
The leptin receptor has no role in delta-cell
control of beta-cell function in the mouse

Jia Zhang1,�, Kay Katada1,�, Elham Mosleh1,�, Andrew Yuhas1,�, Guihong Peng2,�, and Maria L. Golson1,2,*�

1Department of Genetics, School of Medicine, University of Pennsylvania
2Division of Endocrinology, School of Medicine, Johns Hopkins University

**current location

Leptin inhibits insulin secretion from isolated islets from multi-
ple species, but the cell type that mediates this process remains
elusive. Mouse models have been used to explore this question.
Ablation of the leptin receptor (Lepr) throughout the pancreatic
epithelium results in altered glucose homeostasis, ex vivo insulin
secretion, and calcium dynamics. However, the removal of Lepr
from neither alpha nor beta cells mimics these results. Because
Lepr is enriched in the delta cells of human islets, we used a
mouse model to test whether delta cells mediate the diminished
glucose-stimulated insulin secretion in response to leptin. How-
ever, ablation of Lepr within mouse delta cells had no impact
on glucose homeostasis or insulin secretion. We further demon-
strate that Lepr is not appreciably expressed within mouse delta
cells.
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Introduction
Leptin, a hormone secreted by fat, limits hunger and pro-
motes physical activity by activating its cognate receptor
(1). It exerts these effects primarily through the hypothala-
mus. The leptin receptor (LEPR) is also expressed in im-
mune cells, pericytes, and endothelial cells and affects vari-
ous immune processes and vessel constriction (2,3). In addi-
tion to these roles, multiple labs have reported that leptin di-
rectly inhibits insulin secretion from isolated mouse, human,
and rat islets (4-8). Moreover, deletion of the leptin receptor
(Lepr) throughout the pancreatic epithelium using Pdx1-Cre
alters glucose homeostasis (9). Pdx1-Cre;Leprfl/fl mice fed a
normal chow diet display improved glucose tolerance, while
those fed a high-fat diet display glucose intolerance (9). Con-
sidering that leptin inhibits insulin secretion, deleting Lepr
would presumably promote insulin secretion, as observed on
a normal chow diet. Reconciling the data on the high-fat diet
is more difficult, but perhaps tonically increased insulin se-
cretion in times of high metabolic demand leads to beta-cell
exhaustion and thus the observed glucose tolerance.
While the altered glucose homeostasis in Pdx1-Cre;Leprfl/f
suggests that the cell responsible for this phenotype has an
epithelial origin, narrowing down the exact cell type has
proven difficult. Two different models of Lepr deletion
within beta cells have yielded conflicting results. Rat insulin
promoter (RIPMgn)-Cre;Lepr mice display hyperglycemia
and reduced insulin secretion, but they also have high adi-
posity due to RIP-CreMgn activity in the brain (10,11); there-
fore, the disrupted glucose homeostasis is likely a secondary

Fig. 1. Testing whether leptin mediates inhibition of insulin secretion through the
delta cell. A). In human islets, the leptin receptor is expressed almost exclusively
in delta cells. We hypothesized that leptin stimulates somatostatin secretion from
delta cells, thereby inhibiting insulin secretion through the activation of somatostatin
receptors in beta cells. B) Mouse model: Sst(rtTA/+);Tet-O-Cre;Leprfl/fl and litter-
mate control mice were placed on doxycycline from eight weeks to ten weeks of
age. Mice were assigned to a high-fat or normal chow diet at ten weeks of age.
GTTs were performed at eight, 14, and 36 weeks of age (four weeks or six months
after being assigned to chow or high-fat diet).

effect to obesity associated with loss of Lepr in the hypotha-
lamus. A second model of beta-cell Lepr ablation using the
Insulin 1 (Ins1-Cre) driver resulted in very little change in
blood glucose regulation, and only in females (12). In addi-
tion, alpha-cell ablation of Lepr using either Glucagon (Gcg)-
Cre or Gcg-CreER causes no change in glycemia (12,13).

