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Abstract

Gestational diabetes mellitus (GDM) is associated with defective pancreatic 3-cell adapta-
tion in pregnancy, but the underlying mechanism remains obscure. Our previous studies
demonstrated that GDM women display increased plasma adrenomedullin (ADM) levels,
and non-obese GDM mice show decreased serum concentrations of insulin and the number
of B-cells in pancreas islets. The aims of this study is to examine if ADM and its receptors
are expressed in female mouse pancreas, and if so, whether insulin secretion is regulated
by ADM in mouse B-cell line, NIT-1 cells and isolated mouse pancreatic islets. Present
study shows that ADM and its receptor components CRLR, RAMPs are present in mouse
pancreatic islets and co-localized with insulin. The expressions of ADM, CRLR and RAMP2
in islets from pregnant mice are reduced compared to that of non-pregnant mice. NIT-1-38
cells express ADM and its receptor mRNA, and glucose dose-dependently stimulates
expressions. Furthermore, ADM inhibits NIT-1-f cell growth, and this inhibition is reversed
by ADM antagonist, ADM22-52. The glucose-induced insulin secretion was suppressed by
ADM in NIT-1- cells and isolated pancreatic islets from pregnant mice. These inhibitory
effects are accompanied by upregulation of endoplasmic reticulum (ER) stress biomarker
genes in NIT-1-B cells. This study unveils that reduced ADM and its receptors may play a
role in B-cell adaptation during pregnancy, while increased plasma ADM in GDM may con-
tribute to the B-cells dysfunction, and blockade of ADM may reverse -cell insulin
production.

Introduction

During normal pregnancy, marked insulin resistance is accompanied by increased maternal
insulin secretion [1]. This increased insulin resistance may contribute to facilitate the transpor-
tation of glucose and other nutrients toward the fetus. Maternal islets adapt to this increased
demand mainly through increased B-cell proliferation and enhanced insulin secretion per -
cell [2]. Failure of these compensatory mechanisms may result in the development of glucose
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intolerance in pregnancy, known as gestational diabetes mellitus (GDM) in humans [3]. Clini-
cal research has shown that GDM is associated with increased incidence of complications in
both the mother and the fetus, including but not limited to maternal gestational hypertension
and preeclampsia, and infant macrosomia and Caesarian delivery [4]. Furthermore, defective
adaptation of the B-cells in the fetuses may be induced by the diabetic in-utero environment
[5], resulting in the metabolic disorders in the offspring. Although efforts have been made in
this area, the underlying mechanism for the defective adaptation of the B-cells are still unclear.

Adrenomedullin (ADM) is a potent vasodilator peptide with 52-amino acid residues origi-
nally isolated from human pheochromocytoma [6], and its action is mediated by calcitonin
receptor-like receptor (CRLR). CRLR interacts with receptor activity-modifying proteins
(RAMPs), among which RAMP2 and RAMP3 carry CRLR to the cellular membrane to confer
high affinity for ADM [7]. ADM is expressed by a variety of cell types, and functions in an
autocrine/paracrine manner [8], including cell proliferation [9], inflammation [6], hormone
production [10], vascular adaptations in pregnancy [11], and fetal growth [12]. In humans,
plasma ADM concentrations are elevated in obese individuals [13] and patients with T2DM
type 2 diabetes [14]. Our previous studies have demonstrated that plasma ADM levels are
increased in GDM women [15], and the pancreas B-cell number and serum insulin levels are
reduced in a non-obese GDM mouse model [16]. These results may suggest an association
between increased ADM levels and insulin insufficiency, but it is not clear if ADM plays a role
in direct regulation of B-cell functions.

Reports show that rat pancreatic islets express ADM [17], and insulin-producing cells
express ADM receptors [18]. We therefore suggest that ADM may play a role in the regulation
of insulin secretion, and alterations in ADM concentration may regulate 3-cell adaptation dur-
ing pregnancy, and B-cell dysfunction maybe involved in the pathogenesis of diabetic preg-
nancy. Thus, the aims of this study were to determine if ADM and its receptors are present in
non-pregnant and pregnant mouse pancreas, and if so, whether insulin synthesis and secretion
by mouse pancreatic B-cell line and isolated pancreatic islets from pregnant mice were regu-
lated by ADM. Here we show that ADM and its receptor components CRLR, RAMP2 and
RAMP3 are present in both non-pregnant and pregnant mouse pancreatic islets and coloca-
lized with insulin. The expressions of ADM, CRLR and RAMP2 in islets from pregnant mice
are reduced compared to that of non-pregnant mice. Furthermore, ADM inhibits both mouse
NIT-1 B-cells proliferation and insulin secretion, and these inhibitory effects can be reversed
by ADM22-52. Finally, we demonstrate that ADM inhibits glucose stimulated insulin secretion
in isolated pancreatic islets from pregnant mice, confirming thus confirming our cell line stud-
ies. Such evidence may implicate ADM as a fundamental factor in maintaining insulin homeo-
stasis, and excessive ADM may be a possible causal agent in diabetic pregnancies.

Materials and methods
Animals

All animal procedures were approved by the Institutional Animal Care and Use Committee in
Baylor College of Medicine and performed in accordance with NIH Guide for the Care and
Use of Laboratory Animals. C57BL/6] female mice were purchased from Jackson Laboratory
(Bar Harbor, ME, USA). Female mice at 9 weeks of age were housed with a male and checked
daily for the presence of a vaginal plug (16). The day a vaginal plug was observed was desig-
nated as day 0.5 of pregnancy. Non-pregnant mice and the mice on day 13.5 and day 17.5 of
pregnancy were sacrificed and the pancreatic tissues collected for either immunofluorescent
staining with specific antibodies (n = 3/time point) or pancreatic islet isolation for glucose
stimulated insulin secretion (GSIS) assays (n = 4 day 13.5 pregnant dams).
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Immunofluorescent imaging analysis

Paraffin embedded pancreatic tissues from non-pregnant and pregnant mice were cut at 5- to
7-pm thickness and mounted on Superfrost Plus Microscope Slides (Fisher Scientific, Pitts-
burg PA, USA). The sections were first deparaffinized and rehydrated, and then immunofluo-
rescent stained. The o cells were detected by using goat anti-mouse glucagon antibody (1:200,
Abcam, Cambridge MA, USA) followed by secondary antibody Alexa Flour 647 goat anti
mouse IgG (1:200, magenta, Invitrogen, Eugene, Oregon, USA). The B cells were identified by
using goat anti-guinea insulin antibody (1:100, Abcam, Cambridge MA, USA) followed by sec-
ondary antibody Alexa Flour 594 goat anti-guinea pig molecular probes (1:200, red, Invitro-
gen, Eugene, Oregon, USA). Furthermore, ADM and its receptor components were identified
by using goat anti-rabbit ADM, CRLR, RAMP2, and RAMP?3 antibodies respectively (1:50,
Santa Cruz, Dallas TX, USA) followed by secondary antibody Alexa Flour 488 goat anti rabbit
IgG (1:200, green, Invitrogen, Eugene, Oregon, USA) as previously described [19]. Negative
controls were performed with only secondary antibody. The slides were then mounted with
Mounting-medium containing 4, 6-diamidino-2-phenylindole (DAPI; Vector Laboratories
Inc., Burlingame, CA, USA) and viewed under an Olympus BX51 microscope and analyzed by
using CellSence software (Olympus Scientific, Walthan MA, USA).

