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ABSTRACT
Type 1 diabetes (T1D) is a disease characterized by destruction of the insulin-producing beta cells. 
Currently, there remains a critical gap in our understanding of how to reverse or prevent beta cell 
loss in individuals with T1D. Previous studies in mice discovered that pharmacologically inhibiting 
polyamine biosynthesis using difluoromethylornithine (DFMO) resulted in preserved beta cell 
function and mass. Similarly, treatment of non-obese diabetic mice with the tyrosine kinase 
inhibitor Imatinib mesylate reversed diabetes. The promising findings from these animal studies 
resulted in the initiation of two separate clinical trials that would repurpose either DFMO 
(NCT02384889) or Imatinib (NCT01781975) and determine effects on diabetes outcomes; however, 
whether these drugs directly stimulated beta cell growth remained unknown. To address this, we 
used the zebrafish model system to determine pharmacological impact on beta cell regeneration. 
After induction of beta cell death, zebrafish embryos were treated with either DFMO or Imatinib. 
Neither drug altered whole-body growth or exocrine pancreas length. Embryos treated with 
Imatinib showed no effect on beta cell regeneration; however, excitingly, DFMO enhanced beta 
cell regeneration. These data suggest that pharmacological inhibition of polyamine biosynthesis 
may be a promising therapeutic option to stimulate beta cell regeneration in the setting of 
diabetes.
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Introduction

Type 1 diabetes (T1D) is a disease characterized by 
destruction of the insulin-producing beta cells in the 
pancreas. To date, virtually all therapies designed to 
improve beta cell function have targeted 
autoimmunity.1 While several of these therapies 
were reported to initially stabilize beta cell function, 
there was an eventual decline that proceeded at a rate 
comparable to untreated controls.2 These results high
light a critical gap in our understanding of how to 
reverse or prevent the beta cell damage and loss pre
sent in individuals with T1D.

Previous studies revealed that pharmacologically 
inhibiting polyamine biosynthesis in non-obese 
diabetic (NOD) mice, using the drug difluoro
methylornithine (DFMO) resulted in preserved 
beta cell function and enhanced beta cell mass.3 

DFMO targets the polyamine biosynthesis pathway 
by directly inhibiting ornithine decarboxylase 

(ODC), the rate-limiting enzyme in the production 
of polyamines (putrescine, spermidine, and 
spermine).4 Polyamines are polycationic, low mole
cular weight aliphatic amines that are required for 
cell proliferation and have been reported to have 
a crucial role in the proliferation of multiple 
cancers.5-10 Given that high concentrations of poly
amines are found in endocrine and exocrine cells in 
the pancreas,11,12 our previous work investigated 
the role of polyamine biosynthesis in the develop
ing pancreas.13 This work identified a direct con
nection to pancreatic cellular differentiation; 
however, the requirement for polyamine biosynth
esis in cellular regeneration, and specifically beta 
cell regeneration, remains unclear.

Similar to the study performed with DFMO, 
treatment of NOD mice, either prediabetic or new 
onset, with the first-in-class tyrosine kinase inhibi
tor Imatinib mesylate prevented and reversed 
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diabetes.14 Whereas the most common application 
for Imatinib is its use as a therapeutic to inhibit the 
activity of the novel BCR-ABL tyrosine kinase con
stitutively active in chronic myeloid leukemia 
(CML),15 the findings in the study by Louvet and 
colleagues14 pose an interesting alternative applica
tion for the drug. That said, the impact of Imatinib 
on beta cell regeneration remains uncharacterized.

Interestingly, the treatment of NOD mice with 
either DFMO or Imatinib reported reductions in 
inflammation; however, the positive effects on dia
betes outcomes in both studies were attributed to 
endocrine changes. Resultantly, these preliminary 
studies in rodents increased evidence for the initia
tion of clinical trials to investigate the effects of 
these drugs on human disease. In particular, 
a trial in new-onset T1D using DFMO 
(Eflornithine16) was approved to determine the 
effect of polyamine biosynthesis inhibition on the 
progression of disease (NCT02384889). Similarly, 
a clinical trial in recent-onset T1D was approved to 
investigate the effects of Imatinib (Gleevec17) on 
long-term remission of T1D (NCT01781975). 
Despite the initiation of these clinical trials, the 
biological effect of DFMO or Imatinib on beta cell 
growth remains unclear.

