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Abstract

Leptin has been extensively studied in obesity and type 2 diabetes and has been shown to
play a key role in whole-body energy homeostasis, however, its function in insulin signaling is
still poorly understood. In this study, we show that leptin deficient zebrafish mutant embryos
and larvae appear to be totally insulin resistant and show a diabetic phenotype at all stages
of embryogenesis and larval development. This phenotype can be reversed by the injection
of human leptin. Both metformin and the phosphatase inhibitor NSC-87877 are able to
reverse this diabetic phenotype of the zebrafish larvae at the larval stage. In contrast to
metformin, NSC-87877 was also active at early embryonic stages. Gene knockdown studies in
the leptin mutant background indicate that the results are translatable to Xenopus laevis
embryos and that the small non-receptor tyrosine phosphatase Ptpn6 is the most likely target
responsible for the antidiabetic effect of NSC-87877.

Introduction

The metabolic syndrome is currently an increasing worldwide problem, affecting 425 million
people of the world population (IDF Diabetes Atlas, 8th edn.). It includes type 2 diabetes
mellitus (T2DM), which is increasing among the world population, reaching currently a
pandemic form2. Current treatment methods of diabetes type 2 are still limited and fall in
three categories, of which the insulin sensitizers such as metformin that remedy insulin
resistance, the primary hallmark of diabetes 2, are the best studied and widely used3.
Research on insulin resistance and type 2 diabetes has used human cell cultures and various
animal models, mainly rodents. The mutant mice strains of the leptin and leptin receptor
genes, the ob/ob, db/db strains, respectively have diabetic phenotypes and are therefore
highly useful for diabetes research®. In addition, high fat diet mice, Zucker fatty rats and ZDF
rats, have been widely used to study T2DM, obesity and the function of leptin signaling in
metabolic syndrome>®.

Leptin is a cytokine produced mainly by mature adipocytes in white adipose tissue. In the
brain it regulates food intake, appetite behavior and energy expenditure. Leptin mutations in
rodents lead to hyper obesity and other abnormalities, which are described as main factors
that influence development of diabetic symptoms*. The molecular mechanisms by which
leptin controls insulin resistance in various target tissues are largely unknown’. Leptin’s
function is correlated with proteins tyrosine phosphatases that are key regulatory factors in
many signal transduction pathways underlying vertebrate development®. Protein tyrosine
phosphatase 1B (PTP1B) has emerged as a novel promising therapeutic target for the
treatment of T2DM, as it plays an important role in the negative regulation of insulin signal
transduction pathways®. Moreover, the expression of hypothalamic PTP1B is upregulated in
leptin resistant animals'®. It was recently shown that inhibition of low-molecular-weight
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tyrosine phosphatase (LMPTP) in rodents results in attenuation of high-fat diet-induced
diabetes!!.

In adult zebrafish leptin receptor and leptin genes have shown to have a conserved role in
glucose homeostasis but, does not appear to play a role in adipose tissue homeostasis!?.
Zebrafish models have been proposed as alternative test systems for studying insulin
resistance and T2DM that gives several opportunities to explore metabolic diseases, using
numerous transgenic and knockout lines!3. Although there are already established diabetic
adult zebrafish models, which are based on a high fat feeding system%14, there is still lack of
alternative early stages larval models, which provide the opportunity to perform fast and
large scale screening assays, shortly after fertilization. As shown by Marin Juez et al. (2014)%
zebrafish larvae are highly suited to study insulin resistance and are, therefore, a promising
model system to study T2DM in a non-feeding situation. Marin Juez et al., identified Shp-1
gene, also called ptpné6, in zebrafish larvae as a key factor in insulin resistance®>. In this study
we analyze the function of leptin and ptpn6 in insulin resistance in zebrafish larvae. We have
developed a novel high throughput method to test anti-diabetic drugs based on the fact that
leptin deficient zebrafish larvae are totally insulin resistant and show as a result a diabetic
phenotype already at very early stages of embryonic development. We show that metformin
is highly effective for treating this diabetic phenotype in 4 days old zebrafish larvae and, using
our high throughput test system, we have identified also the phosphatase inhibitor NSC-
87877 as an alternative anti-diabetic drug that shows anti-diabetic effects at much earlier
time points of development. Gene knockdown studies in the leptin mutant background
indicate that Shp-1 is the most likely target responsible for the antidiabetic effect of NSC-
8787.