Glucose Stimulated Insulin Secretion (GSIS) assays

Pancreatic islets were isolated from day 13.5 pregnant mice (n = 4) as previously described
[20] and used routinely in our labs. Briefly, pancreas was infused with collagenase, removed
and incubated in collagenase solution at 37°C. Once digestion was complete, samples were
washed and ficoll gradient was applied to the isolated tissue. Cell pellets were resuspended in
RPMI 1640. Islets were then picked, graded by size, and placed into culture overnight without
or with ADM (10°M). The following day islets were picked and placed in tubes with low (1.8
mM) or high glucose (16.8 mM) and with and without ADM. Media was collected following
30 min of culture to measure secreted insulin. Secreted and total insulin were measured by
ELISA (Millipore) as previously described [16, 21, 22]. Percent secreted insulin was calculated
and compared between groups to determine the effects of increased ADM on GSIS in islets
from pregnant mice.

Mouse NIT-1 B-cell culture

The mouse pancreatic B-cell line NIT-1 cells (ATCC CRL-2055, Manassas, VA, USA) were cul-
tured in Ham’ F12K medium supplemented with 2mM L-glutamine (Corning Cellgro, Manas-
sas, VA, USA), 1.5g/L sodium bicarbonate (SIGMA, St. Louis, MO, USA), 10% heat-
inactivated dialyzed fetal bovine serum (GIBCO, Gaithersburg, MD, USA), 100 U/ml penicil-
lin and 100 pg/ml streptomycin (Corning Cellgro, Manassas, VA, USA) in a 5% CO, atmo-
sphere at 37° C. NIT-1 cells (3 x 10 cells/well) were seeded in 6-well-plates and cultured for 3
days prior to the treatments. After a 30-min preincubation, the cells were treated with increas-
ing doses of glucose (Sigma-Aldrich, St. Louis, MO, USA) in the presence or absence of ADM
(107 M, American Peptide Co., Inc. Sunnyvale, CA, USA) for 24 hours. Total RNA was iso-
lated using TRIzol (Life Technologies, Grand Island, NY, USA) and Reverse Transcription
(RT) was performed for further Quantitative Real-time-PCR analysis.

Quantitative Real-Time PCR

Quantitative Real-time PCR was performed using Taq universal SYBR Green Supermix (Bio-
Rad, Hercules, CA, USA) [23]. PCR primers used for amplification of ADM (Mm.
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Table 1. Primer sequences.

Forward Reverse
Insulin 5/ -GCTTCTTCTACACACCCATGTC-3’ 5/ -AGCACTGATCTACAATGCCAC-3’
t-Xbp-1 5/ -TGGCCGGGTCTGCTGAGTCCG-3" 5’ -GTCCATGGGAAGATGTTCTGG-3"
s-Xbp-1 5’ —-CTGAGTCCGAATCAGGTGCAG-3"’ 5’ -GTCCATGGGAAGATGTTCTGG-3"
Chop 5’ -CCACCACACCTGAAAGCAGAA-3' 5’ -AGGTGAAAGGCAGGGACTCA-3’
Bip 5’ -TTCAGCCAATTATCAGCAAACTCT-3’ 5’ -TTTTCTGATGTATCCTCTTCACCAGT-3’
B-actin 5’ -AGGTCATCACTATTGGCAACGA-3’ 5’ -CACTTCATGATGGAATTGAATGTAGTT-3’
Gapdh 5’ -AGGTCGGTGTGAACGGATTTG-3" 5’ -TGTAGACCATGTAGTTGAGGTCA-3"

https://doi.org/10.1371/journal.pone.0265890.t001

PT.58.11111908), CRLR (Mm.PT.58.10636953), RAMP2 (Mm.PT.58.30553776), and RAMP3
(Mm.PT.58.8586280) were purchased from Integrated DNA Technologies (IDT, Coralville,
IW, USA), and the primer sequences for insulin and ER stress genes were list in Table 1.
Amplification of both B-actin and GAPDH served as endogenous housekeeping controls. PCR
conditions for SYBR Green gene expression were 10 min at 95°C for 1 cycle, then 15 sec at
94°C, 30 sec at 60°C and 15 sec at 72°C for 39 cycles. All experiments were performed in tripli-
cate, and the average CT value of the two housekeeping genes was used to calculate the results
using the 2-AACT method and expressed in fold increase/decrease of the gene of interest.

Cell proliferation assay

The cell proliferation assay was performed by using Cell proliferation Kit I (MTT) (Roche
Diagnostics GmbH, Mannheim, Germany) according to the manufacture’s instruction. Briefly,
NIT-1 cells were seeded in wells of 96-well plate containing various amounts of ADM (Ameri-
can Peptide Co., Inc. Sunnyvale, CA, USA) with or without ADM22-52 (American Peptide
Co., Inc. Sunnyvale, CA, USA). After 72 hours preincubation, 10 ul of MTT labeling reagent
was added and incubated for another 4 hours, followed by the treatment with solubilization
solution for overnight. The absorbance at A550 were read and recorded by using Spectropho-
tometer CLARIO STAR (BMG Labtech, Inc., Cary, NC, USA).

Insulin analysis

Insulin concentrations in NIT-1 cell culture medium were assessed using a Mouse insulin
ELISA kit (Thermo Scientific, Frederick, MD, USA) according to manufacturer’s instructions.
Briefly, NIT-1 cells were seeded in 96-well plates. After 3 days culture, the cells were treated
with increasing doses of glucose (Sigma-Aldrich, St. Louis, MO, USA) in the presence or
absence of ADM (10~° M, American Peptide Co., Inc), and culture medium was collected
30-min and 24 hours after treatments. For insulin measurement, 100 pL of standards and cul-
ture medium were added into appropriate wells and incubate for 2 hours at room temperature,
followed by incubation with biotinylated antibody, streptavidin-HRP solution and TMB sub-
strate. The absorbance at A450 were read and recorded by using Spectrophotometer CLARIO
STAR (BMG Labtech, Inc., Cary, NC, USA). The intra-assay coefficients of variation were
<10% and intra-assay CVs were <12%.

Statistics

All data were presented as mean + SEM. Data were calculated and analyzed by GraphPad
Prism (La Jolla, CA, USA). For comparison between 2 groups unpaired 2-tailed Student’s t test
was used. For comparisons between 3 or more groups, a one-way ANOVA was used followed
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by a Bonferroni post hoc test was used for comparisons between groups. For analysis of
mRNA expressions data, two-way repeated measures ANOV A was used, followed by Bonfer-
roni post hoc analysis where appropriate. Statistical significance was defined as p<0.05.

Results

ADM and its receptor components are present in mouse pancreatic islets
and co-localized with insulin

Triple immunofluorescence was applied to investigate the co-localization of the ADM and its
receptor components with classical pancreatic hormones, glucagon and insulin, thereby iden-
tify the cell type in which these epitopes are expressed. In all cases, co-localization with insulin
was observed for ADM, CRLR, RAMP2, and RAMP3 in the islets of pancreatic tissues from
both non-pregnant and pregnant mice (Figs 1 and 2), whereas their immunoreactivity was
rarely observed glucagon producing o cells, suggesting that a new endocrine function in the
mouse pancreas, insulin-producing B-cells might be synthesizing and secreting ADM.

