD. Early Alterations in Glycemic Control and Pancreatic Endocrine Function in Nondiabetic 
Patients With Chronic Pancreatitis. Pancreas 2016; 45: 565-571 [PMID: 26918872 DOI: 
10.1097/MPA.0000000000000491]
Mumme L, Breuer TGK, Rohrer S, Schenker N, Menge BA, Holst JJ, Nauck MA, Meier JJ. Defects in α-
Cell Function in Patients With Diabetes Due to Chronic Pancreatitis Compared With Patients With Type 2 
Diabetes and Healthy Individuals. Diabetes Care 2017; 40: 1314-1322 [PMID: 28751547 DOI: 

12

http://www.ncbi.nlm.nih.gov/pubmed/28404095
https://dx.doi.org/10.1016/S2468-1253(16)30106-6
http://www.ncbi.nlm.nih.gov/pubmed/22121010
https://dx.doi.org/10.1002/dmrr.2260
http://www.ncbi.nlm.nih.gov/pubmed/24259958
https://dx.doi.org/10.3748/wjg.v19.i42.7276
http://www.ncbi.nlm.nih.gov/pubmed/19041312
https://dx.doi.org/10.1053/j.gastro.2008.10.083
http://www.ncbi.nlm.nih.gov/pubmed/29852747
https://dx.doi.org/10.1177/0963689718755707
http://www.ncbi.nlm.nih.gov/pubmed/2899369
https://dx.doi.org/10.1530/acta.0.1180357
http://www.ncbi.nlm.nih.gov/pubmed/867001
https://dx.doi.org/10.3109/00365527709180943
http://www.ncbi.nlm.nih.gov/pubmed/387567
https://dx.doi.org/10.1159/000179055
http://www.ncbi.nlm.nih.gov/pubmed/4596075
https://dx.doi.org/10.2337/diab.23.4.257
http://www.ncbi.nlm.nih.gov/pubmed/1200523
https://dx.doi.org/10.7326/0003-4819-83-6-778
http://www.ncbi.nlm.nih.gov/pubmed/26918872
https://dx.doi.org/10.1097/MPA.0000000000000491
http://www.ncbi.nlm.nih.gov/pubmed/28751547


Roy A et al. Islet cell dysfunction in patients with CP

WJD https://www.wjgnet.com 290 July 15, 2020 Volume 11 Issue 7

10.2337/dc17-0792]
13 Larsen S, Hilsted J, Philipsen EK, Tronier B, Christensen NJ, Damkjaer Nielsen M, Worning H. Glucose 

counterregulation in diabetes secondary to chronic pancreatitis. Metabolism 1990; 39: 138-143 [PMID: 
1967815 DOI: 10.1016/0026-0495(90)90066-l]

14 Kumar R, Sahoo JP, Pottakat B, Kamalanathan S, Mohan P, Kate V, Kar SS, Selviambigapathy J. Effect of 
Frey's procedure on islet cell function in patients with chronic calcific pancreatitis. Hepatobiliary Pancreat 
Dis Int 2018; 17: 358-362 [PMID: 30029953 DOI: 10.1016/j.hbpd.2018.06.001]

15 Schrader H, Menge BA, Breuer TG, Ritter PR, Uhl W, Schmidt WE, Holst JJ, Meier JJ. Impaired glucose-
induced glucagon suppression after partial pancreatectomy. J Clin Endocrinol Metab 2009; 94: 2857-2863 
[PMID: 19491219 DOI: 10.1210/jc.2009-0826]

16 Rossi L, Parvin S, Hassan Z, Hildebrand P, Keller U, Ali L, Beglinger C, Azad Khan AK, Whitcomb DC, 
Gyr N. Diabetes mellitus in Tropical Chronic Pancreatitis Is Not Just a Secondary Type of Diabetes. 
Pancreatology 2004; 4: 461-467 [PMID: 15258409 DOI: 10.1159/000079849]

17 Lund A, Bagger JI, Wewer Albrechtsen NJ, Christensen M, Grøndahl M, Hartmann B, Mathiesen ER, 
Hansen CP, Storkholm JH, van Hall G, Rehfeld JF, Hornburg D, Meissner F, Mann M, Larsen S, Holst JJ, 
Vilsbøll T, Knop FK. Evidence of Extrapancreatic Glucagon Secretion in Man. Diabetes 2016; 65: 585-597 
[PMID: 26672094 DOI: 10.2337/db15-1541]

18 Meier JJ, Breuer TG, Bonadonna RC, Tannapfel A, Uhl W, Schmidt WE, Schrader H, Menge BA. 
Pancreatic diabetes manifests when beta cell area declines by approximately 65% in humans. Diabetologia 
2012; 55: 1346-1354 [PMID: 22286529 DOI: 10.1007/s00125-012-2466-8]

