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An inhibitor-mediated beta-cell dedifferentiation
model reveals distinct roles for FoxO1 in
glucagon repression and insulin maturation
Tamara Casteels 1, Yufeng Zhang 2, Thomas Frogne 3, Caterina Sturtzel 4, Charles-Hugues Lardeau 1,
Ilke Sen 5,6, Xiaocheng Liu 7, Shangyu Hong 2, Florian M. Pauler 1, Thomas Penz 1, Marlene Brandstetter 8,
Charlotte Barbieux 9, Ekaterine Berishvili 9, Thomas Heuser 8, Christoph Bock 1, Christian G. Riedel 5,6,
Dirk Meyer 10, Martin Distel 4, Jacob Hecksher-Sørensen 3,11, Jin Li 1,2,**, Stefan Kubicek 1,*
ABSTRACT

Objective: The loss of forkhead box protein O1 (FoxO1) signaling in response to metabolic stress contributes to the etiology of type II diabetes,
causing the dedifferentiation of pancreatic beta cells to a cell type reminiscent of endocrine progenitors. Lack of methods to easily model this
process in vitro, however, have hindered progress into the identification of key downstream targets and potential inhibitors. We therefore aimed to
establish such an in vitro cellular dedifferentiation model and apply it to identify novel agents involved in the maintenance of beta-cell identity.
Methods: The murine beta-cell line, Min6, was used for primary experiments and high-content screening. Screens encompassed a library of
small-molecule drugs representing the chemical and target space of all FDA-approved small molecules with an automated immunofluorescence
readout. Validation experiments were performed in a murine alpha-cell line as well as in primary murine and human diabetic islets. Develop-
mental effects were studied in zebrafish and C. elegans models, while diabetic db/db mouse models were used to elucidate global glucose
metabolism outcomes.
Results: We show that short-term pharmacological FoxO1 inhibition can model beta-cell dedifferentiation by downregulating beta-cell-specific
transcription factors, resulting in the aberrant expression of progenitor genes and the alpha-cell marker glucagon. From a high-content screen,
we identified loperamide as a small molecule that can prevent FoxO inhibitor-induced glucagon expression and further stimulate insulin protein
processing and secretion by altering calcium levels, intracellular pH, and FoxO1 localization.
Conclusions: Our study provides novel models, molecular targets, and drug candidates for studying and preventing beta-cell dedifferentiation.

� 2021 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

In type II diabetes, initial peripheral insulin resistance often progresses
to insulin deficiency caused by beta-cell dedifferentiation and apoptosis.
A key regulator of beta-cell dedifferentiation is the transcription factor
forkhead box protein O1 (FoxO1). Prolonged and severe hyperglycemia
results in the loss of FoxO1 expression and concomitant beta-cell failure
[1,2]. The dedifferentiation of beta cells via inhibition of FoxO family
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proteins is not yet fully understood, but it has been linkedwith decreased
metabolic flexibility [3]. Introduction of a metabolic stressor to beta cells
lacking FoxO1 triggers a loss of function and a subsequent increase in
the pancreatic endocrine progenitor marker neurogenin3 (Ngn3).
Additionally, a subset of the dedifferentiated beta cells begins
expressing the alpha-cell marker glucagon, supporting the multi-
lineage potential of these progenitors [4]. Notably, dedifferentiated
beta cells have been identified in human islets from diabetic donors [5].
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Identifying mechanisms to inhibit or reverse beta-cell dedifferentiation
represent key goals in current type II diabetes research. Robust models
to study this process in vitro have yet to be established [6]. Existing
efforts to identify compounds that improve beta-cell health have
focused on differentiation models with knockouts of type II diabetes
GWAS susceptibility genes DKAL1, KCNQ1, or KCNJ11 [7], or on FGF2-
mediated beta-cell dedifferentiation [8]. Here, our aim was to establish
an in vitro model for FoxO1-dependent beta-cell dedifferentiation that
was highly reproducible, did not rely on precious materials, and was
amenable for high-content screening.
We hypothesized that pharmacological FoxO1 inhibition in beta-cell
lines could provide an in vitro model system for the beta-cell dedif-
ferentiation process observed in mice following genetic knockout of the
transcription factor FoxO1 [4]. Here, we show that pharmacological
inhibition of FoxO1 in beta-cell lines mimics many aspects of in vivo
dedifferentiation. Subsequently, using a high-content screening assay,
we identify the small-molecule loperamide to reverse aspects of this
FoxO1 inhibition in beta cells. We show that it modulates calcium
signaling, intracellular pH, secretory granule maturation, and FoxO1
expression in pancreatic islet cells and causes corresponding physi-
ological effects in vivo.

2. RESULTS

2.1. A cellular model for beta-cell dedifferentiation
To establish a screenable model system for inhibitors of beta-cell
dedifferentiation, we treated the murine beta-cell line Min6 with the
selective small-molecule FoxO1 inhibitor AS1842856 (FoxOi) [9] for
48 h (Figure 1A). We observed an approximately threefold reduction in
insulin mRNA, accompanied by an upregulation of the pancreatic
progenitor marker Ngn3 and a strong induction of the alpha-cell
marker glucagon (Figure 1B and SFig. 1A), with comparable
changes at the protein level (Figure 1C, SFig. 1B and C). On a popu-
lation level, most cells showed reduced insulin levels and in approxi-
mately a quarter of cells glucagon was strongly increased (Figure 1D,
SFig. 1D). In these cells, glucagon staining was granular and partially
overlapped with the remaining insulin staining (Figure 1E). Washout of
the inhibitor for 48 h successfully reestablished insulin protein levels;
however, the glucagon-positive subpopulation remained stable and
converted to a double-positive phenotype (SFig. 1E). It is possible that
later time points post-washout might reveal a complete reversibility of
the phenotype. Overexpression of a constitutively active form of FoxO1
significantly decreased the fraction of FoxOi-induced glucagon-positive
cells (SFig. 1FeH). Importantly, FoxOi caused gene expression
changes comparable to the existing triple FoxO knockout mouse model
[10], both in terms of FoxO1 target genes (Figure 1F) and genome-wide
(SFig. 1I). Beta-cell-specific genes were downregulated, whereas
progenitor (i.e., Sox9, Myc, Hes1) and alpha-cell markers (i.e., Gcg,
Mafb) were enriched (Figure 1F,G). This correlates with depleted Pdx1,
Nkx6-1, MafA, and Mafb mRNA levels observed in diabetic human
islets [11] and inactivation of these transcription factors after simu-
lation of a diabetic milieu [11]. These results support the hypothesis
that chemical inhibition of FoxO1 in this beta-cell line is able to phe-
nocopy the genetic depletion of FoxO in mice and generally mimic
beta-cell dedifferentiation.

