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Summary

Pancreatic alpha cells retain considerable plasticity and can – under the right circumstances – 

transdifferentiate into functionally mature beta cells. In search of a targetable mechanistic basis, a 

recent paper suggested that the widely used antimalarial drug artemether suppresses the alpha cell 

transcription factor Arx to promote transdifferentiation into beta cells. However, key initial 

experiments in this paper were carried out in islet cell lines and most subsequent validation 

experiments implied transdifferentiation without direct demonstration of alpha to beta cell 

conversion. Indeed, we find no evidence that artemether promotes transdifferentiation of primary 

alpha cells into beta cells. Moreover, artemether reduces Ins2 expression in primary beta cells 

>100-fold, suppresses glucose uptake, and abrogates beta cell calcium responses and insulin 

secretion in response to glucose. Our observations suggest that artemether induces general islet 

endocrine cell dedifferentiation and call into question the utility of artemisinins to promote alpha 

to beta cell transdifferentiation in treating diabetes.

eTOC Blurb

The antimalaria drug artemether has been recently shown to promote transdifferentiation of alpha 

cells into beta cells. Van der Meulen et al. now report loss of beta cell gene expression, glucose 

uptake, calcium responses and insulin secretion following stimulation in intact islets treated with a 

high dose of artemether.
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Introduction

Type 1 and Type 2 diabetes are fundamentally different diseases, yet both are associated 

with a deficiency in functional beta cells. This has generated intense interest in any strategy 

that could regenerate functional beta cells towards a cure for diabetes. Self-replication has 

long been viewed as the principal mechanism of beta cell maintenance and regeneration. 

However, beta cell replication declines rapidly with age and no methods to promote 

clinically meaningful restoration of beta cell mass via proliferation have been achieved to 

date. Recent years have seen a surge of interest into the innate plasticity of islet endocrine 

cells. Following near-complete ablation of beta cells, functional beta cell mass partially 

recovers by transdifferentiation from alpha or delta cells, depending on the age at which beta 

cell ablation occurred (Chera et al., 2014; Thorel et al., 2010). Conversely, beta cells in both 

types of diabetes dedifferentiate into a non-functional state that no longer contributes to the 

functional beta cell pool, but may escape death by autoimmune destruction or exhaustion 

(Rui et al., 2017; Talchai et al., 2012). These observations have changed the perspective on 

pancreatic islets that were traditionally considered to consist of terminally differentiated 

cells. It is now apparent that islet endocrine cells maintain considerable plasticity and can 

change fate from one cell type to another. In further support of such plasticity, we 

demonstrated that the periphery of healthy, adult mouse islets constitutes a privileged 

‘neogenic niche’ that supports the conversion of alpha cells into functionally mature beta 

cells (van der Meulen et al., 2017).

The notion that beta cells can be generated via transdifferentiation of alpha cells has spurred 

considerable interest into the underlying mechanisms that establish and control islet cell fate 
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that could therefore be targeted to turn alpha cells into beta cells. Understanding these 

mechanisms to target the transdifferentiation of alpha to beta cells would serve a dual 

purpose by not only regenerating beta cell mass, but simultaneously reducing the number of 

alpha cells, which are complicit in diabetic hyperglycemia via excess glucagon secretion 

(Unger and Cherrington, 2012). The successive waves of transcription factors that establish 

alpha and beta cell identity during embryonic development are well-described (reviewed by 

Shih et al., 2013). From these studies, the transcription factors Arx and Pax4 have emerged 

as critical determinants of alpha and beta cell identity, respectively. Whole body Arx loss-of-

function leads to a lack of alpha cells that is accompanied by an increase in delta and beta 

cells, while Pax4-deficient mice present with the opposite phenotype: a gain of alpha cells at 

the expense of beta and delta cells (Collombat et al., 2003; Sosa-Pineda et al., 1997). This 

has led to a model where Arx and Pax4 drive opposing transcriptional programs towards 

alpha and beta cell identity. Indeed, overexpression of Pax4 (Collombat et al., 2009) or 

deletion of Arx in alpha cells (Chakravarthy et al., 2017; Courtney et al., 2013; Wilcox et al., 

2013) both result in alpha to beta cell transdifferentiation. This has made Arx a central target 

in efforts to generate beta cells from alpha cells.