19 Mitnala S, Pondugala PK, Guduru VR, Rabella P, Thiyyari J, Chivukula S, Boddupalli S, Hardikar AA, 
Reddy DN. Reduced expression of PDX-1 is associated with decreased beta cell function in chronic 
pancreatitis. Pancreas 2010; 39: 856-862 [PMID: 20467340 DOI: 10.1097/MPA.0b013e3181d6bc69]

20 Unnikrishnan R, Mohan V. Fibrocalculous pancreatic diabetes (FCPD). Acta Diabetol 2015; 52: 1-9 
[PMID: 25395047 DOI: 10.1007/s00592-014-0685-9]

21 Dasgupta R, Naik D, Thomas N. Emerging concepts in the pathogenesis of diabetes in fibrocalculous 
pancreatic diabetes. J Diabetes 2015; 7: 754-761 [PMID: 25707547 DOI: 10.1111/1753-0407.12280]

22 Mehrotra RN, Bhatia E, Choudhuri G. Beta-cell function and insulin sensitivity in tropical calcific 
pancreatitis from north India. Metabolism 1997; 46: 441-444 [PMID: 9109851 DOI: 
10.1016/s0026-0495(97)90063-9]

23 Brunicardi FC, Chaiken RL, Ryan AS, Seymour NE, Hoffmann JA, Lebovitz HE, Chance RE, Gingerich 
RL, Andersen DK, Elahi D. Pancreatic polypeptide administration improves abnormal glucose metabolism 
in patients with chronic pancreatitis. J Clin Endocrinol Metab 1996; 81: 3566-3572 [PMID: 8855802 DOI: 
10.1210/jcem.81.10.8855802]

24 Seymour NE, Volpert AR, Lee EL, Andersen DK, Hernandez C. Alterations in hepatocyte insulin binding 
in chronic pancreatitis: effects of pancreatic polypeptide. Am J Surg 1995; 169: 105-9; discussion 110 
[PMID: 7817978 DOI: 10.1016/s0002-9610(99)80117-2]

25 Nagpal SJS, Bamlet WR, Kudva YC, Chari ST. Comparison of Fasting Human Pancreatic Polypeptide 
Levels Among Patients With Pancreatic Ductal Adenocarcinoma, Chronic Pancreatitis, and Type 2 Diabetes 
Mellitus. Pancreas 2018; 47: 738-741 [PMID: 29771765 DOI: 10.1097/MPA.0000000000001077]

26 Rabiee A, Galiatsatos P, Salas-Carrillo R, Thompson MJ, Andersen DK, Elahi D. Pancreatic polypeptide 
administration enhances insulin sensitivity and reduces the insulin requirement of patients on insulin pump 
therapy. J Diabetes Sci Technol 2011; 5: 1521-1528 [PMID: 22226275 DOI: 
10.1177/193229681100500629]

27 Rickels MR, Bellin M, Toledo FG, Robertson RP, Andersen DK, Chari ST, Brand R, Frulloni L, Anderson 
MA, Whitcomb DC; PancreasFest Recommendation Conference Participants. Detection, evaluation and 
treatment of diabetes mellitus in chronic pancreatitis: recommendations from PancreasFest 2012. 
Pancreatology 2013; 13: 336-342 [PMID: 23890130 DOI: 10.1016/j.pan.2013.05.002]

28 Aragón F, Karaca M, Novials A, Maldonado R, Maechler P, Rubí B. Pancreatic polypeptide regulates 
glucagon release through PPYR1 receptors expressed in mouse and human alpha-cells. Biochim Biophys 
Acta 2015; 1850: 343-351 [PMID: 25445712 DOI: 10.1016/j.bbagen.2014.11.005]

29 Cooperberg BA, Cryer PE. Insulin reciprocally regulates glucagon secretion in humans. Diabetes 2010; 59: 
2936-2940 [PMID: 20811038 DOI: 10.2337/db10-0728]

30 Capozzi ME, Wait JB, Koech J, Gordon AN, Coch RW, Svendsen B, Finan B, D'Alessio DA, Campbell JE. 
Glucagon lowers glycemia when β-cells are active. JCI Insight 2019; 5 [PMID: 31335319 DOI: 
10.1172/jci.insight.129954]

31 Lund A, Bagger JI, Christensen M, Knop FK, Vilsbøll T. Glucagon and type 2 diabetes: the return of the 
alpha cell. Curr Diab Rep 2014; 14: 555 [PMID: 25344790 DOI: 10.1007/s11892-014-0555-4]

