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Abstract 
Objectives The antimalarial drug artemether is suggested to effect pancreatic islet cell transdifferentiation, presumably through activation 
γ-aminobutyric acid receptors, but this biological action is contested.
Methods We have investigated changes in α-cell lineage in response to 10-days treatment with artemether (100 mg/kg oral, once daily) on a 
background of β-cell stress induced by multiple low-dose streptozotocin (STZ) injection in GluCreERT2; ROSA26-eYFP transgenic mice.
Key findings Artemether intervention did not affect the actions of STZ on body weight, food and fluid intake or blood glucose. Circulating insulin 
and glucagon were reduced by STZ treatment, with a corresponding decline in pancreatic insulin content, which were not altered by artemether. 
The detrimental changes to pancreatic islet morphology induced by STZ were also evident in artemether-treated mice. Tracing of α-cell lineage, 
through co-staining for glucagon and yellow fluorescent protein (YFP), revealed a significant decrease of the proportion of glucagon+YFP− cells in 
STZ-diabetic mice, which was reversed by artemether. However, artemether had no effect on transdifferentiation of α-cells into β-cells and failed 
to augment the number of bi-hormonal, insulin+glucagon+, islet cells.
Conclusions Our observations confirm that artemisinin derivatives do not impart meaningful benefits on islet cell lineage transition events or 
pancreatic islet morphology.
Keywords: artemether; GABA; transdifferentiation; STZ-induced diabetes; lineage tracing

Introduction
Loss of pancreatic β-cell mass and function is paramount 
in all main forms of human diabetes,[1] leading to overt 
hyperglycaemia and associated long-term adverse effects. 
Current drugs for the treatment of diabetes appear unable 
to fully address this underlying pathophysiological state and 
are generally not capable of preventing the progression of 
the disease.[2] Thus, therapeutic interventions that could re-
store functional β-cell mass are of significant interest. In this 
regard, recent observations have demonstrated genetic plas-
ticity of adult pancreatic islet cells, to the point where a fully 
mature glucagon-secreting α-cell can transdifferentiate into 
a functional insulin-positive β-cell.[3] The process of α- to 
β-cell lineage shift has been shown to be driven by both acute 
islet insult and β-cell loss[4, 5] as well as by some currently 
approved[6–9] and experimental[10, 11] antidiabetic agents.

In this regard, stimulation of the γ-aminobutyric acid 
(GABA) ionotropic receptor, GABAA, expressed on islet cells 
was reported to induce α- to β-cell transdifferentiation.[12] A 
gephyrin-binding antimalarial drug artemether, that acts as a 
transcriptional activator for the GABAA receptor was prompted 
to produce a similar effect.[13] These findings, however, were 
challenged by subsequent studies suggesting that artemether 
causes general non-specific dedifferentiation across all islet 
endocrine cell types, rather than acting specifically α-cells.[14, 

15] That aside, artemether, alongside other related naturally 
derived terpenoids, have unequivocally been demonstrated to 
possess glucose-lowering antidiabetic actions[16, 17] and alle-
viate diabetic kidney disease.[18] Complicating matters, in the 
zebrafish model, artemether was recently shown to induce the 
α- to β-cell transdifferentiation.[19]

The significant confusion concerning the actions of 
artemether and GABAA receptor signalling in pancreatic islets 
could be attributed to the methodological differences. Thus, 
studies demonstrating the apparent lack of the artemether ef-
fect on islet cell lineage were executed in rodents, with the drug 
being administered in drinking water[14] or used isolated pri-
mary tissues.[15] Both experimental systems possess their own 
confounding features that may explain the difference from 
the cell line experiments supporting the artemether effect.[12, 