Given that the aforementioned clinical trials are 
investigating DFMO and Imatinib treatment for 
improved diabetes outcomes, the goal of this 
study is to determine the effect of these drugs spe
cifically on beta cell growth. Therefore, we utilized 
a zebrafish regeneration model system18 to assess 
the effect of DFMO or Imatinib treatment on beta 
cell regeneration. The identification of an FDA- 
approved therapeutic that regenerates functional 
beta cells in the setting of diabetes would represent 
a landmark advance in the treatment of T1D.

Results

DFMO treatment enhances beta cell regeneration

The zebrafish pancreas develops from two distinct 
(dorsal and ventral) buds, with the principal islet 
developing from dorsal pancreatic progenitor cells 
and the exocrine developing from ventral pancreatic 
progenitors.19,20 Insulin-expressing cells are first 
detected in the dorsal pancreatic bud at the 12–14 
somite stage (approximately 14 hours post 

fertilization; hpf), with the remainder of the endocrine 
cell types appearing by 24 hpf.20-22 By 3days post 
fertilization (dpf), the principal islet has coalesced 
and exocrine cells have differentiated, expanded, and 
express characteristic markers including the transcrip
tion factor Pancreatic transcription factor 1a (Ptf1a) 
and the digestive enzymes CarboxypeptidaseA and 
Trypsin.20,23 To test the hypothesis that DFMO pro
motes beta cell regeneration, we utilized double- 
transgenic zebrafish Tg(insa:flag-NTR;cryaa: 
mCherry);Tg(ptf1a-gfp), 18,24 which fluorescently 
mark the exocrine cells with green fluorescent protein 
(GFP) and express the nitroreductase (NTR) gene in 
the insulin-expressing beta cells. In this system, the 
expression of NTR is induced in all cells that express 
insulin and subsequent treatment of the zebrafish with 
Nifurpirinol (NFP) induces cellular ablation.25,26 

Whereas this model lacks the immune cell infiltration 
reported in T1D, the targeted destruction of the beta 
cells can be used as a model to examine growth and 
regeneration following extreme beta cell loss. As such, 
previous studies have used this model to better under
stand the mechanism by which beta cells naturally 
regenerate in the zebrafish, including neogenesis and 
transdifferentiation.27,28

At 3 dpf, zebrafish embryos were treated with 
NFP for 24 hours to induce beta cell ablation;25,26 

this experimental timeline allowed for sufficient 
islet and exocrine differentiation to occur before 
beta cell death was induced.29 To determine the 
effect of DFMO on beta cell regeneration, beta 
cell-ablated embryos at 4 dpf were then treated 
with varying doses of DFMO (0.5%, 1%, 1.5% wt/ 
vol) and cellular effects were evaluated at 7 dpf. 
DFMO doses of 0.5% and 1% wt/vol were well 
tolerated; however, the 1.5% wt/vol dose showed 
toxicity and death at 7 dpf (Figure 1A). All subse
quent experiments analyzed only zebrafish treated 
with 0.5% and 1% wt/vol DFMO. GFP expression 
in the pancreas was used to measure exocrine pan
creas length (Figure 1B); both whole-body and 
pancreas length were unchanged in response to 
DFMO treatment (Figure 1C).