2.2. A high-content screen identifies inhibitors of beta-cell
dedifferentiation
We next wanted to test the suitability of our cellular system for the
identification of small-molecule dedifferentiation inhibitors. To do so,
we used an immunofluorescence assay for glucagon and insulin on
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an automated microscope. The cells were treated with FoxOi for 48 h
in combination with a library of 283 representative, clinically
approved drugs covering the diversity of clinically used compounds
with regards to chemical structure and molecular targets [12]. We
found that a subset of these compounds caused an increase in insulin
staining and a reduction in glucagon intensity compared to FoxOi
treatment alone (Figure 2A and SFig. 2A). Among them, loperamide
treatment was the most effective at antagonizing the actions of FoxOi
without affecting cell numbers (Figure 2A,B, SFig. 2A and B). When
we analyzed gene expression changes caused by loperamide, we
observed that the compound decreased glucagon mRNA levels
regardless of FoxOi treatment (Figure 2C and SFig. 2C). Globally,
loperamide countered FoxOi-mediated transcriptional effects on
transcription factors important for beta-cell development (Figure 2D),
genes linked to beta-cell metabolic inflexibility and dysfunction [3,10]
(SFig. 2D), and insulin secretion (Figure 2D and SFig. 2E). Interest-
ingly, loperamide treatment had no effect on insulin mRNA levels
(Figure 2E and SFig. 3A), yet resulted in a strong upregulation of
intracellular insulin protein levels (Figure 2F and SFig. 3B-E).
Enhanced insulin biosynthesis (i.e., translation, processing) or hin-
dered secretion could account for such changes. Glucose-stimulated
insulin secretion assays, however, revealed an increase in secreted
insulin following loperamide treatment in both low- and high-glucose
conditions (Figure 2G and SFig. 3F), which was able to fully counter
the decrease induced by FoxOi. The most striking difference was
noted when we compared the ratio of mature insulin to precursor
proinsulin protein levels (SFig. 3C and D). Forty-eight-hour loperamide
treatment induced a sixfold increase compared to controls, sug-
gesting a strong stimulation of proinsulin processing (Figure 2H).
Combined, these initial results propose a role for loperamide in the
reinforcement of beta-cell character and function.

2.3. Loperamide increases FoxO1 expression and nuclear
localization promoting changes in calcium signaling
Loperamide is a mu-opioid receptor agonist [13] which has been used
for the treatment of diarrhea since the 1970s (FDA application No.
017694). In contrast to other opioid receptor agonists, loperamide does
not have effects on the central nervous system. To test if activation of
mu-opioid receptors could inhibit beta-cell dedifferentiation and phe-
nocopy loperamide’s actions, we used a novel mu-opioid receptor
agonist, herkinorin, in combination with FoxOi [14,15]. Like loper-
amide, herkinorin prevented the decrease of insulin levels following
FoxO inhibition. However, herkinorin did not inhibit the upregulation of
glucagon in Min6 cells (SFig. 4A). To further investigate on-vs. off-
target effects of loperamide, the opioid receptor antagonist naltrexone
was used in combination with loperamide. While naltrexone did not
prevent the loperamide-mediated decrease in glucagon or increase in
insulin levels, the beta-cell master regulatory transcription factor Pdx1
was repressed (SFig. 4B and C). In summary, loperamide’s effects on
dedifferentiation cannot fully be explained by the activation of mu-
opioid receptors, supported by their noticeably low expression level
in Min6 cells (SFig. 4D).
Based on FoxOi’s published role as a selective FoxO1 inhibitor [9], we
tested whether loperamide treatment had any effect on the expres-
sion levels or activity of FoxO1. Remarkably, we observed an increase
in FoxO1 mRNA and protein levels (Figure 3A,B, SFig 5A and B).
Moreover, loperamide was able to completely rescue FoxOi’s sup-
pression of FoxO1 transcription (SFig. 5A). Further experiments by
subcellular fractionation of Min6 cells treated with loperamide un-
covered that the increase in FoxO1 protein is mostly restricted to the
nucleus (Figure 3B,C), indicating that loperamide induces an increase
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Figure 1: Cellular model for FoxO-mediated beta-cell dedifferentiation. A. Schematic overview of our cellular model for FoxO-mediated beta-cell dedifferentiation, with
potential to screen for inhibitors. B. Transcription of Ins2, Gcg, and Ngn3 in Min6 cells after two-day FoxO inhibitor (FoxOi, 1 mM unless otherwise stated) treatment, as measured
by qPCR. C. Western blot of glucagon and insulin protein expression in Min6 cells following two-day FoxO inhibitor treatment. D. Measurement of insulin and glucagon intensity in
Min6 cells treated with FoxO inhibitor at the single cell level, as quantified by immunofluorescence. E. Representative images of Min6 cells stained for insulin and glucagon after
two-day treatment. Scale bars ¼ 10 mm. F. RNAseq transcriptional expression changes in pancreatic endocrine factors after two-day FoxOi treatment versus control DMSO
treatment in Min6 cells. All RNAseq results are representative of three biological replicates (n ¼ 3). G. Gene set enrichment analysis (GSEA) showing downregulation of mouse (left)
[58,59] and human (right) [61] beta-cell-specific genes with FoxO inhibitor treatment.
in active nuclear FoxO1 protein. This increase occurs within hours
and is maintained when loperamide is co-treated with FoxOi
(Figure 3B, SFig 5C and D). Immunofluorescence experiments high-
light a positive cellular correlation between nuclear FoxO1 and insulin
expression levels upon loperamide treatment, with higher levels of
MOLECULAR METABOLISM 54 (2021) 101329 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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both evident in approximately one-third of cells compared to control
(Figure 3B).
To determine whether the increase in nuclear FoxO1 also corre-
sponded with an increase in genomic binding and activity, we
compared our loperamide RNAseq dataset to published global FoxO1
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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Figure 2: High-content screen identifies loperamide to counter aspects of FoxOi-mediated beta-cell dedifferentiation. A. Overview of the small-molecule screening
results. All the results were normalized to the DMSO control. Each dot represents the mean value of three replicates. Results whose standard deviations were more than 20% of the
mean values were removed. Compounds that decreased mean cell numbers by more than 20% were considered cytotoxic and were also removed. Hit cluster ¼ all compounds
that yielded a greater than 1.5-fold increase in insulin intensity. B. Representative images of Min6 cells treated with/without FoxO inhibitor in combination with loperamide (5 mM
unless otherwise stated). Scale bar ¼ 10 mm. C. Loperamide suppresses FoxOi-induced glucagon transcription in Min6 cells, as measured by RNAseq with fragments per kilobase
of transcript per million mapped reads (FPKM). D. Rescue of the expression of genes involved in insulin secretion with loperamide in Min6 cells treated with FoxOi for 48h, as
measured by RNAseq. E. Loperamide does not affect insulin mRNA levels, as measured by RNAseq. F. Intracellular insulin and proinsulin protein concentrations in Min6 cells
following 48h FoxOi/loperamide treatment, as measured by ELISA. G. Insulin secretion from Min6 cells in low (0.3 g/L) and high (3 g/L) glucose medium pretreated with FoxOi and
loperamide for 48h. H. Insulin to proinsulin total protein ratio following 48h FoxOi/loperamide treatment, relative to DMSO control, measured by ELISA.