The notion that inhibition of Arx suffices to promote beta cell identity was the premise for 

one recent study that screened 280 clinically approved drugs and discovered that the anti-

malaria drug artemether suppressed Arx function and promoted the conversion of alpha into 

beta cells (Li et al., 2017). However, many of the key observations in this paper were 

obtained in experiments that used αTC-1 alpha or Min6 beta cell lines. This is potentially 

problematic, as islet tumor cell lines lose properties of the primary cell type they model, 

while gaining traits associated with other primary islet cells (Huising et al., 2011; Oie et al., 

1983). Particularly for studies that address the mechanisms underlying the establishment and 

maintenance of mature islet cell fate and identity, primary tissues are preferable over cell 

lines. Because the ramifications of this study – the repurposing of an approved drug to 

promote restoration of beta cells in T1D – are significant, we conducted the pertinent 

experiments at the basis of the conclusion that artemether drives transdifferentiation of alpha 

to beta cells on primary islets. Following treatment with artemether, we also observed 

significant inhibition of Arx expression, as previously reported in human islets (Li et al., 

2017). However, we observed no alpha to beta cell transdifferentiation upon artemether 

treatment of intact mouse primary islets. Moreover, the application of artemether at the dose 

and duration originally used (Li et al., 2017) reduces Ins2 expression by 100-fold, 

downregulates Slc2a2 mRNA (which encodes the beta cell Glut2 glucose transporter), 

inhibits glucose uptake, and abolishes glucose-induced Ca2+ responses and insulin secretion. 

Our observations that artemether 1) does not turn primary alpha cells into beta cells and 2) 

severely affects beta cell identity and function cast doubt on the original suggestion that 

artemisinins could turn alpha cells into functional beta cells.

Results and discussion

The main finding behind the idea that artemisinins could drive transdifferentiation of alpha 

to beta cells was the observation that artemether suppressed glucagon protein content or 

otherwise antagonized the effects of Arx (Li et al., 2017). However, these observations were 

largely made in αTC-1 alpha or Min6 beta cell lines. Furthermore, artemether was suggested 
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to promote restoration of beta cell mass following beta cell ablation in zebrafish or rat and 

increase beta cell function in human islets, but none of these experiments offered direct 

evidence that alpha to beta transdifferentiation contributed to the observed effect. The direct 

evidence that was offered for alpha to beta transdifferentiation – based on lineage tracing 

using Gcg-Cre – consisted of an experiment using isolated islets of Gcg-Cre x Rosa26-stop-

RFP reporter mice that were dissociated after treatment (Li et al., 2017). Slightly over 1% of 

all cells in control cultures was an RFP+ alpha lineage positive cell that stained for insulin, 

in line with the frequency of alpha to beta transdifferentiation that accumulates at a 

specialized neogenic niche at the periphery of adult islets (van der Meulen et al., 2017). This 

fraction of beta cells with an alpha cell lineage marker increased to 4% following 24 hr of 

culture with artemether (Li et al., 2017), although the absolute number of beta cells and beta 

cells with an alpha cell lineage mark in this experiment was not reported. As the local micro-

environment within the islet is important in establishing and maintaining islet cell fate (van 

der Meulen et al., 2017), we treated intact C57BL/6 wild type mouse islets with 10 μM 

artemether for 72 hr as described by (Li et al., 2017) and assessed whole islet gene 

expression by quantitative PCR (qPCR). We observed loss of Arx mRNA expression in 

artemether-treated islets compared to untreated control islets cultured in parallel (Figure 

1A), consistent with the original observations on human islets (Li et al., 2017). Moreover, 

expression of other alpha cell genes, including Gcg, Mafb, and Irx1 was also downregulated, 

suggesting a general loss of alpha cell identity (Figure 1A).

Artemether inhibits Arx but fails to promote transdifferentiation of primary alpha cells

To determine whether this inhibition of Arx initiated a fate switch of alpha to beta cells in 

intact islets, we turned to a lineage labelling strategy combining the Ins1-H2b-mCherry beta 

cell reporter (Benner et al., 2014) with alpha lineage labelling using Gcg-Cre (Herrera, 

2000) and Rosa26-stop-YFP, similar to what was done in the original paper. In triple 

transgenic offspring of these mice all current beta cells express nuclear mCherry, while the 

alpha lineage will be indelibly labelled with YFP, as previously reported (van der Meulen et 

al., 2017). Any alpha to beta transdifferentiation events induced by artemether in these islets 

should therefore present as cells that retain YFP and acquire a red nucleus following 

artemether exposure. These mice are thus well-suited to study transdifferentiation from 

primary alpha to beta cells within intact islets. We imaged islets of five different mice (3 

female, 2 male) in 3D over the course of 72 hr treatment with 10 μM artemether. DMSO-

treated controls cultured in parallel were included. The fact that the islets attach to the glass 

coverslip enabled us to re-image the same islets at multiple time points. This allowed us to 

track the fate of a large number of alpha cells to detect any that transdifferentiated into beta 

cells in response to artemether. We observed alpha to beta transdifferentiated cells at the islet 

periphery prior to treatment (Figure 1B), in agreement with our recent description of a 

‘neogenic niche’ in the periphery of mouse islets (van der Meulen et al., 2017). However, of 

the 2344 conventional alpha cells we observed prior to artemether treatment (n = 5 mice, 8–

17 islets per treatment for each animal), not a single alpha cell acquired a red nucleus that 

would indicate induction of Ins1 expression and thus alpha to beta cell transdifferentiation 

during the course of 72 hr treatment (Figure 1C–F; movies S1). We verified on the islets we 

imaged of two mice (both female) that Arx was inhibited at the conclusion of the experiment 