Morphometric analysis of endocrine cell popula
tions was performed on DFMO-treated zebrafish 
compared with no treatment and NFP-ablated con
trols. Immunofluorescence was used to visualize cells 
in the principal islet in each embryo; NFP mediated 
a significant reduction in insulin-expressing beta cell 
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number at 4 dpf (Figure 2A). Following DFMO treat
ment for 3 d, no significant changes in the number of 
glucagon-expressing cells (Figure 2B) or insulin/glu
cagon co-expressing cells (Figure 2C) were observed. 
However, the number of insulin-expressing cells was 
significantly increased in both the 0.5% and 1% wt/ 
vol DFMO-treated zebrafish compared with NFP- 
ablated controls at 7 dpf (Figure 2D). Excitingly, the 
beta cell number in the 0.5% and 1% wt/vol DFMO- 
treated zebrafish was not significantly different com
pared with untreated control embryos at 7 dpf 
(Figure 2D), indicating that DFMO not only 

stimulates beta cell regeneration but does so at an 
increased rate resulting in a complement of beta cells 
equivalent to normal development at 7 dpf.

Imatinib treatment does not enhance beta cell 
regeneration

Similar to the analysis of DFMO-treated zebrafish, 
we investigated the effect of Imatinib on beta cell 
regeneration. We tested a serial dilution (500 to 
0.005 µM) of Imatinib and observed minimal to 
no death in all doses except 500 µM (Figure 3A). 

Figure 1. Whole-body development and exocrine pancreas size are unaltered with DFMO treatment. (A) A survival curve of zebrafish 
embryos treated with DFMO for 3 d (from 4 to 7 dpf). (B) Image of 7 dpf Tg(insa:flag-NTR:cryaa:mCherry);Tg(ptf1a:GFP) double 
transgenic control, NFP, and DFMO-treated zebrafish embryos. Scale bar = 1 mm. (C) Quantification of pancreas length normalized to 
whole-body length at 7 dpf. Each experiment was performed at least three times, starting with 15 embryos in each group. One-way 
ANOVA determined significance; data are represented as mean ± SEM * p < .05, ** p < .01, **** p < .0001. Tx, treatment.
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Using GFP expression, exocrine pancreas length 
was measured at 7 dpf in all treatment groups and 
controls; no changes were observed in either the 
exocrine pancreas or whole-body development 
(Figure 3B). Whereas NFP mediated a significant 
reduction in insulin-expressing beta cell number at 
4 dpf, no significant change in the number of insu
lin-expressing cells, glucagon-expressing cells, or 
insulin/glucagon co-expressing cells was observed 
at 7 dpf with Imatinib treatment compared with 
NFP-ablated controls (Figure 4AE). In short, there 
was no evidence that Imatinib treatment stimulated 
beta cell regeneration above that of the baseline 
level of regeneration observed in this zebrafish dia
betes model.

Discussion

Zebrafish are a versatile model organism for 
answering questions related to pharmacological 
impact on cell growth. Using this system, we 
have identified that treatment with DFMO, and 
thus inhibition of polyamine biosynthesis, in the 

setting of diabetes in zebrafish results in enhanced 
beta cell regeneration. Moreover, our data show 
no effect on regeneration with Imatinib treatment. 
Whereas other studies have utilized zebrafish to 
screen molecules to identify targets that impact 
beta cell growth or development,30,31 our study 
has exploited this system to understand the 
impact on beta cell growth of drugs that have 
been shown to potentially alter diabetes onset 
and progression in rodents.3,14 In particular, our 
data suggest that the preserved beta cell function 
and enhanced beta cell mass reported with DFMO 
treatment of NOD mice3 may be as a result of 
polyamine biosynthesis inhibition stimulating 
beta cell regeneration.

In addition to linking polyamine biosynthesis 
with beta cell regeneration, our results have clarified 
a time window for the effects of DFMO treatment on 
the pancreas. Previous studies determined that phar
macological inhibition of polyamine biosynthesis 
during early embryonic organogenesis negatively 
impacted pancreas development,13 suggesting that 
inhibition of polyamine biosynthesis during the 
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developmental stages could have a marked impact 
on the whole organism. However, once development 
is complete, and in a normal setting, our data show 
that DFMO treatment does not alter pancreas devel
opment or whole-body growth. Rather, it is only 
under conditions of depleted beta cell mass that the 
effects of DFMO are observed, namely induction of 
beta cell regeneration.

