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Abstract: Type 2 diabetes (T2D) has been considered a relentlessly worsening disease, due to the pro-
gressive deterioration of the pancreatic beta cell functional mass. Recent evidence indicates, however,
that remission of T2D may occur in variable proportions of patients after specific treatments that are as-
sociated with recovery of beta cell function. Here we review the available information on the recovery
of beta cells in (a) non-diabetic individuals previously exposed to metabolic stress; (b) T2D patients
following low-calorie diets, pharmacological therapies or bariatric surgery; (c) human islets isolated
from non-diabetic organ donors that recover from “lipo-glucotoxic” conditions; and (d) human islets
isolated from T2D organ donors and exposed to specific treatments. The improvement of insulin se-
cretion reported by these studies and the associated molecular traits unveil the possibility to promote
T2D remission by directly targeting pancreatic beta cells.

Keywords: type 2 diabetes; lipotoxicity; glucotoxicity; remission; pancreatic islets; pancreatic beta
cells; insulin secretion; low-calorie diets; bariatric surgery; transcriptome

1. Introduction

Pancreatic beta cell failure, due to the interplay of genetic and acquired factors, is key
to the onset and progression of type 2 diabetes (T2D) [1–5] (Figure 1). Beta cells are unique
endocrine cells that synthesize, store and secrete insulin under the control of multiple
integrated signals, thereby tightly regulating blood glucose concentrations. They have an
average diameter of 10 µm and contain approximately 20 pg insulin. Beta cells are the
most common cell type in the human pancreatic islets, comprising 50–80% of islet cells.
Studies with autopsy samples, organ donor specimens and surgical cases have found that
the human beta cell mass may vary from 0.6 to 2.1 g, with the beta cell volume and area
(relative to the pancreatic tissue) ranging from 1.1 to 2.6% and 0.6 to 1.6%, respectively.
In healthy individuals, beta cells release about 30–70 units of insulin per day (essentially
depending on body weight, physical activity and nutritional habits), half of which under
basal conditions and half in response to meals. The most important regulator of insulin
release is glucose, acting as both a trigger and an amplifier of insulin secretion. Several
other molecules regulate insulin secretion, including non-carbohydrate nutrients, hormones
and neurotransmitters.
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Figure 1. Simplified trajectory of beta cell damage in type 2 diabetes. Obesity and the associated 
insulin resistance lead to beta cell overwork and the resulting hyperinsulinemia maintains blood 
glucose levels within the normal range. In case of genetic predisposition, metabolic stress, 
inflammation and other factors cause alterations in key beta cell organelles, which contributes to 
beta cell dysfunction and/or death. ER, endoplasmic reticulum. 

In T2D, representing 80–90% of all cases, beta cell incompetence is due to both 
reduced mass and functional impairment [3–11]. Studies ex vivo and in vitro show that 
dysfunction, rather than death, is the prevalent beta cell defect in T2D [10–12]. Hence, one 
could expect that under certain conditions the impaired beta cell insulin secretion might 
recover. A recent consensus reports the definition and interpretation of “remission” in 
T2D patients. The authors propose HbA1c < 48 mmol/mol (6.5%) measured at least 3 
months after cessation of glucose-lowering pharmacotherapy as the diagnostic criterion 
for remission [13,14] (Table 1). This improvement in glucose levels back to a normal or 
near-normal interval can be achieved by lifestyle changes or following a number of 
interventions [13,14]. A recent observational study in 162,316 T2D subjects reports that 
remission occurred in 5% of cases, and that factors associated with remission were older 
age, HbA1c < 48 mmol/mol (6.5%) at diabetes diagnosis, no previous history of glucose-
lowering therapy, weight loss and bariatric surgery [15]. 

Table 1. Type 2 diabetes remission: definition and recommendations (adapted from [13,14]). 

• The term used to describe a sustained metabolic improvement in type 2 diabetes to nearly normal levels should 
be remission of diabetes. 

• Remission should be defined as a return of HbA1c to <6.5% (<48 mmol/mol) that occurs spontaneously or 
following an intervention, and that persists for at least 3 months in the absence of usual glucose-lowering 
pharmacotherapy. 

• When HbA1c is determined to be an unreliable marker of chronic glycemic control, FPG < 126 mg/dl (<7.0 
mmol/L) or estimated A1c < 6.5% calculated from continuous glucose monitoring can be used as alternative 
criteria. 

Here, we review the in vivo and ex vivo evidence and discuss the perspectives of 
remission of T2D, focusing on the role of beta cells. 

2. Reversibility of Beta Cell Functional Damage: In Vivo Evidence in Non-Diabetic 
Subjects 

Since the UK Prospective Diabetes Study [16], it has been assumed that the decline in 
beta cell functional mass begins before the onset of T2D and proceeds relentlessly 

Figure 1. Simplified trajectory of beta cell damage in type 2 diabetes. Obesity and the associated
insulin resistance lead to beta cell overwork and the resulting hyperinsulinemia maintains blood
glucose levels within the normal range. In case of genetic predisposition, metabolic stress, inflam-
mation and other factors cause alterations in key beta cell organelles, which contributes to beta cell
dysfunction and/or death. ER, endoplasmic reticulum.

In T2D, representing 80–90% of all cases, beta cell incompetence is due to both reduced
mass and functional impairment [3–11]. Studies ex vivo and in vitro show that dysfunction,
rather than death, is the prevalent beta cell defect in T2D [10–12]. Hence, one could expect
that under certain conditions the impaired beta cell insulin secretion might recover. A recent
consensus reports the definition and interpretation of “remission” in T2D patients. The
authors propose HbA1c < 48 mmol/mol (6.5%) measured at least 3 months after cessation
of glucose-lowering pharmacotherapy as the diagnostic criterion for remission [13,14]
(Table 1). This improvement in glucose levels back to a normal or near-normal interval can
be achieved by lifestyle changes or following a number of interventions [13,14]. A recent
observational study in 162,316 T2D subjects reports that remission occurred in 5% of cases,
and that factors associated with remission were older age, HbA1c < 48 mmol/mol (6.5%)
at diabetes diagnosis, no previous history of glucose-lowering therapy, weight loss and
bariatric surgery [15].

Table 1. Type 2 diabetes remission: definition and recommendations (adapted from [13,14]).

• The term used to describe a sustained metabolic improvement in type 2 diabetes to nearly
normal levels should be remission of diabetes.

• Remission should be defined as a return of HbA1c to <6.5% (<48 mmol/mol) that occurs
spontaneously or following an intervention, and that persists for at least 3 months in the
absence of usual glucose-lowering pharmacotherapy.

• When HbA1c is determined to be an unreliable marker of chronic glycemic control, FPG <
126 mg/dl (<7.0 mmol/L) or estimated A1c < 6.5% calculated from continuous glucose
monitoring can be used as alternative criteria.

Here, we review the in vivo and ex vivo evidence and discuss the perspectives of
remission of T2D, focusing on the role of beta cells.
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2. Reversibility of Beta Cell Functional Damage: In Vivo Evidence in
Non-Diabetic Subjects

Since the UK Prospective Diabetes Study [16], it has been assumed that the decline in
beta cell functional mass begins before the onset of T2D and proceeds relentlessly thereafter,
leading to worsening glycemic control and requiring progressive intensification of diabetes
therapy, often culminating in the need for exogenous insulin therapy. The causes of this
deterioration are not completely understood, but prolonged exposure to saturated fatty
acids (lipotoxicity), high glucose (glucotoxicity) or combinations thereof (lipoglucotoxicity)
in genetically predisposed individuals have been proposed to contribute to beta cell failure,
probably via mitochondrial dysfunction, endoplasmic reticulum stress, oxidative stress,
loss of cell identity and other mechanisms [17–28] (Figure 1).