(Supplemental Figure 1).
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Artemether effectively suppresses beta cell identity

Artemether-treated islets showed an obvious pattern of speckles or fragmentation in the red 

channel after 72 hr, which was absent prior to treatment or in control islets at 72 hr (compare 

Figure 1D, E). We suspected this pattern to reflect a decline in beta cell health. Indeed, 

expression of Ins1 and Ins2 was downregulated >10-fold and >100-fold, respectively. Many 

mature beta cell markers, including Ucn3, Mafa, Pdx1, and Slc2a2 are also significantly 

inhibited by 72 hr of artemether treatment (Figure 1G). Moreover, two delta cell markers, 

somatostatin (Sst) and Hhex, a delta cell-specific transcription factor that is important for 

delta cell development and function (Zhang et al., 2014), were both downregulated as well 

(Figure 1H). These results establish that artemether does not selectively inhibit Arx, but 

instead causes broad inhibition of alpha, beta, and delta cell-specific transcription factors, in 

addition to key beta cell maturity genes. These observations suggested the possibility that 

the continued presence of artemether had prevented the transdifferentiation of alpha cells 

into beta cells following Arx downregulation (Figure 1F). Therefore, we performed a 48 hr 

washout after stimulating with 10 μM artemether for 24 or 72 hr, but still did not observe 

marked transdifferentiation of alpha cells into beta cells (Supplemental Figure 1).

Li et al. reported significant inhibition of ARX expression by artemether in human islets, but 

did not show the effect of artemether treatment on the expression of insulin or any other key 

beta cell markers in the same experiment. We therefore reanalyzed their human single islet 

cell RNAseq data, which revealed no differences in INS expression between control and 

artemether-treated beta cells. However, ARX expression between control and artemether-

treated alpha cells was also not different (Supplemental Figure 2), which is internally 

inconsistent with the robust inhibition of ARX in human islets reported by quantitative PCR 

in the same paper (Li et al., 2017).

Inhibition of Ins2 by artemether occurs in excess of its normal therapeutic concentration

Our observations that artemether inhibits expression of key beta cell genes would suggest 

that a widely used class of anti-malaria drugs impairs beta cell function. Therefore, we 

compared the 10 μM dose of artemether that was chosen by Li et al. and thus adopted in our 

study, to a 50-fold lower dose of artemether that is representative of the plasma artemether 

concentration in patients on a standard Artemether-lumefantrine oral anti-malarial drug 

regimen (four or six doses within a 48 hr period) (Lefevre et al., 2001). While artemether 

applied directly at islets in vitro at both doses inhibits key beta cell genes, the effects of 

artemether at 200 nM are significantly attenuated (Figure 1I) and 72 hr stimulation exceeds 

the 48 hr exposure that is common in artemether-based malaria therapies. Therefore, we do 

not believe that our observations of the adverse consequences of 72 hr treatment with 10 μM 

artemether on isolated mouse islets in vitro should give reason for pause for the safety and 

efficacy of artemether for the treatment of malaria, its primary indication. Artemisinins save 

lives and have been safely prescribed to millions of malaria patients for years (Miller and Su, 

2011).

Artemether does not induce beta cell death

To determine if the robust inhibition of beta cell genes by artemether was attributable to beta 

cell death, we assessed the expression of a small panel of pro-apoptosis (Bad, Bax and 
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Txnip), and anti-apoptosis markers (Bcl2, Bclxl and Bip) (Danial, 2007; Minn et al., 2005) 

and observed no consistent changes (Figure 2A). We also did not detect an increase in the 

amount of cleaved caspase 3 (Figure 2B) or the number of Sytox Blue-positive dead beta 

cells (Figure 2C–H) that would indicate increased beta cell death following 72 hr artemether 

treatment.

Artemether suppresses beta cell glucose uptake

Prompted by the consistent downregulation of key beta cell genes in our experiments, we 

next set out to establish how 72 hr of artemether treatment would affect beta cell function. 

The downregulation of Slc2a2, which encodes the beta cell surface Glut2 glucose 

transporter, suggested impairment of beta cell glucose sensing. We therefore compared the 

rate of glucose uptake using the fluorescent glucose marker 6-NBDG in islets from Ins1-

H2b-mCherry beta cell reporter mice (van der Meulen et al., 2017). The rate of glucose 

uptake was similar in freshly isolated islets and after 72 hr of culture, but was significantly 

suppressed in beta cells after 72 hr exposure to artemether (Figure 3, Movie S2).