Another primary islet endocrine cell type is the somatostatin-
secreting delta cell. Somatostatin is an autocrine/paracrine
hormone that inhibits secretion from adjacent alpha and beta
cells. Single-cell RNA sequencing (scRNAseq) of human
islets revealed that LEPR is highly enriched within delta cells
(14). Therefore, we hypothesized that leptin acts by activat-
ing delta cells, promoting somatostatin release, thereby indi-
rectly inhibiting beta cells (Figure 1A). We tested this con-
cept in a mouse model of delta-cell-specific Lepr ablation.

Methods

Mice. Sst-rtTA (15), Tet-O-Cre (16), and Leprfl/fl (17) mice
and genotyping have been described previously. 2 per-
cent doxycycline in water was administered at eight weeks
of age for two weeks. Mice were fed chow or 60 per-
cent HFD (Research Diets) ad libitum and maintained on
a 12-hour light/dark cycle. Control mice were littermates
of mutants and all had one allele of Sst(rtTA) and included
Sst(rtTA/+);Tet-O-Cre;Lepr+/fl and SstrtTA;Leprfl/fl mice.
All procedures followed the Institutional Animal Care and
Use Committee guidelines at the University of Pennsylvania
or Johns Hopkins University.
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Table 1. Donor characteristics

Glucose Tolerance Tests, Mouse Islet Isolations, and
Perifusions. For glucose tolerance tests (GTTs), mice were
fasted overnight for 16 hours, and blood glucose was mea-
sured with an AlphaTRAK glucometer. Mice were then in-
jected intraperitoneally with 1g/kg or 2g/kg glucose in sterile
1X PBS; blood glucose was measured 15, 30, 60, 90, and
120 minutes after injection. Islets were isolated by collagen
digestion followed by Ficoll separation and hand-picking, as
previously described (18). Perifusions were performed by
the University of Pennsylvania Pancreatic Islet Cell Biology
Core.

Recombination Analysis. Pancreata were fixed in 4 per-
cent PFA for 4 hours, rinsed in 1X PBS, and embedded
in paraffin. 4-micron sections were placed on PermaFrost
slides. One to four sections were then scraped with a clean ra-
zor into a sterile microcentrifuge tube and digested overnight
with 100 microliters of Proteinase K solution before standard
PCR, using 5-10 microliters of heat-inactivated digested sec-
tions. Primers for recombination analysis were previously
described (19).

qPCR. Primers (Lepr F1 5’-GTT TCA CCA AAG ATG CTA
TCG AC-3’; Lepr R1 5’GAG CAG TAG GAC ACA AGA
GG-3’) for Lepr were tested on hypothalamus cDNA be-
fore analyzing Lepr expression in islets. RNA was isolated
and cDNA was generated from whole islets or hypothalamus
using Trizol plus the Qiagen RNeasy kit, as previously de-
scribed (20). qPCR was performed as previously described
(20).

Bulk RNAseq. Human islets were obtained from the Inte-
grated Islet Distribution Program (IIDP). Islet preparation
and RNA extraction after intracellular marker cell sorting
has been described previously (21). Briefly, islets from five
non-diabetic human donors (Table 1) were suspended into a
single-cell solution using 0.05 percent Trypsin, then fixed
in 4 percent PFA, 0.1 percent saponin, and 1:100 RNasin
(Promega). Cells were then indirectly fluorescently immuno-
labeled against Somatostatin and Insulin and sorted. RNA
was extracted with a Recoverall Total Nucleic Acid kit (Life
Technologies). RNA library was prepared and sequenced as
previously described (22).

scRNAseq. scRNAseq data was downloaded from PANC-
DB (pmacs.hpap.upenn.edu) on March 31, 2023, using cell-
type calling performed by the Human Pancreas Analysis Pro-
gram (HPAP). Non-diabetic, autoantibody-negative male and
female donors >17 years of age were included in our analysis.
Differential expression analysis was performed as previously
described (18).