NP D13.5 D17.5

Glucagon Glucagon Glucagon

o
o

o
o

ADM Intensity/cell
o o
N e

* *

NP D13.5 D17.5

o

Fig 1. Cellular localization of ADM in mouse pancreas. Representative illustrative images showing triple
immunofluorescence of glucagon (magenta), insulin (red), and ADM (green) in pancreas from nonpregnant (NP) and
pregnant mouse on day 13.5 (D13.5) and day 17.5 (D17.5) of pregnancy. The merged column represents a composite
of the above three images with cell nuclei (identified by DAPI, blue). Magnification, x 400. The labelings for ADM are
generally restricted to the islets and colocalized with insulin. The data for ADM intensity per cell in the islets were
displayed as mean+/-SEM (n = 4). * indicate significant difference when compared with NP (P<0.05). Inset is
secondary only negative control.

https://doi.org/10.1371/journal.pone.0265890.g001
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Furthermore, the intensity of immunostaining for target proteins showed that no significant
difference in the expressions of ADM and its receptor components was noted between animals
on day 13.5 and day 17.5 of pregnancy (Figs 1 and 2), however, the expression for ADM,
CRLR and RAMP?2, but not RAMP3, are significantly reduced (p<0.05) in islets from pregnant
mice when compared to that of non-pregnant mice, suggesting that alteration of ADM system
in mouse pancreas may play a role in pregnancy-related B-cell adaptation.

ADM blocks glucose stimulated insulin secretion in pancreatic islets
isolated from pregnant mice

Next, we assessed the effect of ADM on glucose stimulated insulin secretion using isolated
pancreatic islets from day 13.5 pregnant mice. Islets cultured with ADM had inhibited GSIS
while those cultured in saline had normal GSIS (Fig 3). These results indicate that increases in
ADM levels can have negative effects on insulin secretion. To further evaluate the mechanisms
by which ADM effects insulin secretion we transitioned to using the mouse B-cell line, NIT-1.

NIT-1 p-cells express mRNA for ADM and its receptor components, and
glucose stimulates the expressions for CRLR, RAMP2, and RAMP3

To determine the impact of hyperglycemia on ADM and its receptors in B-cells, we treated
NIT-1 cells with increasing doses of glucose for 24 hours. As shown in Fig 4, increases in glu-
cose concentrations from 5.6 mM to 22.2 mM resulted in a dose-dependent stimulation in
mRNA expressions for CRLR, RAMP2 and RAMP3 (P<0.05), whereas the mRNA expressions
for ADM were not significantly affected by the glucose treatment. These results indicated that
increased glucose levels in GDM may contribute, at least in part, to the enhanced pancreatic -
cell ADM receptor expressions, thus enhancing ADM actions.

ADM inhibits NIT-1 B-cell proliferation, and this inhibition is blocked by
ADM antagonist

To assess the influence of ADM on B cell growth, we treated NIT-1 cells in Ham’s F12K
medium containing 16.7 mM glucose with ADM (10~° M) in the presence or absence of
ADM22-52 (10~ M) for up to 5 days (Fig 5). The micrographs showed a clear reduction in cell
density after 5 days of ADM treatment, and this decrease was reversed by pretreatment of the
cells with ADM22-52. Furthermore, the MTT reduction test demonstrated that ADM did not
affect the cell proliferation in medium containing 5.6 mM glucose (Fig 6), but did inhibit cell
proliferation in medium containing 16.7 mM glucose in a dose-dependent manner, and this
inhibition was reversed by ADM22-52, confirming that the inhibitory action of ADM on NIT-
1 cell proliferation is mediated through ADM receptors.

ADM inhibits glucose-induced insulin mRNA, synthesis and secretion by
NIT-1 B-cells

To determine the effects of ADM on insulin mRNA expressions by NIT-1 cells, we treated the
cells with increasing doses of glucose in the presence or absence of ADM (10° M) for 24
hours (Fig 7A). The results showed that glucose stimulates NIT-1 cell insulin mRNA expres-
sion in a dose-dependent manner, whereas ADM inhibits this expression starting from 11.1
mM of glucose incubation. In addition, raising glucose from 5.6 to 16.7 mM led to an approxi-
mately 150% increase in insulin concentration after 30-min glucose stimulation (Fig 7B), and
the addition of ADM to NIT-1 cells resulted in a dose-dependent reduction of insulin secre-
tion. This inhibition reached 75% for an ADM concentration of 10"®M. In addition, to
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Fig 2. Cellular localization of ADM receptor components CRLR, RAMP2, and RAMP3 in mouse pancreas. Representative illustrative images represent
a composite of the glucagon (magenta), insulin (red), and CRLR, RAMP2, RAMP3 (green) with cell nuclei (identified by DAPI, blue) in pancreas from
nonpregnant mice (NP) and mice on day 13.5 (D13.5) and day 17.5 (D17.5) of pregnancy. Magnification, x 400. The labelings for CRLR, RAMP2 and
RAMP3 are generally restricted to the islets and colocalized with insulin. The data for CRLR, RAMPs intensity per cell in the islets were displayed as mean
+/-SEM (n = 4). * indicate significant difference compared with NP (P<0.05), and ** indicate P<0.01. Inset is secondary only negative control.

https://doi.org/10.1371/journal.pone.0265890.9002
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Fig 3. ADM inhibits glucose stimulated insulin secretion in pregnant mouse islets. Pancreatic islets were isolated
from day 13.5 pregnant dams. GSIS assays were performed in the presence or absence of ADM. The data is displayed
as percent secreted insulin +/- SEM (n = 4). * indicates significant difference between basal (in presence of 1.8 mM
glucose) and secreted (in presence of 16.8 mM glucose) insulin.

https://doi.org/10.1371/journal.pone.0265890.g003

determine the underlying mechanisms of ADM actions, NIT-1 cells were pretreated with
ADM antagonist ADM22-52, adenylyl cyclase inhibitor SQ22536, and Erk pathway inhibitor
P98059 prior to the addition of ADM (Fig 7C). The results showed that ADM dose-depen-
dently inhibits insulin synthesis in the cell culture medium after 24 hours treatments. The
inhibitory action of ADM on insulin synthesis was reduced by ADM22-52, SQ22536, and
PD98059, implying that ADM receptors, adenylyl cyclase, and Erk pathway are involved in the
ADM inhibitory actions.

ADM upregulates ER stress biomarker genes

Next, we assess the impact of raising glucose and ADM treatment on ER stress in NIT-1 8
cells. NIT-1 cells were incubated in culture medium containing 5.6 to 22.2 mM of glucose in
the presence or absence of ADM (107 M) for 24 hours, and ER stress markers were deter-
mined by using Real-time PCR. As shown in Fig 8, incubation of NIT-1 cells with increasing
dose of glucose does not significantly affect the expression of t-Xbp-1, s-Xbp-1, Chop, and
BIP, suggesting that these ER stress makers were not stimulated and Xbp-1 splicing was not
activated by increasing glucose treatment. In contrast, addition of the ADM (10~ M) in the
culture medium led to an approximately 9-fold increase in mRNA for t-Xbp-1 compared to
glucose-matched controls (P<0.01). Further, ADM significantly stimulated BIP mRNA
expression, and this stimulation reached up to 10-fold higher than glucose-matched controls
(P<0.01). These results suggest that ADM but not raising glucose causes activation of ER
stress, and that is not accompanied by Xbp-1 splicing.