Materials and methods

Zebrafish husbandry

Zebrafish lines were handled in compliance with the local animal welfare regulations and
maintained according to standard protocols (zfin.org). The breeding of adult fish was
approved by the local animal welfare committee (DEC) of the University of Leiden (license
number: 10612) and adhered to the international guidelines specified by the EU Animal
Protection Directive 2010/63/EU. Adult zebrafish were not sacrificed for this study. All
experiments in this study were performed on embryos/larvae before the free-feeding stage
and did not fall under animal experimentation law according to the EU Animal Protection

Directive 2010/63/EU.

Fish lines used in this work were the following: wild-type (WT) strain AB/TL, homozygous
mutant (lepb™") and WT siblings (lepb*/*). Homozygous F1 carriers were outcrossed once
against wild-type, and were subsequently incrossed, resulting in lepb”- and lepb*/* siblings
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that were used for experiments. For genotyping, genomic DNA was amplified using forward
primer 5'-GAGACTCTCCTGAGGACACTGG-3’ and reverse primer 5'-
GCATGGCTTACACATTTCAGAG-3', amplifying a 201 base pair (bp) product containing the
mutation, which can be detected using 2% agarose gel. Embryos were grown at 28.5 °C in egg
water (60 ug/ml sea salt, Sera marin, Heinsberg, Germany). For live-imaging or injection
assays, larvae were anesthetized in egg water medium containing 0.02% buffered Tricaine (3-
aminobenzoic acid ethyl ester; Sigma-Aldrich, St Louis, MO, USA).

Insulin injection

1 nl of 100 nM human recombinant insulin (Sigma—Aldrich, the Netherlands) was injected into
the caudal aorta of 4 days post fertilization (dpf) zebrafish larvae using a glass capillary as
described in Juez et al., 2014. 1 nl of PBS was used as a control injection.

Glucose treatment

Zebrafish larvae at 4 dpf were placed in 12 well plates (10 embryo per well) and immersed for
two hours in4 mL egg water, containing 250 mM of glucose (Sigma, USA, CAS. No. 50-99-7).
After immersion first group was washed three times with egg water and collected for
measurements, the rest were exposed to clean egg medium. Samples were taken after 120
min and after 240 min of washing period. As a control, larvae were exposed to mannitol (250
mM; Sigma, USA, CAS No. 69-65-8), instead of glucose, under the same conditions.

In Vivo Glucose Uptake Assay

Lepb** and lepb”- mutants were injected in the yolk with 2.5 mg/mL 2-(N-(7-nitrobenz-2-oxa-
1,3-diazol-4-yl)amino)-2-deoxyglucose (2-NBDG) at 4 hours post fertilization (hpf) and at
24 hpf, a fluorescent glucose analog (Life Technologies, Leiden, Netherlands), and incubated
at 28.5 °C for 30-60 minutes. At the termination of the incubation period, seven embryos per
condition from 1 day old group were anesthetized with 3-aminobenzoic acid ethyl ester
methanesulfonate (Sigma-Aldrich), both groups were analyzed under a fluorescence
stereomicroscope and a confocal microscope.

Metformin treatment

Lepb** and lepb” mutants, used for the ELISA assays, were treated with 10 uM metformin
Cayman Chemicals, Ann Arbor, MI, USA) added to egg water containing DMSO from 3 dpf for
24 hours, as the control group, larvae wereincubated only in water with DMSO. Embryos used
for the fluorescent glucose assay received 10 pM metformin at 2 hpf under the egg chorion
or into the yolk and the second dose together with fluorescent glucose injection at 24 hpf.
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NSC-87877 treatment

Lepb*’* and lepb’- mutants were incubated from 3dpf for 24 hours in egg water that contained
NSC-87877 and DMSO, as the control group, larvae were incubated, during the same period
of time, only in water with DMSO. Embryos used for the fluorescent glucose assay received
10 uM NSC-87877 at 2 hpf under the egg chorion or into the yolk and the second dose
together with fluorescent glucose injection into the yolk at 24 hpf, 4 hpf and 6 hpf.