Results

Differential expression between bulk-sorted human beta and
delta cells. Current sorting protocols for live human islet cells
cannot reliably distinguish delta cells from beta cells (23,24).
Therefore, gene expression differences have been reported
between bulk-sorted human alpha and beta cells (25) but not
between bulk-sorted human beta and delta cells. To separate
these two closely related cell types, we fixed islets from five
non-diabetic human donors, suspended them in a single-cell
suspension, permeabilized them, and indirectly immunola-
beled them with antibodies against Insulin and Somatostatin.
These cells then underwent fluorescence-activated cell sort-
ing. RNA was extracted from the purified beta- and delta-cell
populations and subjected to RNAseq and analysis. As ex-
pected, known lineage-specific genes such as SST and HHEX
were strongly enriched in delta cells (Table 2), while genes
such as INS and MEG3 were more highly expressed in beta
cells (Table 3).
An additional gene enriched within delta cells was LEPR, in
agreement with a previous scRNAseq study (14). LEPR ap-
pears twice, as both a full-length (NM002303, >39-fold en-
riched) and a truncated (NM001198689, >44-fold enriched)
isotype. Since our bulk-sorted RNA sequencing was per-
formed on a mixture of male and female donors, we also
examined gene expression differences between male and fe-
male beta and delta cells using publicly available scRNAseq
data from the Human Islet Research Network’s Human Pan-
creas Analysis Program (Tables 4-5; (26)). The genes en-
riched within male and female delta cells compared to beta
cells were similar, although the magnitude of differential ex-
pression varied. LEPR transcripts were more abundant in
delta cells compared to beta cells by 1.49-fold and 1.33-fold
with an adjusted p-value of 3.80 x 10-308 or 9.99 x10-311
in females and males, respectively. Although LEPR was not
among the top 50 enriched delta-cell genes in males, it was
in females (Tables 4-5).
Delta-cell-specific Lepr ablation in the mouse results in nor-
mal glucose homeostasis and insulin secretion. The fact that
ablation of the Lepr within the mouse pancreatic epithelium
results in alterations in glucose homeostasis, whereas abla-
tion within alpha or beta cells has no effect, combined with
the enrichment of LEPR in human delta cells, suggested that
delta cells might mediate the effects on insulin secretion ob-
served in response to leptin treatment. Therefore, we de-
rived a mouse model (SST(rtTA/+);Tet-O-Cre;Leprfl/fl mice)
to test this hypothesis (Figure 1B). Mice were treated with
doxycycline for two weeks, followed by a four-week washout
to exclude any metabolic side effects from doxycycline treat-
ment. In addition, since doxycycline would induce recombi-
nation of Lepr in any cells expressing somatostatin, we also
Weight was tracked weekly. No difference in weight was ob-
served between SST(rtTA/+);Tet-O-Cre;Leprfl/fl and control
mice on high-fat or chow diet (not shown). Histological sec-
tions were immunolabeled with insulin, glucagon, and so-
matostatin, and no differences in beta-cell mass, endocrine
cell ratios, or islet morphology were noted (data not shown).
Analysis of Lepr gene recombination and RNA expres-
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Table 2. Top enriched genes in sorted delta cells compared to beta cells.
Table 3. Top enriched genes in sorted beta cells compared to delta cells.
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Table 4. Top delta-cell enriched genes compared to beta cells from male HPAP
scRNAseq samples. Table 5. Top delta-cell enriched genes compared to beta cells from female HPAP

scRNAseq samples.
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Fig. 2. Lepr recombination and expression analysis. A) Schematic of Leprfl allele
and primers used to assess DNA recombination of the loxP elements. B-C) PCR
was performed on DNA collected from fixed pancreatic sections. F1/R1 primers
amplify unrecombined DNA (B), while F1/R2 primers result in a 400bp product
after Leprfl recombination (C). All samples tested had one allele of SstrtTA. Sam-
ples 1 and 7 were heterozygotes for Leprfl. Samples 1-4 were Tet-O-Cre-negative,
while Samples 5-8 were Tet-O-Cre-positive. D) qPCR analysis of Lepr expression
in whole islets from Leprfl or control mice.