Growing evidence shows that alleviation of metabolic stress can improve beta cell
function and even induce remission of T2D (Table 2). In the 1990s, a study investigated
the short- and long-term effects of lipid infusion on insulin secretion [29]. Twelve healthy
individuals underwent a 24 h Intralipid (10% triglyceride emulsion) infusion. After an
overnight fast (baseline), at 6 and 24 h of intravenous Intralipid administration and 24 h
after Intralipid discontinuation (recovery test), they underwent an intravenous glucose
tolerance test. The Intralipid infusion increased by threefold the plasma non-esterified
fatty acid (NEFA) concentrations, with no difference between the 6 and 24 h timepoints.
Compared to the baseline, the acute insulin response to glucose was increased at 6 h but it
decreased at 24 h. After the 24 h recovery phase, fasting plasma NEFA concentrations and
the acute insulin response to glucose had returned to baseline values, demonstrating the
reversibility of beta cell functional alterations induced by in vivo “lipotoxicity”.

Table 2. Studies showing in vivo recovery of beta cell function.

Ref.
in This Article Number of Participants Experimental Design Results

[29] 12 healthy subjects 24 h Intralipid infusion;
IVGTT during the infusion and 24 h later

Improved acute insulin release at the IVGTT 24 h
after the end

of Intralipid infusion

[30] 9 healthy subjects genetically
predisposed to T2D

Reduction of plasma NEFA by acipimox;
Hyperglycemic clamp 48 h after drug initiation,

repeated 2–6 weeks afterwards

Improved first- and second-phase insulin release
after reduction of NEFA

[31] 11 T2D subjects
Low calorie diet;

2 square-wave steps of hyperglycaemia after
hyperinsulinemic clamp

Improved first-phase insulin release

[32] 382 newly diagnosed T2D patients Intensive therapy with insulin or oral
hypoglycaemic agents

Improved beta cell function after intensive
intervention, with more sustained results in the

insulin group;
Diabetes remission rate at 1 year significantly

higher in the insulin group

[33] 12 morbidly obese T2D subjects
Bariatric surgery (distal Roux-en-Y

reconstruction);
Mixed meal test

Improved insulin secretion

[34] 13 morbidly obese non-diabetic
women

Bariatric surgery (distal Roux-en-Y
reconstruction);

Arginine-infusion at different glucose levels
Improved beta cell function

[35] 10 obese T2D subjects
Bariatric surgery (distal Roux-en-Y

reconstruction);
IVGTT and mixed meal test

Improved first-phase insulin secretion

T2D, type 2 diabetes; IVGTT, intravenous glucose tolerance test; NEFA, non-esterified fatty acids.

It was later shown that lipotoxicity particularly impacts subjects with familial predis-
position to diabetes [36]. Insulin secretion was evaluated during a 4-day lipid infusion in
normal glucose-tolerant individuals with or without a family history of T2D. Thirteen and
eight subjects, respectively, received in random order a lipid (Liposyn III, 20% triglyceride
emulsion) or saline infusion. On Days 1 and 2, the insulin and C-peptide levels were
measured after standardized mixed meals, and a hyperglycemic clamp was performed
on Day 3. Similar concentrations of NEFA were observed in the two groups. In subjects
without a family history, the lipid infusion significantly increased insulin secretion after
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mixed meals and during the hyperglycemic clamp. On the contrary, in the group with a
T2D family history, both first- and second-phase insulin release decreased markedly. These
alterations became even more pronounced after correction for insulin sensitivity. Subjects
who are genetically at risk to develop T2D are hence susceptible to beta cell functional
damage induced by increased plasma fatty acids, resulting in reduced insulin secretion
in response to a mixed meal and intravenous glucose challenge. In a follow-up study, the
same group demonstrated improved beta cell function after NEFA lowering with acipimox,
an antilipolytic nicotinic acid derivative [30]. Nine non-diabetic participants with a strong
predisposition to T2D received in random order the drug or placebo for two days in a
double-blind crossover design. Acipimox reduced the plasma NEFA levels by a third after
48 h, which was associated with improved beta cell function during mixed meal tests. First
and, more evidently, second-phase insulin secretion during the hyperglycemic clamp also
improved, which was further enhanced after adjustment for the prevailing insulin resis-
tance. This study provides further evidence that lipotoxicity can impair beta cell function,
at least in individuals predisposed to T2D, and that beta cell functional damage can recover,
provided the metabolic insult is attenuated.

3. Reversibility of Beta Cell Functional Damage: In Vivo Evidence in T2D Subjects

Whether and how recovery of beta cell function may also apply to patients with
overt T2D and impact the clinical trajectory has been addressed in a few studies (Table 2).
Remission of diabetes of variable duration can be achieved in T2D subjects by carbohydrate
restriction and low-calorie diets (usually associated with physical exercise), pharmacologi-
cal treatments and bariatric surgery [37–42]. Improved beta cell function has been described
in most studies documenting diabetes remission. In early work [31], 11 T2D subjects were
examined before and after 1, 4 and 8 weeks of a low-calorie (600 kcal/day) diet. After
1 week of restricted energy intake the fasting plasma glucose normalized. First-phase
insulin secretion increased during the study and approached the control values. Maximal
insulin response became supranormal at 8 weeks. In parallel, the pancreatic triacylglycerol
content decreased. In the more recent Diabetes Remission Clinical Trial (Direct), T2D remis-
sion and persistence of non-diabetic blood glucose control were achieved in 46% of patients
on a low-calorie diet [37]. In a sub-study of 64 and 26 people from the intervention and
control groups, respectively [43], the pancreatic fat content decreased whether glycemia
normalized or not. Recovery of first-phase insulin release was seen in individuals with
diabetes remission, which was durable at one year. Interestingly, subjects with sustained
diabetes remission compared to those with relapse had less hepatic VLDL1-triglyceride
production and VLDL1-palmitic acid content, no re-accumulation of pancreatic fat and
maintained the first-phase insulin response by 2 years [44]. Persistence of remission was
associated with improved pancreas morphology and declining pancreatic fat [45]. Sex does
not seem to affect changes in intrapancreatic fat and VLDL1-triglyceride production after
weight loss [46].

The possible beneficial effects of glucose-lowering drugs [47,48] on beta cells of T2D
patients have been extensively reviewed recently [9,49,50] and are not addressed in detail
here. Metformin, pioglitazone, DPP-4 inhibitors, GLP-1 receptor agonists and exogenous
insulin, alone or in combination, have been found to enhance beta cell function. Insulin
release increases by 40–70% in individuals at high risk of T2D or with newly diagnosed
diabetes [50]. The mechanisms are unclear, but beta cell function may improve without
major changes in insulin sensitivity [51,52] or glycemic control [53]. With rare exceptions,
the beneficial actions of most of these treatments disappear shortly after drug discontinua-
tion [32,54], indicating limited if any disease-modifying effects.

In the case of bariatric surgery, Roux-en-Y gastric bypass, vertical sleeve gastrec-
tomy and biliopancreatic diversion improve glucose control and can promote remission of
T2D [33,55–60], which is more marked in the presence of residual beta cell function [57].
This may occur independently of weight reduction [55,56], and the beneficial effects on
glycemic indices may persist over years and become more evident as weight loss pro-
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gresses. Bariatric surgery has pleiotropic effects on organs, and in subjects with T2D rapid
improvement in insulin secretion is seen, which persists over time in many but not all
patients [34,61,62]. Restoration of first-phase insulin release to intravenous glucose admin-
istration (1–4 weeks after Roux-en-Y gastric bypass or biliopancreatic diversion) has been
consistently observed, may occur before any significant weight loss and contributes to
diabetes improvement or remission [35,63,64]. Although the mechanisms promoting beta
cell function after bariatric surgery are still largely unclear, increased GLP-1 release and
potentiated incretin effect are believed to play a major role [65,66].

Altogether, these in vivo results demonstrate that beta cell function can recover in
some T2D subjects, to achieve and possibly sustain remission of diabetes.

4. Reversibility of Beta Cell Functional Damage: Ex Vivo Evidence with
Non-Diabetic Islets

In the past few years, the reversibility of beta cell damage has been directly tested
in isolated human islets studied ex vivo (Table 3). The use of human islets, prepared
from the pancreas of organ donors, allows to assess beta cell features independently from
confounding in vivo factors, and, importantly, shed light on islet cell morphological and
molecular traits.