In stark contrast to that observed with DFMO 
treatment, treatment with Imatinib following beta 
cell ablation resulted in no increased beta cell regen
eration. This lack of effect on beta cell growth was 
somewhat unexpected given the reported reversal of 
diabetes observed in NOD mice treated with 
Imatinib.14 That said, a potential caveat to this con
clusion is the need to directly examine the inhibition 
of tyrosine kinase activity in zebrafish following 

treatment with Imatinib. Therefore, further analyses 
are required to fully understand if there is an effect of 
Imatinib treatment on the preservation or regenera
tion of beta cells in the setting of diabetes.

Questions also remain with respect to how 
DFMO stimulates beta cell growth. We speculate 
that inhibition of polyamine biosynthesis in the 
setting of diabetes may induce a mechanism that 
stimulates beta cell neogenesis or endocrine cell 
trans-differentiation, which were previously identi
fied mechanisms that regenerate beta cells in mouse 
and zebrafish;27,32 however, further study is 
required to resolve this unknown. Moreover, 
results from the DFMO clinical trial 
(NCT02384889) will also clarify if the positive 
effects observed in our zebrafish model of beta cell 
loss translate to significant outcomes for indivi
duals with new-onset T1D.

Materials and methods

Zebrafish maintenance and strains

Zebrafish were raised in standard laboratory con
ditions at 28.5°C and all procedures conducted in 
accordance with OLAW guidelines and approved 
by the Indiana University School of Medicine 
Institutional Animal Care and Use Committee. 
The transgenic lines Tg(insa:flag-NTR;cryaa: 
mCherry)s89226 and Tg(ptf1a-gfp)jh124 were inter
crossed to produce experimental embryos that 
were then cultured in standard conditions at 28.5° 
C in egg water, which was supplemented with 
4 mM 1-phenyl 2-thiourea (PTU)(Acros) to inhibit 
pigment formation. Only Tg(insa:flag-NTR;cryaa: 
mCherry);Tg(ptf1a-gfp) embryos were used in 
experiments; these double transgenic embryos 
were sorted at 3 dpf by identification of GFP- 
expressing cells and mCherry-expressing eye lenses 
using a Leica M205 fluorescent dissecting 
microscope.

Beta cell ablation and pharmaceutical treatment of 
zebrafish

Beta cell ablation was achieved in Tg(insa:flag- 
NTR;cryaa:mCherry);Tg(ptf1a-gfp) embryos by treat
ment with 2.5 µM Nifurpirinol25 (Sigma) dissolved 
in DMSO (Fisher) supplemented with PTU (as 
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above) from 3–4 dpf. Embryos were then treated for 
3 d (4–7 dpf) with either difluoromethylornithine 
(DFMO) (0.5%, 1%, or 1.5%wt/vol; generous gift 
from Dr. P. Woster) or Imatinib (500 µM, 50 µM, 
5 µM, 0.5 µM, 0.05 µM, 0.01 µM, or 0.005 µM; LC 
Laboratories), dissolved in egg water, as both drugs 

have been reported to be soluble in water,33,34 thus 
removing the requirement for the use of an addi
tional chemical vehicle. Drug treatments were 
refreshed each day for 3 d (4–7 dpf). Embryo health 
and survival were assessed daily. At 7 dpf, embryos 
were removed from drug treatments, washed with 
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egg water, and preserved overnight at 4°C in 2.5% 
formaldehyde (Fisher) in buffer (50 mM PIPES, 
2 mM EGTA, 1 mM MgSO4) (Fisher).