Glucose measurements

Quantitative analysis of glucose levels was performed from whole body lysates using a glucose
assay kit (Cayman Chemical, Ann Arbor, MI, USA). Briefly, 7 zebrafish larvae in each
experimental group were sonicated in 30 pL Assay Buffer on ice. According to the instructions,
standard curves were generated using glucose standard solution. A total of 25 plL assay
Enzyme Mix (Cayman Chemical, Ann Arbor, MI, USA) was added and incubated for 10 min at
37°C. Fluorescence (514 nm) was measured using a BioTek plate reader equipped with GEN 5
software (v.2.04, BioTek, Winooski, VT, USA).

Morpholino injections

For knockdown of particular genes, morpholino oligonucleotides (Gene Tools, LLC,
Philomath, OR, USA) were injected into 1-cell zebrafish embryo. The morpholinos were
diluted to a concentration of 0.5 mM in 1x Danieau's buffer (58 mM NaCl, 0.7 mM KCI,0.4 mM
MgS04,0.6 mM Ca(NO3)2,and 5.0mM HEPES (pH 7.6)) and 1 nL was injected using a Femtojet
injector (Eppendorf, Hamburg, Germany). The ptpn6 morpholino was used at a concentration
of 0.08 mM as published previously by Juez et al., 2014. Morpholino sequences are presented
in Supplementary table 1.

CRISPR/Cas9 mutagenesis

Site-specific CRISPR-Cas9 sgRNAs (actatagGGGGTCTCGGGATTGGGTAGgttttag) were
generated using the online software CHOPCHOP according to Montague et al., 201416, Lepb
- mutant fish were generated using CRISPR-mediated gene knockout approach and described
previouslyl’. As described in Suppl.fig.1 two different deletion mutants were generated.
However, in most experiments, larvae with a heterozygote combination of the two mutations
were used because the fact that there are two mutations was discovered later than the
experiments were performed.

Frog husbandry and microinjection
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All frog (Xenopus laevis) procedures and care were approved by the animal experiments
committee (dierexperimentencommissie, DEC) of Leiden university. Frog embryos were
collected by natural mating of wild-type females with males. For morpholino injection,
morpholinos against the long-form and the short-form (Suppl.tabel 1) transcripts of leptin
were mixed together. 30 ng of each was then injected into the blastomeres of the embryo at
2-cell or 4-cell stage. After injection, the embryos were cultured to stage 26 (staged according
to Nieuwkoop and Faber) for glucose injection. For rescue experiments, 10 uM NSC-87877
was co-injected with the two morpholinos at 2-cell or 4-cell stage.

Images quantification

Bright-field images were obtained using Leica M165C stereomicroscope equipped with a
DFC420C digital color camera (Leica Microsystems, Wetzlar, Germany). For fluorescentimage
acquisition, Leica MZ16FA stereo fluorescence microscope equipped with a DFC420C digital
color camera (Leica Microsystems, Wetzlar, Germany) with GFP filter settings. For confocal
laser scanning microscopy (CLSM) we used a Leica TCS SPE (Leica Microsystems, Wetzlar,
Germany). For each larva a bright field image and a fluorescent channel image were obtained.
In 24 hours post fertilization analyses of the glucose values first the overall shape of the larva
was extracted from the bright field channel — this gives the total area. The yolk and yolk-
extension were extracted from the fluorescent channel as these had the highest fluorescence,
from this the surface areasfor yolk and yolk-extension were established. The body of the larva
could be found by excluding the area of yolk and yolk-extension and within the body the otic
vesicle is taken as a boundary for the head. In this manner the body is divided in areas for
each of which the surface area was computed, and which sum to the total surface. The area
of the head was determined from the bright field image and was used as a mask in the
fluorescent channel image to obtain the fluorescence for only the head area. This was
expressed as a numerical density, that was the sum of the total fluorescence in the head area
divided by the surface area of the head. The images and computations were corrected for a
specific background fluorescence.