32 Nauck MA, Meier JJ. The incretin effect in healthy individuals and those with type 2 diabetes: physiology, 
pathophysiology, and response to therapeutic interventions. Lancet Diabetes Endocrinol 2016; 4: 525-536 
[PMID: 26876794 DOI: 10.1016/S2213-8587(15)00482-9]

33 Vilsbøll T, Knop FK, Krarup T, Johansen A, Madsbad S, Larsen S, Hansen T, Pedersen O, Holst JJ. The 
pathophysiology of diabetes involves a defective amplification of the late-phase insulin response to glucose 
by glucose-dependent insulinotropic polypeptide-regardless of etiology and phenotype. J Clin Endocrinol 
Metab 2003; 88: 4897-4903 [PMID: 14557471 DOI: 10.1210/jc.2003-030738]

34 Knop FK, Vilsbøll T, Højberg PV, Larsen S, Madsbad S, Holst JJ, Krarup T. The insulinotropic effect of 
GIP is impaired in patients with chronic pancreatitis and secondary diabetes mellitus as compared to patients 
with chronic pancreatitis and normal glucose tolerance. Regul Pept 2007; 144: 123-130 [PMID: 17692937 
DOI: 10.1016/j.regpep.2007.07.002]

35 Knop FK, Vilsbøll T, Højberg PV, Larsen S, Madsbad S, Vølund A, Holst JJ, Krarup T. Reduced incretin 
effect in type 2 diabetes: cause or consequence of the diabetic state? Diabetes 2007; 56: 1951-1959 [PMID: 
17513701 DOI: 10.2337/db07-0100]
Hornum M, Pedersen JF, Larsen S, Olsen O, Holst JJ, Knop FK. Increased postprandial response of 
glucagon-like peptide-2 in patients with chronic pancreatitis and pancreatic exocrine insufficiency. 

36

https://dx.doi.org/10.2337/dc17-0792
http://www.ncbi.nlm.nih.gov/pubmed/1967815
https://dx.doi.org/10.1016/0026-0495(90)90066-l
http://www.ncbi.nlm.nih.gov/pubmed/30029953
https://dx.doi.org/10.1016/j.hbpd.2018.06.001
http://www.ncbi.nlm.nih.gov/pubmed/19491219
https://dx.doi.org/10.1210/jc.2009-0826
http://www.ncbi.nlm.nih.gov/pubmed/15258409
https://dx.doi.org/10.1159/000079849
http://www.ncbi.nlm.nih.gov/pubmed/26672094
https://dx.doi.org/10.2337/db15-1541
http://www.ncbi.nlm.nih.gov/pubmed/22286529
https://dx.doi.org/10.1007/s00125-012-2466-8
http://www.ncbi.nlm.nih.gov/pubmed/20467340
https://dx.doi.org/10.1097/MPA.0b013e3181d6bc69
http://www.ncbi.nlm.nih.gov/pubmed/25395047
https://dx.doi.org/10.1007/s00592-014-0685-9
http://www.ncbi.nlm.nih.gov/pubmed/25707547
https://dx.doi.org/10.1111/1753-0407.12280
http://www.ncbi.nlm.nih.gov/pubmed/9109851
https://dx.doi.org/10.1016/s0026-0495(97)90063-9
http://www.ncbi.nlm.nih.gov/pubmed/8855802
https://dx.doi.org/10.1210/jcem.81.10.8855802
http://www.ncbi.nlm.nih.gov/pubmed/7817978
https://dx.doi.org/10.1016/s0002-9610(99)80117-2
http://www.ncbi.nlm.nih.gov/pubmed/29771765
https://dx.doi.org/10.1097/MPA.0000000000001077
http://www.ncbi.nlm.nih.gov/pubmed/22226275
https://dx.doi.org/10.1177/193229681100500629
http://www.ncbi.nlm.nih.gov/pubmed/23890130
https://dx.doi.org/10.1016/j.pan.2013.05.002
http://www.ncbi.nlm.nih.gov/pubmed/25445712
https://dx.doi.org/10.1016/j.bbagen.2014.11.005
http://www.ncbi.nlm.nih.gov/pubmed/20811038
https://dx.doi.org/10.2337/db10-0728
http://www.ncbi.nlm.nih.gov/pubmed/31335319
https://dx.doi.org/10.1172/jci.insight.129954
http://www.ncbi.nlm.nih.gov/pubmed/25344790
https://dx.doi.org/10.1007/s11892-014-0555-4
http://www.ncbi.nlm.nih.gov/pubmed/26876794
https://dx.doi.org/10.1016/S2213-8587(15)00482-9
http://www.ncbi.nlm.nih.gov/pubmed/14557471
https://dx.doi.org/10.1210/jc.2003-030738
http://www.ncbi.nlm.nih.gov/pubmed/17692937
https://dx.doi.org/10.1016/j.regpep.2007.07.002
http://www.ncbi.nlm.nih.gov/pubmed/17513701
https://dx.doi.org/10.2337/db07-0100