Immunofluorescence analysis of wholemount 
zebrafish embryos

Immunofluorescent staining was performed as pre
viously published35 with modifications to account 
for age of the embryos analyzed. Briefly, embryos 
were blocked in 4% Bovine Serum Albumin 
(Gemini Bio Products) for 90 minutes at room 
temperature followed by incubation with primary 
antibodies for 48 hours at 4°C. The following pri
mary antibodies were used: guinea pig anti-insulin 
(Agilent; 1:200), mouse anti-glucagon (Cell 
Signaling Technology; 1:100), and chicken anti- 
GFP (Aves Labs; 1:500). For visualization, embryos 
were incubated overnight at 4°C with secondary 
antibodies (Alexa-488, Cy3, or Alexa-647 (Jackson 
Immunoresearch)); DAPI (Sigma; 1:1000) was used 
to visualize nuclei. Images were acquired with 
a Zeiss 710 confocal microscope. For each embryo, 
images were captured every 1 µm across the princi
pal islet. Individual endocrine cell types were quan
tified using ImageJ. Statistical significance was 
determined by one-way ANOVA with multiple 
comparisons using Tukey’s post hoc test (Prism7, 
GraphPad).

Pancreas length measurements

Fluorescent wholemount images were captured 
(Leica) such that the whole embryo and GFP- 
expressing pancreas could be visualized. Length was 
measured using ImageJ. Statistical significance was 
determined by one-way ANOVA with multiple com
parisons using Tukey’s post hoc test (Prism7, 
GraphPad).

Acknowledgments

The authors would like to thank Dr. Patrick Woster for the 
generous gift of DFMO. This work was supported in part by 
funding from a Juvenile Diabetes Research Foundation (JDRF) 
Career Development Award (5-CDA-2016-194-A-N) to TLM. 
The authors also acknowledge support from the Lynn Fellowship 
to JF, and funding in part from an NIH NCATS ASPIRE Design 
Challenge award to GC as well as startup funds to GC from the 

Purdue University Center for Cancer Research NIH grant (P30 
CA023168) and the Department of Chemistry at Purdue 
University. The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that 
could be construed as a potential conflict of interest.

Keypoints

● This study evaluates two drugs in clinical trial for new/ 
recent-onset type 1 diabetes, DFMO, and Imatinib, to 
determine their effect on beta cell growth;

● In the diabetes setting in zebrafish, DFMO not only stimu
lates beta cell regeneration but does so at an increased rate 
restoring a complement of beta cells equivalent to normal 
development;

● Imatinib treatment did not stimulate beta cell regeneration 
in this zebrafish diabetes model;

● This study identifies an FDA-approved therapeutic, 
DFMO, with the capacity to regenerate beta cells in the 
setting of diabetes in zebrafish.

Disclosure of potential conflicts of interest

No potential conflicts of interest were disclosed.

Funding

This work was supported by the Juvenile Diabetes Research 
Foundation International [5-CDA-2016-194-A-N]; National 
Center for Advancing Translational Sciences [11000955, 
11000956].

ORCID

Morgan A. Robertson http://orcid.org/0000-0003-1947- 
3150
Leah R. Padgett http://orcid.org/0000-0001-9295-9689
Jonathan A. Fine http://orcid.org/0000-0002-3685-8581
Gaurav Chopra http://orcid.org/0000-0003-0942-7898
Teresa L. Mastracci http://orcid.org/0000-0003-1956-1951

References

1. Atkinson MA, Roep BO, Posgai A, Wheeler DCS, 
Peakman M. The challenge of modulating β-cell auto
immunity in type 1 diabetes. Lancet Diabetes 
Endocrinol. 2019;7:52–64.

2. Matthews JB, Staeva TP, Bernstein PL, Peakman M, von 
Herrath M, Group I-JT. 1 DCTA. Developing combina
tion immunotherapies for type 1 diabetes: recommen
dations from the ITN-JDRF type 1 diabetes 
combination therapy assessment group. Clin Exp 

ISLETS 105



Immunol. 2010;160:176–184. doi:10.1111/j.1365- 
2249.2010.04153.x.

3. Tersey SA, Colvin SC, Maier B, Mirmira RG. Protective 
effects of polyamine depletion in mouse models of type 
1 diabetes: implications for therapy. Amino Acids. 
2014;46:633–642. doi:10.1007/s00726-013-1560-7.

4. Pegg AE, McCann PP. Polyamine metabolism and 
function. Am J Physiol. 1982;243:C212–221. doi:10.1152/ 
ajpcell.1982.243.5.C212.