Discussion

GDM is characterized by reduced adaptation of the pancreatic B-cells to the increased
demands during pregnancy [24], but the molecular basis for these alterations remains unclear.
The present study utilized pancreatic tissues from non-pregnant and pregnant mice, insulin
producing B-cell line, and isolated mouse pancreatic islets to demonstrate that: 1) ADM and
CRLR, RAMP2 and RAMP3 are abundantly expressed in mouse pancreatic islets and co-local-
ized with insulin. 2) ADM block glucose stimulated insulin secretion in mouse pancreatic
islets. 3) The expressions of ADM, CRLR and RAMP?2 in islets from pregnant mice are lower
compared to that of non-pregnant mice. 4) NIT-1 B-cells express mRNA for ADM and CRLR,
RAMP 2, and RAMP3, and the expressions for receptor components, but not ADM, are
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Fig 4. Glucose stimulates mRNA for ADM receptor components in mouse NIT-1 f cells. NIT-1 cells were incubated in Ham’s F12K medium with
increasing doses of glucose (5.6-22.2 mM) for 24 hours, and the mRNA expression for ADM, CRLR, RAMP2, and RAMP3 were determined by using
Real-time PCR with specific primers. The data were normalized to S-actin and GAPDH, and displayed as mean+/-SEM (n = 6). Different letters on
each bar indicate significant difference between groups (P<0.05). Data showed that mRNA for CRLR, RAMP2, and RAMP3, but not ADM, are
stimulated by glucose in a dose-dependent manner.

https://doi.org/10.1371/journal.pone.0265890.9004

stimulated by glucose in a dose-dependent manner. 5) ADM inhibits NIT-1 cell proliferation,
and this inhibition is reversed by ADM antagonist, ADM22-52. 6) ADM inhibits NIT-1 cells
glucose-induced insulin synthesis and secretion 7) these inhibitory effects were reversed by
ADM?22-52, adenylyl cyclase inhibitor, SQ22536, and Erk pathway inhibitor PD98059 in NIT-
1 cells, and 78) Treatment of NIT-1 cells with ADM resulted in upregulation of ER stress bio-
marker genes, BIP and t-Xbp-1, indicating the involvement of ER stress in ADM’s action. We
therefore propose that ADM maybe involved in the regulation of B-cell functions in an
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Day 1 Day 3 Day 5

Fig 5. ADM inhibits NIT-1 B cell proliferation. Representative illustrative images showing the NIT-1 B cells grown in
Ham’s F12K medium with 16.7 mM glucose and treated with ADM (10 M) in the presence or absence of ADM22-52
(108 M). The micrographs were taken on day 1, day 3, and day 5 after treatments. Compared with controls,
profoundly decreased cell density was observed after 5 days ADM treatments, and this reduction was reversed by
pretreatment of the cells with ADM22-52. Magnification, x 200.

https://doi.org/10.1371/journal.pone.0265890.g005
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Fig 6. ADM inhibits glucose-stimulated NIT-1 f cell growth in MTT reduction test. NIT-1 B cells were cultured as described in the Materials and
Methods. Reduction of MTT was colorimetrically determined after 72 hours treatments with ADM in the presence or absence of ADM22-52. ADM did
not significantly affect the growth of NIT-1 cells in medium containing 5.6 mM glucose, but did significantly inhibit cell growth in medium containing
16.7 mM glucose, and this inhibition was reversed by ADM antagonist. The data displayed as mean+/-SEM (n = 4). Different letters on each bar
indicate significant difference between groups (P<0.05).

https://doi.org/10.1371/journal.pone.0265890.9006
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Fig 7. ADM inhibits glucose-stimulated insulin mRNA expression, secretion and synthesis in NIT-1 B-cells. (A)
NIT-1 B-cells were incubated in Ham’s F12K medium containing increasing doses of glucose (5.6-16.7mM) with or
without ADM (10~° M) for 24 hours (n = 6). Real-time PCR was performed to determine the mRNA expression of
insulin by NIT-1 cells. nRNA was normalized to housekeeping genes of f-actin and GAPDH. (B) NIT-1 B-cells were
grown in medium containing increasing doses of glucose (5.6-16.7mM) with or without ADM for 30-min, after which
insulin concentration in the medium was measured using ELISA kit. (C) NIT-1 B-cells were grown in medium
containing 16.7mM glucose and ADM in the presence or absence of ADM22-52, SQ22536, and PD98059 for 24 hours,
after which insulin concentration in the medium was measured using ELISA kit. Data displayed as mean+/-SEM

(n = 3).* and # indicate significant difference vs. paired controls (P<0.05).

https://doi.org/10.1371/journal.pone.0265890.g007
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Xbp-1, s-Xbp-1, Chop, and BIP were determined by Real-time PCR, and normalized to housekeeping genes of B-actin
and GAPDH. The data displayed as mean+/-SEM (n = 6). ** indicate significant difference between ADM treated and
control groups (P<0.01).

https://doi.org/10.1371/journal.pone.0265890.9008
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autocrine and paracrine manner. Reduced ADM and its receptors expression during preg-
nancy may play a role in promoting B-cell mass and insulin production, while increased
plasma ADM in GDM may contribute to the B-cells dysfunction, and blockade of ADM may
reverse f3-cell insulin production.

The cellular localization of ADM system in pregnant mouse pancreas

Four major cell types, o, B, 3 and PP cells are found in the endocrine pancreas, and secrete hor-
mones into the bloodstream [25]. The o cells produce glucagon and B cells produce insulin, to
maintain glucose homeostasis. The & cells produce somatostatin and PP cells produce pancre-
atic polypeptide that modulate the secretory function of the other cell types. It has been
reported that ADM appears at day 11.5 in rat development coinciding in pancreas with gluca-
gon and insulin in the same cells [26]. While at some time in rat development, all the cell type
express ADM and then progressively evolve towards the adult pattern, where only the PP cells
display a strong immunoreactivity for ADM. Meanwhile, the mRNA for ADM and its recep-
tors have been shown to exist in six different insulin-producing cell lines, including RINm,
N289, TR4, CRL2057, CRL1777, and CRL2055 [17], suggesting that the expression of ADM
and its receptors in endocrine pancreatic cells seems to be a highly conserved feature from
both the phylogenetic [27] and the ontogenetic [26] perspective. In the present study, we dem-
onstrated that ADM and its receptor components CRLR, RAMP2, and RAMP?3 are expressed
in the pancreatic islets of non-pregnant and pregnant mice and co-localized with insulin (Figs
1 and 2). This finding was confirmed by immunofluorescence in the pancreatic tissues and by
molecular analysis of mRNA expression in an insulin-producing mouse NIT-1 B-cell line. The
pattern of distribution and endocrine cell type in the mouse are in an agreement with those
previously reported by other groups [17, 28]. The co-localization of ADM and its receptors in
the pancreas implicates that ADM may play a role in the control of both normal and altered
pancreatic physiologies. Further, the expressions for ADM, CRLR and RAMP2, but not
RAMP3, are significant reduced in islets from pregnant mice when compared to that of non-
pregnant mice, this may imply that alteration of ADM system in mouse pancreas may play a
role in pregnancy-related B-cell adaptation. In addition, our results in mouse NIT-1 cell line
showed that glucose dose-dependently increased mRNA expressions of CRLR, RAMP2 and
RAMP3, but not ADM per se (Fig 4). These findings provide new insight into the association
between hyperglycemia and enhanced ADM action in diabetic pregnancies, indicating that
glucose intolerance in GDM may be one of the stimulants for the enhanced ADM influence
through increased ADM receptor on B-cells, thus contributing to the impaired insulin
secretion.