Roy A et al. Islet cell dysfunction in patients with CP

WJD https://www.wjgnet.com 291 July 15, 2020 Volume 11 Issue 7

Pancreatology 2010; 10: 201-207 [PMID: 20460948 DOI: 10.1159/000243729]
37 Seino Y, Fukushima M, Yabe D. GIP and GLP-1, the two incretin hormones: Similarities and differences. J 

Diabetes Investig 2010; 1: 8-23 [PMID: 24843404 DOI: 10.1111/j.2040-1124.2010.00022.x]
38 Knop FK, Vilsbøll T, Larsen S, Madsbad S, Holst JJ, Krarup T. Glucagon suppression during OGTT 

worsens while suppression during IVGTT sustains alongside development of glucose intolerance in patients 
with chronic pancreatitis. Regul Pept 2010; 164: 144-150 [PMID: 20573586 DOI: 
10.1016/j.regpep.2010.05.011]

39 Knop FK, Vilsbøll T, Larsen S, Højberg PV, Vølund A, Madsbad S, Holst JJ, Krarup T. Increased 
postprandial responses of GLP-1 and GIP in patients with chronic pancreatitis and steatorrhea following 
pancreatic enzyme substitution. Am J Physiol Endocrinol Metab 2007; 292: E324-E330 [PMID: 16954337 
DOI: 10.1152/ajpendo.00059.2006]

40 Ebert R, Creutzfeldt W. Reversal of impaired GIP and insulin secretion in patients with pancreatogenic 
steatorrhea following enzyme substitution. Diabetologia 1980; 19: 198-204 [PMID: 6997121 DOI: 
10.1007/bf00275269]

41 Knop FK, Vilsbøll T, Lund A, Krarup T, Holst JJ, Hornum M. The impact of pancreatic enzyme 
supplementation on postprandial responses of glucagon-like Peptide-2 in patients with chronic pancreatitis 
and pancreatic exocrine insufficiency. JOP 2010; 11: 489-491 [PMID: 20818126 DOI: 
10.6092/1590-8577/3445]

42 Wewer Albrechtsen NJ, Pedersen J, Galsgaard KD, Winther-Sørensen M, Suppli MP, Janah L, Gromada J, 
Vilstrup H, Knop FK, Holst JJ. The Liver-α-Cell Axis and Type 2 Diabetes. Endocr Rev 2019; 40: 1353-
1366 [PMID: 30920583 DOI: 10.1210/er.2018-00251]

43 Wewer Albrechtsen NJ, Færch K, Jensen TM, Witte DR, Pedersen J, Mahendran Y, Jonsson AE, 
Galsgaard KD, Winther-Sørensen M, Torekov SS, Lauritzen T, Pedersen O, Knop FK, Hansen T, Jørgensen 
ME, Vistisen D, Holst JJ. Evidence of a liver-alpha cell axis in humans: hepatic insulin resistance attenuates 
relationship between fasting plasma glucagon and glucagonotropic amino acids. Diabetologia 2018; 61: 
671-680 [PMID: 29305624 DOI: 10.1007/s00125-017-4535-5]

44 Schrader H, Menge BA, Belyaev O, Uhl W, Schmidt WE, Meier JJ. Amino acid malnutrition in patients 
with chronic pancreatitis and pancreatic carcinoma. Pancreas 2009; 38: 416-421 [PMID: 19169171 DOI: 
10.1097/MPA.0b013e318194fc7a]

45 Dresler CM, Fortner JG, McDermott K, Bajorunas DR. Metabolic consequences of (regional) total 
pancreatectomy. Ann Surg 1991; 214: 131-140 [PMID: 1867520 DOI: 
10.1097/00000658-199108000-00007]

46 Whitcomb DC, Frulloni L, Garg P, Greer JB, Schneider A, Yadav D, Shimosegawa T. Chronic pancreatitis: 
An international draft consensus proposal for a new mechanistic definition. Pancreatology 2016; 16: 218-
224 [PMID: 26924663 DOI: 10.1016/j.pan.2016.02.001]