Original Article
ChIPseq results from murine islets [16]. A core positive enrichment
was observed between genes bound by FoxO1 and upregulated with
loperamide (SFig. 5E). Within those genes, a 26-fold enrichment in
high-voltage-gated calcium channels (VGCC) was identified (GO:
0061577) (Figure 3D, SFig 5F and G). Notably on the list were CaV1.2
(Cacna1c) and CaV1.3 (Cacna1d), the two major L-type calcium
4 MOLECULAR METABOLISM 54 (2021) 101329 � 2021 The Authors. Published by Elsevier GmbH. T
channel isoforms necessary for insulin secretion [17,18]. Interestingly,
FoxOi treatment appears to globally downregulate genes related to
calcium channel activity (SFig. 5H). Their loss is an early marker of
beta-cell dysfunction, but loperamide appears capable of rescuing
their levels independently of FoxOi (Figure 3D). In effect, previous
studies on loperamide have suggested it increases free intracellular
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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calcium levels [62,63]. Coupled with this knowledge, we utilized the
Fura-2 and Fluo-4 calcium stains to confirm a strong increase in
intracellular calcium levels with loperamide (Figure 3E,F).
Increased intracellular calcium is able to trigger FoxO1 nuclear
translocation in a CamKII-dependent pathway in hepatocytes [19]. We
observe an accumulation of active, phosphorylated CamKII in Min6
cells within hours of loperamide exposure, sustained during prolonged
treatment (Figure 3G, SFig. 5I). Treatment with KN-93, a CamKII in-
hibitor, significantly halted loperamide’s increase in insulin protein and
FoxO1 nuclear localization (Figure 3H, SFig. 6A-D), supporting a role
for the kinase downstream of loperamide and reinforcing a key role for
calcium in beta-cell maintenance.

2.4. Loperamide counters FoxOi-mediated changes in pH
It is widely accepted that the regulation of intracellular pH and Ca2þ

concentration play vital roles in pancreatic hormone processing and
secretion [20,21]. Calcium and pH levels facilitate and dictate every
stage of insulin’s biosynthesis process. Starting from proper proinsulin
folding in the neutral rER, to proinsulin processing in the acidic and
Ca2þ-rich secretory granules. More specifically, the primary insulin
processing enzymes, PCSK1/3 and PCSK2, require a minimum of
1 mM Ca2þ and an acidic pH of 5.0e5.5 to properly exert their function
[22]. Furthermore, the final secreted hormone has an important
autocrine function in regulating future transcription and secretion
[23,24]. Perturbations to this delicate feedback loop via aberrant
intracellular pH and Ca2þ changes could explain FoxOi’s role in
effecting beta-cell dysfunction and loperamide’s counteraction.
Consequently, we observed an increase in the majority of vacuolar
ATPase subunits upon FoxO inhibition (SFig. 7A). This was accom-
panied by a global and glucagon granule-specific increase in intra-
cellular acidification (SFig. 7B-D). Treatment with loperamide reduced
this FoxOi-induced intracellular acidification (SFig. 7B and C). Inter-
estingly, another hit compound from our screen (SFig. 2A), chloro-
quine, is known to increase lysosomal pH [25]. We show that
chloroquine treatment phenocopies many aspects of loperamide’s
effects in the FoxOi-mediated beta-cell dedifferentiation model
(SFig. 8), reaffirming the role pH plays in hormone processing.

2.5. Loperamide alters the ER proteome, rescuing FoxOi-induced
arrest of insulin granule maturation and promotes autophagy
Analysis of our gene expression datasets for other deregulated pathways
found a large subset of ER proteins involved in protein processing and
transport to be downregulated following treatment of Min6 cells with
loperamide (Figure 4A,B). Notably, the most significantly decreased
genes all corresponded to protein disulfide isomerases (i.e., P4hb, Pdia3,
Pdia4, and Pdia6) (Figure 4A, SFig. 9A). While necessary for the proper
folding of proinsulin, knockdown of P4hb induces faster export, matu-
ration, and secretion of newly synthesized proinsulin with an increased
insulin to proinsulin ratio [26], highly reminiscent of loperamide’s
phenotype (Figure 2FeH), and a possible explanation for the increased
proinsulin turnover. Interestingly, loperamide also upregulated both ER
calcium ATPases: Serca2 and Serca3 (Figure 4A, SFig. 9B-D), with in-
creases in Serca2 protein and mRNA observed as early as 3 h post-
loperamide treatment (Figure 4C and SFig. 9B). Serca2’s locus is
bound by FoxO1 in multiple tissues [16,27,28], suggesting its upregu-
lation is downstream of FoxO1’s translocation. To understand SERCA’s
role in loperamide’s phenotype, we treated our beta-cell line with the
SERCA inhibitor, thapsigargin. Thapsigargin induced a significant
MOLECULAR METABOLISM 54 (2021) 101329 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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decrease in proinsulin and SERCA protein levels already within 2 h
(SFig. 9E and F). Twenty-four-hour thapsigargin treatment further
decreased both proinsulin and mature insulin protein levels (Figure 4D,
SFig. 9G and H). Interestingly, while co-treatment of loperamide with
thapsigargin incited a decrease in the total levels of proinsulin and in-
sulin, the ratio of insulin to proinsulin remained significantly increased
(Figure 4E, SFig. 9I). This suggests that while proinsulin generation and
export require ER calcium stores, loperamide’s role in granulematuration
does not. Disruption of the trans-Golgi network (TGN), the site of
secretory granule packaging and proinsulin processing initiation,
perfectly mirrored this result (SFig. 10A-C). Contrastingly, the prolonged
loss of prohormone convertase activity depleted all insulin stores and
countered loperamide’s glucagon decrease (SFig. 10D).
The importance of a processable proinsulin pool for loperamide’s
action was further strengthened upon co-inhibiting translation and
prohormone convertase activity. While translation inhibition predictably
diminished proinsulin levels, downregulation of mature insulin protein
was only observed following prohormone convertase co-inhibition
(Figure 4F). This reinforces the notion that while active translation is
necessary to maintain the proinsulin pool, loperamide sustains mature
insulin levels via a different mechanism, i.e., enhanced processing
within secretory granules, which relies heavily on prohormone
convertases.
In line with increased export and proinsulin processing, the analysis of
FoxOi and loperamide-treated Min6 cells revealed a discrepancy in the
localization of insulin and proinsulin. Upon FoxOi treatment, insulin and
proinsulin stains are highly colocalized and restricted to regions in the
nuclear periphery, whereas loperamide induces an increase in gran-
ules near the membrane (Figure 3B, SFig. 10E).
Ultrastructural studies reinforce previous findings, revealing an overall
decrease in insulin secretory granules with FoxOi, a phenotype pre-
vented upon loperamide addition (Figure 4G and SFig. 11). Interest-
ingly, an abundance of smaller (80e120 nm) granules with an
electron-lucent core is evident, specifically in DMSO and FoxOi-treated
Min6 cells (Figure 4GeI and SFig. 11; green arrows). These most likely
represent very early stage or stalled secretory granules [29]. Strikingly,
loperamide treatment, regardless of FoxOi, minimized the number of
these small nascent granules in favor of an observable increase in
larger (200e300 nm) mature insulin granules with a concomitant
increase in (autophago-)lysosomes (Figure 4GeI and SFig. 10F and
11; blue and red arrows). This is corroborated by loperamide’s tran-
scriptional enrichment of genes involved in autophagosome maturation
(SFig. 10G and H). To further validate these observations, we tested
whether loperamide promotes autophagy by blotting for the auto-
phagosome marker LC3B. On its own, loperamide induces a mild in-
crease in LC3B-II and decrease in LC3BeI levels (Figure 4J). Co-
treatment with bafilomycin A1 (BafA1), a potent inhibitor of autopha-
golysosomal fusion, revealed no synergistic increase in LC3B-II levels,
indicative of loperamide stimulating autophagic flux (Figure 4K). Active
autophagy is essential for the maintenance of functional healthy beta
cells and optimal insulin content [30e32]. Hence, it appears loper-
amide stimulates both the maturation of insulin granules, while equally
regulating their concentration by promoting healthy lysosomal
recycling.
Many of these pathways are conserved in the different endocrine cell
types, and we therefore tested drug effects in the alpha-cell line aTC1
(SFig. 12). We observed that also in alpha-cells loperamide represses
glucagon and increases FoxO1 and Serca2 levels.
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Figure 3: Loperamide increases FoxO1 expression and nuclear localization promoting changes in calcium signaling. A. Western blot showing an increase of FoxO1
protein with loperamide treatment in Min6 cells. B. Top: Representative immunofluorescence images of Min6 cells treated with loperamide and FoxOi for 48h. Scale bar ¼ 10 mm.
Bottom: Quantification of insulin and nuclear FoxO1 intensities at the single cell level. C. Western blot of FoxO1 protein expression in the cytoplasm vs. nucleus of Min6 cells
following different doses of loperamide treatment. D. mRNA levels of L-type voltage-gated calcium channels Cacna1c and Cacna1d in Min6 cells upon 48h loperamide and FoxOi
treatment, as measured by RNAseq. E. Fura-2 staining in Min6 cells pretreated with loperamide for 18h. F. Quantification of Fluo-4 staining at the single cell level in Min6 cells
treated with loperamide for 2h. G. Western blot highlighting an increase in p-CamKII relative to total CamKII protein levels in Min6 cells when treated with loperamide for the stated
hours. H. Total mature insulin protein levels in Min6 cells treated with loperamide and 1 mM KN-93 for 24h.