Table 3. Studies showing ex vivo recovery of beta cell function.

Ref.
in This Article Number of Samples Experimental Design Results

[28] 26 islet preparations from
non-diabetic subjects

2-day incubation with lipo-glucotoxic stressors
followed by 4 days of washout;

Insulin release in response to 3.3 and 16.7 mmol/L
glucose

during static incubation

Recovery of beta cell function after washout of
some of the metabolic stressful conditions,

associated with specific transcriptomic changes

[67] 7 islet preparations from non-diabetic
subjects

48 h incubation at 5.5 or 16.7 mmol/L glucose
followed by 48 h washout;

Insulin release in response to 3.3 and 16.7 mmol/L
glucose during perifusion

Recovery of glucose-stimulated insulin secretion
after washout

[68] 4 islet preparations from non-diabetic
subjects

2 preparations incubated at 5.5 mmol/L glucose
and 2 at 33 mmol/L glucose for 4–9 days; 1

preparation of the latter incubated for 6 days at 33
mmol/L glucose and then for 3 days in normal

glucose;
Insulin release in response to 3.3 and 16.7 mmol/L

glucose during static incubation

Recovery of insulin mRNA expression and insulin
secretion after washout

[69] 6 islet preparations from T2D donors
24 h incubation with metformin;

Insulin release in response to 3.3 and 16.7 mmol/L
glucose during static incubation or perifusion

Improved glucose-stimulated insulin release;
Beneficial action on the expression of genes

involved in redox balance:
Ameliorated beta cell ultrastructure

[70] 18 islet preparations (11 non-diabetic
and 7 T2D donors)

Exposure to exendin-4 for 48 h;
Insulin release in response to 3.3 and 16.7 mmol/L

glucose
during static incubation

Improved glucose-stimulated insulin release;
Beneficial actions on expression of genes involved

in beta cell function and identity

[71] 26 islet preparations (17 non-diabetic
and 9 T2D donors)

Exposure to autophagy inducers (rapamycin) or
blockers (3-methyladenince, concanamycin-A) for

2–5 days, in the presence or not of palmitate or
brefeldin A;

Insulin release in response to 3.3 and 16.7 mmol/L
glucose during static incubation

Rapamycin-exposed diabetic islets showed
improved insulin secretion, reduced apoptosis

and better ultrastructure

T2D, type 2 diabetes.

In an early study [67], islets from 7 non-diabetic donors were cultured for 48 h in
normal (5.5 mmol/L) or high (16.7 mmol/L) glucose-containing medium. Islets were
perifused with 3.3 and 16.7 mmol/L glucose or 10 mmol/L L-arginine. The islets cultured
at high glucose lost acute glucose-stimulated insulin release but preserved the response to
arginine, supporting the concept of a selective loss of beta cell sensitivity to glucose induced
by glucotoxicity. Notably, after 48 additional hours of culture in medium with 5.5 mmol/L
glucose, the islets partially recovered insulin secretory function. A few years later, these
findings were confirmed in a study in which non-diabetic donor islets were exposed to 33
mmol/L glucose for 4 and 9 days [68]. After this glucotoxic culture, a severe decrease was
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seen in insulin content (related to reduced insulin mRNA and PDX1transcriptional activity)
and glucose-stimulated insulin release. Interestingly, most of these beta cell alterations
were partially reversible when islets previously cultured in high glucose were transferred
to 5.5 mmol/L glucose for 3 days.

Recently, a comprehensive study was performed with a large number of human islet
preparations to assess the direct impact of lipoglucotoxic treatments on beta cell function
and to evaluate if the effects were persistent or reversible after washout [28]. The ex vivo
lipoglucotoxic treatments were selected to reflect pathophysiologically relevant concen-
trations of the most common saturated fatty acid palmitate and glucose [72]. After the
isolation, the islets were kept in control medium (containing 5.5 mmol/L glucose) for 2 days.
They were then cultured for 2 days in the presence of the metabolic stressors 11.1 mmol/L
or 22.2 mmol/L glucose and 0.5 mmol/L palmitate, alone or in combination. Subsequently,
the stressor was washed out and the islets were cultured in normal medium for 4 more
days. Glucose-stimulated insulin secretion declined after incubation with palmitate and/or
22.2 mmol/L glucose. Of interest, after the washout, recovery of insulin secretory function
was observed for palmitate or high glucose alone, but not for the combination of the two,
indicating that beta cell dysfunction induced by metabolic stress is reversible under certain
conditions and sustained in others. Transcriptome analysis of islets exposed to palmitate
and/or high glucose identified several hundred differentially expressed genes involved
in metabolic pathways, endoplasmic reticulum stress and inflammation. Interestingly, the
gene expression signatures induced by metabolic stressors and/or washout overlapped, at
least in part, with transcriptomic patterns of T2D islets [28].

These results corroborate directly at the islet cell level the in vivo findings in humans,
and, importantly, shed light on the potential underlying mechanisms. More prolonged
exposure (a few weeks) of human islets to a hyperglycemic environment (such as after
transplantation into diabetic immune deficient mice) may be associated with more profound
beta cell functional changes [69].

5. Reversibility of Beta Cell Functional Damage: Ex-Vivo Evidence with T2D Islets

A few studies have assessed whether the defects of islets from T2D donors can be
counteracted (Table 3). The first data on 6 T2D islet preparations [73] showed that, com-
pared to non-diabetic islets, T2D islets showed a reduced insulin content, fewer mature
insulin granules, impaired glucose-induced insulin secretion, reduced insulin mRNA ex-
pression, increased apoptosis, higher expression of nitrotyrosine (a marker of oxidative
stress) and genes involved in redox balance. Remarkably, 24 h exposure of T2D islets
to a therapeutically relevant concentration of metformin increased the insulin content,
increased the number and density of mature insulin granules, improved glucose-induced
insulin release, increased insulin mRNA expression and reduced apoptosis [73]. These
effects were associated with decreased oxidative stress, with lower levels of nitrotyrosine
and changes in the expression of NADPH oxidase, catalase and GSH peroxidase after
metformin exposure [73].

Incretin molecules may also have direct beneficial effects on T2D islets. Islets from 7
T2D and 11 non-diabetic donors were exposed for 48 h to 10 nmol/L exendin-4, a DPP-4-
resistant GLP-1 mimetic [70]. Exendin-4 improved glucose-stimulated insulin release from
both T2D and non-diabetic islets. In diabetic islets the expression of key beta cell genes was
increased, including glucokinase, PDX-1, E2F1 and Cyclin D1. A couple of years later, the
same group assessed the direct effect of GLP-1 and GIP alone or in combination on 4 T2D
and non-diabetic islets [74]. Islets were exposed to incretins for 45 min (acute exposure:
0.1, 1, 10 or 100 nmol/L) or 2 days (prolonged exposure: 10 nmol/L). Acute exposure
(at 1–100 nmol/L) to GLP-1 and, more markedly so, GIP, improved glucose-stimulated
insulin release in non-diabetic islets, with no apparent synergistic action. Similar effects
were observed with T2D islets acutely treated with 10 nmol/L GLP-1 or 100 nmol/L GIP.
Following prolonged exposure, improved insulin secretion was observed with T2D islets
cultured with GIP or GLP-1 in combination with GIP. Insulin, PDX-1 and Bcl-2 expression
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tended to be higher after incretin exposure in both T2D and non-diabetic islets, with
the incretin combination showing more robust effects. The mechanisms underlying the
beneficial effects of incretins on human beta cells are not fully understood, but it has been
reported that GLP-1 receptor agonism induces the endoplasmic reticulum chaperone BiP
and the antiapoptotic protein JunB [71].