ADM inhibits p-Cell growth and glucose-stimulated insulin secretion

Conflicting results have been reported regarding the effect of ADM on insulin secretion. ADM
has been reported to stimulate [29] or inhibit [17] insulin secretion in isolated rat islets. We
report here that ADM inhibited glucose stimulated insulin secretion in pancreatic islets iso-
lated from pregnant mice, further confirming previous findings in rat [17] and corroborating
our previously published work using a human B-cell line [15]. However, isolated pancreatic
islets used in these studies consist of various cell types and thus may not be appropriate in eval-
uating the impacts of ADM on B-cell functions as well as ADM mechanisms of action. There-
fore, in this present study, we utilized a differentiated mouse insulinoma cell line NIT-1 to
determine the direct effect of ADM on B-cell growth and insulin secretion and synthesis and
investigate the mechanisms of ADM action on B-cell growth and function. This NIT-1 cell line
retains various differentiated features of native B-cells [30] and is considered a suitable model
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for studying the B-cell proliferation, insulin secretion and biosynthesis [31]. Here, we show
that ADM did not affect the cell proliferation in medium with 5.6 mM glucose, but did inhibit
cell proliferation in medium with 16.7mM glucose in a dose-dependent manner (Figs 4 and 5),
and this inhibition was blocked by pretreatment of cells with ADM?22-52, indicating that
enhanced ADM inhibitory action in hyperglycemia may result from glucose-stimulated ADM
receptor overexpression, and the ADM inhibitory effect are mediated through ADM receptors.
In addition, our results showed that glucose stimulates NIT-1 cell insulin mRNA expression as
well as insulin secretion in a dose-dependent manner (Fig 6A and 6B), and ADM inhibits both
glucose-stimulated insulin mRNA expression and secretion. Furthermore, ADM dose-depen-
dently inhibits insulin synthesis in the cell culture medium after 24 hours treatments (Fig 6C).
Our results are consistent with the effects of ADM on B-cells described by other groups in rat
models. Martinez et al reported that a monoclonal antibody against ADM increases insulin
release 5-fold more than controls in isolated rat islets [17]. Sekine et al showed that pancreatic
beta cells ADM exposure resulted in a reduction in insulin secretion [32]. ADM administra-
tion in diabetic SHR/ N-cp rats in vivo decreases serum insulin levels with a concomitant
increase in circulating glucose levels [33]. Such experimental evidence may implicate ADM as
a fundamental factor in maintaining insulin homeostasis and normoglycemia, and dysregula-
tion of ADM maybe one of the causal factors in diabetes. Collectively, further investigation
focused on the development of blocking agents for ADM may result in new treatments for
pancreatic ADM-related disorders.

Underlying mechanisms of ADM actions

Glucose stimulates insulin secretion by generating metabolic coupling factors which promote
B- cell exocytosis of insulin granules [34]. In physiological circumstances, mitochondrial
metabolism of glucose increases ATP levels and leads to closure of the ATP-sensitive K+ chan-
nel, thereby resulting in the B- cell membrane depolarization. The opening of the voltage-
gated calcium currents (VGCC) then induces Ca2+ influx into the B-cell and promoting insu-
lin exocytosis. The mechanisms of ADM inhibitory actions on B- cell functions may include
the regulation of glucose metabolism that is related to the B-cell excitability, the membrane
potential or the VGCC, intracellular cAMP concentration, and the exocytosis machinery of
insulin granules. In the present study, we observed that the inhibitory action of ADM on insu-
lin synthesis was abolished by ADM22-52, SQ22536, and PD98059 (Fig 6C). The effects of
ADM?22-52 suggest that the effects seen were due to ADM-ADM receptor interactions and not
a non-specific toxic effect of ADM on B-cells. The finding that SQ22536 reverses ADM inhib-
ited insulin release supports the notion that cAMP is the second messenger for the ADM
actions [7], and confirm that exocytosis of insulin granules is stimulated through the elevation
of cAMP [35]. PD98059 blocks ADM actions, indicating that the members of the mitogen-
activated protein kinase family, extracellular response kinase-1/2 (Erk1/2), are activated in the
B-cell after ADM addition [36]. Therefore, a better understanding of the ADM system in pan-
creatic physiology and pathological states, such as GDM, may help define new areas of thera-
peutic intervention to improve the metabolic homeostasis.

ADM induces ER stress in -cells

Physiologically required for the folding, export, and processing of newly synthesized insulin,
pancreatic beta cells possess a highly developed ER [37]. Served as an ER chaperone and a sen-
sor of protein misfolding, immunoglobulin heavy chain binding protein (BIP) plays a central
role in this process [38]. ER stress developed and apoptosis is induced by enhanced transcrip-
tion of C/EBP homologous protein (CHOP) [39, 40], and X-box binding protein 1 (Xbp-1) is
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activated when misfolded proteins are accumulated in the ER [41]. Increasing evidence indi-
cates that ER stress may be directly involved in the B-cell dysfunction and death observed dur-
ing the development and progression of diabetes mellitus [42], and overwhelming ER stress
can also induce oxidative stress [43], which may further impair B-cell function. In the present
study, our Real time-PCR analysis showed significant upregulation of ER stress genes t-Xbp-1
and BIP (Fig 7), suggesting that ADM is capable of activating ER stress and dysregulating the
unfolded protein response (UPR) pathway, which inevitably leads to marked B-cell dysfunc-
tion. We also showed decreased B-cell growth and proliferation after exposure to ADM (Figs 4
and 5), further confirming ER stress-mediated apoptosis. Therefore, we propose from these
data that ADM induces excessive activation of ER stress and subsequent failure of the UPR,
may contribute to eventual p-cell dysfunction.

Further studies are required to examine if administration of ADM to pregnant mice could
induce GDM symptoms with impaired B-cell functions, whether reduced number of B-cells in
pancreas islets and lowered circulating insulin concentration in non-obese GDM mice are
associated with increased ADM and its receptor expression in pancreatic islets, and if adminis-
tration of ADM antagonist could mitigate impaired insulin production and glucose intoler-
ance in vivo. Nonetheless, our current study provides the evidence that ADM could be
involved in both the physiological regulation of insulin secretion in normal pregnancy and the
pathogenesis of diabetic pregnancy as a causative factor of impaired insulin synthesis and
secretion, and blockade of ADM actions in GDM patients with its antagonists may improve f-
cell functions.

Supporting information

S1 Dataset.
(XLSX)

Acknowledgments

The authors would like to thank Ms. Sandra Dale and Renee Elawar for their assistance in
reagent ordering and manuscript preparation.