To estimate the fluorescence ratio between zygotic cell mass and yolk in early zebrafish
embryos using wide field stereo microscopy, a square of 4 micrometer in center of these two
parts of the embryos was quantified for fluorescence intensity. Ratio between the two blocks
was measured using pixel counting software as described in Stoop et al. (2011)*8. In Xenopus
laevis embryos we compared the total fluorescence in the larvae to the fluorescence at the
injection site that was arbitrarily defined as a square of 10 micrometer. To measure the
fluorescence ratio between cell mass and yolk in early zebrafish embryos with CLSM we
measured the total volume of these parts of the embryo and quantified the fluorescence in
these parts using FlJI software.

Statistical analyses
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Statistical differences were analyzed with Prism 6.0 (GraphPad Software, San Diego, CA, USA)
using t-test for comparisons between two groups and one-way ANOVA (with Tukey's post hoc
test correction) for multiple group comparisons and considered to be significant at P<0.05.

Results

General characterization of leptin b mutant zebrafish larvae

The zebrafish genome contains two leptin genes, lepa and lepb, and one leptin receptor
gene®® which have been previously studied by gene knock down and knock out studies??:12,
Since pilot morpholino studies indicated a possible function of lepb in glucose transport of
zebrafish larvae (Suppl.fig.2), the CRISPR/CAS9 gene editing tool was used to generate a lepb
knock out zebrafish mutant line. The sgRNA was designed to target exon 2 of the lepb gene
where the target site was located (Suppl.fig.1A). This resulted in two different mutations of 7
and b bp respectively, both predicted to lead to frameshift mutations (Suppl.fig.1A). Adult FO
fish from sgRNA injections were incrossed to obtain the F1 generation, where germline
transmission of mutant alleleswas confirmed by genotyping of its offspring. After outcrossing
with the wild type line, and two incrosses we selected knock out mutant lines which were
used for this research. Two groups of lepb”" and lepb*/* larvae from the third generation were
compared under normal embryo raising conditions to test for differences in unchallenged
survival during development (data not shown). The lepb”- mutants reached adulthood in a
normal time span leading to adults with a normal fertility rate at 4 month post fertilization
(data not shown).

Mutation of the lepb gene causes insulin resistance in the larval stage

To study how the lepb”- zebrafish mutant responds to hyperinsulinemia, we injected insulin
into the caudal aorta of a zebrafish larvae at 4 dpf. Glucose measurements were performed
at 0, 30, and 240 minutes after the injection (Fig.1A). The results (Fig.1B) show a significant
decrease in glucose level after insulin injection in wild type fish, whereas the glucose level
rather increases after insulin administration in the mutant. Moreover, glucose basal levels at
the first time point were much higher than in the wild type controls. These results indicate
that the lepb” mutant is insulin resistant even prior to 4 dpf.
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Figure 1. Insulin sensitivity and glucose levels of lepb mutant larvae at 4 dpf. (A) Insulin injection: Zebrafish
larvae at 4 dpf receive 1nl of human recombinant insulin or PBS, into the caudal vein. The samples are collected
at 0, 30 and 240 min post injections, to measure free insulin glucose levelin the body, using ELISA Glucose Assay
Kit. (B) Results of human recombinant insulin (INS) injection. Data, mean * s.e.m, are combined from five
biological replicates *P<0.05, ***P<0.001

We used the diabetic phenotype of our lepb”- mutant to establish a method that corresponds
to Oral Glucose Tolerance Test (OGTT) used in mice?!, to rapidly analyze glucose metabolism
without injection procedures and stress-inducing anesthetic treatment. In this method,
similar to the glucose tolerance test applied in mice, 4 dpf zebrafish larvae were immersedin
egg water containing a 250 mM glucose concentration for two hours. Afterwards the larvae
were incubated for 4 hours in glucose-free medium. The non-metabolizable compound
mannitol was used as a control for osmotic effects. Samples were taken at 0, 120 and 240
minutes after washing by immediate homogenization of whole larvae in the buffer (Fig.2A).
The results of the glucose measurement showed that in the control group, free glucose
concentrations reached the basal level after 240 minutes post washing. In contrast, glucose
levels remained at very high levels in the lepb”’- mutant after the washing step. These results
show that the rapid glucose bathing method is highly efficient to demonstrate the diabetic
characteristics of fish larvae at 4 days post fertilization (Fig.2B).