More recent work [75] investigated the effect of modulating autophagy (that leads to
the degradation and recycling of intracellular components) on beta cell function, survival
and ultrastructure. Islets from 17 non-diabetic and 9 T2D organ donors were cultured for
1–5 days with 10 ng/mL rapamycin (an autophagy inducer), 5 mM 3-methyladenine (3-MA)
or 1.0 nM concanamycin-A (two autophagy blockers), in the presence or not of metabolic
(0.5 mM palmitate) or chemical (0.1 ng/mL brefeldin A) endoplasmic reticulum stressors.
In non-diabetic islets, glucose-stimulated insulin secretion was reduced by palmitate and
brefeldin; rapamycin prevented palmitate- but not brefeldin-mediated cytotoxic damage.
Palmitate (and in similar way, brefeldin A) exposure increased beta cell apoptosis in non-
diabetic islets, which was prevented by rapamycin and worsened by 3-MA. Both palmitate
and brefeldin induced the expression of endoplasmic reticulum stress markers (PERK,
CHOP and BiP), which was prevented by rapamycin. In T2D islets, rapamycin improved
insulin secretion, reduced beta cell apoptosis and preserved insulin granules, mitochondria
and endoplasmic reticulum ultrastructure; this was associated with a significant reduction
in PERK, CHOP and BiP gene expression. Altered autophagy is associated with beta cell
dysfunction and death [76,77], and hyperactivation of mTORC1 (mechanistic target of
rapamycin complex 1, that represses the autophagic pathway) has been found in islets from
type 2 diabetic donors [78]. In addition, palmitate exposure may result in de-acidification
of lysosomes, which impairs autophagy [79]. All this supports the concept that restoring
autophagy can improve human beta cell health.

On the whole, the available evidence indicates that beta cell dysfunction in T2D
subjects can be rescued by certain treatments that reduce oxidative and endoplasmic
reticulum stress and/or promote autophagy.

6. Conclusions

Beta cell failure is crucial to the development and progressive deterioration of T2D,
and several excellent reviews have focused on the mechanisms leading to beta cell damage,
including the relevance of genetic and environmental factors and the role of the intracellu-
lar organelles (such as the endoplasmic reticulum and the mitochondria) and pathways
involved [1–7,17–27,80–82] However, T2D should no longer be considered a relentlessly
worsening disease, as demonstrated by recent evidence of remission of diabetes in variable
proportions of patients after a low-calorie diet and bariatric surgery. Here we have reviewed
the data that link the rescue of beta cell function with T2D remission. Available in vivo
and ex vivo data, obtained in non-diabetic and T2D diabetic subjects and/or pancreatic
islets, point to the possibility of directly improving beta cell health by approaches reducing
metabolic stress. The associated changes in islet cell molecular traits could represent targets
for intervention strategies to promote T2D remission via actions on the beta cells.

Author Contributions: All the authors have contributed to the conceptualization of the study; M.S.
and P.M. have written the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This work has been supported by: the European Union’s Horizon 2020 research and
innovation program T2Dsystems under grant agreement no. 667191; the Innovative Medicines
Initiative 2 Joint Undertaking under grant agreements No 115,797 (INNODIA) and 945,268 (INNODIA
HARVEST) (these Joint Undertakings receive support from the Union’s Horizon 2020 research and
innovation program and “EFPIA”, “JDRF” and “The Leona M. and Harry B. Helmsley Charitable
Trust”; the Italian Ministry of University and Research, PRIN 2017 (2017KAM2R5_005).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Int. J. Mol. Sci. 2022, 23, 7435 8 of 11

Data Availability Statement: Not applicable.

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

References
1. American Diabetes Association 2. Classification and Diagnosis of Diabetes: Standards of Medical Care in Diabetes—2021. Diabetes

Care 2021, 44, S15–S33. [CrossRef]
2. Eizirik, D.L.; Pasquali, L.; Cnop, M. Pancreatic β-cells in type 1 and type 2 diabetes mellitus: Different pathways to failure. Nat.

Rev. Endocrinol. 2020, 16, 349–362. [CrossRef]
3. Halban, P.A.; Polonsky, K.S.; Bowden, D.W.; Hawkins, M.A.; Ling, C.; Mather, K.J.; Powers, A.C.; Rhodes, C.J.; Sussel, L.;

Weir, G.C. β-Cell Failure in Type 2 Diabetes: Postulated Mechanisms and Prospects for Prevention and Treatment. Diabetes Care
2014, 37, 1751–1758. [CrossRef]

4. Donath, M.Y.; Schumann, D.M.; Faulenbach, M.; Ellingsgaard, H.; Perren, A.; Ehses, J.A. Islet inflammation in type 2 diabetes:
From metabolic stress to therapy. Diabetes Care 2008, 31 (Suppl. S2), S161–S164. [CrossRef]

5. Marchetti, P.; Suleiman, M.; De Luca, C.; Baronti, W.; Bosi, E.; Tesi, M.; Marselli, L. A Direct Look at the Dysfunction and Pathology
of the β Cells in Human Type 2 Diabetes. Semin. Cell Dev. Biol. 2020, 103, 83–93. [CrossRef]

6. Weir, G.C.; Gaglia, J.; Bonner-Weir, S. Inadequate β-Cell Mass Is Essential for the Pathogenesis of Type 2 Diabetes. Lancet Diabetes
Endocrinol. 2020, 8, 249–256. [CrossRef]

7. Marselli, L.; Suleiman, M.; Masini, M.; Campani, D.; Bugliani, M.; Syed, F.; Martino, L.; Focosi, D.; Scatena, F.; Olimpico, F.; et al.
Are We Overestimating the Loss of Beta Cells in Type 2 Diabetes? Diabetologia 2014, 57, 362–365. [CrossRef]

8. Chabosseau, P.; Rutter, G.A.; Millership, S.J. Importance of Both Imprinted Genes and Functional Heterogeneity in Pancreatic
Beta Cells: Is There a Link? Int. J. Mol. Sci. 2021, 22, 1000. [CrossRef] [PubMed]

9. Marchetti, P.; Lupi, R.; Del Guerra, S.; Bugliani, M. Goals of Treatment for Type 2 Diabetes: β-Cell Preservation for Glycemic
Control. Diabetes 2009, 32 (Suppl. S2), S178–S183.

10. Park, Y.J.; Woo, M. Pancreatic β Cells: Gatekeepers of Type 2 Diabetes. J. Cell Biol. 2019, 218, 1094–1095. [CrossRef] [PubMed]
11. Cohrs, C.M.; Panzer, J.K.; Drotar, D.M.; Enos, S.J.; Kipke, N.; Chen, C.; Bozsak, R.; Schöniger, E.; Ehehalt, F.; Distler, M.; et al.

Dysfunction of Persisting β Cells Is a Key Feature of Early Type 2 Diabetes Pathogenesis. Cell Rep. 2020, 31, 107469. [CrossRef]
[PubMed]

12. Henquin, J.-C. Glucose-Induced Insulin Secretion in Isolated Human Islets: Does It Truly Reflect β-Cell Function in Vivo? Mol.
Metab. 2021, 48, 101212. [CrossRef] [PubMed]

13. Riddle, M.C.; Cefalu, W.T.; Evans, P.H.; Gerstein, H.C.; Nauck, M.A.; Oh, W.K.; Rothberg, A.E.; le Roux, C.W.; Rubino, F.;
Schauer, P.; et al. Consensus Report: Definition and Interpretation of Remission in Type 2 Diabetes. J. Clin. Endocrinol. Metab.
2022, 107, 1–9. [CrossRef] [PubMed]

14. Riddle, M.C.; Cefalu, W.T.; Evans, P.H.; Gerstein, H.C.; Nauck, M.A.; Oh, W.K.; Rothberg, A.E.; le Roux, C.W.; Rubino, F.;
Schauer, P.; et al. Consensus report: Definition and interpretation of remission in type 2 diabetes. Diabetologia 2021, 44, 2438–2444.