Author Contributions

Conceptualization: Chandrasekhar Yallampalli.

Data curation: Yuanlin Dong, Akansha Mishra.

Formal analysis: Simone Hernandez Ruano.

Funding acquisition: Chandrasekhar Yallampalli.

Investigation: Yuanlin Dong, Simone Hernandez Ruano, Kathleen A. Pennington.
Methodology: Akansha Mishra.

Supervision: Kathleen A. Pennington.

Writing - review & editing: Kathleen A. Pennington, Chandrasekhar Yallampalli.

References

1. Bellmann O, Hartmann E. Influence of pregnancy on the kinetics of insulin. Am J Obstet Gynecol. 1975;
122(7):829-33. Epub 1975/08/01. https://doi.org/10.1016/0002-9378(75)90723-1 PMID: 1146934.

PLOS ONE | https://doi.org/10.1371/journal.pone.0265890 March 24, 2022 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0265890.s001
https://doi.org/10.1016/0002-9378%2875%2990723-1
http://www.ncbi.nlm.nih.gov/pubmed/1146934
https://doi.org/10.1371/journal.pone.0265890

PLOS ONE

Adrenomedullin suppresses 3-cell insulin secretion

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Parsons JA, Brelje TC, Sorenson RL. Adaptation of islets of Langerhans to pregnancy: increased islet
cell proliferation and insulin secretion correlates with the onset of placental lactogen secretion. Endocri-
nology. 1992; 130(3):1459-66. https://doi.org/10.1210/endo.130.3.1537300 PMID: 1537300.

Ferrara A. Increasing prevalence of gestational diabetes mellitus: a public health perspective. Diabetes
Care. 2007; 30 Suppl 2:S141-6. Epub 2007/07/13. https://doi.org/10.2337/dc07-s206 PMID:
17596462.

Dabelea D, Hanson RL, Lindsay RS, Pettitt DJ, Imperatore G, Gabir MM, et al. Intrauterine exposure to
diabetes conveys risks for type 2 diabetes and obesity: a study of discordant sibships. Diabetes. 2000;
49(12):2208-11. Epub 2000/12/16. https://doi.org/10.2337/diabetes.49.12.2208 PMID: 11118027.

Chavey A, Ah Kioon MD, Bailbe D, Movassat J, Portha B. Maternal diabetes, programming of beta-cell
disorders and intergenerational risk of type 2 diabetes. Diabetes Metab. 2014; 40(5):323-30. Epub
2014/06/21. https://doi.org/10.1016/j.diabet.2014.02.003 PMID: 24948417.

Kitamura K, Kangawa K, Kawamoto M, Ichiki Y, Nakamura S, Matsuo H, et al. Adrenomedullin: a novel
hypotensive peptide isolated from human pheochromocytoma. Biochem Biophys Res Commun. 1993;
192(2):553-60. https://doi.org/10.1006/bbrc.1993.1451 PMID: 8387282.

McLatchie LM, Fraser NJ, Main MJ, Wise A, Brown J, Thompson N, et al. RAMPs regulate the transport
and ligand specificity of the calcitonin-receptor-like receptor. Nature. 1998; 393(6683):333-9. https:/
doi.org/10.1038/30666 PMID: 9620797.

Minamino N, Kikumoto K, Isumi Y. Regulation of adrenomedullin expression and release. Microsc Res
Tech. 2002; 57(1):28-39. https://doi.org/10.1002/jemt.10048 PMID: 11921354,

Iwasaki H, Eguchi S, Shichiri M, Marumo F, Hirata Y. Adrenomedullin as a novel growth-promoting fac-
tor for cultured vascular smooth muscle cells: role of tyrosine kinase-mediated mitogen-activated pro-
tein kinase activation. Endocrinology. 1998; 139(8):3432—41. Epub 1998/07/29. https://doi.org/10.1210/
endo.139.8.6144 PMID: 9681493.

Nussdorfer GG, Rossi GP, Mazzocchi G. Role of adrenomedullin and related peptides in the regulation
of the hypothalamo-pituitary-adrenal axis. Peptides. 1997; 18(7):1079-89. Epub 1997/01/01. https://
doi.org/10.1016/s0196-9781(97)00046-6 PMID: 9357070.

Yallampalli C, Chauhan M, Sathishkumar K. Calcitonin gene-related family peptides in vascular adapta-
tions, uteroplacental circulation, and fetal growth. Curr Vasc Pharmacol. 2013; 11(5):641-54. https:/
doi.org/10.2174/1570161111311050007 PMID: 24063381.

Witlin AG, Li ZY, Wimalawansa SJ, Grady JJ, Grafe MR, Yallampalli C. Placental and fetal growth and
development in late rat gestation is dependent on adrenomedullin. Biol Reprod. 2002; 67(3):1025-31.
https://doi.org/10.1095/biolreprod.101.002196 PMID: 12193417.

Kato J, Kitamura K, Uemura T, Kuwasako K, Kita T, Kangawa K, et al. Plasma levels of adrenomedullin
and atrial and brain natriuretic peptides in the general population: their relations to age and pulse pres-
sure. Hypertens Res. 2002; 25(6):887-92. Epub 2002/12/18. https://doi.org/10.1291/hypres.25.887
PMID: 12484513.

Hayashi M, Shimosawa T, Isaka M, Yamada S, Fujita R, Fujita T. Plasma adrenomedullin in diabetes.
Lancet. 1997; 350(9089):1449-50. Epub 1997/11/26. https://doi.org/10.1016/s0140-6736(05)64211-0
PMID: 9371176.

Dong Y, Banadakoppa M, Chauhan M, Balakrishnan M, Belfort M, Yallampalli C. Circulating Adrenome-
dullin Is Elevated in Gestational Diabetes and Its Role in Impaired Insulin Production by beta-Cells. The
Journal of clinical endocrinology and metabolism. 2019; 104(3):697—706. https://doi.org/10.1210/jc.
2018-01119 PMID: 30383252.

Pennington KA, van der Walt N, Pollock KE, Talton OO, Schulz LC. Effects of acute exposure to a high-
fat, high-sucrose diet on gestational glucose tolerance and subsequent maternal health in mice. Biol
Reprod. 2017; 96(2):435—-45. Epub January 24, 2017. https://doi.org/10.1095/biolreprod.116.144543
PMID: 28203773.

Martinez A, Weaver C, Lopez J, Bhathena SJ, Elsasser TH, Miller MJ, et al. Regulation of insulin secre-
tion and blood glucose metabolism by adrenomedullin. Endocrinology. 1996; 137(6):2626—-32. Epub
1996/06/01. https://doi.org/10.1210/endo.137.6.8641217 PMID: 8641217.

Martinez A, Kapas S, Miller MJ, Ward Y, Cuttitta F. Coexpression of receptors for adrenomedullin, calci-
tonin gene-related peptide, and amylin in pancreatic beta-cells. Endocrinology. 2000; 141(1):406—11.
Epub 1999/12/30. https://doi.org/10.1210/endo.141.1.7261 PMID: 10614663.