47 Hasel C, Dürr S, Rau B, Sträter J, Schmid RM, Walczak H, Bachem MG, Möller P. In chronic pancreatitis, 
widespread emergence of TRAIL receptors in epithelia coincides with neoexpression of TRAIL by 
pancreatic stellate cells of early fibrotic areas. Lab Invest 2003; 83: 825-836 [PMID: 12808117 DOI: 
10.1097/01.lab.0000073126.56932.46]

48 Sasikala M, Talukdar R, Pavan kumar P, Radhika G, Rao GV, Pradeep R, Subramanyam C, Nageshwar 
Reddy D. β-Cell dysfunction in chronic pancreatitis. Dig Dis Sci 2012; 57: 1764-1772 [PMID: 22383081 
DOI: 10.1007/s10620-012-2086-7]

49 Tanaka S, Kobayashi T, Nakanishi K, Okubo M, Murase T, Hashimoto M, Watanabe G, Matsushita H, 
Endo Y, Yoshizaki H, Kosuge T, Sakamoto M, Takeuchi K. Evidence of primary beta-cell destruction by T-
cells and beta-cell differentiation from pancreatic ductal cells in diabetes associated with active autoimmune 
chronic pancreatitis. Diabetes Care 2001; 24: 1661-1667 [PMID: 11522716 DOI: 
10.2337/diacare.24.9.1661]

50 Talukdar R, Sasikala M, Pavan Kumar P, Rao GV, Pradeep R, Reddy DN. T-Helper Cell-Mediated Islet 
Inflammation Contributes to β-Cell Dysfunction in Chronic Pancreatitis. Pancreas 2016; 45: 434-442 
[PMID: 26474432 DOI: 10.1097/MPA.0000000000000479]

51 Sun J, Ni Q, Xie J, Xu M, Zhang J, Kuang J, Wang Y, Ning G, Wang Q. β-Cell Dedifferentiation in 
Patients With T2D With Adequate Glucose Control and Nondiabetic Chronic Pancreatitis. J Clin Endocrinol 
Metab 2019; 104: 83-94 [PMID: 30085195 DOI: 10.1210/jc.2018-00968]

52 Bynigeri RR, Jakkampudi A, Jangala R, Subramanyam C, Sasikala M, Rao GV, Reddy DN, Talukdar R. 
Pancreatic stellate cell: Pandora's box for pancreatic disease biology. World J Gastroenterol 2017; 23: 382-
405 [PMID: 28210075 DOI: 10.3748/wjg.v23.i3.382]

53 Lee E, Ryu GR, Ko SH, Ahn YB, Song KH. A role of pancreatic stellate cells in islet fibrosis and β-cell 
dysfunction in type 2 diabetes mellitus. Biochem Biophys Res Commun 2017; 485: 328-334 [PMID: 
28232184 DOI: 10.1016/j.bbrc.2017.02.082]

54 Zang G, Sandberg M, Carlsson PO, Welsh N, Jansson L, Barbu A. Activated pancreatic stellate cells can 
impair pancreatic islet function in mice. Ups J Med Sci 2015; 120: 169-180 [PMID: 25854824 DOI: 
10.3109/03009734.2015.1032453]

55 Bellin MD, Whitcomb DC, Abberbock J, Sherman S, Sandhu BS, Gardner TB, Anderson MA, Lewis MD, 
Alkaade S, Singh VK, Baillie J, Banks PA, Conwell D, Cote GA, Guda NM, Muniraj T, Tang G, Brand RE, 
Gelrud A, Amann ST, Forsmark CE, Wilcox CM, Slivka A, Yadav D. Patient and Disease Characteristics 
Associated With the Presence of Diabetes Mellitus in Adults With Chronic Pancreatitis in the United States. 
Am J Gastroenterol 2017; 112: 1457-1465 [PMID: 28741615 DOI: 10.1038/ajg.2017.181]

56 Olesen SS, Poulsen JL, Novovic S, Nøjgaard C, Kalaitzakis E, Jensen NM, Engjom T, Tjora E, Waage A, 
Hauge T, Haas SL, Vujasinovic M, Barauskas G, Pukitis A, Ozola-Zālīte I, Okhlobystin A, Parhiala M, 
Laukkarinen J, Drewes AM. Multiple risk factors for diabetes mellitus in patients with chronic pancreatitis: 
A multicentre study of 1117 cases. United European Gastroenterol J 2020; 8: 453-461 [PMID: 32213024 
DOI: 10.1177/2050640620901973]
Menge BA, Schrader H, Breuer TG, Dabrowski Y, Uhl W, Schmidt WE, Meier JJ. Metabolic consequences 
of a 50% partial pancreatectomy in humans. Diabetologia 2009; 52: 306-317 [PMID: 19037627 DOI: 