Artemether inhibits the normal calcium response

Artemisinins have several proposed mechanisms of action. One of those is inactivation of 

the Plasmodium falciparum homolog of SERCA (Eckstein-Ludwig et al., 2003), a 

Ca2+-ATPase that normally transports cytosolic free Ca2+ back into the endoplasmic 

reticulum. As calcium is required for normal insulin secretion, we sought to determine the 

effect of 72 hr artemether exposure to the calcium response of beta cells within primary 

islets using triple transgenic offspring of a cross between Ins1-H2b-mCherry x Ucn3-Cre x 

Rosa26-stop-GCaMP6. These islets exhibit efficient expression of the genetically encoded 

green fluorescent calcium indicator GCaMP6 across the mature beta cell lineage and 

independent of current Ucn3 expression status in addition to expression of nuclear mCherry 

across all beta cells (van der Meulen et al., 2017). Islets imaged 24 hr after isolation 

invariably showed a strong calcium response to an increase in glucose concentration from 

5.5 to 16.8 mM, with a majority of islets exhibiting robust pulsatile calcium behavior (Figure 

4A, Movie S3). After 72 hr in culture, islets from the same animal continue to respond 

robustly to glucose, although the pulsatility of the second phase has been replaced with 

sustained, but uncoordinated calcium activity that returns to baseline when ambient glucose 

is lowered back to 5.5 mM (Figure 4B). In sharp contrast, 72 hr of continuous treatment with 

10 μM artemether completely abolished any detectable calcium response to glucose, leaving 

only a muted response to 30 mM KCl-induced depolarization (Figure 4C). Li et al. reported 

increased excitability of αTC-1 cells using Fura2 following 72 hr artemether treatment in 

response to excitation with 15 or 30 mM KCl (Li et al., 2017), but did not measure the 

calcium responses to physiologically relevant cues such as glucose on primary islet cells. 

Our observations that calcium responses of artemether-treated primary beta cells within 

intact islets to glucose and even KCl all but disappear illustrates the detrimental effect of 

prolonged stimulation with 10 μM artemether on beta cell function.

Artemether abrogates insulin secretion

As calcium is required for insulin secretion, we followed these functional calcium imaging 

experiments with studies to directly measure insulin secretion. Fresh islets secreted 
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significantly more insulin in response to 16.8 mM glucose, by itself or in combination with 1 

nM Exendin 4, or depolarization with 30 mM KCl (Figure 4D). Islets remain responsive to 

these cues after 72 hr in culture (Figure 4E). However, islets from the same animals cultured 

in the presence of 10 μM artemether no longer responded to glucose, incretins or even 

depolarization by 30 mM KCl with increased insulin release (Figure 4F). These findings 

conflict with the reported effect of artemether on human islets, where 72 hr artemether 

treatment of human islets was reported to significantly increase glucose-stimulated insulin 

secretion (Li et al., 2017), although it was not explained how a relatively small contribution 

of transdifferentiating alpha cells to the existing beta cell mass promoted such a significant 

increase in normalized insulin secretion. We therefore repeated the artemether treatment on 

human islets and observed robust insulin secretion in response to 16.8 mM glucose and KCl 

shortly after receipt of the islets (Figure 4G) and following 72 hr of culture (Figure 4H). 

However, insulin secretion after 72 hr of culture in the presence of artemether completely 

abrogated normal insulin secretion (Figure 4I). These results are fully in line with the body 

of observations we reported here on mouse islets, but do not reproduce the stimulation of 

insulin secretion in response to artemether treatment reported previously (Li et al., 2017).

The mechanism of artemether action

Li et al. proposed a model where GABA (from neighboring beta cells) inhibits glucagon 

secretion from alpha cells via the artemether-induced upregulation of alpha cell GABA 

receptors (Li et al., 2017). Reduced extracellular glucagon concentration then would induce 

the loss of alpha cell identity – presumably via glucagon receptors on alpha cells. However, 

we did not detect expression of the glucagon receptor (GCGR) or most GABA receptors in 

these single alpha cell libraries (Supplemental figure 2), which are key parts of their model. 

Furthermore, it is well-known that alpha cells in Gcgr null mice undergo impressive 

hyperplasia with only limited evidence of insulin/glucagon co-positive cells (Solloway et al., 

2015). This does not fit a model where loss of glucagon-mediated autocrine signaling causes 

alpha cells to transdifferentiate into beta cells. Li et al. also reported that expression of 

ABCC8 (the sulfonylurea receptor subunit of the KATP channel) is undetectable in most 

single alpha cells, but is induced in alpha cells upon artemether treatment. Instead, upon 

reanalysis of their data we detect robust expression of ABCC8 in all single alpha cells 

irrespective of artemether treatment (Supplemental figure 2). This is in keeping with the fact 

that KATP channel subunit expression by alpha cells is in fact well established and 

supported by transcriptomic analysis (Benner et al., 2014) and direct functional 

measurements (MacDonald et al., 2007; Zhang et al., 2013). While the mechanistic basis for 

its actions are unresolved, the actions of artemether at high doses could prove to be a useful 

tool for the experimental induction of beta cell dedifferentiation in vitro.

Summary and conclusion

The anti-malarial drug artemether was recently reported to inhibit the alpha cell-specific 

transcription factor Arx to promote alpha to beta transdifferentiation (Li et al., 2017). 