13] The dosing schedule of artemether is another potential 
source of inconsistency, given that the sustained activation of 
ionotropic GABAA receptors is likely to de-sensitise them.[20] 
We aimed to address these discrepancies, in the current study, 
by administering artemether repeatedly in low doses, to avoid 
potential GABAA receptor desensitisation, and investigating 
effects on pancreatic islet cell turnover and α-cell transdif-
ferentiation. Thus, previous in vivo work has employed 1 
mg/ml artemether in rodent drinking water which equates 
to around twice the current dose of 100 mg/kg,[14] whilst 
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others have injected up to 200 mg/kg in mice.[13] This is the 
first study to utilise GluCreERT2;ROSA26-eYFP transgenic mice 
with fluorescently labelled pancreatic α-cells as a model, and 
diabetes induction using multiple low-dose streptozotocin 
(STZ) injection. We demonstrate that, in good accordance 
with others,[4, 8] islet cell transdifferentiation is a naturally 
occurring phenomenon that is altered in diabetes. However, 
artemether appears to have only a minor impact on islet mor-
phology and no significant effect on the process of pancreatic 
α-cells altering their lineage towards an insulin-positive β-cell 
state.

Methods
Animals
All experiments were carried out under the UK Animals 
(Scientific Procedures) Act 1986 & EU Directive 2010/63EU 
and approved by the Ulster University Animal Welfare and 
Ethical Review Body committee (01/10/2016). The animal 
experiments were conducted under the UK Home Office 
animal project licence PPL2801 that was approved on 
06/05/2016 with all researchers having a UK Home Office 
approved personal animal licence. Animals were maintained 
in an environmentally controlled laboratory at 22 ± 2°C with 
a 12 h dark and light cycle and given ad libitum access to 
standard rodent diet (10% fat, 30% protein and 60% car-
bohydrate; Trouw Nutrition, Northwich, UK) and drinking 
water.

Experimental procedures in mice
All studies were carried out in 4-month old male 
GluCreERT2;ROSA26-eYFP transgenic mice that were generated 
and characterised as described previously.[7, 21] Three days 
prior to STZ-induction of diabetes, mice were administered 
tamoxifen (7 mg/kg bw, i.p.; Sigma-Aldrich, Dorset, UK) to 
induce expression of the transgene, yellow fluorescent protein 
(YFP), specifically in pancreatic islet α-cells. For induction of 
diabetes, mice (n = 5) received multiple low dose STZ (50 mg/
kg, pH 4.5; Sigma-Aldrich, Dorset, UK) administered once 
daily over a period of 5 days. Control mice were injected with 
saline vehicle (0.9% w/v NaCl, i.p.; n = 6). Ten days after the 
last STZ injection, groups of mice (n = 5) received once-daily 
doses of saline vehicle (0.9% (w/v) NaCl) or artemether (100 
mg/kg; oral gavage); the treatment lasted for a further 10 
days. Body weight, cumulative food and fluid intakes as well 
as circulating glucose levels were assessed at regular intervals. 
At the end of the 10-day treatment period, non-fasting plasma 
insulin and glucagon concentrations were also determined. At 
termination, pancreatic tissue was removed and divided lon-
gitudinally, and then processed for hormone content measure-
ment following acid/ethanol protein extraction, or pancreatic 
islet histology following fixation in 4% paraformaldehyde 
(PFA) for 48 h at 4°C.

Pancreatic immunohistochemistry
Tissues were embedded and processed for antibody staining 
as previously described.[7–9] Tissue sections (7 µm) were 
blocked with 2% bovine serum albumin (BSA) (Sigma-
Aldrich, Dorset, UK) and then incubated with specific 
mouse anti-insulin (1:1000; Abcam, ab6995) or guinea 
pig anti-glucagon (PCA2/4, 1:200; raised in-house) pri-
mary antibody overnight at 4°C. Following this, tissues 