In order to further study glucose metabolism in the lepb”  larvae, we used a previously
published method based on the injection of 2-NBDG, a fluorescently labeled glucose analog
in the yolk at 24 hours post fertilization embryos?? (Fig. 3A). In agreement with this
publication, we observed that in wild type larvae the fluorescent glucose is rapidly
transported into the tissues of the embryo, with the brain as the most prominent destination
(Fig. 3B). In contrast, in lepb”- mutants there is no observable glucose uptake from injected
yolk, where all the injected glucose remains.
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Figure 2. Glucose immersion. (A) Zebrafish larvae at 4 dpf are immersed in a medium containing 250 mM of
glucose or mannitol. The samples are collected after 0 min,120 min of glucose immersion and 120 min and 240
min of washing in clean egg water, to measure free glucose level in the body, using ELISA Glucose Assay Kit. It is
an alternative and less invasive method of testing insulin resistance in zebrafish larvae. (B) Glucose levels were
determined after immersion in glucose using the ELISA method from Fig.7A (C) The effect of metformin on glucose
levels (D) The effect of NSC-87877 on glucose levels. Data, mean * s.e.m, are combined from five biological
replicates (n=10 larvae/group), significance was measure between lepb*’* and lepb”- groups unless indicated
differently. **P<0.01, ***P<0.001

In conclusion, glucose transport in the lepb” mutant is completely blocked already at 24 hours
post fertilization (Fig.3B).

Drug treatments of the lepb”- mutant.

We have used our developed methods for measuring glucose uptake to test the effect of the
antidiabetic drug metformin. Metformin was added to control and /lepb™- fish at 3 dpf and the
glucose bathing assay was performed 24 hours later (Fig.2A). The results show that metformin
ata concentration of 10 uM was highly effective in reverting the lepb” diabetic phenotype to

the wild-type phenotype (Fig.2C). However, using the fluorescent glucose injection method
we observed only a marginal effect of metformin at 24 hpf (Suppl.fig.3).
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Figure 3. Quantification of glucose distribution in the brain after NSC-87877 treatment. (A) Injection of 2-NBDG
in 24 hours embryos after NSC-87877 treatment (B) Glucose transport to the brainis decreased in lepb”- mutant
(C) Images were obtained by stereo fluorescence microscopy unless indicated otherwise. Data, mean * s.e.m.,
are combined from three biological replicates (n=10 larvae/group). *P<0.05, ***P<0.001

We also tested other putative anti-diabetic drugs based on the published role of small non-
receptor tyrosine phosphatases in insulin resistance?3. One of the tested compounds, NSC-
87877 has been published to inhibit Shp-2 and Shp-1242¢ and also other targets such as the
dual specificity phosphatase DUSP262°:26, NSC-87877 showed to be able to completely revert
the diabetic phenotype of the lepb” at 4 dpf (Fig.2D). NSC-87877 was also able to significantly
revert the glucose uptake deficiency at 24 hpf in the fluorescent glucose assay (Fig.3B,C).
Moreover, we tested the effect of NSC-87877 on free glucose levels after insulin injection.
The data show that NSC-87877 treatment of the lepb” mutant restores insulin sensitivity
(Fig.1B).

Lepb controls glucose transport and insulin resistance during the early embryonic stages.

Motivated by our results in the early larval stage we tested the function of the lepb gene
during early embryonic stages. We found that knockout of lepb completely inhibited glucose
transport between yolk and the developing zygotic cells even at very early stages, namely
after 4 and 6 hpf. However, at earlier stages than the 64 cell stage, glucose transport was not
influenced by the /epb mutation (data not shown). Moreover, we found that NSC-87877,
injected under the chorion or in the yolk (Fig.4A), partially reversed glucose transport
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Figure 4. Early glucose injections. (A) Fluorescentglucose injection at 4-6 hpf: Drugs have beeninjectedinto the
yolk of zebrafish embryos at early stages of embryogenesis (1 hpf). In the case of the 6 hpf analyses we made
use of CLSM to distinguish the zygotic cells from the yolk. At4 hpf stereo fluorescence microscopy was sufficient
to discern the yolk from the zygotic cell mass. (B, D) Early stages (6 hpf) 2-NBDG injections according to method
A. NSC-87877 was injected through the chorion or into the yolk sac at 1 hpf. Use was made of CLSM to discern
the yolk form the zygotic cell mass. (C, E) Early stages (4 hpf) 2-NBDG injections according to method A. NSC-
87877 or recombinant human leptin protein (HRL) was injected into the yolk sac at 2 hpf. Data, mean % s.e.m.,