However, this study relied heavily on experiments conducted on immortalized islet cell lines 

and was limited in its ability to directly demonstrate transdifferentiation in primary islet 

cells. As we have a vested interest in transdifferentiation of islet cells and have developed 

state-of-the art tools to follow this process over time (van der Meulen et al., 2017), we set 
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out to reproduce the reported effects of artemether on alpha to beta cell transdifferentiation 

within intact, live islets. While we were able to reproduce the original observation that 

artemether treatment reduces Arx mRNA expression along with the expression of other 

alpha cell markers, we observed no evidence that this promotes alpha to beta 

transdifferentiation. This is at odds with the notion that Arx deletion in adult alpha cells 

leads to the formation of mature beta cells from alpha cells (Chakravarthy et al., 2017; 

Courtney et al., 2013), although others have also reported that ablation of Arx in adult alpha 

cells was insufficient to promote their transdifferentiation into beta cells (Wilcox et al., 

2013). The lack of alpha to beta cell conversion in our experiments may be attributed to the 

fact that artemether inhibited Arx mRNA, but may not have fully ablated its expression. 

Moreover, 72 hr artemether treatment on primary islets caused sustained loss of identity 

across all islet endocrine cell types including the dedifferentiation of existing beta cells as 

evidenced by severe impairments in glucose uptake, calcium responses and insulin secretion. 

While artemether at high doses impacts islet cell function in vitro, we find no evidence to 

corroborate the key conclusion (Li et al., 2017) that this drug upregulates GABA receptor 

expression on alpha cells to inhibit glucagon secretion and thereby promote their conversion 

into beta cells. As sustained systemic GABA administration was reported in a separate paper 

to drive robust beta cell neogenesis by promoting alpha to beta cell conversions (Ben-

Othman et al., 2017), it will be important to elucidate the mechanisms that explain GABA’s 

potent beta cell neogenic actions.

STAR Methods

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Mark Huising (mhuising@ucdavis.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—For in vitro stimulation of islets with artemether for quantitative PCR, 

commercial C57BL6/NHsd mice were obtained from Envigo (Indianapolis, IN). A number 

of transgenic mouse lines were employed. The Rosa26-stop-eYFP reporter mouse 

(B6.129X1-Gt(ROSA)26Sortm1(EYFP)Cos/J) (Srinivas et al., 2001) was used to label cells for 

lineage tracing. Calcium levels in the cell were visualized using the Rosa26-stop-GCaMP6 

mouse line (B6;129S6-Gt(ROSA)26Sortm96(CAG-GCaMP6s)Hze/J) (Madisen et al., 2015). 

A Ucn3 BAC transgenic reporter mouse based on BAC clone RP23-332L13, which contains 

the Ucn3 gene flanked by more than 197 kb of genomic context was used: the Ucn3-Cre line 

(B6.FVB(Cg)-Tg(Ucn3-cre)KF43Gsat/Mmucd (van der Meulen et al., 2017). For alpha cell 

lineage labeling we employed a Gcg-Cre mouse line (Herrera, 2000). To label beta cells we 

used the B6.Cg-Tg(Ins1-HIST1H2BB/mCherry)5091Mhsg/J mouse line (Benner et al., 2014). 

All transgenic lines are maintained by back crossing to commercially obtained C57BL6/

NHsd (Envigo). Isolated islets of mice between 3 and 13 months of age were used. Male 

islets were used for most experiments, with the following exceptions. The Western blot in 

Figure 2B was conducted on islets pooled from 8 animals of mixed sex. The 3D imaging 

experiments in Figure 1B–F were conducted on 3 female and 2 male mice. For 2 of these 

females, we verified at the conclusion of the imaging experiment that Ins2, Arx and Ucn3 
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were reduced (Figure S1A) in line with the rest of the observations we reported. We have 

therefore observed no indication that sex was associated with the effects of artemether, but 

did not formally test this. Animals were maintained in group-housing on a 12-h light/12-h 

dark cycle with free access to water and standard rodent chow. All animal procedures were 

approved by the UC Davis Institutional Animal Care and Use Committees and performed in 

compliance with the Animal Welfare Act and the ILAR Guide to the Care and Use of 

Laboratory Animals.

Primary cell cultures—Primary islets were cultured in RPMI (5.5 mM glucose, 10% 

FBS, pen/strep) under 5% CO2 at 37° C in 10 cm petri dishes (i.e. not tissue culture treated). 

Islets for microscopy experiments were cultured overnight on uncoated #1.5 glass-bottom 35 

mM culture dishes (MatTek Corporation, Ashland, MA).