Original Article
2.6. Loperamide counters FoxO inhibition in multiple model
systems
FoxO proteins are known to promote dauer formation in C. elegans [33]
(Figure 5A). Therefore, we used it as a model organism to test the
effects of FoxOi and loperamide. Interestingly, the chemical inhibition
of FoxO decreased the dauer formation rate (Figure 5B, left), as ex-
pected from loss of FoxO, while loperamide increased it (Figure 5B,
right). These results support the conclusion that loperamide’s effects
on FoxO proteins are conserved in different organisms.
We next tested the compounds in a zebrafish model. Interestingly,
loperamide was able to rescue a FoxOi-induced developmental defect
in the zebrafish (Figure 5C), underscoring its ability to counteract
FoxOi’s global effects. To observe the effects of loperamide during islet
development, we utilized zebrafish larvae carrying double reporters:
Gcg-GFP and Ins-mCherry. High concentrations of loperamide resulted
in increased alpha and beta-cell numbers (Figure 5D, SFig. 13A and B).
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Next, we treated intact human islets from healthy donors with loper-
amide for 48h to test the compound’s effects on mature, ex vivo, human
alpha and beta cells. Compared to the control population, loperamide
treatment decreased the number of alpha cells and increased beta-cell
and double-positive cell numbers (Figure 5E). Loperamide treatment
also dramatically decreased glucagon transcription, however, without a
significant effect on insulin transcription (Figure 5F), consistent with
previous findings. Contrastingly, the analysis on human islets from
diabetic donors treated with loperamide revealed an increase in insulin
mRNA and protein levels (Figure 5G, SFig. 13C). This was accompanied
by a decrease in glucagon and increase in PDX1, SERCA2, SERCA3,
CACNA1C, CACNA1D, and FOXO1 expressions (SFig. 13D). At the
transcriptome-wide level, loperamide treatment led to a general sup-
pressive effect on alpha-cell-specific genes (SFig. 13E). Loperamide
also appeared to rescue the glucose responsiveness of these diabetic
islets, sparking a significant increase in insulin secretion upon high-
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 4: Loperamide alters ER proteome, rescuing FoxOi-induced arrest in insulin granule maturation and promotes autophagy. A. Volcano plot of gene expression
changes upon 48h loperamide treatment, as measured by RNAseq. B. Overview of top enrichment terms for genes both significantly altered by loperamide relative to control and
significantly rescued when co-treated with FoxOi relative to FoxOi. Volcano plot highlights the top KEGG term (protein processing in ER) in blue and GO:0046967 in red. C. Western blot
showing increase in SERCA2 protein upon loperamide treatment in Min6 cells. D. Total intracellular insulin and proinsulin protein levels in Min6 cells treated with loperamide and
100 nM thapsigargin for 24h, as quantified by ELISA. E. Ratio of mature insulin to proinsulin protein. F. Western blot of proinsulin and insulin protein levels following 48h treatment of
Min6 cells with loperamide þ/� 200 mg/mL cycloheximide (CHX) or 10 mM prohormone convertase inhibitor (PCi) for the final 24h. G. Representative electron microscopy images of
Min6 cells treated with FoxOi or loperamide. L ¼ Loperamide; F þ L ¼ FoxOi þ Loperamide. Green arrows pointing to immature secretory granules. Red arrows highlighting
(autophago-)lysosomes. Blue arrows indicate mature insulin secretory granules. Scale bar ¼ 1 mm. H. Quantification of insulin granule density in electron microscopy images. Total
number of granules per mm2 (right) and number of mature (>160 mm in diameter) granules per mm2. N ¼ 5 cells per treatment condition. I. Histogram of insulin granule size
distribution upon FoxOi/loperamide treatment. DMSO ¼ black; FoxOi ¼ red; FoxOi þ Loperamide ¼ red/gray stripes. N ¼ 5 cells per treatment condition. J. Levels of LC3B in Min6
cells treated with FoxOi and loperamide for 48h. K. Levels of LC3B in Min6 cells treated with loperamide for 48h þ/� 200 nM bafilomycin A1 for the final 2h.
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Figure 5: Loperamide counters FoxO inhibition in different model systems. A. Overview of C. elegans development in favorable or unfavorable environmental conditions. B.
Effects of FoxOi and loperamide treatment on the FOXO-dependent developmental process of Dauer formation in C. elegans. Eggs of CB1370 animals were hedged and grown at
23 �C (left panel) or 22 �C (right panel) in the presence of FoxOi or loperamide at the indicated concentrations. In the absence of compounds (0 mM), the fraction of animals forming
Dauer was 20.2% (left panel) and 3.2% (right panel). Compound-induced fold changes of this fraction are shown. N ¼ 3; 100 animals per condition and replicate. C. Representative
images of developmental defects in zebrafish larvae following 48h FoxOi treatment and rescue with loperamide. D. Quantification of insulin or glucagon-positive cells following
loperamide treatment in zebrafish larvae. Ncontrol ¼ 12; Nloperamide ¼ 21. E. Representative images of pancreatic human islets stained for insulin and glucagon. Scale
bars ¼ 10 mm. On the right: Summary of the population distribution change in the human islets. F. Measurement of INS and GCG transcription in human islets treated with
loperamide by RT-qPCR. All the data points are normalized to DMSO control, n ¼ 4. G. Transcription of GCG, INS, and PDX1 in pancreatic islets from human diabetic donors treated
for 48h with loperamide, as measured by RT-qPCR, n ¼ 2. H. Glucose-stimulated insulin secretion assay on diabetic human islets pretreated with loperamide for 48 h, n ¼ 2.
Basal ¼ 0.3 g/L glucose; stimulated ¼ 3 g/L glucose. I. Relative insulin and Pdx1 mRNA levels in islets from db/db mice pretreated with loperamide for 48h.