15. Captieux, M.; Fleetwood, K.; Kennon, B.; Sattar, N.; Lindsay, R.; Guthrie, B.; Wild, S.H.; Scottish Diabetes Research Network
Epidemiology Group. Epidemiology of type 2 diabetes remission in Scotland in 2019: A cross-sectional population-based study.
PLoS Med. 2021, 18, e1003828. [CrossRef]

16. Intensive Blood-Glucose Control with Sulphonylureas or Insulin Compared with Conventional Treatment and Risk of Complica-
tions in Patients with Type 2 Diabetes (UKPDS 33). Lancet 1998, 352, 837–853. [CrossRef]

17. Lupi, R.; Dotta, F.; Marselli, L.; Del Guerra, S.; Masini, M.; Santangelo, C.; Patané, G.; Boggi, U.; Piro, S.; Anello, M.; et al.
Prolonged exposure to free fatty acids has cytostatic and pro-apoptotic effects on human pancreatic islets: Evidence that beta
cell death is caspase mediated, partially dependent on ceramide pathway, and Bcl-2 regulated. Diabetes 2002, 51, 1437–1442.
[CrossRef]

18. Robertson, R.P.; Harmon, J.; Tran, P.O.; Tanaka, Y.; Takahashi, H. Glucose Toxicity in Beta cells: Type 2 Diabetes, Good Radicals
Gone Bad, and the Glutathione Connection. Diabetes 2003, 52, 581–587. [CrossRef]

19. Cunha, D.A.; Hekerman, P.; Ladrière, L.; Bazarra-Castro, A.; Ortis, F.; Wakeham, M.C.; Moore, F.; Rasschaert, J.; Cardozo, A.K.;
Bellomo, E.; et al. Initiation and Execution of Lipotoxic ER Stress in Pancreatic Beta cells. J. Cell Sci. 2008, 121, 2308–2318.
[CrossRef]

20. Weir, G.C.; Marselli, L.; Marchetti, P. Towards Better Understanding of the Contributions of Overwork and Glucotoxicity to the
β-cell Inadequacy of Type 2 Diabetes. Diabetes Obes. Metab. 2009, 11, 82–90. [CrossRef]

21. Robertson, R.P.; Paul Robertson, R. β-Cell Deterioration during Diabetes: What’s in the Gun? Trends Endocrinol. Metab. 2009, 20,
388–393. [CrossRef] [PubMed]

22. Wiederkehr, A.; Wollheim, C.B. Linking Fatty Acid Stress to Beta-Cell Mitochondrial Dynamics. Diabetes 2009, 58, 2185–2186.
[CrossRef] [PubMed]

23. Poitout, V.; Amyot, J.; Semache, M.; Zarrouki, B.; Hagman, D.; Fontés, G. Glucolipotoxicity of the Pancreatic Beta Cell. Biochim.
Biophys. Acta 2010, 1801, 289–298. [CrossRef] [PubMed]

24. Bensellam, M.; Laybutt, D.R.; Jonas, J.-C. The Molecular Mechanisms of Pancreatic β-Cell Glucotoxicity: Recent Findings and
Future Research Directions. Mol. Cell. Endocrinol. 2012, 364, 1–27. [CrossRef]

http://doi.org/10.2337/dc21-S002
http://doi.org/10.1038/s41574-020-0355-7
http://doi.org/10.2337/dc14-0396
http://doi.org/10.2337/dc08-s243
http://doi.org/10.1016/j.semcdb.2020.04.005
http://doi.org/10.1016/S2213-8587(20)30022-X
http://doi.org/10.1007/s00125-013-3098-3
http://doi.org/10.3390/ijms22031000
http://www.ncbi.nlm.nih.gov/pubmed/33498234
http://doi.org/10.1083/jcb.201810097
http://www.ncbi.nlm.nih.gov/pubmed/30696700
http://doi.org/10.1016/j.celrep.2020.03.033
http://www.ncbi.nlm.nih.gov/pubmed/32268101
http://doi.org/10.1016/j.molmet.2021.101212
http://www.ncbi.nlm.nih.gov/pubmed/33737253
http://doi.org/10.1210/clinem/dgab585
http://www.ncbi.nlm.nih.gov/pubmed/34459898
http://doi.org/10.1371/journal.pmed.1003828
http://doi.org/10.1016/S0140-6736(98)07019-6
http://doi.org/10.2337/diabetes.51.5.1437
http://doi.org/10.2337/diabetes.52.3.581
http://doi.org/10.1242/jcs.026062
http://doi.org/10.1111/j.1463-1326.2009.01113.x
http://doi.org/10.1016/j.tem.2009.05.004
http://www.ncbi.nlm.nih.gov/pubmed/19748794
http://doi.org/10.2337/db09-0967
http://www.ncbi.nlm.nih.gov/pubmed/19794075
http://doi.org/10.1016/j.bbalip.2009.08.006
http://www.ncbi.nlm.nih.gov/pubmed/19715772
http://doi.org/10.1016/j.mce.2012.08.003


Int. J. Mol. Sci. 2022, 23, 7435 9 of 11

25. Cnop, M.; Abdulkarim, B.; Bottu, G.; Cunha, D.A.; Igoillo-Esteve, M.; Masini, M.; Turatsinze, J.-V.; Griebel, T.; Villate, O.;
Santin, I.; et al. RNA Sequencing Identifies Dysregulation of the Human Pancreatic Islet Transcriptome by the Saturated Fatty
Acid Palmitate. Diabetes 2014, 63, 1978–1993. [CrossRef]

26. Ottosson-Laakso, E.; Krus, U.; Storm, P.; Prasad, R.B.; Oskolkov, N.; Ahlqvist, E.; Fadista, J.; Hansson, O.; Groop, L.; Vikman, P.
Glucose-Induced Changes in Gene Expression in Human Pancreatic Islets: Causes or Consequences of Chronic Hyperglycemia.
Diabetes 2017, 66, 3013–3028. [CrossRef]

27. Hall, E.; Jönsson, J.; Ofori, J.K.; Volkov, P.; Perfilyev, A.; Dekker Nitert, M.; Eliasson, L.; Ling, C.; Bacos, K. Glucolipotoxicity Alters
Insulin Secretion via Epigenetic Changes in Human Islets. Diabetes 2019, 68, 1965–1974. [CrossRef]

28. Marselli, L.; Piron, A.; Suleiman, M.; Colli, M.L.; Yi, X.; Khamis, A.; Carrat, G.R.; Rutter, G.A.; Bugliani, M.; Giusti, L.; et al.
Persistent or Transient Human β Cell Dysfunction Induced by Metabolic Stress: Specific Signatures and Shared Gene Expression
with Type 2 Diabetes. Cell Rep. 2020, 33, 108466. [CrossRef]

29. Paolisso, G.; Gambardella, A.; Amato, L.; Tortoriello, R.; D’Amore, A.; Varricchio, M.; D’Onofrio, F. Opposite Effects of Short- and
Long-Term Fatty Acid Infusion on Insulin Secretion in Healthy Subjects. Diabetologia 1995, 38, 1295–1299. [CrossRef]

30. Cusi, K.; Kashyap, S.; Gastaldelli, A.; Bajaj, M.; Cersosimo, E. Effects on Insulin Secretion and Insulin Action of a 48-H Reduction
of Plasma Free Fatty Acids with Acipimox in Nondiabetic Subjects Genetically Predisposed to Type 2 Diabetes. Am. J. Physiol.
Endocrinol. Metab. 2007, 292, E1775–E1781. [CrossRef]

31. Lim, E.L.; Hollingsworth, K.G.; Aribisala, B.S.; Chen, M.J.; Mathers, J.C.; Taylor, R. Reversal of Type 2 Diabetes: Normalisation of
Beta Cell Function in Association with Decreased Pancreas and Liver Triacylglycerol. Diabetologia 2011, 54, 2506–2514. [CrossRef]
[PubMed]

32. Weng, J.; Li, Y.; Xu, W.; Shi, L.; Zhang, Q.; Zhu, D.; Hu, Y.; Zhou, Z.; Yan, X.; Tian, H.; et al. Effect of intensive insulin therapy
on beta cell function and glycaemic control in patients with newly diagnosed type 2 diabetes: A multicentre randomised
parallel-group trial. Lancet 2008, 371, 1753–1760. [CrossRef]