were incubated with appropriate secondary antibodies 
(Table 1) at 37°C for 1 h. To stain nuclei, a final incuba-
tion was conducted at 37°C with 300 nM DAPI (Sigma-
Aldrich, Dorset, UK). Co-staining of insulin or glucagon, as 
above, with rabbit anti-Ki-67 (1:200; Abcam ab15580) or 
TUNEL reaction mixture (Roche Diagnostics Ltd, UK) was 
employed to evaluate β- and α-cell proliferation or apop-
tosis, respectively. To assess islet cell lineage, co-staining of 
insulin or glucagon with rabbit anti-green fluorescent pro-
tein (GFP) (1:1000; Abcam, ab6556) was performed. The 
latter antibody reacts with all variants of GFP, including 
YFP, and is therefore suitable for fluorescent protein de-
tection in the model used. Slides were imaged under an 
Olympus fluorescent microscope (Olympus system micro-
scope, model BX51) fitted with DAPI (350 nm) FITC (488 
nm) and TRITC (594 nm) filters, using a DP70 camera 
adapter system. CellF imaging software was used to as-
sess islet parameters such as islet area, β cell area and α 
cell area. Freely available NIH developed ImageJ software 
(https://imagej.nih.gov/ij/) was employed to quantify all 
co-stained fluorescent cells. Cells co-expressing both glu-
cagon and YFP (glucagon+YFP+ cells), cells expressing glu-
cagon with no YFP (glucagon+YFP− cells), cells expressing 
GFP without glucagon (glucagon−YFP+ cells) as well as cells 
expressing either insulin and GFP (insulin+YFP+ cells) or in-
sulin and glucagon (glucagon+insulin+ cells) were assessed 
and quantified using ImageJ, as described previously.[11] All 
counts were determined in a blinded manner with ≥70 islets 
analysed per treatment group. 

Biochemical analyses
Blood samples were collected from the tail vein of ani-
mals into ice-chilled heparin-coated microcentrifuge tubes 
(Sarstedt, Nümbrecht, Germany). Blood glucose was meas-
ured using a portable Bayer Ascencia Counter blood glu-
cose meter (Bayer Healthcare, Newbury, Berkshire, UK). 

Table 1 Primary and secondary antibodies used for 
immunohistochemistry experiments

Primary antibody Dilution Source

  Mouse anti-insulin 1:1000 Abcam, ab6995

  Guinea pig anti-glucagon 1:200 Raised in-house: PCA2/4

  Rabbit anti-GFP 1:1000 Abcam, ab6556

  Rabbit anti-Ki-67 1:200 Abcam, ab15580

  TUNEL stain 1:10 Sigma Aldrich, 
11684795910

Secondary antibody Dilution Source

  Goat anti-mouse 1:400 Alexa Fluor 488, 
Invitrogen, UK

  Goat anti-mouse 1:400 Alexa Fluor 594, 
Invitrogen, UK

  Goat anti-guinea pig 1:400 Alexa Fluor 488, 
Invitrogen, UK

  Goat anti-guinea pig 1:400 Alexa Fluor 594, 
Invitrogen, UK

  Goat anti-rabbit 1:400 Alexa Fluor 488, 
Invitrogen, UK

  Donkey anti-rabbit 1:500 Alexa Fluor 594, 
Invitrogen, UK
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For plasma insulin and glucagon, blood was collected in 
chilled fluoride/heparin coated microcentrifuge tubes and 
centrifuged using a Beckman microcentrifuge (Beckman 
Instruments, Galway, Ireland) for 10 min at 12,000 rpm. 
Plasma was separated and stored at −20°C, until analysis. 
Insulin and glucagon concentrations were subsequently 
assessed by an in-house insulin radioimmunoassay[22] or 
commercially available glucagon ELISA kit (EZGLU-30K, 
Merck Millipore), respectively.

Statistical analysis
Statistical analysis was performed using GraphPad PRISM 
software (Version 5.0). Values are expressed as mean ± 
SEM. Comparative analyses between groups were carried 
out using a One-way analysis of variance with Bonferroni’s 
post hoc test or Student’s unpaired t-test, as appropriate. 
The difference between groups was considered significant 
for P < 0.05.

Results
Low-dose artemether does not alter the diabetic 
phenotype of STZ-treated mice
STZ administration was associated with gradual eleva-
tion of (P < 0.05–0.001) food and fluid intakes (Figure 1A 
and B) as well as decreased (P < 0.01–0.001) body weights 
(Figure 1C). Artemether treatment had no effect on these 
parameters (Figure 1A–C). Similarly, STZ-diabetic mice 
presented with significantly elevated (P < 0.001) glucose 
within 5 days of the last STZ injection as well as decreased 
(P < 0.01–0.001) terminal circulating insulin and glucagon 
concentrations (Figure 1D–F). Artemether intervention had 
no significant impact on circulating levels of glucose, in-
sulin or glucagon (Figure 1D–F). All animals treated with 