Original Article

8 MOLECULAR METABOLISM 54 (2021) 101329 � 2021 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 6: Loperamide has positive systemic and islet-specific in vivo effects in diabetic mice. A. Serum glucose concentrations after overnight fast (0 min) and 20 min after
IP injection with 1 g/kg glucose (20 min). N ¼ 5 mice/treatment. B. Body weight measured after 4-week treatment. C. Serum insulin concentration measured by ELISA. D. Serum
glucagon concentration measured by ELISA. E. Representative immunofluorescence panel of pancreas sections stained with insulin and glucagon antibodies. White arrows point to
insulin/glucagon double-positive cells. Scale bar ¼ 100 mm. F-J. Quantifications of immunofluorescence images. N ¼ 45 islets/treatment from five different mice/treatment. F.
Percent of total islet pixel number representing colocalized red/green channel pixels. G-H. Thresholded Manders’ correlation coefficients for the insulin (red) channel or glucagon
(green) channel per islet. I-J. Percent of total islet volume occupied by the insulin (red) channel or glucagon (green) channel pixels. K. Representative immunofluorescence panel of
db/db mouse pancreas sections 4-week post-loperamide treatment, stained for insulin and Aldh1a3. Scale bar ¼ 20 mm. L. Quantification of immunofluorescence images.
Cytoplasmic Aldh1a3 intensity was only calculated within insulin-positive cells. POC ¼ percent of control. N ¼ 38 islets/treatment from five different mice/treatment.
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glucose treatment (Figure 5H). We further validated these results in a
diabetic murine model, with similar increases in insulin mRNA, protein,
and secretion observed upon loperamide treatment (Figure 5I, SFig. 13F
and G). Overall, these results strengthen the notion that loperamide has
a positive influence on beta-cell identity and function also in relevant
models of diabetic islets.

2.7. Loperamide decreases fasting blood glucose and double-
positive islet cells in diabetic mice
At present, no studies have focused on the long-term effects of
loperamide treatment on glucose metabolism in a diabetic setting.
Thus, we studied its systemic effects by treating 8-week-old db/db
mice on a chow diet with loperamide or vehicle (a mix of DMSO,
PEG300, Tween-80, and PBS at a 1:4:0.5:4.5 ratio) for 4 weeks.
Loperamide treatment triggered a striking decrease in fasting blood
glucose levels with no change in overall body weight (Figure 6A,B). The
vehicle-treated mice had a high average fasting blood glucose con-
centration of 304.5 mg/dL characteristic of a diabetic mouse model.
The loperamide-treated group, on the other hand, had an average
fasting concentration of 156.4 mg/dL, almost half that of the control-
treated mice, and well below the 250 mg/dL threshold generally used
to stratify diabetic mice [34]. Furthermore, following a 20-minute IP
glucose tolerance test (IPGTT), blood glucose concentrations remained
lower in the loperamide-treated mice (Figure 6A). Interestingly, serum
insulin concentrations post-IPGTT were also significantly decreased
with loperamide (Figure 6C). Based on the observed decrease in blood
glucose levels, one would expect a concomitant increase in circulating
insulin. These results, therefore, suggest that loperamide treatment
likely accelerates glucose clearance, indicative of improved insulin
sensitivity. Conversely, glucagon serum levels remain unchanged
relative to control (Figure 6D). These changes were specific to diabetic
mice, as no significant effects were observed in wild-type-treated
animals (SFig. 14A-C).
Next, we wanted to identify whether long-term loperamide treatment
had any islet-specific effects. Islet immunofluorescence analysis in the
control mice revealed a large number of insulin/glucagon double-
positive cells (Figure 6E,F), accounting for 10% of total islet volume,
characteristic of diabetic islets [35,36]. Strikingly, this number was
significantly reduced in the loperamide-treated animals (Figure 6F).
Thresholded Manders’ correlation coefficient (MCC) colocalization
quantifications reiterated these results, with decreased colocalization
observed in both the insulin and glucagon channels (Figure 6G,H). This
effect was especially pronounced in the insulin channel, underscoring
that loperamide treatment dramatically increased the percent of mono-
hormonal insulin-positive cells (Figure 6G). Comparisons of total islet
volume occupied by insulin or glucagon signal reinforced these find-
ings, highlighting a decrease in glucagon area from 18% to just over
10% of the total with loperamide, with no change to insulin
(Figure 6I,J). Hence, it would appear loperamide specifically represses
the emergence of glucagon expression in insulin-positive cells. The
high Aldh1a3 expression observed in the control mice is a further
characteristic of dedifferentiated beta cells [10], also strikingly reduced
by loperamide treatment (Figure 6K,L). Mechanistically, we also
detected a noticeable increase in FoxO1 protein levels upon loperamide
treatment (SFig. 14D and E), in line with observations in Min6 cells
(Figure 3A,B) and in diabetic human islets (SFig. 13D). FoxO1 defi-
ciency is another known driver and marker of beta-cell dedifferentia-
tion [4]. Thus, loperamide’s ability to enhance FoxO1 expression and
minimize Aldh1a3 levels and double-positive cell numbers suggest
loperamide’s reinforcement of beta-cell character is conserved in vivo,
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and for the first time show that long-term loperamide treatment has
globally positive effects on glucose metabolism.