sion. We next examined Lepr locus recombination using
DNA extracted from pancreatic sections from 36-week-
old Sst(rtTA/+);Tet-O-Cre;Lepr+/fl, Sst(rtTA/+);Tet-O-
Cre;Leprfl/fl, Sst(rtTA/+);Lepr+/fl, and Sst(rtTA/+);Leprfl/fl
mice that had been treated with doxycycline from eight to
ten weeks of age. The Leprfl allele was designed using loxP
elements surrounding the first exon of Lepr (17). We used
primers that flanked either one loxP element or both loxP el-
ements, including the first exon of Lepr (Figure 2A). Primers
flanking one loxP element amplify unrecombined DNA, as
would be expected from non-delta cells. Amplification with
these primers cells resulted in one (Leprfl/fl mice) or two
bands (Lepr+/fl) in all samples (Figure 2B), with one band
indicating homozygosity of the floxed allele and two bands
indicating one wild-type and one floxed allele. The presence
of the bands of the unrecombined allele in Cre+ animals
reflects the large number of non-delta cells in the endocrine
pancreas.

In the absence of recombination, primers flanking both loxP
elements span an 5kb distance, which is too long for ampli-
fication using standard PCR reagents (Figure 2A). A recom-
bined Lepr gene results in an approximately 400-bp ampli-
con. In the absence of Tet-O-Cre, no band was observed. All
samples from mice harboring at least one allele of Sst-rtTA,
Tet-O-Cre, and Leprfl yielded the 400-bp band expected

Fig. 3. Sst(rtTA/+);Tet-O-Cre;Leprfl/fl male mice display normal glucose tolerance
on chow and high-fat diet. A-J) GTTs (A, C, E, G, I) and corresponding area-under-
the-curve analysis (B, D, F, H, J) for male SST(rtTA/+);Tet-O-Cre;Leprfl/fl mice prior
to doxycycline administration (A-B), at 14 weeks of age and four weeks after doxy-
cycline removal and placement on a chow diet (C-D), at 36 weeks and six months
after doxycycline removal and placement on a chow diet (E-F), at 14 weeks of age
and four weeks after doxycycline removal and placement on a high-fat diet (G-H),
and at 36 weeks of age and six months after doxycycline removal and placement
on a high-fat diet.
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Fig. 4. SST(rtTA/+);Tet-O-Cre;Leprfl/fl mice female mice display normal glucose tol-
erance on chow and high-fat diet. A-J) GTTs (A, C, E, G, I) and corresponding area-
under-the-curve analysis (B, D, F, H, J) for female SST(rtTA/+);Tet-O-Cre;Leprfl/fl
mice prior to doxycycline administration (A-B), at 14 weeks of age and four weeks
after doxycycline removal and placement on a chow diet (C-D), at 36 weeks and
six months after doxycycline removal and placement on a chow diet (E-F), at 14
weeks of age and four weeks after doxycycline removal and placement on a high-
fat diet (G-H), and at 36 weeks of age and six months after doxycycline removal and
placement on a high-fat diet.

Fig. 5. Male and female SST(rtTA/+);Tet-O-Cre;Leprfl/fl mice on a high-fat diet dis-
play normal glucose tolerance in response to a reduced glucose load. Glucose
tolerance tests using 1g/kg glucose were performed before doxycycline treatment
(A-B, E-F) and at 14 weeks of age in male (C-D) and female (E-H) SST(rtTA/+);Tet-
O-Cre;Leprfl/fl and control mice on a HFD diet starting at 10 weeks of age. Glucose
curves (A, C, E, and G) and area-under-the-curve (B, D, F, and H) are shown.