5. Megosh L, Gilmour SK, Rosson D, AP S, Blessing M, 
Sawicki JA, O’Brien TG. Increased frequency of sponta
neous skin tumors in transgenic mice which overex
press ornithine decarboxylase. Cancer Res. 
1995;55:4205–4209.

6. Giardiello FM, Hamilton SR, Hylind LM, Yang VW, 
Tamez P, Casero RA. Ornithine decarboxylase and 
polyamines in familial adenomatous polyposis. Cancer 
Res. 1997;57:199–201.

7. Smith MK, Goral MA, Wright JH, Matrisian LM, 
Morris RJ, Klein-Szanto AJ, Gilmour SK. Ornithine 
decarboxylase overexpression leads to increased epithe
lial tumor invasiveness. Cancer Res. 1997;57:2104–2108.

8. Manni A, Washington S, Griffith JW, Verderame MF, 
Mauger D, Demers LM, Samant RS, Welch DR. 
Influence of polyamines on in vitro and in vivo features 
of aggressive and metastatic behavior by human breast 
cancer cells. Clin Exp Metastasis. 2002;19:95–105. 
doi:10.1023/A:1014536909007.

9. Weiss TS, Bernhardt G, Buschauer A, Thasler WE, 
Dolgner D, Zirngibl H, Jauch K-W. Polyamine levels 
of human colorectal adenocarcinomas are correlated 
with tumor stage and grade. Int J Colorectal Dis. 
2002;17:381–387. doi:10.1007/s00384-002-0394-7.

10. Minois N, Carmona-Gutierrez D, Madeo F. Polyamines in 
aging and disease. Aging (Albany NY). 2011;3:716–732. 
doi:10.18632/aging.100361.

11. Hougaard DM, Nielsen JH, Larsson LI. Localization and 
biosynthesis of polyamines in insulin-producing cells. 
Biochem J. 1986;238:43–47. doi:10.1042/bj2380043.

12. Hougaard DM, Larsson LI. Localization and possible 
function of polyamines in protein and peptide secreting 
cells. Med Biol. 1986;64:89–94.

13. Mastracci TL, Robertson MA, Mirmira RG, 
Anderson RM. Polyamine biosynthesis is critical for 
growth and differentiation of the pancreas. Sci Rep. 
2015;5:13269. doi:10.1038/srep13269.

14. Louvet C, Szot GL, Lang J, Lee MR, Martinier N, 
Bollag G, Zhu S, Weiss A, Bluestone JA. Tyrosine kinase 
inhibitors reverse type 1 diabetes in nonobese diabetic 
mice. Proc Natl Acad Sci USA. 2008;105:18895–18900. 
doi:10.1073/pnas.0810246105.

15. Druker BJ, Guilhot F, O’Brien SG, Gathmann I, 
Kantarjian H, Gattermann N, Deininger MWN, 
Silver RT, Goldman JM, Stone RM, et al. Five-year 
follow-up of patients receiving imatinib for chronic 
myeloid leukemia. N Engl J Med. 2006;355:2408–2417. 
doi:10.1056/NEJMoa062867.

16. Mohammed A, Janakiram NB, Madka V, Ritchie RL, 
Brewer M, Biddick L, Patlolla JMR, Sadeghi M, 
Lightfoot S, Steele VE, et al. Eflornithine (DFMO) pre
vents progression of pancreatic cancer by modulating 
ornithine decarboxylase signaling. Cancer Prev Res 
(Phila). 2014;7:1198–1209. doi:10.1158/1940-6207. 
CAPR-14-0176.

17. Mokhtari D, Welsh N. Potential utility of small tyrosine 
kinase inhibitors in the treatment of diabetes. Clin Sci. 
2009;118:241–247. doi:10.1042/CS20090348.

18. Curado S, Stainier DYR, Anderson RM. Nitroreductase- 
mediated cell/tissue ablation in zebrafish: a spatially and 
temporally controlled ablation method with applica
tions in developmental and regeneration studies. Nat 
Protoc. 2008;3:948–954. doi:10.1038/nprot.2008.58.