are combined from three biological replicates (n=10 larvae/group). ***P<0.001

inhibition at 4 and 8 hpf (Fig.4B,C). Interestingly, recombinant human leptin was also able to
rescue glucose transport in the mutant (Fig.4D,E). In order to test whether the defect in
glucose transport in early embryogenesis was related to insulin resistance we developed an
assay for testing the effect of insulin at 4 hpf. This assay is based on the injection in the yolk
of 1 nl glucose solution of 200 mg/mlin the yolk in the presence of the standard concentration
of 2-NBDG (Fig.5A). In wild type embryos transport of the fluorescence glucose derivative is
no longer observed due to competition with unlabeled glucose.

The apparent limitation of the glucose transport capacity at this glucose concentration could
be overcome by the co-injection of human recombinant insulin showing the sensitivity of
early embryos to insulin. In contrast glucose transport in the lepb’ mutant was not
significantly affected by injection of insulin, indicating insulin resistance (Fig.5B,C).

Gene knockdown studies for leptin signaling pathway analysis and translational studies in
Xenopus laevis
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Figure 5. The effect of injection of human recombinant insulin into the yolk of 4 hpf zebrafish embryos. (A, B,
C) Injections with 1 nl of glucose (200 mg/ml) in the presence of 2-NBDG results in accumulation of fluorescence
in the yolk of 4 hpf embryos. 100 nM human recombinant insulin (INS) was co-injected with the 2-NBDG. Data,
mean +s.e.m) are combined from three biological replicates (n=10 larvae/group). ***P<0.001

We used morpholino anti sense technology to further study the signal transduction pathways
underlying the identified function of leptin in early embryogenesis (Fig.6A). Firstly, we showed
that the phenotype of knockdown of the /epb gene is glucose transport in early
embryogenesis is also observed after injection of morpholino’s against /epb (Fig.6B,C and
Suppl.fig.2). Subsequently, we also tested morpholino’s against the leptin receptor (/epr) and
the second leptin gene (/epa). The results showed that /epr phenocopied accurately the effect
of the lepb morpholino treatment. In contrast, /epa showed no significant effect on glucose
transport in early embryogenesis (Fig.6B,C and Suppl.fig.2). These results indicated that a
lepb-lepr signaling pathway was functionally similar to the function of leptin in humans. In
order to get an indication on the target of NSC-87877, that was responsible for rescuing the
lepb phenotype, we tested morpholino’s against the most likely targets of this inhibitor?2>:2°,
Using the fluorescent glucose assay, we could demonstrate that knock down of the ptpn6
gene completely reverted the lepb” mutant to the wild-type phenotype (Fig.6D,E). In
contrast, knock down of other possible targets of NSC-87877, the closely related
phosphatases ptpnlla (Shp-2a) and ptpniib (Shp-2b), or the dual specificity phosphatase
DUSP26 did not restore glucose transport (Suppl.fig.2B,2C). This indicates that ptpné is the
likely target of NSC-87877 responsible for the reversion of the lepb”- phenotype. We used
Xenopus laevis that has been used classically for embryogenic studies to show that the
function of lepb in glucose transport is also relevant in embryos of other vertebrate
organisms. Two morpholino’s against the two leptin genes of X. laevis were designed and
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Figure 6. Late gene knockdown studies in zebrafish embryos. (A) Fluorescent glucose injection at 24 hpf: Gene

expression was abolished in one cell stadium and at 24 hpf the embryos were injected into the yolk with
fluorescent labelled glucose. One hour after injections, the accumulation of glucose in the brain of lepb*/*and
lepb”/- zebrafish larvae can be observed with stereo fluorescence microscopy and has been quantified for the
brain area using a custom written script (B,D) Knockdown of gene expression with morpholino’s against lepb,
lepa and lepr and imaging of glucose distribution at 24 hpf using method (C,E) Rescue of the lepb glucose
transport deficiency by ptpné morpholino at 24 hpf. Data, mean % s.e.m., are combined from three biological
replicates (n=10 larvae/group). **P<0.01, ***P<0.001