METHOD DETAILS

Islet isolation—Islets were isolated by injecting collagenaseP (0.8 mg/mL in HBSS; 

Roche Diagnostics) (Invitrogen) via the common bile duct while the ampulla of Vater was 

clamped. The entire pancreas was collected following the injection of 2 mL collagenase 

solution and, after addition of an additional 2 mL of collagenase solution, was incubated at 

37°C for 13 min. Pancreata were dissociated by gentle manual shaking followed by three 

washes with cold HBSS containing 5% NCS. The digested suspension was passed through a 

nylon mesh (pore size 425 μm; Small Parts Inc.), and islets were isolated by density gradient 

centrifugation on a Histopaque gradient (1.077 g/mL density; Sigma) for 20 min at 1400 × g 

without brake. Islets were collected from the interface, washed once with cold HBSS 

containing 5% NCS, and hand-picked several times under a dissecting microscope prior to 

culture in RPMI (5.5 mM glucose, 10% FBS, pen/strep).

Quantitative PCR—Islets were treated as indicated and then collected in Trizol reagent. 

RNA was isolated according to standard protocol and converted into cDNA using the High 

Capacity cDNA Archive Kit (Thermo Fisher Scientific, Waltham, MA) per the 

manufacturer’s instructions. Primers for quantitative PCR are listed in Table S1.

Western blot—Islets were treated for 72 hr with 10 μM artemether, 750 nM thapsigargin, 

or DMSO (control). Thirty μl of sample treatment buffer (50 mM Tris (pH 7.5), 100 mM 

dithiothreitol, 2% (weight/volume) sodium dodecyl sulfate, 0.1% (weight/volume) 

bromophenol blue, and 10% (weight/volume) glycerol) was added to 50 islets. Antibody 

9661 (Cell Signaling Technologies; diluted 1:6000) was used to detect cleaved caspase 3 and 

was visualized using SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher 

Scientific, Waltham, MA). Total protein in each lane was checked with Ponceau S solution.

3D Imaging of intact islets—To determine if alpha to beta cell transdifferentiation 

occurred during artemether treatment, we cultured Ins1-H2b-mCherry x Gcg-Cre x Rosa26-

stop-YFP triple transgenic islets as described above on uncoated #1.5 glass-bottom 35 mm 

culture dishes (MatTek Corporation, Ashland, MA) in RPMI (10% FBS, 5.5 mM glucose, 

pen/strep) and followed them over a period of 72 hr in the presence or absence of 10 μM 

artemether. The live islets were allowed to attach onto the glass bottom overnight and 
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imaged in x, y, and z on a Nikon A1R+ confocal microscope using a 40x objective the next 

day before treatment (time = 0) and consecutively every 24 hr for 3 days after the addition of 

artemether. Media was also refreshed at 24 hr intervals with artemether or DMSO for control 

islets. For the 48 hr washout experiment, the islets were treated similarly, washed out 3x 

with fresh RPMI at the end of the 24 or 72 hr artemether treatments, and cultured for another 

48 hr in RPMI before imaging. Z stacks of 50 micron thick were captured for each islet in 

resonant scanning mode. Artemether-induced beta cell death ex vivo was determined by the 

addition of 500 nM of the nuclear dead cell marker Sytox Blue (Thermo Fisher Scientific, 

Waltham, MA) 30 minutes prior to imaging. STZ-induced beta cell death was documented 

after 6 hr of stimulation with 5 mM Streptozotocin (EMD Millipore, Billerica, MA).

Glucose uptake—To measure glucose uptake, we incubated freshly isolated intact islets 

from Ins1-H2b-mCherry reporter mice overnight on uncoated #1.5 glass-bottom 35 mm 

culture dishes (MatTek Corporation, Ashland, MA) in RPMI (10% FBS, 5.5 mM glucose, 

pen/strep). The next day, Z-stacks of islets were continuously acquired as the non-

hydrolysable glucose analog 6-NBDG (6-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-6-

Deoxyglucose; Thermo Fisher Scientific, Waltham, MA) was added at a final concentration 

of 0.3 mM, using a Nikon A1R+ confocal microscope in resonant scanning mode. The 

relative rate of glucose uptake was determined by drawing ROIs of individual Ins1-H2b-

mCherry+ beta cells that either had or had not taken up glucose. In parallel, islets were 

cultured for 72 more hr in media with or without 10 μM artemether. Media and artemether 

were refreshed every 24 hr. Islets were allowed to attach to the glass-bottom culture dishes 

for the last 24 hr before applying 6-BNDG and imaging as above.

Insulin secretion—Static insulin secretion experiments were carried out on 10 wild type 

mouse islets per well in Krebs Ringer Buffer (KRB). Mouse islets were isolated the day 

prior to the secretion assay, cultured overnight in RPMI (5.5 mM glucose, 10% FBS, pen/

strep). Human islets were cultured overnight in CMRL (Thermo Fisher Scientific, Waltham, 

MA) after receipt prior to the experiment. Islets were transferred to KRB containing 5.5 mM 

glucose an hr before the start of the assay. Islets were picked to a 24-wells plate for final 

secretion in 10% of the final assay volume. The other 90% of volume contained 

concentrated treatment compounds in KRB (glucose, exendin-4, KCl) as indicated. From the 

same batch of islets, two pools were cultured in the presence or absence of 10 μM 

artemether for 72 hr, with the media refreshed every 24 hr. They were then subjected to the 

same secretion assay as above and in the continued presence of artemether in the case of 

artemether-treated islets. Insulin was measured by radioimmunoassay (EMD Millipore).