57

http://www.ncbi.nlm.nih.gov/pubmed/20460948
https://dx.doi.org/10.1159/000243729
http://www.ncbi.nlm.nih.gov/pubmed/24843404
https://dx.doi.org/10.1111/j.2040-1124.2010.00022.x
http://www.ncbi.nlm.nih.gov/pubmed/20573586
https://dx.doi.org/10.1016/j.regpep.2010.05.011
http://www.ncbi.nlm.nih.gov/pubmed/16954337
https://dx.doi.org/10.1152/ajpendo.00059.2006
http://www.ncbi.nlm.nih.gov/pubmed/6997121
https://dx.doi.org/10.1007/bf00275269
http://www.ncbi.nlm.nih.gov/pubmed/20818126
https://dx.doi.org/10.6092/1590-8577/3445
http://www.ncbi.nlm.nih.gov/pubmed/30920583
https://dx.doi.org/10.1210/er.2018-00251
http://www.ncbi.nlm.nih.gov/pubmed/29305624
https://dx.doi.org/10.1007/s00125-017-4535-5
http://www.ncbi.nlm.nih.gov/pubmed/19169171
https://dx.doi.org/10.1097/MPA.0b013e318194fc7a
http://www.ncbi.nlm.nih.gov/pubmed/1867520
https://dx.doi.org/10.1097/00000658-199108000-00007
http://www.ncbi.nlm.nih.gov/pubmed/26924663
https://dx.doi.org/10.1016/j.pan.2016.02.001
http://www.ncbi.nlm.nih.gov/pubmed/12808117
https://dx.doi.org/10.1097/01.lab.0000073126.56932.46
http://www.ncbi.nlm.nih.gov/pubmed/22383081
https://dx.doi.org/10.1007/s10620-012-2086-7
http://www.ncbi.nlm.nih.gov/pubmed/11522716
https://dx.doi.org/10.2337/diacare.24.9.1661
http://www.ncbi.nlm.nih.gov/pubmed/26474432
https://dx.doi.org/10.1097/MPA.0000000000000479
http://www.ncbi.nlm.nih.gov/pubmed/30085195
https://dx.doi.org/10.1210/jc.2018-00968
http://www.ncbi.nlm.nih.gov/pubmed/28210075
https://dx.doi.org/10.3748/wjg.v23.i3.382
http://www.ncbi.nlm.nih.gov/pubmed/28232184
https://dx.doi.org/10.1016/j.bbrc.2017.02.082
http://www.ncbi.nlm.nih.gov/pubmed/25854824
https://dx.doi.org/10.3109/03009734.2015.1032453
http://www.ncbi.nlm.nih.gov/pubmed/28741615
https://dx.doi.org/10.1038/ajg.2017.181
http://www.ncbi.nlm.nih.gov/pubmed/32213024
https://dx.doi.org/10.1177/2050640620901973
http://www.ncbi.nlm.nih.gov/pubmed/19037627


Roy A et al. Islet cell dysfunction in patients with CP

WJD https://www.wjgnet.com 292 July 15, 2020 Volume 11 Issue 7

10.1007/s00125-008-1219-1]
58 Menge BA, Breuer TG, Ritter PR, Uhl W, Schmidt WE, Meier JJ. Long-term recovery of β-cell function 

after partial pancreatectomy in humans. Metabolism 2012; 61: 620-624 [PMID: 22079939 DOI: 
10.1016/j.metabol.2011.09.019]

59 Schneider MU, Meister R, Domschke S, Zirngibl H, Strebl H, Heptner G, Gebhardt C, Gall FP, Domschke 
W. Whipple's procedure plus intraoperative pancreatic duct occlusion for severe chronic pancreatitis: 
clinical, exocrine, and endocrine consequences during a 3-year follow-up. Pancreas 1987; 2: 715-726 
[PMID: 3438310 DOI: 10.1097/00006676-198711000-00016]

60 Gutama BW, Yang Y, Beilman GJ, Freeman ML, Kirchner VA, Pruett TL, Chinnakotla S, Downs EM, 
Trikudanathan G, Schwarzenberg SJ, Hodges JS, Bellin MD. Risk Factors Associated With Progression 
Toward Endocrine Insufficiency in Chronic Pancreatitis. Pancreas 2019; 48: 1160-1166 [PMID: 31593013 
DOI: 10.1097/MPA.0000000000001394]

61 Heise JW, Becker H, Niederau C, Röher HD. [Effect of resection or duct drainage on glucose stimulated 
beta cell function in chronic pancreatitis]. Langenbecks Arch Chir 1994; 379: 44-49 [PMID: 7908397 DOI: 
10.1007/bf00206561]