tested simultaneously as described in the material and methods (Fig.7A). Leptin knockdown
results in inhibition of glucose transport after 24 hpf. Showing that lack of leptin expression
in X. laevis leads to a similar glucose transport inhibition as in the zebrafish larvae. Moreover,
morphant larvae show developmental abnormalities comparing to the control group.
Importantly, injections with NSC-87877 together with morpholino not only rescue the
developmental phenotype, but also glucose transport in the morphants (Fig.7B,C). These
results clearly show that leptin plays a crucial role in glucose transport during early
embryogenesis also in X. laevis.

Discussion

We show that a lepb”- mutant zebrafish line is diabetic during larval development. This
diabetic phenotype is characterized by insulin resistance and subsequent inhibition of glucose
uptake at both systemic level and peripheral organs such as the brain. We also demonstrate
that leptin b is essential for transport of glucose in the early stages of embryogenesis. Gene
knockdown studies show that the leptin receptor is equally important to /lepb but that lepa
doesn’t seem to play an important function. Knockdown of the lepb gene could be rescued
by injection of human recombinant leptin even though this protein has only 18 percent of
identity with the zebrafish leptin protein, showing the relevance of the results in our zebrafish
test system for the function of mammalian leptin. In order to show that our findings are
indeed relevant for the function of leptin in embryogenesis of other vertebrates models we
tested the function of leptin in Xenopus laevis which is one of the few other vertebrate models
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in which embryos can be easily handled. The results show that the two X. /aevis leptins have
a function in glucose transport during embryogenesis. Since the X. laevis leptins are distantly
relatedin sequence to the zebrafish leptins, this indicates that the function of leptin in glucose
transport is translatable to all vertebrates. The essential function of leptin in glucose transport
during embryogenesis is surprising since in rodent models leptin is supposed to have a
complex function in insulin resistance that involves systemic signaling via the blood stream?,
whereas at 4 hpf an organ system has not yet developed. This function of leptin b indicates
a role of insulin receptors at the very early stages of embryogenesis that is confirmed by the
effects of human recombinant insulin injected into the yolk sac. In previous work one of the
zebrafish insulin receptors (/nsrb) was reported to be expressed at 18 somite stage and both
insulin receptors were maternally expressed in fertilized eggs?8. In addition, two insulins have
been described to be expressed during early zebrafish development. Of these two genes, Insb,
was shown to be expressed at proliferating blastomeres at 3 and 4 hpf?°. However, there is
no knowledge which glucose transporters could be involved in glucose transport during
embryogenesis. Considering the fact that glucose transport up to 64 cells stage was not
dependent on leptin shows that such transporters and their control by leptin develops after
the syncytial stage of embryogenesis. Our results suggested that also in adults, leptin was
directly involved in glucose homeostasis, in line with the study of Michel et al, (2016)*? who
reported a diabetic phenotype in lepr knockdown zebrafish.

This supports the potential of the leptin signaling pathway for therapeutic purposes as
reviewed by Coppari and Bjorbaek (2012)3°. Although leptin has mainly been reported to be
produced by adipocytes, and few other tissues such as the intestinal epithelium mainlyduring
inflammatory conditions31:32 there is also evidence that leptin is produced by human skeletal
muscle in adults33. In a recent publication by Kang et al. (2016)3* enhancer elements
controlling lepb expression in zebrafish were shown to be triggered in injured tissues.
Considering that these enhancer elements were also functional in mice tissue during
wounding suggests a conserved function of leptin in wound repair. These and many other
results indicate that in adults the function of leptin is much broader than the canonical
adipocyte-brain axis3>3%37.38 |t has also been shown that in human placenta that there is an
abundant production of the leptin protein3°. Considering that leptin in mammalian cells can
be transported by transcytosis to neighboring cells or tissues*%41, itis an interesting idea that
in mammalian embryogenesis placental leptin plays a role in glucose transport in the zygote.