Calcium responses in intact islets—We used islets from a triple transgenic offspring 

of a cross between Ins1-H2b-mCherry, Rosa26-stop-GCaMP6 and Ucn3-Cre to label the 

mature beta cell lineage (van der Meulen et al., 2017). Live islets were cultured overnight 

after the islet prep, placed on 35 mm dishes with glass bottom (#1.5; MatTek Corporation), 

allowed to attach overnight and imaged in x, y, z and t on a Nikon A1R+ confocal 

microscope using a 40x objective with a long working distance. Similar to the glucose 

uptake experiments, two additional sets of islets were cultured in the presence or absence of 

10 μM artemether for 72 hr prior to measurement of calcium activity, with islets transferred 
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to fresh media and artemether every 24 hr. Treatments were continuously perfused over the 

islets using a Masterflex peristaltic pump at 2.5 mL per minute. Each protocol concluded 

with a 30 mM potassium chloride pulse to demonstrate viability and responsiveness of the 

islets throughout the treatment. Individual islets in individual z-planes were defined as 

regions of interest (ROI) and the green fluorescence intensity within the ROIs was plotted 

over time as a measure of calcium activity.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis—Data were analyzed by ANOVA followed by Holm-Sidak’s 

multiple comparisons test or by t-test and are represented as mean ± SEM, with n defined in 

the corresponding figure legend. Differences were considered significant when p<0.05. 

Statistics were computed using Prism (GraphPad Software, La Jolla, CA).

Counting algorithm—We developed a Matlab algorithm to count the beta cells in Ins1-

H2B-mCherry x Gcg-Cre x Rosa26-stop-eYFP islets. This takes the NIS Elements file of the 

islet imaged in 3D as its input and uses a combination of automated thresholding and size 

and shape exclusions to distinguish the red nuclei from the background. Recorded 

measurements are written to a csv file containing all measurements along with the sample 

information. We observed a close correlation between manual and automated counts of beta 

cells (<5% difference). YFP+ alpha cells and YFP+/mCherry co-positive transdifferentiated 

cells were counted manually.

Bioinformatics—Read SRA files were pulled from GEO Datasets GSE73727 and 

GSE84714, and converted into fastq format using the NCBI SRA toolkit. Sequence files 

were then aligned using STAR (Dobin et al., 2013) with default parameters to the Gencode 

GRCh37 24 human genome. Bigwigs were generated using STAR’s wiggle output option 

and UCSC’s Genome Utilities. Gene-level quantification was performed on all samples’ 

sorted BAM files using featureCounts (Liao et al., 2014) default parameters, counted by 

Gencode defined exons, and aggregated to the gene level. Differential expression analyses 

were performed with edgeR (Robinson et al., 2010) using the generalized linear model 

approach and maximum likelihood method testing. RPKM values were generated using 

edgeR’s rpkm function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

○ Artemether does not induce the transdifferentiation of α cells into β cells

○ High doses of artemether dedifferentiate islet cells without inducing death

○ Artemether not only inhibits Arx and Gcg, but inhibits Ins2 > 100-fold

○ Artemether suppresses glucose uptake and prevents insulin secretion
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Figure 1. Artemether does not promote the transdifferentiation of alpha to beta cells but instead 
suppresses overall islet cell identity
(A) Real time quantitative PCR analysis of Arx, Gcg, Mafb, and Irx gene expression in 

artemether treated islets (n=4 replicates). *p<0.05.

(B) 3D reconstruction of a representative image of an islet from an Ins1-H2B-mCherry x 

Gcg-Cre x Rosa26-stop-YFP triple transgenic reporter mouse at the onset of the experiment. 

Arrow indicates an mCherry/YFP co-positive cell that represents a spontaneous alpha to beta 

transdifferentiated cell.

(C) Islet in (B), re-imaged after 72 hr of incubation. Arrow indicates the same alpha to beta 

transdifferentiated cell that was present prior to the 72 hr culture window.

(D) 3D reconstruction of a representative image of another islet from the same mouse as in 

(B) prior to artemether treatment.

(E) Islet in (D), re-imaged after 72 hr of culture in the presence of 10 μM artemether. No 

alpha to beta transdifferentiated cells are present, note the appearance of a ‘speckled’ 

background across the entire islet. See also Movie S1.

(F) Quantification of the total number of alpha, beta and alpha to beta transdifferentiated 

cells. The same islets were imaged repeatedly in 3D at 24 hr intervals. n = 5 mice, 8–17 

islets per animal for each treatment.

(G) Real time quantitative PCR analysis of the expression of a panel of beta cell genes in 

artemether treated islets (n=4 replicates). *p<0.05, **p<0.01, ***p<0.001.
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(H) Real time quantitative PCR analysis of the expression of a panel of delta cell genes in 

artemether treated islets (n=4 replicates). *p<0.05, **p<0.01, ***p<0.001.