STZ presented with significantly reduced pancreatic in-
sulin (Figure 2A), but not glucagon (Figure 2B), content. 
Although the islet area was similar in all groups of mice 
(Figure 2C), STZ reduced (P < 0.001) the percentage of 
islet β-cell area with corresponding increases (P < 0.001) 
in percentage of α-cell area (Figure 2D and E). Artemether 
treatment had no obvious effect on overall islet, β- or 
α-cell areas in STZ-diabetic GluCreERT2;ROSA26-eYFP mice 
(Figure 2C–E). Representative images of islets stained for 
insulin and glucagon for each group of mice are depicted 
in Figure 2F–H.

Artemether does not affect α- or β-cell proliferation 
and apoptosis
Beta-cell apoptosis was significantly enhanced by STZ treat-
ment (Figure 3A), with no obvious changes in α-cell apop-
tosis noted between the groups of mice (Figure 3B). At the 
same time, β-cell proliferation was not affected by any of the 
treatments (Figure 3C), whereas α-cell proliferation was sig-
nificantly enhanced by STZ, an effect that was not altered by 
artemether treatment (Figure 3D).

Artemether has a mild effect on α-cell lineage
Alpha-cell lineage was studied by co-staining islets with 
glucagon or insulin alongside the lineage marker YFP. The 
injection of tamoxifen induced the expression of YFP spe-
cifically in α-cells (glucagon+), which was further signifi-
cantly enhanced by STZ-induced diabetes by approximately 
50% (Figure 4). STZ-induced diabetes was also associated 
with a decreased (P < 0.001) percentage of glucagon+GFP- 
cell populations (Figure 4B). Artemether treatment mildly 
opposed this tendency by decreasing the fraction of 
glucagon+YFP+ cells and increasing glucagon+GFP− cells, 
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Figure 1 Effects of once daily administration of artemether on islet cell lineage in STZ-diabetic GluCreERT2;Rosa26-eYFP mice. Parameters were assessed 
after 10 days once daily treatment with saline vehicle (0.9% NaCl) or artemether (100 mg/kg p.o.) in STZ-diabetic GluCreERT2;ROSA26-eYFP transgenic 
mice. Glucagon+YFP+ (A), glucagon+YFP− cells (B), glucagon−,YFP+ (C), insulin+YFP+ (D) and glucagon+insulin+ (E) cell populations were assessed via 
immunohistochemistry. A group of control mice received once daily saline vehicle (0.9% NaCl) and were included for comparative purposes. Values are 
means ± SEM (n = 5–6) with approximately 100 islets being analysed per group. *P < 0.05, **P < 0.01, ***P < 0.001 compared to control mice. ΔΔP < 
0.01 compared to STZ-diabetic controls. .

D
ow

nloaded from
 https://academ

ic.oup.com
/jpp/advance-article/doi/10.1093/jpp/rgac075/6752353 by U

niversity of U
lster user on 11 O

ctober 2022



4 Dipak Sarnobat et al.

as compared to STZ controls (Figure 4A and B). Notably, 
whilst STZ significantly increased the size of YFP+glucagon− 
cell population, representing lineage reprogrammed α-cells, 
artemether had no impact on this (Figure 4C). In some 
agreement, the percentage of bi-hormonal insulin+glucagon+ 
cells were significantly elevated by STZ intervention, along-
side insulin+YFP+ cell population size, again without any sig-
nificant impact of the artemether treatment on this (Figure 
4D and E).