Dong Y, Betancourt A, Belfort M, Yallampalli C. Targeting Adrenomedullin to Improve Lipid Homeosta-
sis in Diabetic Pregnancies. The Journal of clinical endocrinology and metabolism. 2017; 102(9):3425—
36. Epub 2017/07/02. https://doi.org/10.1210/jc.2017-00920 PMID: 28666334.

Neuman JC, Truchan NA, Joseph JW, Kimple ME. A method for mouse pancreatic islet isolation and
intracellular cAMP determination. Journal of visualized experiments: JOVE. 2014;(88):e50374. hitps:/
doi.org/10.3791/50374 PMID: 24998772.

PLOS ONE | https://doi.org/10.1371/journal.pone.0265890 March 24, 2022 16/18


https://doi.org/10.1210/endo.130.3.1537300
http://www.ncbi.nlm.nih.gov/pubmed/1537300
https://doi.org/10.2337/dc07-s206
http://www.ncbi.nlm.nih.gov/pubmed/17596462
https://doi.org/10.2337/diabetes.49.12.2208
http://www.ncbi.nlm.nih.gov/pubmed/11118027
https://doi.org/10.1016/j.diabet.2014.02.003
http://www.ncbi.nlm.nih.gov/pubmed/24948417
https://doi.org/10.1006/bbrc.1993.1451
http://www.ncbi.nlm.nih.gov/pubmed/8387282
https://doi.org/10.1038/30666
https://doi.org/10.1038/30666
http://www.ncbi.nlm.nih.gov/pubmed/9620797
https://doi.org/10.1002/jemt.10048
http://www.ncbi.nlm.nih.gov/pubmed/11921354
https://doi.org/10.1210/endo.139.8.6144
https://doi.org/10.1210/endo.139.8.6144
http://www.ncbi.nlm.nih.gov/pubmed/9681493
https://doi.org/10.1016/s0196-9781%2897%2900046-6
https://doi.org/10.1016/s0196-9781%2897%2900046-6
http://www.ncbi.nlm.nih.gov/pubmed/9357070
https://doi.org/10.2174/1570161111311050007
https://doi.org/10.2174/1570161111311050007
http://www.ncbi.nlm.nih.gov/pubmed/24063381
https://doi.org/10.1095/biolreprod.101.002196
http://www.ncbi.nlm.nih.gov/pubmed/12193417
https://doi.org/10.1291/hypres.25.887
http://www.ncbi.nlm.nih.gov/pubmed/12484513
https://doi.org/10.1016/s0140-6736%2805%2964211-0
http://www.ncbi.nlm.nih.gov/pubmed/9371176
https://doi.org/10.1210/jc.2018-01119
https://doi.org/10.1210/jc.2018-01119
http://www.ncbi.nlm.nih.gov/pubmed/30383252
https://doi.org/10.1095/biolreprod.116.144543
http://www.ncbi.nlm.nih.gov/pubmed/28203773
https://doi.org/10.1210/endo.137.6.8641217
http://www.ncbi.nlm.nih.gov/pubmed/8641217
https://doi.org/10.1210/endo.141.1.7261
http://www.ncbi.nlm.nih.gov/pubmed/10614663
https://doi.org/10.1210/jc.2017-00920
http://www.ncbi.nlm.nih.gov/pubmed/28666334
https://doi.org/10.3791/50374
https://doi.org/10.3791/50374
http://www.ncbi.nlm.nih.gov/pubmed/24998772
https://doi.org/10.1371/journal.pone.0265890

PLOS ONE

Adrenomedullin suppresses 3-cell insulin secretion

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Talton OO, Pennington KA, Pollock KE, Bates K, Ma L, Ellersieck MR, et al. Maternal Hyperleptinemia
Improves Offspring Insulin Sensitivity in Mice. Endocrinology. 2016:en20161039. https://doi.org/10.
1210/en.2016-1039 PMID: 27145007.

Pennington KA, Harper JL, Sigafoos AN, Beffa LM, Carleton SM, Phillips CL, et al. Effect of food restric-
tion and leptin supplementation on fetal programming in mice. Endocrinology. 2012; 153(9):4556—67.
Epub 2012/07/11. https://doi.org/10.1210/en.2012-1119 PMID: 22778222.

Dong Y, Betancourt A, Chauhan M, Balakrishnan M, Lugo F, Anderson ML, et al. Pregnancy Increases
Relaxation in Human Omental Arteries to the CGRP Family of Peptides. Biol Reprod. 2015; 93(6):134.
https://doi.org/10.1095/biolreprod.115.135665 PMID: 26510864.

Devlieger R, Casteels K, Van Assche FA. Reduced adaptation of the pancreatic B cells during preg-
nancy is the major causal factor for gestational diabetes: current knowledge and metabolic effects on
the offspring. Acta Obstet Gynecol Scand. 2008; 87(12):1266—70. Epub 2008/10/11. https://doi.org/10.
1080/00016340802443863 PMID: 18846453.

Efrat S, Russ HA. Making beta cells from adult tissues. Trends Endocrinol Metab. 2012; 23(6):278-85.
Epub 2012/04/28. https://doi.org/10.1016/j.tem.2012.03.005 PMID: 22537825.

Martinez A, Cuttitta F, Teitelman G. Expression pattern for adrenomedullin during pancreatic develop-
ment in the rat reveals a common precursor with other endocrine cell types. Cell Tissue Res. 1998; 293
(1):95-100. Epub 1998/06/23. https://doi.org/10.1007/s004410051101 PMID: 9634601.

Lopez J, Cuesta N, Cuttitta F, Martinez A. Adrenomedullin in nonmammalian vertebrate pancreas: an
immunocytochemical study. Gen Comp Endocrinol. 1999; 115(3):309-22. Epub 1999/09/11. https://
doi.org/10.1006/gcen.1999.7335 PMID: 10480982.

Zudaire E, Cuttitta F, Martinez A. Regulation of pancreatic physiology by adrenomedullin and its binding
protein. Regul Pept. 2003; 112(1-3):121-30. Epub 2003/04/02. https://doi.org/10.1016/s0167-0115
(03)00030-2 PMID: 12667633.

Mulder H, Ahren B, Karlsson S, Sundler F. Adrenomedullin: localization in the gastrointestinal tract and
effects on insulin secretion. Regul Pept. 1996; 62(2—3):107—-12. Epub 1996/04/23. https://doi.org/10.
1016/0167-0115(96)00005-5 PMID: 8795072.

Keller DM, McWeeney S, Arsenlis A, Drouin J, Wright CV, Wang H, et al. Characterization of pancreatic
transcription factor Pdx-1 binding sites using promoter microarray and serial analysis of chromatin occu-
pancy. J Biol Chem. 2007; 282(44):32084—92. Epub 2007/09/01. https://doi.org/10.1074/jbc.
M700899200 PMID: 17761679.

Lee HS, Jeong J, Lee KJ. Characterization of vesicles secreted from insulinoma NIT-1 cells. J Proteome
Res. 2009; 8(6):2851-62. Epub 2009/04/09. https://doi.org/10.1021/pr900009y PMID: 19351151.

Sekine N, Takano K, Kimata-Hayashi N, Kadowaki T, Fujita T. Adrenomedullin inhibits insulin exocyto-
sis via pertussis toxin-sensitive G protein-coupled mechanism. Am J Physiol Endocrinol Metab. 2006;
291(1):E9-E14. Epub 2006/06/09. https://doi.org/10.1152/ajpendo.00213.2005 PMID: 16760337.