19. Pictet RL, Clark WR, Williams RH, Rutter WJ. An 
ultrastructural analysis of the developing embryonic 
pancreas. Developmental Biology. 1972;29:436–467. 
doi:10.1016/0012-1606(72)90083-8.

20. Biemar F, Argenton F, Schmidtke R, Epperlein S, 
Peers B, Driever W. Pancreas development in zebrafish: 
early dispersed appearance of endocrine hormone 
expressing cells and their convergence to form the defi
nitive islet. Developmental Biology. 2001;230:189–203. 
doi:10.1006/dbio.2000.0103.

21. Argenton F, Zecchin E, Bortolussi M. Early appearance 
of pancreatic hormone-expressing cells in the zebrafish 
embryo. Mechan Deve. 1999;87:217–221. doi:10.1016/ 
S0925-4773(99)00151-3.

22. Beer RL, Parsons MJ, Rovira M. Centroacinar cells: at 
the center of pancreas regeneration. Dev Biol. 
2016;413:8–15. doi:10.1016/j.ydbio.2016.02.027.

23. Anderson RM, Delous M, Bosch JA, Ye L, 
Robertson MA, Hesselson D, Stainier DYR. 
Hepatocyte growth factor signaling in intrapancreatic 
ductal cells drives pancreatic morphogenesis. PLoS 
Genet Internet] 2013 [cited 2020 Jun 1]; 9:e1003650. 
Available from: https://www.ncbi.nlm.nih.gov/pmc/arti 
cles/PMC3723531/

24. Godinho L, Mumm JS, Williams PR, Schroeter EH, 
Koerber A, Park SW, Leach SD, Wong RO. 
Targeting of amacrine cell neurites to appropriate 
synaptic laminae in the developing zebrafish retina. 
Development. 2005;132:5069–5079. doi:10.1242/ 
dev.02075.

25. Bergemann D, Massoz L, Bourdouxhe J, Carril 
Pardo CA, Voz ML, Peers B, Nifurpirinol: MI. A more 
potent and reliable substrate compared to metronida
zole for nitroreductase-mediated cell ablations. Wound 
Repair Regen. 2018;26:238–244. doi:10.1111/wrr.12633.

26. Curado S, Anderson RM, Jungblut B, Mumm J, 
Schroeter E, Stainier DYR. Conditional targeted cell abla
tion in zebrafish: A new tool for regeneration studies. 
Developmental Dynamics. 2007;236:1025–1035. doi:10.10 
02/dvdy.21100.

27. Ye L, Robertson MA, Hesselson D, Stainier DYR, 
Anderson RM. Glucagon is essential for alpha cell 

106 M. A. ROBERTSON ET AL.

https://doi.org/10.1111/j.1365-2249.2010.04153.x
https://doi.org/10.1111/j.1365-2249.2010.04153.x
https://doi.org/10.1007/s00726-013-1560-7
https://doi.org/10.1152/ajpcell.1982.243.5.C212
https://doi.org/10.1152/ajpcell.1982.243.5.C212
https://doi.org/10.1023/A:1014536909007
https://doi.org/10.1007/s00384-002-0394-7
https://doi.org/10.18632/aging.100361
https://doi.org/10.1042/bj2380043
https://doi.org/10.1038/srep13269
https://doi.org/10.1073/pnas.0810246105
https://doi.org/10.1056/NEJMoa062867
https://doi.org/10.1158/1940-6207.CAPR-14-0176
https://doi.org/10.1158/1940-6207.CAPR-14-0176
https://doi.org/10.1042/CS20090348
https://doi.org/10.1038/nprot.2008.58
https://doi.org/10.1016/0012-1606(72)90083-8
https://doi.org/10.1006/dbio.2000.0103
https://doi.org/10.1016/S0925-4773(99)00151-3
https://doi.org/10.1016/S0925-4773(99)00151-3
https://doi.org/10.1016/j.ydbio.2016.02.027
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3723531/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3723531/
https://doi.org/10.1242/dev.02075
https://doi.org/10.1242/dev.02075
https://doi.org/10.1111/wrr.12633
https://doi.org/10.1002/dvdy.21100
https://doi.org/10.1002/dvdy.21100


transdifferentiation and beta cell neogenesis. Devel- 
opment. 2015;142:1407–1417. doi:10.1242/dev.117911.