Discussion
In the current study, we reveal little to no influence of the 
antimalarial drug artemether on α-cell transdifferentia-
tion and overall pancreatic islet morphology and biology 
in insulin-deficient diabetic mice, with evidence for only 
some minor effects on islet cell turnover. In this regard, our 
chosen model, STZ-diabetic GluCreERT2;ROSA26-eYFP mice, 
represents an ideal tool for assessing islet cell transdifferenti-
ation events. Thus, GluCreERT2;ROSA26-eYFP mice are a well-
characterised mammalian model that allow for robust lineage 
tracing of pancreatic α-cells.[9, 10, 21, 23] In addition, multiple 
low-dose STZ intervention in mice induces lymphocyte infil-
tration of islets and cytokine-induced β-cell death, mimicking 
human diabetes.[24, 25] As such, it leads to characteristic insulin 
deficiency, severe hyperglycaemia and subsequent adaptive 
islet cell lineage alterations.[5, 9, 10]

Pancreatic α- and β-cells arise from a common precursor, 
with mature β-cells possessing the Ins gene to induce insulin 
expression whereas glucagon expression by α-cells is linked 
to presence of the Gcg gene. [26] The function of these genes is 
regulated at the molecular level by several specific transcription 
factors, such as aristaless-related homeobox (Arx), pancreatic 
and duodenal homeobox 1 (Pdx1) and Pax6.[27] Accordingly, 
even adult α- and β-cells display genetic plasticity and ability 
to alter lineage based on the expression profiles of such tran-
scription factors.[4, 28] The initial ground-breaking reports on the 
effects of artemether and related GABA derivatives on α-cell 
lineage, reported the inhibition of glucagon secretion by these 
compounds, alongside suppression of the α-cell specific tran-
scription factor Arx, that ultimately resulted in the transdifferen-
tiation of α-cells to insulin positive β-cells.[12, 13] This finding had 
significant positive implications for the treatment of diabetes, 
as the loss of β-cell mass and function is generally considered 
the primary underlying pathophysiological feature.[5] However, 
the early optimism generated by Ben-Othman et al.[12] was at-
tenuated by subsequent studies demonstrating that artemether 
caused a general dedifferentiation of all islet endocrine cell 
types, including insulin-secreting β-cells.[14, 15] However, recent 
work in zebrafish has reignited interest in the possibility that 
artemether may lead to α-cell transdifferentiation.[19]

In our study, as expected, multiple low-dose STZ injections 
led to characteristic detrimental effects on body composition 
as well as severe hyperglycaemia and clear insulin deficiency.[25] 
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This was linked to the loss of β-cell mass and pancreatic in-
sulin content, with once daily 100 mg/kg artemether inter-
vention having no effect on any of these parameters. Since 
changes in glycaemic status can directly alter pancreatic islet 
cell lineage events,[29] this lack of effect is helpful in excluding 
such a variable in any observed changes of islet histology, as 
hyperglycaemia was consistent across all STZ-treated mice. 
However, it should be recognised that artemether has previ-
ously been established to exert glucose-lowering actions in 
diabetic rodents.[16, 17] Thus, the severity of the diabetic syn-
drome in the current setting, where circulating glucose levels 
above 20 mmol/l prior to artemether intervention, alongside 
the specific dosing regimen employed likely accounts for these 
differences. Furthermore, in our hands, artemether had no ad-
ditional negative impact on insulin deficiency, which contrasts 
with earlier suggestions that artemether impairs β-cell char-
acteristics and reduces expression of Ins1 and Ins2.[15] At the 
same time, STZ-induced increases of α-cell area, without 

corresponding changes in plasma or pancreatic glucagon con-
tent, could reflect the large size of the ‘resting’ α-cell pool.[30]

As noted, we were unable to recapitulate the advocated 
benefits of artemether on α- to β-cell transdifferentiation,[12, 13, 