62 Chang CA, Haque WZ, Yoshimatsu G, Balajii PS, Lawrence MC, Naziruddin B. Monitoring of beta cell 
replacement outcomes. Panminerva Med 2016; 58: 59-71 [PMID: 26763742]

63 Rickels MR, Robertson RP. Pancreatic Islet Transplantation in Humans: Recent Progress and Future 
Directions. Endocr Rev 2019; 40: 631-668 [PMID: 30541144 DOI: 10.1210/er.2018-00154]

64 Johnston PC, Lin YK, Walsh RM, Bottino R, Stevens TK, Trucco M, Bena J, Faiman C, Hatipoglu BA. 
Factors associated with islet yield and insulin independence after total pancreatectomy and islet cell 
autotransplantation in patients with chronic pancreatitis utilizing off-site islet isolation: Cleveland Clinic 
experience. J Clin Endocrinol Metab 2015; 100: 1765-1770 [PMID: 25781357 DOI: 10.1210/jc.2014-4298]

65 Garcea G, Weaver J, Phillips J, Pollard CA, Ilouz SC, Webb MA, Berry DP, Dennison AR. Total 
pancreatectomy with and without islet cell transplantation for chronic pancreatitis: a series of 85 consecutive 
patients. Pancreas 2009; 38: 1-7 [PMID: 18665009 DOI: 10.1097/MPA.0b013e3181825c00]

66 Savari O, Golab K, Wang LJ, Schenck L, Grose R, Tibudan M, Ramachandran S, Chon WJ, Posner MC, 
Millis JM, Matthews JB, Gelrud A, Witkowski P. Preservation of beta cell function after pancreatic islet 
autotransplantation: University of Chicago experience. Am Surg 2015; 81: 421-427 [PMID: 25831191]

67 Ali KF, San Martin VT, Walsh RM, Bottino R, Stevens T, Trucco M, Hatipoglu B. Change in Functional 
Beta Cell Capacity With Time Following Autologous Islet Transplantation. Pancreas 2019; 48: 656-661 
[PMID: 31091212 DOI: 10.1097/MPA.0000000000001315]

68 Robertson RP, Bogachus LD, Oseid E, Parazzoli S, Patti ME, Rickels MR, Schuetz C, Dunn T, Pruett T, 
Balamurugan AN, Sutherland DE, Beilman G, Bellin MD. Assessment of β-cell mass and α- and β-cell 
survival and function by arginine stimulation in human autologous islet recipients. Diabetes 2015; 64: 565-
572 [PMID: 25187365 DOI: 10.2337/db14-0690]

69 Kendall DM, Teuscher AU, Robertson RP. Defective glucagon secretion during sustained hypoglycemia 
following successful islet  allo- and autotransplantation in humans. Diabetes 1997; 46: 23-27 [PMID: 
8971076 DOI: 10.2337/diab.46.1.23]

70 Shimizu K, Shiratori K, Kobayashi M, Kawamata H. Troglitazone inhibits the progression of chronic 
pancreatitis and the profibrogenic activity of pancreatic stellate cells via a PPARgamma-independent 
mechanism. Pancreas 2004; 29: 67-74 [PMID: 15211114 DOI: 10.1097/00006676-200407000-00058]

71 Kahn SE, Zinman B, Lachin JM, Haffner SM, Herman WH, Holman RR, Kravitz BG, Yu D, Heise MA, 
Aftring RP, Viberti G; Diabetes Outcome Progression Trial (ADOPT) Study Group. Rosiglitazone-
associated fractures in type 2 diabetes: an Analysis from A Diabetes Outcome Progression Trial (ADOPT). 
Diabetes Care 2008; 31: 845-851 [PMID: 18223031 DOI: 10.2337/dc07-2270]

72 Bellin MD, Beilman GJ, Dunn TB, Pruett TL, Sutherland DE, Chinnakotla S, Hodges JS, Lane A, Ptacek P, 
Berry KL, Hering BJ, Moran A. Sitagliptin Treatment After Total Pancreatectomy With Islet 
Autotransplantation: A Randomized, Placebo-Controlled Study. Am J Transplant 2017; 17: 443-450 [PMID: 
27459721 DOI: 10.1111/ajt.13979]

73 Xu G, Stoffers DA, Habener JF, Bonner-Weir S. Exendin-4 stimulates both beta-cell replication and 
neogenesis, resulting in increased beta-cell mass and improved glucose tolerance in diabetic rats. Diabetes 
1999; 48: 2270-2276 [PMID: 10580413 DOI: 10.2337/diabetes.48.12.2270]