3. DISCUSSION

Beta-cell failure as a result of sustained insulin resistance is the key
driver in the pathogenesis of type II diabetes. Beta-cell death,
dysfunction, and dedifferentiation have been proposed as the main
sources of this failure [6]. Interfering with this process might prevent,
or at least delay, the progression of diabetes and therefore un-
derscores an important therapeutic target.
Physical evidence supporting the presence of beta-cell dedifferentia-
tion includes increased numbers of hormone-negative cells [5,37],
double-positive cells [35,36], and degranulated beta cells [38] in islets
from type II diabetic patients. The molecular basis for this loss of beta-
cell identity remains to be fully elucidated. Several proposed mecha-
nisms exist in addition to the loss of FoxO1 signaling, such as
decreased PRC2-mediated progenitor gene silencing [39], oxidative-
stress-mediated upregulation of microRNAs targeting beta-cell tran-
scription factors [40e43], and hypoxia-induced adaptive UPR inacti-
vation [21].
We developed an in vitro cell system that allowed us to specifically
study and understand the molecular mechanisms underlying FoxO1-
mediated beta-cell dysfunction. In our cellular system, beta-cell
dedifferentiation can be robustly induced by a two-day treatment
with a small-molecule FoxO inhibitor. This phenotype is not restricted
to the cell line model, as we have recently shown that the compound
also induces beta-cell dedifferentiation in primary human and murine
pancreatic islets [44]. With this cellular beta-cell dedifferentiation
model, we uncovered that increased intracellular acidification is a
critical step in beta-cell dedifferentiation. By performing a high-content
chemical screen, we identified the approved drug loperamide to
counteract the observed dedifferentiation by neutralizing intracellular
pH, mobilizing intracellular calcium ions, enhancing insulin processing,
and elevating FoxO1 expression and activity (Figure 7).
More specifically, loperamide triggers a calcium and CamKII-
dependent nuclear shift of FoxO1 with a concomitant increase in the
expression of over 1000 of its target genes. An important fraction of
these genes is involved in calcium ion mobilization into the cytoplasm
and the ER. The most notable of these: SERCA2, CACNA1C, and
CACNA1D are reduced in the islets of diabetic mice and humans [17],
highlighting their importance in beta-cell maintenance. Loperamide’s
increase in SERCA2, coupled with its decrease in protein disulfide
isomerases, most likely provides the heightened pool of exported
proinsulin near the membrane. In effect, glucose uptake triggers an
increase in insulin processing, mature granule numbers, and secretion
by invoking an initial increase in ER calcium levels [45], highlighting a
parallel between glucose and loperamide. Secretion relies on height-
ened local concentrations of calcium, ten times higher than the
cytoplasmic average. These are observed near clusters of CaV1.2,
CaV1.3, and actively secreted insulin granules [18,20]. This clustering
is disrupted in type II diabetic islets, indicative of their stunted
secretion. Loperamide successfully counters this by increasing
secretion and the expressions of CaV1.2 and CaV1.3 in diabetic islets.
Loperamide equally neutralizes intracellular pH which is known to
further affect calcium signaling and secretion [46]. The acidification of
secretory vesicles is an important event required for the post-
translational processing of proinsulin to the mature hormone [47]. In
effect, loss of the a3 isoform of V-ATPase, which is highly expressed in
alpha and beta cells, results in reduced insulin and glucagon secretion
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Figure 7: Overview of loperamide’s effects in beta cells.
[48]. Typically, the effects of increasing granule pH on impaired pro-
hormone convertase activity are studied. Since prohormone con-
vertases have a relatively tight pH optimum in the range of pH 5e5.5,
the lowered pH we observe following FoxO inhibition might also be
responsible for impaired hormone processing and secretion. Finally,
since glucose controls V-ATPase activity, which in turn is required for
PKA signaling [49], it is clear that intracellular pH, calcium, and glucose
signaling are all tightly interwoven and that all three are affected by
FoxOi and loperamide.
Limited literature exists regarding loperamide’s in vivo effects on
glucose metabolism. Encouragingly, a few studies observed that IV-
injected loperamide dramatically decreased serum glucose con-
centrations in streptozotocin (STZ)-induced diabetic rats within three
days [50e52]. Interestingly, this decrease was only observed in
STZ-induced and obese Zucker rats [53] but not in non-diabetic
Wistar rats, suggesting it may functionally ameliorate organs
affected in diabetes such as islets, liver, or muscle. Consistently,
patent US20050234100 specifically attributes loperamide’s effects
to the improvement of insulin sensitivity in fructose-induced insulin-
resistant rats. Unfortunately, all of these represented short-term
treatments, from minutes to three days. Consequently, ours is the
first study to focus on the long-term effects of loperamide on
glucose metabolism. Excitingly, we could show that the decrease in
blood glucose concentrations is maintained after 4-week treatment,
as well as the potential increase in insulin sensitivity. In effect, our
observations that (1) long-term in vivo loperamide treatment de-
creases double-positive islet cell numbers and Aldh1a3 levels in
diabetic mice and (2) ex vivo loperamide treatment increases insulin
secretion and expression in diabetic islets are the first to support the
hypothesis that loperamide exerts its effects on glucose metabolism
directly via the islets. However, the decrease in serum insulin levels
post-loperamide coupled to the unchanged serum glucagon con-
centrations suggest the effect is more complex and likely relies on
multiple tissues.
In summary, we established a novel screenable cellular assay to
model beta-cell dedifferentiation, amenable to transcriptional
MOLECULAR METABOLISM 54 (2021) 101329 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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studies, and high-throughput screening. With this model, we iden-
tified the small-molecule loperamide, which successfully increases
mature insulin protein levels and secretion in various models of
beta-cell failure. These results should help accelerate our under-
standing of the mechanisms underlying beta-cell dedifferentiation
and aid in the development of future therapies for beta-cell failure in
diabetes.

4. MATERIALS AND METHODS

4.1. Reagents
Antibodies used in this project are directed against insulin (Agilent
Dako IR00261-2 and Abcam ab7842 (Figure 4F), glucagon (Abcam
ab92517), histone H2B (Cell Signaling Technology 2934), beta-actin
(Abcam ab8227), alpha-tubulin (Abcam ab7291), FoxO1 (Cell
Signaling Technology 2880P), Aldh1a3 (Novus Biologicals NBP2e
15339), p-CamKII (Cell Signaling Technology 12716T), CamKII (Santa
Cruz Biotechnology sc-13141), and LC3B (Novus Biologicals NB100-
2220). The FoxO inhibitor AS1842856 and proprotein convertase in-
hibitor (US1537076) were obtained from Calbiochem. Herkinorin
(ab120147) and naltrexone (ab120075) were ordered from Abcam.
Golgicide A (HY-100540) was acquired from MedChemExpress.
Thapsigargin (BML-PE180-0001) came from Enzo Life Sciences.
Chloroquine (C6628), loperamide (L4762), cycloheximide (01810), KN-
93 (K1385), and primers were obtained from Sigma. All the fluo-
rescently labeled secondary antibodies were purchased from Thermo
Fischer Scientific.

4.2. Cell culture
Min6 and alpha-TC1 cell lines were obtained from ATCC. Min6 cells
were grown in high-glucose DMEM supplemented with 15% Tet
System Approved FBS (Biowest S181T), 71 mM 2-mercaptoethanol, 50
U/mL penicillin, and 50 mg/mL streptomycin. The mouse pancreatic
cell line alpha-TC1 was grown in low-glucose DMEM medium sup-
plemented with 10% FBS, 50 U/ml penicillin, and 50 mg/mL
streptomycin.
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4.3. Human islets

4.3.1. Donor information
Gender Age
(years)

BMI HbA1c Source Figure

1 Female 42 27.7 e ECIT;
University of Geneva

5F

2 Female 57 28.0 5.5% IIDP;
Southern California Islet
Cell Resource Center

5F

3 Female 56 26.6 e IIDP;
The Scharp-Lacy Research
Institute

5F

4 Female 62 29.8 5.5% IIDP;
Southern California Islet
Cell Resource Center

5E-F

5 Male 47 28.0 8.2% IIDP;
University of Wisconsin

5G-H and
SFig. 13E

6 Female 62 28.5 7.6% IIDP;
Southern California Islet
Cell Resource Center

5G-H and
SFig. 13C-D
Human islets were obtained through the Integrated Islet Distribution
Program (IIDP; NIH Grant # 2UC4DK098085) and the European Con-
sortium on Islet Transplantation (ECIT): Islets for Basic Research Pro-
gram from approved brain-dead organ donors (JDRF awards 31-2012-
783 and 1-RSC-2014-100-I-X). All studies were approved by the
Ethics Committee of the Medical University of Vienna (EK-Nr. 1228/
2015). No material or information for this study was procured from
living individuals.