(I) Real time quantitative PCR analysis of a panel of beta cell genes in islets treated for 72 hr 

with 200 nM or 10 μM artemether (n=4 replicates). *p<0.05, **p<0.01, ***p<0.001.
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Figure 2. Artemether does not induce beta cell death
(A) Real time quantitative PCR analysis of the expression of a panel of pro- and anti-

apoptotic genes in artemether treated islets (n=4 replicates). *p<0.05.

(B) Western blot analysis of the apoptosis marker cleaved caspase 3 in islets treated for 72 hr 

with 10 μM artemether. Thapsigargin (750 nM) was used as a positive control.

(C) 3D reconstruction of a representative Ins1-H2b-mCherry islet before artemether 

treatment.

(D) 3D reconstruction of a representative Ins1-H2b-mCherry control islet before culture.

(E) Islet in (D) re-imaged after 72 hr in culture. The nuclear dead cell marker Sytox Blue 

was added at 72 hr.

(F) Islet in (C) re-imaged after 72 hr in culture with 10 μM artemether. The nuclear dead cell 

marker Sytox Blue was added at 72 hr.

(G) 3D reconstruction of the same islet as in (E) after 6 hr in the presence of STZ to induce 

beta cell death.

(H) Quantification of the fraction of Sytox Blue positive beta cells after 72 hr in control (12 

islets), and artemether-treated cultures (16 islets) compared to control islets exposed to STZ 

for an additional 6 hr (5 islets). ***p<0.001 compared to control.
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Figure 3. Artemether inhibits glucose uptake by beta cells
(A) Comparison of the rate of uptake of the glucose analog 6-NBDG in islets of Ins1-H2b-

mCherry beta cell reporter mice in isolated islets after isolation (black), after 72 hr in culture 

in the presence of DMSO (gray) or artemether (red). 6-NBDG signal in the media outside of 

the islet is quantified as a reference (green). Averages and 95% confidence intervals are 

given for 19–26 individual beta cells of 2–3 islets for each treatment.

(B) Video stills of 6-NBDG uptake in a freshly isolated Ins1-H2b-mCherry islet. See also 

Movie S2.

(C) Video stills of 6-NBDG uptake in an Ins1-H2b-mCherry control islet after 72 hr of 

culture.

(D) Video stills of 6-NBDG uptake in an Ins1-H2b-mCherry islet after 72 hr of artemether 

treatment.
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Figure 4. Artemether abrogates beta cell calcium responses and insulin secretion
(A) The calcium responses of freshly isolated islets from Ins1-H2B-Chy x Ucn3-Cre x 

Rosa26-stop-GCaMP6 triple transgenic mice were imaged in 3D during a standard glucose 

stimulation protocol from 5.5 to 16.8 to 5.5 mM glucose, followed by a brief depolarization 

by 30 mM KCl to demonstrate responsiveness of the islets throughout the experiment. Each 

trace represents the combined response of a single islet. Thumbnails provide snapshots of 

the calcium response at key points during the trace for 2 of the 5 islets imaged. See also 

Movie S3.
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(B) Islets from the same animal and subjected to the same stimulation protocol as in (A), but 

after 72 hr in culture. First phase secretion is intact, but the second phase is muted and 

pulsatility is lost.

(C) Islets from the same animal and subjected to the same stimulation protocol as in (A), but 

after 72 hr in culture in the presence of 10 μM artemether. The glucose response is 

completely abolished and only a modest response to forced depolarization with 30 mM KCl 

can be detected.

(D) Insulin secretion from freshly isolated mouse islets in response to glucose, glucose + 

Exendin 4, or 30 mM KCl (n=4 replicate treatments). *p<0.05, **p<0.01 compared to 5.5 

mM glucose. (E) Insulin secretion on islets from the same batch as in (D), but after 72 hr in 

culture (n=4 replicate treatments). *p<0.05, **p<0.01 compared to 5.5 mM glucose.

(F) Insulin secretion on islets from the same batch as in (D), but after 72 hr of treatment with 

10 μM artemether (n=4 replicate treatments). *p<0.05, **p<0.01 compared to 5.5 mM 

glucose.

(G) Insulin secretion from freshly isolated human islets in response to glucose or 30 mM 

KCl (n=8 replicate treatments). *p<0.05, **p<0.01, ***p<0.001 compared to 5.5 mM 

glucose.

(H) Insulin secretion on islets from the same batch as in (G), but after 72 hr in culture (n=6 

replicate treatments). *p<0.05, **p<0.01, ***p<0.001 compared to 5.5 mM glucose.

(I) Insulin secretion on islets from the same batch as in (G), but after 72 hr of treatment with 

10 μM artemether (n=6 replicate treatments). *p<0.05, **p<0.001, ***p<0.001 compared to 

5.5 mM glucose.
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