19] thereby supporting previous reports utilising the in vivo and 
primary tissue models.[14, 15] One of the reasons for that could 
be the local environment of the islet, in which artemether is 
likely to inhibit α-cell electrical activity and Ca2+ dynamics by 
activating neighbouring β-cells,[31, 32] which may interfere with 
changes in gene expression in the former, thereby preventing 
the unwarranted α- to β-cell transdifferentiation. Further to 
this, mice with genetic or chemical ablation of glucagon re-
ceptor (GCGR) signalling, which would appear to closely 
correspond to the reported inhibitory effects of artemether, 
present with α-, rather than β-cell, hyperplasia.[33, 34] A recent 
report of a GCGR monoclonal antibody augmenting β-cell 
mass in diabetic mice, partially through α- to β-cell con-
version,[35] somewhat contrasts these reports. Interestingly, 
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Figure 3 Effects of once daily administration of artemether on pancreatic islet morphology in STZ-diabetic GluCreERT2;Rosa26-eYFP mice. Parameters 
were assessed after 10 days once daily treatment with saline vehicle (0.9% NaCl) or artemether (100 mg/kg p.o.) in STZ-diabetic GluCreERT2;ROSA26-
eYFP transgenic mice. Pancreatic insulin (A) and glucagon (B) content were measured via radioimmunoassay or ELISA, respectively, following islet 
hormone extraction. Total islet area (C), % beta-cell area (D) and % alpha-cell area (E) was assessed via immunohistochemistry. Representative images 
(40×) from each treatment group are provided (F–H). A group of control mice received once daily saline vehicle (0.9% NaCl) and were included for 
comparative purposes. Values represent means ± SEM (n = 5–6), with approximately 100 islets per group analysed. **P < 0.01 and ***P < 0.001 
compared to control mice.
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Figure 4 Effects of once daily administration of artemether on pancreatic islet cell proliferation and apoptosis in STZ-diabetic GluCreERT2;Rosa26-eYFP 
mice. Parameters were assessed after 10 days once daily treatment with saline vehicle (0.9% NaCl) or artemether (100 mg/kg p.o.) in STZ-diabetic 
GluCreERT2;ROSA26-eYFP transgenic mice. Beta- and α-cell apoptosis (A, B) as well as proliferation (C, D) were assessed by TUNEL and Ki-67 staining, 
respectively. A group of control mice received once daily saline vehicle (0.9% NaCl) and were included for comparative purposes. Values represent 
means ± SEM (n = 5–6) with approximately 60 islets per group analysed. **P < 0.01 compared to control mice.
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GCGR antagonism has also been revealed to increase mouse 
pancreatic δ-cell mass, which was however believed to be 
driven by duct cell neogenesis rather than islet cell lineage 
changes.[36] Although outside the scope of the current investi-
gation, assessment of levels of specific α- and β-cell transcrip-
tion factors such as Arx, paired box gene 4 (Pax4), Pdx-1 or 
forkhead box O14, 28] may also help understand lack of effects 
of artemether on islet cell transdifferentiation.

As evidenced previously,[4, 5] pancreatic islet cell trans-
differentiation is a normal occurrence that is altered in di-
abetes. However, whether changes in islet cell lineage are a 
cause or effect of diabetes still needs to be fully established. 
In full agreement with others,[37] we did detect bi-hormonal 
insulin+glucagon+ islets cells that were elevated in STZ-
diabetic mice. Artemether treatment appeared to reduce the 
number of glucagon+YFP+ cells, without altering overall α-cell 
area. This might parallel to some degree with the view that 
GABA signalling can induce α-cell precursor neogenesis.[12] 
As such, YFP expression was only present in around 50–60% 
of glucagon positive α-cells in normal mice, which was el-
evated in diabetic rodents likely because of increased α-cell 
proliferation. Thus, reversal of the increase of YFP expres-
sion in α-cells by artemether, alongside the lack of alteration 
in overall α-cell area, implies a potential induction of α-cell 
neogenesis. It would also be interesting to investigate if this 
potential α-cell regeneration effect of artemether extends to 
mice with normal glycaemic status which might be relevant 
for use of the drug for treatment of malaria.[38] Nevertheless, 
unlike Ben-Othman et al.,[12] we revealed no obvious conver-
sion of such newly formed α-cells towards β-like cells in STZ-
diabetic GluCreERT2;ROSA26-eYFP transgenic mice.

In conclusion, there has been considerable debate regarding 
artemether-induced effects on α-cell transdifferentiation over 
the last number of years.[12, 14, 15] New studies in zebrafish would 
tend to suggest that, at least in that model, artemether can 
alter the lineage of α-cells towards insulin-positive β-cells.[19] 
However, our investigations demonstrate that this effect does 
not extend to mice, which clearly has an important transla-
tional impact for the human setting. In conclusion, our data 
do not support a beneficial role for artemisinin derivatives in 
restoring mammalian pancreatic islet architecture in diabetes.
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