In analogy with adult mammaliandiabetes studies, the diabetic phenotype of zebrafish larvae
can be reverted by external treatment with metformin at 3 days post fertilization. However,
such treatment with metformin was not effective at earlier stages of development. The
phosphatase inhibitor NSC-87877 can also revert the diabetic phenotype of the lepb” mutant
at 3 dpf and even at much earlier stages of development. The fact that metformin was not
active at earlier larval stages using fluorescent glucose uptake studies can be explained in
several ways. A likely explanation is that there is no uptake of metformin through the skin and
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Figure 7. Gene knockdown studies in Xenopus laevis embryos. (A) Knock down of both the leptin S and leptin L
genes of Xenopus laevis embryos. (B, C) 2-NBDG was injected at 48 hpf distribution was quantified using a
custom script. Data, mean + s.e.m., are combined from three biological replicates (n=10 larvae/group). ns = not
significant, ***P<0.001
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the observed effect a 4 dpf is through oral uptake when the mouth of the larvae has opened
possibly because it might only function via ingestion in the intestinal track as observed in
mammals®2. In this respect NSC-87877 that is active after external treatment at 24 hpf,
apparently is taken up through the skin and therefore could have applications in non-oral
dosing systems.

Based on the reversal of the lepb”- mutant by gene knockdown of ptpn6, the product of this
gene is the most likely target of NSC-87877 underlying the anti-diabetic effect. Knockdown of
other possible targets of NSC-87877, ptpnlla and ptpnllb and dusp26 could not rescue the
lepb”’- phenotype. In vitro inhibition studies showed that NSC-87877 has a similar inhibitory
effect on truncated human PTPN6 and PTPN11 proteins at a five time higher IC50 than
PTP1B?7. It was later shown that NSC-87877 has a more potent inhibitory effect on the dual
phosphatase DUSP26 than on full length human PTPN6 protein?®. The expression pattern of
dusp26 that is restricted to neuroendocrine tissues in zebrafish larvae*3 supports our negative
results in the rescue assay.

The direct effect of metformin and NSC-87877 in reversal of insulin resistance caused by a
genetic defect shows the powerful action of these drugs at the level of insulin resistance. An
effect of metformin on restoration of zebrafish larval beta cell development inaa /epr mutant
was previously demonstrated by Michel et al. (2016)*2. The drug metformin is already used
for many years as first choice anti-diabetic drugs**, however, its targets are multiple and
therefore its function is still poorly understood*>. In particular, the effect of metformin on
insulin resistance, the hallmark of T2DM, needs further study*’-48.

The signaling pathway of insulin is highly conserved within all vertebrates. The positive effect
of metformin in the zebrafish larval system shows that the results of mammalian diabetic test
systems can be translated to lower vertebrate test systems. Considering that for treatment
of T2DM it might be useful to overcome the very basic effect of insulin resistance indicates
that our high throughput zebrafish model will be useful to identify new potentially
antidiabetic drugs that can be further tested for their potential in mammalian studies.
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Supplementary Figure 1. An overview of the zebrafish leptin mutant. (A,B,C,D) We have found two leptin
mutations 7bp and 8bp, which have the same phenotype and function.
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Supplemental Figure 3. Effect of metformin. (A) We observe only a marginal effect of metformin in the lepb”-
larvae at 24 hpf. (B) After quantification of the fluorescent signal in the brain, there is no significant difference
between lepb and metformin treated embryos. Cell to yolk fluorescent ratio, based on the confocal pictures,
shows the difference in glucose uptake from the yolk between the three groups. Data, mean + s.e.m., are
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Supplementary Table 1. List of morpholinos

Name Sequence

lepb S'-TTTTTTGCTTTGTTAATATCATCCCT-3’

lepa 5'-TTGAGCGGAGAGCTGGAAA-3’
lepr 5'-TCAAGACAGACATCATTTCACTTGC-3'
ptpn6 5'-ACTCATTCCTTACCCGATGCGGAGC-3’
DUSP26 5'-GAGACAATCTGGACATAAACGCCAT-3’
ptpnllaandb 5'-GGTGGAACCACCTTCGGGATGTCAT-3'
control morpholino 5'-CCTCTTACCTCAGTTACAATITATA-3’
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