4.3.2. Human islet culture
Human islets were cultured in CMRL medium (Life Technology) sup-
plemented with 10% FBS, 2 mM glutamine, 100 U/mL penicillin, and
100 mg/mL streptomycin. Intact islets were treated with different drugs
for two days. Half of the intact islets were collected for RT-qPCR or
RNAseq. The other half of the islets were incubated in Accutase (Life
Technology) at 37 �C for 20 min, neutralized by CMRL medium, seeded
to a 384-well plate, and utilized for immunofluorescence assays.

4.4. High-content screening
Compounds (10 mM in 25 nL) were transferred to 384-well plates
(Corning 3712) from DMSO stock plates using acoustic transfer
(Labcyte Inc.). The screened library, CLOUD (CeMM’s collection of
clinically approved drugs with unique structures) [12] consisted of 283
compounds. Min6 cells (3000 cells per well) incubated with 10 mM
FoxO inhibitor were plated in 50 ml media on top of the compounds.
Two days after treatment, cells were fixed in 3.7% formaldehyde for
10 min at room temperature. Following PBS washing, cells were fixed
with cold pure methanol in �20 �C for 10 min, permeabilized by 1%
Triton X-100 in PBS for 30 min and blocked by 3% BSA in PBS for
30 min. Twenty microliters of primary anti-insulin antibody and anti-
glucagon antibody, both diluted in 1:2000 in 1.5% BSA, were added
per well and incubated in 4 �C overnight. After washing with PBS
twice, 20 ml fluorescence-labeled secondary antibody diluted 1:1000
and 10 mg/mL Hoechst 3342 in PBS was added per well and incubated
for 1 h. After two washes with PBS, plates were stored in 4 �C in the
dark until analysis.
Images were taken by an automated microscope (Perkin Elmer)
using a 20X objective. The screened library, CLOUD (CeMM’s
collection of clinically approved drugs with unique structures) [12]
12 MOLECULAR METABOLISM 54 (2021) 101329 � 2021 The Authors. Published by Elsevier GmbH. T
consisted of 283 compounds. Images were exposed for 10 ms in
Hoechst channel and 400 ms in Alexa Fluor 488 and 546 channels.
Images were analyzed by Harmony software. Nuclei were identified
by Harmony Method C, and cytoplasm was defined based on the
nuclei (Harmony Method C). Hits were selected based on the in-
tensity of insulin in the Alexa Fluor 548 channel, intensity of
glucagon in the Alexa Fluor 488 channel, and amount of DNA and
cell numbers in the Hoechst channel. Cells whose Hoechst intensity
was lower than 1000 were treated as dead cells and removed from
the screening. All the other immunofluorescence assays were done
and analyzed in the same way unless otherwise specified.

4.5. RNA sequencing
Cells were lysed and RNA isolated using the RNeasy Mini Kit (Qiagen)
according to the manufacturer’s protocol. The libraries for RNAseq for
24h induction in Min6 cells were prepared with Ribo-zero Kit and
Scriptseq v2 Kit obtained from Epicenter by following the manual from
the provider. For the rest of the RNAseq libraries, the amount of total
RNA was quantified using Qubit 2.0 Fluorometric Quantitation System
(Life Technologies), and the RNA integrity number (RIN) was deter-
mined using Experion Automated Electrophoresis System (Bio-Rad).
RNAseq libraries were prepared with TruSeq Stranded mRNA LT
Sample Preparation Kit (Illumina) using Sciclone and Zephyr liquid
handling robotics (PerkinElmer). Library amount was quantified using
Qubit 2.0 Fluorometric Quantitation System (Life Technologies), and
the size distribution was assessed using Experion Automated Elec-
trophoresis System (Bio-Rad). For sequencing libraries were pooled
and sequenced on Illumina HiSeq 2000 using 50 bp single-read. Reads
were aligned with TopHat (v2.0.4) with the –no-novel-juncs –no-novel-
indels options [54]. Gene expression was calculated as fragments per
kilobase per million of reads (FPKMs) using FPKM_count.py from
RSeQC package [55], and the NCBI RNA reference sequences collec-
tion (RefSeq) was downloaded from UCSC [56]. The RNAseq data have
been deposited in NCBI’s GEO repository (accession number:
GSE184210). The enrichment calculation was done by gene set
enrichment analysis [57]. The basal expressions of genes in alpha and
beta cells were taken from microarray data in the literature [58,59].

4.6. RT-qPCR
After the RNA was isolated with the RNeasy Mini Kit (Qiagen), it was
reverse transcribed with random primers using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems). Quantitative
PCR was performed with Power SYBR Green PCR Master Mix (Applied
Biosystems) on LightCycler 480 qPCR machine (Roche). All the results
were analyzed using the delta-delta-Ct method and normalized to
beta-actin and representative of three biological replicates and two
technical replicates. Primer sequences used are the same as previ-
ously published ones [60,61] except for mouse Ngn3 (F:
50TCCGAAGCAGAAGTGGGTGACT; R: 50CGGCTTCTTCGCTGTTTGCTGA),
mouse FoxO1 (F: 50GGGTGATTTTCCGCTCTTGC; R: 50GGGTGATTTTCCG
CTCTTGC), and mouse MafA (F: 50TTCAGCAAGGAGGAGGTCAT; R:
50CCGCCAACTTCTCGTATTTC).

4.7. Western blotting
Whole-cell extracts were generated by lysing cells in Triton lysis buffer
containing 150 mM sodium chloride, 1 mM EDTA, 1.0% Triton X-100,
50 mM Tris, and pH 7.4 supplemented with Protease Inhibitor Cocktail
(Roche). Twenty mg whole-cell lysates were loaded onto an SDSe
polyacrylamide gel and then transferred by electrophoresis to a
nitrocellulose membrane (GE Healthcare Life Science). All the blots
were incubated with corresponding primary antibodies diluted 1:1000
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in 5% milk at 4 �C overnight and in HRP-labeled secondary antibodies
diluted 1:20,000 for 1h at RT. The signals were detected using ECL
Prime Western Blotting Detection Reagent (Amersham).

4.8. Intracellular insulin and proinsulin content measurements
Min6 cells were pretreated with FoxOi and loperamide for 48 h. Cell
pellets were lysed using Triton lysis buffer, and intracellular insulin and
proinsulin levels were measured using an Insulin ELISA (Alpco 80-
INSMS-E01) or Proinsulin ELISA (Mercodia 10-1232-01). All results
are representative of three biological replicates and two technical
replicates.