Fig. 6. Islets from SST(rtTA/+);Tet-O-Cre;Leprfl/flmice display normal insulin se-
cretion in response to high glucose. Isolated islets from 36-week old male (A-B)
and female (C-D) SST(rtTA/+);Tet-O-Cre;Leprfl/fl and control mice were subjected
to perifusions (A,C) at 0 mM glucose (0 G), 16 mM glucose (16 G), and with KCl.
Both males (A-B) and females (C-D) were examined. Area-under-the-curve for 16
mM glucose is shown (B,D).
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Fig. 7. Lepr is not expressed in mouse delta cells. A-B) RNAseq reads for Lepr (A) and Pdx1 (B) in sorted alpha, beta, and delta cells were obtained from publicly available
data (27). C) scRNAseq expression in mouse islets cells for Lepr, Sst, the ductal, beta- and delta-cell marker Pdx1, Ins1, and two endothelial markers, Tie1 and Pecam, was
obtained from the public database PanglaoDB (https://panglaodb.se, SRA745567). UC: UMAP component. D) Expression of Lepr in identified cell populations from a second
published mouse islet scRNAseq dataset (18).

when recombination occurs (Figure 2C), reflecting recombi-
nation of the loxP allele in delta cells. To test whether Lepr
expression was reduced in Sst-rtTA/+;Tet-O-Cre;Leprfl/fl
delta cells, whole islets were isolated from 14-week-old
Sst(rtTA/+);Tet-O-Cre;Leprfl/fl and control mice for quanti-
tative RT-PCR analysis. No difference was observed in Lepr
expression between Sst(rtTA/+);Tet-O-Cre;Leprfl/fl and con-
trol mice (Figure 2D). Others have reported decreased Lepr
expression when this Leprfl mouse was used for deletion in
other tissues (17); however, given that delta cells make up
less than 5 percent of endocrine cells in mice, if other islet
cell types also express appreciable amounts of Lepr mRNA,
detecting deletion would be difficult.

Glucose tolerance is unaltered in SST(rtTA/+);Tet-O-
Cre;Leprfl/fl mice. Intraperitoneal GTTs were performed
with 2g/kg glucose at 8 weeks, 14 weeks, and 36 weeks of
age, corresponding to pre-doxycycline, and then four weeks
or six months after doxycycline removal. No difference was
observed in glucose tolerance in male (Figure 3) or female
(Figure 4) SST(rtTA/+);Tet-O-Cre;Leprfl/fl mice mice at any
time point, whether the mice were on a standard chow or
high-fat diet. To rule out the possibility that we were missing
subtle differences, GTTs were also performed on males and
females on a HFD diet using 1g/kg glucose (Figure 5). Again,
no alterations in glucose tolerance were observed. Insulin se-
cretion was examined by islet perifusion at 36 weeks of age.
Islets from male and female SST(rtTA/+);Tet-O-Cre;Leprfl/fl

mice mice displayed no significant differences in insulin se-
cretion compared to controls (Figure 6A-D).
Lepr is highly expressed in endothelial cells, but not delta
cells, within the mouse islet. We, therefore, examined Lepr
expression in mouse alpha, beta, and delta cells using a pub-
lished dataset built from fluorescently sorted populations of
live lineage-traced cells. Lepr was not detected in mouse al-
pha, beta, or delta cells (Figure 7A, (27)). This result starkly
contrasts the transcription factor Pdx1, which is detectable at
the RNA level in each population (Figure 7B) despite the lim-
itation of PDX1 protein expression in the mature pancreas to
beta and delta cells.
Examination of a publicly available scRNAseq dataset con-
firmed a lack of Lepr expression within the mouse islet
endocrine population (Figure 7C). Most Lepr-positive cells
were observed in endothelial cell clusters (Figure 7C). Our
scRNAseq data (18) also demonstrated that most Lepr-
positive cells express endothelial cell markers (Figure 7D).
In addition, Lepr expression was detected in only 0.01 per-
cent of islet endocrine cells.