33. Camastra, S.; Muscelli, E.; Gastaldelli, A.; Holst, J.J.; Astiarraga, B.; Baldi, S.; Nannipieri, M.; Ciociaro, D.; Anselmino, M.;
Mari, A.; et al. Long-Term Effects of Bariatric Surgery on Meal Disposal and β-Cell Function in Diabetic and Nondiabetic Patients.
Diabetes 2013, 62, 3709–3717. [CrossRef] [PubMed]

34. Guldstrand, M.; Ahrén, B.; Adamson, U. Improved β-Cell Function after Standardized Weight Reduction in Severely Obese
Subjects. Am. J. Physiol. Endocrinol. Metab. 2003, 284, E557–E565. [CrossRef] [PubMed]

35. Martinussen, C.; Bojsen-Møller, K.N.; Dirksen, C.; Jacobsen, S.H.; Jørgensen, N.B.; Kristiansen, V.B.; Holst, J.J.; Madsbad, S.
Immediate Enhancement of First-Phase Insulin Secretion and Unchanged Glucose Effectiveness in Patients with Type 2 Diabetes
after Roux-En-Y Gastric Bypass. Am. J. Physiol. Endocrinol. Metab. 2015, 308, E535–E544. [CrossRef]

36. Kashyap, S.; Belfort, R.; Gastaldelli, A.; Pratipanawatr, T.; Berria, R.; Pratipanawatr, W.; Bajaj, M.; Mandarino, L.; DeFronzo, R.;
Cusi, K. A Sustained Increase in Plasma Free Fatty Acids Impairs Insulin Secretion in Nondiabetic Subjects Genetically Predisposed
to Develop Type 2 Diabetes. Diabetes 2003, 52, 2461–2474. [CrossRef]

37. Lean, M.E.J.; Leslie, W.S.; Barnes, A.C.; Brosnahan, N.; Thom, G.; McCombie, L.; Peters, C.; Zhyzhneuskaya, S.; Al-Mrabeh, A.;
Hollingsworth, K.G.; et al. Primary Care-Led Weight Management for Remission of Type 2 Diabetes (DiRECT): An Open-Label,
Cluster-Randomised Trial. Lancet 2018, 391, 541–551. [CrossRef]

38. Ang, G.Y. Reversibility of Diabetes Mellitus: Narrative Review of the Evidence. World J. Diabetes 2018, 9, 127–131. [CrossRef]
39. Taylor, R. Type 2 Diabetes and Remission: Practical Management Guided by Pathophysiology. J. Intern. Med. 2021, 289, 754–770.

[CrossRef]
40. Müller-Stich, B.P.; Senft, J.D.; Warschkow, R.; Kenngott, H.G.; Billeter, A.T.; Vit, G.; Helfert, S.; Diener, M.K.; Fischer, L.;

Büchler, M.W.; et al. Surgical Versus Medical Treatment of Type 2 Diabetes Mellitus in Non-severely Obese Patients. Ann. Surg.
2015, 261, 421–429. [CrossRef]

41. Cummings, D.E.; Rubino, F. Metabolic Surgery for the Treatment of Type 2 Diabetes in Obese Individuals. Diabetologia 2018, 61,
257–264. [CrossRef] [PubMed]

42. Uhe, I.; Douissard, J.; Podetta, M.; Chevallay, M.; Toso, C.; Jung, M.K.; Meyer, J. Roux-en-Y gastric bypass, sleeve gastrectomy,
or one-anastomosis gastric bypass? A systematic review and meta-analysis of randomized-controlled trials. Obesity 2022, 30,
614–627. [CrossRef] [PubMed]

43. Taylor, R.; Al-Mrabeh, A.; Zhyzhneuskaya, S.; Peters, C.; Barnes, A.C.; Aribisala, B.S.; Hollingsworth, K.G.; Mathers, J.C.;
Sattar, N.; Lean, M.E.J. Remission of Human Type 2 Diabetes Requires Decrease in Liver and Pancreas Fat Content but Is
Dependent upon Capacity for β Cell Recovery. Cell Metab. 2018, 28, 667. [CrossRef]

44. Al-Mrabeh, A.; Zhyzhneuskaya, S.V.; Peters, C.; Barnes, A.C.; Melhem, S.; Jesuthasan, A.; Aribisala, B.; Hollingsworth, K.G.;
Lietz, G.; Mathers, J.C.; et al. Hepatic Lipoprotein Export and Remission of Human Type 2 Diabetes after Weight Loss. Cell Metab.
2020, 31, 233–249.e4. [CrossRef] [PubMed]

45. Al-Mrabeh, A.; Hollingsworth, K.G.; Shaw, J.A.M.; McConnachie, A.; Sattar, N.; Lean, M.E.J.; Taylor, R. 2-Year Remission of Type
2 Diabetes and Pancreas Morphology: A Post-Hoc Analysis of the DiRECT Open-Label, Cluster-Randomised Trial. Lancet Diabetes
Endocrinol. 2020, 8, 939–948. [CrossRef]

46. Jesuthasan, A.; Zhyzhneuskaya, S.; Peters, C.; Barnes, A.C.; Hollingsworth, K.G.; Sattar, N.; Lean, M.; Taylor, R.; Al-Mrabeh, A.H.
Sex differences in intraorgan fat levels and hepatic lipid metabolism: Implications for cardiovascular health and remission of type
2 diabetes after dietary weight loss. Diabetologia 2022, 65, 226–233. [CrossRef]

http://doi.org/10.2337/db13-1383
http://doi.org/10.2337/db17-0311
http://doi.org/10.2337/db18-0900
http://doi.org/10.1016/j.celrep.2020.108466
http://doi.org/10.1007/BF00401761
http://doi.org/10.1152/ajpendo.00624.2006
http://doi.org/10.1007/s00125-011-2204-7
http://www.ncbi.nlm.nih.gov/pubmed/21656330
http://doi.org/10.1016/S0140-6736(08)60762-X
http://doi.org/10.2337/db13-0321
http://www.ncbi.nlm.nih.gov/pubmed/23835342
http://doi.org/10.1152/ajpendo.00325.2002
http://www.ncbi.nlm.nih.gov/pubmed/12556352
http://doi.org/10.1152/ajpendo.00506.2014
http://doi.org/10.2337/diabetes.52.10.2461
http://doi.org/10.1016/S0140-6736(17)33102-1
http://doi.org/10.4239/wjd.v9.i7.127
http://doi.org/10.1111/joim.13214
http://doi.org/10.1097/SLA.0000000000001014
http://doi.org/10.1007/s00125-017-4513-y
http://www.ncbi.nlm.nih.gov/pubmed/29224190
http://doi.org/10.1002/oby.23338
http://www.ncbi.nlm.nih.gov/pubmed/35137548
http://doi.org/10.1016/j.cmet.2018.08.010
http://doi.org/10.1016/j.cmet.2019.11.018
http://www.ncbi.nlm.nih.gov/pubmed/31866441
http://doi.org/10.1016/S2213-8587(20)30303-X
http://doi.org/10.1007/s00125-021-05583-4


Int. J. Mol. Sci. 2022, 23, 7435 10 of 11

47. Davies, M.J.; D’Alessio, D.A.; Fradkin, J.; Kernan, W.N.; Mathieu, C.; Mingrone, G.; Rossing, P.; Tsapas, A.; Wexler, D.J.; Buse, J.B.
Management of Hyperglycemia in Type 2 Diabetes, 2018. A Consensus Report by the American Diabetes Association (ADA) and
the European Association for the Study of Diabetes (EASD). Diabetes Care 2018, 41, 2669–2701. [CrossRef]

48. Draznin, B.; Aroda, V.R.; Bakris, G.; Benson, G.; Brown, F.M.; Freeman, R.; Green, J.; Huang, E.; Isaacs, D.; Kahan, S.; et al. 9.
Pharmacologic Approaches to Glycemic Treatment: Standards of Medical Care in Diabetes-2022. Diabetes Care 2022, 45 (Suppl. S1),
S125–S143.