Martinez A, Elsasser TH, Bhathena SJ, Pio R, Buchanan TA, Macri CJ, et al. Is adrenomedullin a causal
agent in some cases of type 2 diabetes? Peptides. 1999; 20(12):1471-8. https://doi.org/10.1016/
s0196-9781(99)00158-8 PMID: 10698123.

Robertson RP, Seaquist ER, Walseth TF. G proteins and modulation of insulin secretion. Diabetes.
1991; 40(1):1-6. Epub 1991/01/01. https://doi.org/10.2337/diab.40.1.1 PMID: 1901807.

Wollheim CB, Maechler P. Beta-cell mitochondria and insulin secretion: messenger role of nucleotides
and metabolites. Diabetes. 2002; 51 Suppl 1:S37-42. Epub 2002/01/30. https://doi.org/10.2337/
diabetes.51.2007.s37 PMID: 11815456.

Khoo S, Griffen SC, Xia Y, Baer RJ, German MS, Cobb MH. Regulation of insulin gene transcription by
ERK1 and ERK2 in pancreatic beta cells. J Biol Chem. 2003; 278(35):32969—77. Epub 2003/06/18.
https://doi.org/10.1074/jbc.M301198200 PMID: 12810726.

Oyadomari S, Araki E, Mori M. Endoplasmic reticulum stress-mediated apoptosis in pancreatic beta-
cells. Apoptosis. 2002; 7(4):335—45. Epub 2002/07/09. https://doi.org/10.1023/2:1016175429877
PMID: 12101398.

Bertolotti A, Zhang Y, Hendershot LM, Harding HP, Ron D. Dynamic interaction of BiP and ER stress
transducers in the unfolded-protein response. Nat Cell Biol. 2000; 2(6):326—32. Epub 2000/06/15.
https://doi.org/10.1038/35014014 PMID: 10854322.

Schroder M, Kaufman RJ. The mammalian unfolded protein response. Annu Rev Biochem. 2005;
74:739-89. Epub 2005/06/15. https://doi.org/10.1146/annurev.biochem.73.011303.074134 PMID:
15952902.

Oyadomari S, Koizumi A, Takeda K, Gotoh T, Akira S, Araki E, et al. Targeted disruption of the Chop
gene delays endoplasmic reticulum stress-mediated diabetes. J Clin Invest. 2002; 109(4):525-32.
Epub 2002/02/21. https://doi.org/10.1172/JCI14550 PMID: 11854325.

PLOS ONE | https://doi.org/10.1371/journal.pone.0265890 March 24, 2022 17/18


https://doi.org/10.1210/en.2016-1039
https://doi.org/10.1210/en.2016-1039
http://www.ncbi.nlm.nih.gov/pubmed/27145007
https://doi.org/10.1210/en.2012-1119
http://www.ncbi.nlm.nih.gov/pubmed/22778222
https://doi.org/10.1095/biolreprod.115.135665
http://www.ncbi.nlm.nih.gov/pubmed/26510864
https://doi.org/10.1080/00016340802443863
https://doi.org/10.1080/00016340802443863
http://www.ncbi.nlm.nih.gov/pubmed/18846453
https://doi.org/10.1016/j.tem.2012.03.005
http://www.ncbi.nlm.nih.gov/pubmed/22537825
https://doi.org/10.1007/s004410051101
http://www.ncbi.nlm.nih.gov/pubmed/9634601
https://doi.org/10.1006/gcen.1999.7335
https://doi.org/10.1006/gcen.1999.7335
http://www.ncbi.nlm.nih.gov/pubmed/10480982
https://doi.org/10.1016/s0167-0115%2803%2900030-2
https://doi.org/10.1016/s0167-0115%2803%2900030-2
http://www.ncbi.nlm.nih.gov/pubmed/12667633
https://doi.org/10.1016/0167-0115%2896%2900005-5
https://doi.org/10.1016/0167-0115%2896%2900005-5
http://www.ncbi.nlm.nih.gov/pubmed/8795072
https://doi.org/10.1074/jbc.M700899200
https://doi.org/10.1074/jbc.M700899200
http://www.ncbi.nlm.nih.gov/pubmed/17761679
https://doi.org/10.1021/pr900009y
http://www.ncbi.nlm.nih.gov/pubmed/19351151
https://doi.org/10.1152/ajpendo.00213.2005
http://www.ncbi.nlm.nih.gov/pubmed/16760337
https://doi.org/10.1016/s0196-9781%2899%2900158-8
https://doi.org/10.1016/s0196-9781%2899%2900158-8
http://www.ncbi.nlm.nih.gov/pubmed/10698123
https://doi.org/10.2337/diab.40.1.1
http://www.ncbi.nlm.nih.gov/pubmed/1901807
https://doi.org/10.2337/diabetes.51.2007.s37
https://doi.org/10.2337/diabetes.51.2007.s37
http://www.ncbi.nlm.nih.gov/pubmed/11815456
https://doi.org/10.1074/jbc.M301198200
http://www.ncbi.nlm.nih.gov/pubmed/12810726
https://doi.org/10.1023/a%3A1016175429877
http://www.ncbi.nlm.nih.gov/pubmed/12101393
https://doi.org/10.1038/35014014
http://www.ncbi.nlm.nih.gov/pubmed/10854322
https://doi.org/10.1146/annurev.biochem.73.011303.074134
http://www.ncbi.nlm.nih.gov/pubmed/15952902
https://doi.org/10.1172/JCI14550
http://www.ncbi.nlm.nih.gov/pubmed/11854325
https://doi.org/10.1371/journal.pone.0265890

PLOS ONE Adrenomedullin suppresses B-cell insulin secretion

41. Laybutt DR, Preston AM, Akerfeldt MC, Kench JG, Busch AK, Biankin AV, et al. Endoplasmic reticulum
stress contributes to beta cell apoptosis in type 2 diabetes. Diabetologia. 2007; 50(4):752—63. Epub
2007/02/03. https://doi.org/10.1007/s00125-006-0590-z PMID: 17268797.

42, Urano F. Diabetes: Targeting endoplasmic reticulum to combat juvenile diabetes. Nat Rev Endocrinol.
2014; 10(3):129-30. Epub 2014/01/08. https://doi.org/10.1038/nrendo.2013.261 PMID: 24393784.

43. Scheuner D, Kaufman RJ. The unfolded protein response: a pathway that links insulin demand with
beta-cell failure and diabetes. Endocr Rev. 2008; 29(3):317-33. Epub 2008/04/26. https://doi.org/10.
1210/er.2007-0039 PMID: 18436705.

PLOS ONE | https://doi.org/10.1371/journal.pone.0265890 March 24, 2022 18/18


https://doi.org/10.1007/s00125-006-0590-z
http://www.ncbi.nlm.nih.gov/pubmed/17268797
https://doi.org/10.1038/nrendo.2013.261
http://www.ncbi.nlm.nih.gov/pubmed/24393784
https://doi.org/10.1210/er.2007-0039
https://doi.org/10.1210/er.2007-0039
http://www.ncbi.nlm.nih.gov/pubmed/18436705
https://doi.org/10.1371/journal.pone.0265890