28. Pisharath H, Rhee JM, Swanson MA, Leach SD, 
Parsons MJ. Targeted ablation of beta cells in the 
embryonic zebrafish pancreas using E. coli 
nitroreductase. Mechanisms of Development. 
2007;124:218–229. doi:10.1016/j.mod.2006.11.005.

29. Kulkarni AA, Conteh AM, Sorrell CA, Mirmira A, 
Tersey SA, Mirmira RG, Linnemann AK, Anderson RM. 
An in vivo zebrafish model for interrogating ros-mediated 
pancreatic β-cell injury, response, and prevention 
[Internet]. Oxid Med Cell Longevity. 2018 [cited 2020 
Jun 16];2018:e1324739. Available from: https://www.hin 
dawi.com/journals/omcl/2018/1324739/.

30. Helker CSM, Mullapudi S-T, Mueller LM, 
Preussner J, Tunaru S, Skog O, Kwon H-B, 
Kreuder F, Lancman JJ, Bonnavion R, et al. A whole 
organism small molecule screen identifies novel reg
ulators of pancreatic endocrine development. 
Development. 2019;146; dev172569.

31. Tsuchiya M, Taniguchi S, Yasuda K, Nitta K, Maeda A, 
Shigemoto M, Tsuchiya K. Potential roles of large mafs in 
cell lineages and developing pancreas. Pancreas. 
2006;32:408–416. doi:10.1097/01.mpa.0000220867.6478 
7.99.

32. Thorel F, Népote V, Avril I, Kohno K, Desgraz R, 
Chera S, Herrera PL. Conversion of adult pancreatic 
alpha-cells to beta-cells after extreme beta-cell loss. 
Nature. 2010;464:1149–1154. doi:10.1038/nature08894.

33. PubChem. Eflornithine [Internet]; [cited 2020 Jun 1]; 
Available from: https://pubchem.ncbi.nlm.nih.gov/com 
pound/3009

34. PubChem. Imatinib [Internet]; [cited 2020 Jun 1]; 
Available from: https://pubchem.ncbi.nlm.nih.gov/com 
pound/5291

35. Ye L, Robertson MA, Mastracci TL, Anderson RM. An 
insulin signaling feedback loop regulates pancreas pro
genitor cell differentiation during islet development and 
regeneration. Dev Biol. 2016;409:354–369. doi:10.1016/j. 
ydbio.2015.12.003.

ISLETS 107

https://doi.org/10.1242/dev.117911
https://doi.org/10.1016/j.mod.2006.11.005
https://www.hindawi.com/journals/omcl/2018/1324739/
https://www.hindawi.com/journals/omcl/2018/1324739/
https://doi.org/10.1097/01.mpa.0000220867.64787.99
https://doi.org/10.1097/01.mpa.0000220867.64787.99
https://doi.org/10.1038/nature08894
https://pubchem.ncbi.nlm.nih.gov/compound/3009
https://pubchem.ncbi.nlm.nih.gov/compound/3009
https://pubchem.ncbi.nlm.nih.gov/compound/5291
https://pubchem.ncbi.nlm.nih.gov/compound/5291
https://doi.org/10.1016/j.ydbio.2015.12.003
https://doi.org/10.1016/j.ydbio.2015.12.003

	Abstract
	Introduction
	Results
	DFMO treatment enhances beta cell regeneration
	Imatinib treatment does not enhance beta cell regeneration

	Discussion
	Materials and methods
	Zebrafish maintenance and strains
	Beta cell ablation and pharmaceutical treatment of zebrafish
	Immunofluorescence analysis of wholemount zebrafish embryos
	Pancreas length measurements

	Acknowledgments
	Keypoints
	Disclosure of potential conflicts of interest
	Funding
	ORCID
	References