Conclusions

Multiple labs have demonstrated that leptin decreases insulin
secretion from isolated islets. In addition, beta cells from
control mice hyperpolarize in response to leptin, but this re-
sponse is lost in beta cells from global Lepr null mice (28).
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These data strongly indicate that a cell type residing within
the islet mediates altered insulin secretion in response to lep-
tin. However, pinpointing this cell type has proven to be chal-
lenging.
Pdx1-Cre is expressed throughout the pancreatic epithelium;
this Cre would induce recombination of Lepr in the islet en-
docrine and acinar cells but not in the immune, endothelial, or
smooth muscle cells that might be isolated along with the islet
(29). Pdx1-Cre;Leprfl/fl male and female mice on a normal
chow diet exhibited improved glucose tolerance, normal in-
sulin tolerance, and increased fasting serum insulin (9). Iso-
lated Pdx1-Cre;Leprfl/fl islets display increased Ca2+ influx
and insulin secretion compared to Leprfl/fl controls without
Cre. Furthermore, leptin treatment represses insulin secre-
tion in isolated islets from control but not Pdx1-Cre;Leprfl/fl
mice (9).
These data suggest that pancreatic epithelial cells are respon-
sible for the depression of glucose-stimulated insulin secre-
tion in response to leptin in isolated islets. However, ablation
of Lepr in alpha cells using an inducible Glucagon-Cre (12),
in beta cells using Ins1-Cre (12), or in delta cells (demon-
strated here) does not result in altered glucose tolerance or in-
sulin secretion. Additionally, bulk RNAseq of sorted mouse
alpha, beta, or delta cells cannot detect Lepr (27). Further-
more, in this manuscript, we show by scRNAseq that Lepr
can be detected in only an exceedingly small percentage of
endocrine or acinar cells in mice. Genes with low expression
are sometimes detectable in only a small percentage of cells
using scRNAseq. One such gene is Pdx1, which can be ob-
served in both beta- and delta-cell clusters, but in many fewer
cells than somatostatin or insulin (Figure 7C). Despite these
drop-outs in scRNAseq, Pdx1 is readily detectable in sorted
beta cells (Figure 7B). In addition, in a Lepr-Cre;TdTomato
reporter mouse, no fluorescence was detected in islet en-
docrine cells (30). Together, these data suggest that Lepr is
largely or wholely absent from mouse islet endocrine cells.
It has been reported previously that LEPR is expressed in
mouse T cells (31,32), endothelial cells (33), and smooth
muscle cells (33). Our scRNAseq also demonstrates Lepr
expression within islet endothelial cells. However, mice with
ablated Lepr within endothelial cells display unchanged ad
libitum-fed blood glucose (19). Unfortunately, a more sys-
tematic analysis of glucose homeostasis was not performed
in these mice.
Endothelial cells regulate beta-cell function and in-
sulin release through factors such as Endothelin-1 and
Thrombospondin-1 (34,35). Thus, signaling changes be-
tween endothelial and beta cells in response to Leptin treat-
ment may mediate decreased insulin secretion in mouse
islets. However, Pdx1-Cre should not cause recombination
within endothelial cells; thus, deletion within the endothe-
lial cells is unlikely to underlie the altered insulin secretion
in the Pdx1-Cre;Leprfl/fl model. Moreover, in human islets,
LEPR is detectable in scant endothelial cells by scRNAseq
(data not shown); thus, in human islets, any difference in in-
sulin release due to leptin is unlikely to rely on endothelial
cells.

Others have suggested that the Pdx1-Cre;Leprfl/fl phenotype
results from neuronal Lepr ablation since Pdx1-Cre is active
in some brain cells (13). Limited brain Lepr ablation could
account for the differences in glucose tolerance observed.
However, this model of neuronal deletion likely does not ex-
plain the alterations in insulin secretion from and Ca2+ in-
flux into Pdx1-Cre;Leprfl/fl isolated islets, unless long-term
changes in islet function result from neuronal input. Pdx1-
Cre is also active in duodenal enterocytes, where Lepr is ex-
pressed, and these cells might also contribute to the altered
glucose tolerance in Pdx1-Cre;Leprfl/fl mice (36,37).
While we have not settled the mystery of which cell type me-
diates reduced insulin secretion resulting from leptin treat-
ment, we provide strong evidence that, at least in the mouse
islet, it is not the delta cell. Further work will be necessary
to determine the identity of this leptin-responsive cell in the
mouse islet.
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