74 Kapodistria K, Tsilibary EP, Kotsopoulou E, Moustardas P, Kitsiou P. Liraglutide, a human glucagon-like 
peptide-1 analogue, stimulates AKT-dependent survival signalling and inhibits pancreatic β-cell apoptosis. J 
Cell Mol Med 2018; 22: 2970-2980 [PMID: 29524296 DOI: 10.1111/jcmm.13259]

75 Ueberberg S, Jütte H, Uhl W, Schmidt W, Nauck M, Montanya E, Tannapfel A, Meier J. Histological 
changes in endocrine and exocrine pancreatic tissue from patients exposed to incretin-based therapies. 
Diabetes Obes Metab 2016; 18: 1253-1262 [PMID: 27545110 DOI: 10.1111/dom.12766]

76 Knapen LM, de Jong RG, Driessen JH, Keulemans YC, van Erp NP, De Bruin ML, Leufkens HG, Croes S, 
de Vries F. Use of incretin agents and risk of acute and chronic pancreatitis: A population-based cohort 
study. Diabetes Obes Metab 2017; 19: 401-411 [PMID: 27883260 DOI: 10.1111/dom.12833]

77 Gier B, Matveyenko AV, Kirakossian D, Dawson D, Dry SM, Butler PC. Chronic GLP-1 receptor 
activation by exendin-4 induces expansion of pancreatic duct glands in rats and accelerates formation of 
dysplastic lesions and chronic pancreatitis in the Kras(G12D) mouse model. Diabetes 2012; 61: 1250-1262 
[PMID: 22266668 DOI: 10.2337/db11-1109]

https://dx.doi.org/10.1007/s00125-008-1219-1
http://www.ncbi.nlm.nih.gov/pubmed/22079939
https://dx.doi.org/10.1016/j.metabol.2011.09.019
http://www.ncbi.nlm.nih.gov/pubmed/3438310
https://dx.doi.org/10.1097/00006676-198711000-00016
http://www.ncbi.nlm.nih.gov/pubmed/31593013
https://dx.doi.org/10.1097/MPA.0000000000001394
http://www.ncbi.nlm.nih.gov/pubmed/7908397
https://dx.doi.org/10.1007/bf00206561
http://www.ncbi.nlm.nih.gov/pubmed/26763742
http://www.ncbi.nlm.nih.gov/pubmed/30541144
https://dx.doi.org/10.1210/er.2018-00154
http://www.ncbi.nlm.nih.gov/pubmed/25781357
https://dx.doi.org/10.1210/jc.2014-4298
http://www.ncbi.nlm.nih.gov/pubmed/18665009
https://dx.doi.org/10.1097/MPA.0b013e3181825c00
http://www.ncbi.nlm.nih.gov/pubmed/25831191
http://www.ncbi.nlm.nih.gov/pubmed/31091212
https://dx.doi.org/10.1097/MPA.0000000000001315
http://www.ncbi.nlm.nih.gov/pubmed/25187365
https://dx.doi.org/10.2337/db14-0690
http://www.ncbi.nlm.nih.gov/pubmed/8971076
https://dx.doi.org/10.2337/diab.46.1.23
http://www.ncbi.nlm.nih.gov/pubmed/15211114
https://dx.doi.org/10.1097/00006676-200407000-00058
http://www.ncbi.nlm.nih.gov/pubmed/18223031
https://dx.doi.org/10.2337/dc07-2270
http://www.ncbi.nlm.nih.gov/pubmed/27459721
https://dx.doi.org/10.1111/ajt.13979
http://www.ncbi.nlm.nih.gov/pubmed/10580413
https://dx.doi.org/10.2337/diabetes.48.12.2270
http://www.ncbi.nlm.nih.gov/pubmed/29524296
https://dx.doi.org/10.1111/jcmm.13259
http://www.ncbi.nlm.nih.gov/pubmed/27545110
https://dx.doi.org/10.1111/dom.12766
http://www.ncbi.nlm.nih.gov/pubmed/27883260
https://dx.doi.org/10.1111/dom.12833
http://www.ncbi.nlm.nih.gov/pubmed/22266668
https://dx.doi.org/10.2337/db11-1109


Published by Baishideng Publishing Group Inc 

7041 Koll Center Parkway, Suite 160, Pleasanton, CA 94566, USA 

Telephone: +1-925-3991568 

E-mail: bpgoffice@wjgnet.com 

Help Desk: https://www.f6publishing.com/helpdesk 

https://www.wjgnet.com

© 2020 Baishideng Publishing Group Inc. All rights reserved.

mailto:bpgoffice@wjgnet.com
https://www.f6publishing.com/helpdesk
https://www.wjgnet.com