4.9. Insulin secretion assay in mouse beta-cell line and murine
islets
Min6 cells were pretreated with FoxOi and loperamide for 48 h. Cells
were incubated in low-glucose (0.3 g/L glucose) KRB buffer for 1 h
followed by high-glucose (3 g/L glucose) KRB buffer for another hour.
Supernatants after both the low- and high-glucose challenges were
collected to measure insulin content using a Mouse Insulin ELISA
(Alpco 80-INSMS-E01). All results are representative of three biological
replicates and two technical replicates.
Islets from db/db mice (GemPharmatech, Nanjing) were purified and
cultured in high-glucose DMEM supplemented with 10% FBS (Gibco),
50 U/mL penicillin, and 50 mg/mL streptomycin. The islets were
pretreated with loperamide for 48 h. Islets were incubated in low-
glucose (0.3 g/L glucose) KRB buffer for 1 h followed by high-
glucose (3 g/L glucose) KRB buffer for another hour. Supernatants
after both the low and high-glucose challenges were collected. The
islets were also collected after high-glucose challenges and lysed with
Triton lysis buffer for intracellular insulin content measurement. To
measure insulin content, a Mouse Ultrasensitive Insulin ELISA Kit was
used (Alpco 80-INSMSU-E01).

4.10. Intracellular pH measurement
To measure the intracellular pH change in Min6 cells, they were
pretreated with FoxOi with or without chloroquine/loperamide for two
days. The measurement was performed using pHrodo� Red AM
Intracellular pH Indicator (Life Technologies) following the manufac-
turer’s guidelines. The images were taken by an automated micro-
scope (Operetta, Perkin Elmer) using a 20X objective, and the relative
intensity was quantified using the Harmony software. All results are
representative of three biological replicates.

4.11. Calcium staining
The calcium staining was done in live Min6 cells with a Fura-2 Kit (F-
1201, Life Technologies). Min6 cells were seeded and pretreated with
loperamide for 18h before the assay. The staining was performed ac-
cording to the manufacturer’s guidelines. Min6 cells were also stained
with 2 mM Fluo-4 AM (ab241082, Abcam) in KRB buffer supplemented
with 0.1% Pluronic� F127 and 2 mM probenecid for 30 min at 37 �C,
followed by 30min at RT prior to 2h loperamide treatment at 37 �C. All
results are representative of three biological replicates.

4.12. Electron Microscopy
Min6 cells were grown on Aclar� fluoropolymer discs (Aclar� 33C,
199 mm thickness; EMS, Hatfield, USA) after sterilizing and pre-
soaking the discs in media. After a 48h treatment with either DMSO,
FoxOi, Loperamide, or the combination of FoxOi and Loperamide, the
MOLECULAR METABOLISM 54 (2021) 101329 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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cells reached a confluency of about 80e90%. The discs were
immersed in EM-grade glutaraldehyde (Agar Scientific, Essex, UK)
diluted to 2.5% in 0.1M cacodylate buffer pH 7.4 and fixed for 1h at RT.
After rinsing in 0.1M cacodylate buffer, post-fixation was done in 0.5%
osmium tetroxide (prepared from crystals; EMS, Hatfield, USA) diluted
in 0.1M cacodylate buffer for 1 h on ice, followed by further washing
steps. Samples were dehydrated in a graded series of acetones: 40%,
60%, 80%, 95%, and 2 � 100% for 5min each, done on ice. Infil-
tration with epoxy resin (Agar 100; Agar Scientific, Essex, UK) was
done in mixtures of acetone and resin in the following ratios: 2:1, 1:1,
and 1:2 for 30min each at RT, followed by 1h in pure, freshly thawed
resin. Polymerization took place at 60 �C for 48h. Ultra-thin sections
with a nominal thickness of 70 nm were cut on a Leica UCT ultra-
microtome (Leica Microsystems, Vienna, Austria) and picked up on
100mesh Cu/Pd grids (Agar Scientific, Essex, UK), previously coated
with a formvar support film. For enhanced contrast, the sections were
post-stained with 2% aqueous uranyl acetate pH 4 (Merck, Darmstadt,
Germany) and Reynold’s lead citrate. Inspection of the grids was done
in a FEI Morgagni 268D TEM (Thermo Fisher, Eindhoven, The
Netherlands) and operated at 80 kV. Examination regions on the
sections were selected randomly. Digital images were acquired using
an 11-megapixel Morada CCD camera from Olympus-SIS (Muenster,
Germany). Granule measurement analysis was performed using Fiji/
ImageJ.

4.13. Dauer formation
C. elegans strain CB1370 carrying the daf-2(e1370) allele (hypomor-
phic allele of the insulin/IGF-like receptor that makes animals prone to
form Dauer larvae) was seeded by egg-lay onto plates containing FoxOi
or loperamide at concentrations of 0, 5, 10, or 50 mM. For testing the
effect of FoxO1 inhibitor on the suppression of dauer formation, worms
were then grown at 23 �C. For testing the effect of loperamide on the
promotion of Dauer formation, worms were grown at 22 �C. Animals
were evaluated after 7 days by scoring their survival after a 30 min
treatment with 1% (w/v) SDS.

4.14. Zebrafish larvae assay
26hpf (hours post fertilization) aged larvae of AB* wildtype zebrafish
were treated with FoxO1 inhibitor and/or loperamide. For documen-
tation of developmental defects after 48 h, anaesthetized fish (Tricaine,
Sigma-Aldrich) were imaged under the stereo microscope (Leica,
M125). Larvae of intercrosses of Tg(gcga:GFP)ia1 and Tg(ins:NTR-
mcherry)ml10 Zebrafish were treated with loperamide from 26hpf until
5dpf. Double-positive larvae were embedded in low-gelling agarose
(Sigma-Aldrich) and imaged on the confocal microscope (Leica, SP8,
25x water objective). 3D models of islets were established and
numbers of GFP and mCherry positive cells counted in the Leica
Software quantification tool.

4.15. Mouse models
All the animal experiments were performed in the SPF level animal
facility of Fudan University School of Life Science, according to
procedures approved by the experimental animal ethics committee
of Fudan University School of Life Sciences. The 8-week-old db/db
mice or wild-type C57 B6/J mice (GemPharmatech, Nanjing) were
maintained under a 12 h light/12 h dark cycle at constant tem-
perature (23 �C) with free access to chow diet and water. Loper-
amide (MedChemExpress, China) was freshly prepared daily as
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 13
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DMSO: PEG300: Tween 80: Saline in a ratio of 1:4:0.5:4.5. The
mice were treated with vehicle or loperamide at 1 mg/kg via
intraperitoneal injection daily. The mice were fasted overnight, and
IPGTT was performed by injecting 1 g/kg glucose in PBS. After 4-
week treatment, the mice were sacrificed in a CO2 chamber, and
the pancreata were collected into a 4% PFA solution for fixation.
Immunofluorescence was performed as previously described [61].
Colocalization quantifications were performed using the ImageJ
plugin “Colocalization Threshold”. Quantifications were done on
individual islets isolated within each image using a specified region
of interest. Signal thresholds were determined using the Costes
method. The resultant thresholded Manders’ correlation coefficients
were then used. Total volume was determined based on total pixel
number per islet, consequent percent volume colocalized references
the number of pixels positive for both the red and green channels
above the set threshold as a fraction of the total islet pixels,
whereas the percent insulin and glucagon values correspond to
pixels positive for the red or green channel, respectively. Mean
FoxO1 and Aldh1a3 intensities per cell were calculated using
CellProfiler, with Hoechst and insulin counterstains used to specify
nuclei, cytoplasm, and beta cells.

4.16. Statistical methods
All the p-values were calculated by Student’s t-test, unless otherwise
specified.
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