49. Wajchenberg, B.L. Beta cell failure in diabetes and preservation by clinica treatment. Endocr. Rev. 2007, 28, 187–218. [CrossRef]
50. Marrano, N.; Biondi, G.; Cignarelli, A.; Perrini, S.; Laviola, L.; Giorgino, F.; Natalicchio, A. Functional loss of pancreatic islets in

type 2 diabetes: How can we halt it? Metabolism 2020, 110, 154304. [CrossRef]
51. Retnakaran, R.; Kramer, C.K.; Choi, H.; Swaminathan, B.; Zinman, B. Liraglutide and the preservation of pancreatic β-cell

function in early type 2 diabetes: The LIBRA trial. Diabetes Care 2014, 37, 3270–3278. [CrossRef] [PubMed]
52. Anholm, C.; Kumarathurai, P.; Pedersen, L.R.; Nielsen, O.W.; Kristiansen, O.P.; Fenger, M.; Madsbad, S.; Sajadieh, A.;

Haugaard, S.B. Liraglutide effects on beta cell, insulin sensitivity and glucose effectiveness in patients with stable coronary artery
disease and newly diagnosed type 2 diabetes. Diabetes Obes. Metab. 2017, 19, 850–857. [CrossRef] [PubMed]

53. Amblee, A.; Lious, D.; Fogelfeld, L. Combination of Saxagliptin and Metformin Is Effective as Initial Therapy in New-Onset Type
2 Diabetes Mellitus with Severe Hyperglycemia. J. Clin. Endocrinol. Metab. 2016, 101, 2528–2535. [CrossRef] [PubMed]

54. le Roux, C.W.; Astrup, A.; Fujioka, K.; Greenway, F.; Lau, D.; Van Gaal, L.; Ortiz, R.V.; Wilding, J.; Skjøth, T.V.; Manning, L.S.; et al.
3 years of liraglutide versus placebo for type 2 diabetes risk reduction and weight management in individuals with prediabetes:
A randomised, double-blind trial. Lancet 2017, 389, 1399–1409. [CrossRef]

55. Douros, J.D.; Tong, J.; D’Alessio, D.A. The Effects of Bariatric Surgery on Islet Function, Insulin Secretion, and Glucose Control.
Endocr. Rev. 2019, 40, 1394–1423. [CrossRef] [PubMed]

56. Castagneto Gissey, L.; Casella Mariolo, J.; Mingrone, G. Intestinal Peptide Changes after Bariatric and Minimally Invasive Surgery:
Relation to Diabetes Remission. Peptides 2018, 100, 114–122. [CrossRef] [PubMed]

57. Raverdy, V.; Cohen, R.V.; Caiazzo, R.; Verkindt, H.; Petry, T.B.Z.; Marciniak, C.; Legendre, B.; Bauvin, P.; Chatelain, E.;
Duhamel, A.; et al. Data-driven subgroups of type 2 diabetes, metabolic response, and renal risk profile after bariatric surgery: A
retrospective cohort study. Lancet Diabetes Endocrinol. 2022, 10, 167–176. [CrossRef]

58. Holst, J.J.; Madsbad, S.; Bojsen-Møller, K.N.; Svane, M.S.; Jørgensen, N.B.; Dirksen, C.; Martinussen, C. Mechanisms in bariatric
surgery: Gut hormones, diabetes resolution, and weight loss. Surg. Obes. Relat. Dis. 2018, 14, 708–714. [CrossRef]

59. Pareek, M.; Schauer, P.R.; Kaplan, L.M.; Leiter, L.A.; Rubino, F.; Bhatt, D.L. Metabolic Surgery: Weight Loss, Diabetes, and Beyond.
J. Am. Coll. Cardiol. 2018, 71, 670–687. [CrossRef]

60. Mingrone, G.; Panunzi, S.; De Gaetano, A.; Guidone, C.; Iaconelli, A.; Capristo, E.; Chamseddine, G.; Bornstein, S.R.; Rubino, F.
Metabolic surgery versus conventional medical therapy in patients with type 2 diabetes: 10-year follow-up of an open-label,
single-centre, randomised controlled trial. Lancet 2021, 397, 293–304. [CrossRef]

61. Salinari, S.; Bertuzzi, A.; Guidone, C.; Previti, E.; Rubino, F.; Mingrone, G. Insulin Sensitivity and Secretion Changes After Gastric
Bypass in Normotolerant and Diabetic Obese Subjects. Ann. Surg. 2013, 257, 462–468. [CrossRef] [PubMed]

62. Jørgensen, N.B.; Jacobsen, S.H.; Dirksen, C.; Bojsen-Møller, K.N.; Naver, L.; Hvolris, L.; Clausen, T.R.; Wulff, B.S.; Worm, D.;
Lindqvist Hansen, D.; et al. Acute and Long-Term Effects of Roux-En-Y Gastric Bypass on Glucose Metabolism in Subjects with
Type 2 Diabetes and Normal Glucose Tolerance. Am. J. Physiol. Endocrinol. Metab. 2012, 303, E122–E131. [CrossRef] [PubMed]

63. Reed, M.A.; Pories, W.J.; Chapman, W.; Pender, J.; Bowden, R.; Barakat, H.; Gavin, T.P.; Green, T.; Tapscott, E.; Zheng, D.; et al.
Roux-En-Y Gastric Bypass Corrects Hyperinsulinemia Implications for the Remission of Type 2 Diabetes. J. Clin. Endocrinol.
Metab. 2011, 96, 2525–2531. [CrossRef] [PubMed]

64. Lin, E.; Liang, Z.; Frediani, J.; Davis, S.S.; Sweeney, J.F.; Ziegler, T.R.; Phillips, L.S.; Gletsu-Miller, N. Improvement in β-Cell
Function in Patients with Normal and Hyperglycemia Following Roux-En-Y Gastric Bypass Surgery. Am. J. Physiol. Endocrinol.
Metab. 2010, 299, E706–E712. [CrossRef] [PubMed]

65. Laferrère, B.; Heshka, S.; Wang, K.; Khan, Y.; McGinty, J.; Teixeira, J.; Hart, A.B.; Olivan, B. Incretin Levels and Effect Are Markedly
Enhanced 1 Month after Roux-En-Y Gastric Bypass Surgery in Obese Patients with Type 2 Diabetes. Diabetes Care 2007, 30,
1709–1716. [CrossRef]

66. Fellici, A.C.; Lambert, G.; Lima, M.M.O.; Pareja, J.C.; Rodovalho, S.; Chaim, E.A.; Geloneze, B. Surgical Treatment of Type 2
Diabetes in Subjects with Mild Obesity: Mechanisms Underlying Metabolic Improvements. Obes. Surg. 2015, 25, 36–44. [CrossRef]

67. Davalli, A.M.; Ricordi, C.; Socci, C.; Braghi, S.; Bertuzzi, F.; Fattor, B.; Di Carlo, V.; Pontiroli, A.E.; Pozza, G. Abnormal Sensitivity
to Glucose of Human Islets Cultured in a High Glucose Medium: Partial Reversibility after an Additional Culture in a Normal
Glucose Medium. J. Clin. Endocrinol. Metab. 1991, 72, 202–208. [CrossRef]

68. Marshak, S.; Leibowitz, G.; Bertuzzi, F.; Socci, C.; Kaiser, N.; Gross, D.J.; Cerasi, E.; Melloul, D. Impaired Beta cell Functions
Induced by Chronic Exposure of Cultured Human Pancreatic Islets to High Glucose. Diabetes 1999, 48, 1230–1236. [CrossRef]

69. Jansson, L.; Eizirik, D.L.; Pipeleers, D.G.; Borg, L.A.; Hellerström, C.; Andersson, A. Impairment of glucose-induced insulin
secretion in human pancreatic islets transplanted to diabetic nude mice. J Clin Investig. 1995, 96, 721–7266. [CrossRef]

70. Lupi, R.; Mancarella, R.; Del Guerra, S.; Bugliani, M.; Del Prato, S.; Boggi, U.; Mosca, F.; Filipponi, F.; Marchetti, P. Effects of
Exendin-4 on Islets from Type 2 Diabetes Patients. Diabetes Obes. Metab. 2008, 10, 515–519. [CrossRef]

http://doi.org/10.2337/dci18-0033
http://doi.org/10.1210/10.1210/er.2006-0038
http://doi.org/10.1016/j.metabol.2020.154304
http://doi.org/10.2337/dc14-0893
http://www.ncbi.nlm.nih.gov/pubmed/25249651
http://doi.org/10.1111/dom.12891
http://www.ncbi.nlm.nih.gov/pubmed/28124822
http://doi.org/10.1210/jc.2015-4097
http://www.ncbi.nlm.nih.gov/pubmed/27144930
http://doi.org/10.1016/S0140-6736(17)30069-7
http://doi.org/10.1210/er.2018-00183
http://www.ncbi.nlm.nih.gov/pubmed/31241742
http://doi.org/10.1016/j.peptides.2017.12.010
http://www.ncbi.nlm.nih.gov/pubmed/29412812
http://doi.org/10.1016/S2213-8587(22)00005-5
http://doi.org/10.1016/j.soard.2018.03.003
http://doi.org/10.1016/j.jacc.2017.12.014
http://doi.org/10.1016/S0140-6736(20)32649-0
http://doi.org/10.1097/SLA.0b013e318269cf5c
http://www.ncbi.nlm.nih.gov/pubmed/23388352
http://doi.org/10.1152/ajpendo.00073.2012
http://www.ncbi.nlm.nih.gov/pubmed/22535748
http://doi.org/10.1210/jc.2011-0165
http://www.ncbi.nlm.nih.gov/pubmed/21593117
http://doi.org/10.1152/ajpendo.00405.2010
http://www.ncbi.nlm.nih.gov/pubmed/20716694
http://doi.org/10.2337/dc06-1549
http://doi.org/10.1007/s11695-014-1377-9
http://doi.org/10.1210/jcem-72-1-202
http://doi.org/10.2337/diabetes.48.6.1230
http://doi.org/10.1172/JCI118115
http://doi.org/10.1111/j.1463-1326.2007.00838.x


Int. J. Mol. Sci. 2022, 23, 7435 11 of 11

71. Cunha, D.A.; Ladrière, L.; Ortis, F.; Igoillo-Esteve, M.; Gurzov, E.N.; Lupi, R.; Marchetti, P.; Eizirik, D.L.; Cnop, M. Glucagon-like
peptide-1 agonists protect pancreatic beta-cells from lipotoxic endoplasmic reticulum stress through upregulation of BiP and
JunB. Diabetes 2009, 58, 2851–2862. [CrossRef] [PubMed]

72. Lytrivi, M.; Castell, A.L.; Poitout, V.; Cnop, M. Recent Insights Into Mechanisms of β-Cell Lipo- and Glucolipotoxicity in Type 2
Diabetes. J. Mol. Biol. 2020, 432, 1514–1534. [CrossRef] [PubMed]

73. Marchetti, P.; Del Guerra, S.; Marselli, L.; Lupi, R.; Masini, M.; Pollera, M.; Bugliani, M.; Boggi, U.; Vistoli, F.; Mosca, F.; et al.
Pancreatic Islets from Type 2 Diabetic Patients Have Functional Defects and Increased Apoptosis That Are Ameliorated by
Metformin. J. Clin. Endocrinol. Metab. 2004, 89, 5535–5541. [CrossRef] [PubMed]

74. Lupi, R.; Del Guerra, S.; D’Aleo, V.; Boggi, U.; Filipponi, F.; Marchetti, P. The direct effects of GLP-1 and GIP, alone or in
combination, on human pancreatic islets. Regul. Pept. 2010, 10, 129–132. [CrossRef] [PubMed]

75. Bugliani, M.; Mossuto, S.; Grano, F.; Suleiman, M.; Marselli, L.; Boggi, U.; De Simone, P.; Eizirik, D.L.; Cnop, M.; Marchetti, P.; et al.
Modulation of Autophagy Influences the Function and Survival of Human Pancreatic Beta Cells Under Endoplasmic Reticulum
Stress Conditions and in Type 2 Diabetes. Front. Endocrinol. 2019, 10, 52. [CrossRef]

76. Pearson, G.L.; Gingerich, M.A.; Walker, E.M.; Biden, T.J.; Soleimanpour, S.A. A Selective Look at Autophagy in Pancreatic β-Cells.
Diabetes 2021, 70, 1229–1241. [CrossRef]

77. Marselli, L.; Bugliani, M.; Suleiman, M.; Olimpico, F.; Masini, M.; Petrini, M.; Boggi, U.; Filipponi, F.; Syed, F.; Marchetti, P. β-Cell
inflammation in human type 2 diabetes and the role of autophagy. Diabetes Obes. Metab. 2013, 15 (Suppl. S3), 130–136. [CrossRef]

78. Ardestani, A.; Lupse, B.; Kido, Y.; Leibowitz, G.; Maedler, K. mTORC1 Signaling: A Double-Edged Sword in Diabetic β Cells. Cell
Metab. 2018, 27, 314–331. [CrossRef]

79. Zeng, J.; Shirihai, O.S.; Grinstaff, M.W. Degradable Nanoparticles Restore Lysosomal pH and Autophagic Flux in Lipotoxic
Pancreatic Beta Cells. Adv. Healthc. Mater. 2019, 8, e1801511. [CrossRef]

80. Lee, J.H.; Lee, J. Endoplasmic Reticulum (ER) Stress and Its Role in Pancreatic β-Cell Dysfunction and Senescence in Type 2
Diabetes. Int. J. Mol. Sci. 2022, 23, 4843. [CrossRef]

81. Fex, M.; Nicholas, L.M.; Vishnu, N.; Medina, A.; Sharoyko, V.V.; Nicholls, D.G.; Spégel, P.; Mulder, H. The pathogenetic role of
β-cell mitochondria in type 2 diabetes. J. Endocrinol. 2018, 236, R145–R159. [CrossRef] [PubMed]

82. Prentki, M.; Peyot, M.L.; Masiello, P.; Madiraju, S.R.M. Nutrient-Induced Metabolic Stress, Adaptation, Detoxification, and
Toxicity in the Pancreatic β-Cell. Diabetes 2020, 69, 279–290. [CrossRef] [PubMed]

http://doi.org/10.2337/db09-0685
http://www.ncbi.nlm.nih.gov/pubmed/19720788
http://doi.org/10.1016/j.jmb.2019.09.016
http://www.ncbi.nlm.nih.gov/pubmed/31628942
http://doi.org/10.1210/jc.2004-0150
http://www.ncbi.nlm.nih.gov/pubmed/15531508
http://doi.org/10.1016/j.regpep.2010.04.009
http://www.ncbi.nlm.nih.gov/pubmed/20472004
http://doi.org/10.3389/fendo.2019.00052
http://doi.org/10.2337/dbi20-0014
http://doi.org/10.1111/dom.12152
http://doi.org/10.1016/j.cmet.2017.11.004
http://doi.org/10.1002/adhm.201801511
http://doi.org/10.3390/ijms23094843
http://doi.org/10.1530/JOE-17-0367
http://www.ncbi.nlm.nih.gov/pubmed/29431147
http://doi.org/10.2337/dbi19-0014
http://www.ncbi.nlm.nih.gov/pubmed/32079704

	Introduction 
	Reversibility of Beta Cell Functional Damage: In Vivo Evidence in Non-Diabetic Subjects 
	Reversibility of Beta Cell Functional Damage: In Vivo Evidence in T2D Subjects 
	Reversibility of Beta Cell Functional Damage: Ex Vivo Evidence with Non-Diabetic Islets 
	Reversibility of Beta Cell Functional Damage: Ex-Vivo Evidence with T2D Islets 
	Conclusions 
	References

