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Abstract

Insulin secretion is stimulated by glucose metabolism and inhibited by catecholamines through
adrenergic receptor stimulation. We determined whether catecholamines suppress oxidative
metabolism in p-cells through adrenergic receptors. In Min6 cells and isolated rat islets,
epinephrine decreased oxygen consumption rates compared to vehicle control or co-administration
of epinephrine with a.2-adrenergic receptor antagonist yohimbine. Epinephrine also decreased
forskolin-stimulated oxygen consumption rates, indicating CAMP dependent and independent
actions. Furthermore, glucose oxidation rates were decreased with epinephrine, independent of the
exocytosis of insulin, which was blocked with yohimbine. We evaluated metabolic targets through
proteomic analysis after four hour epinephrine exposure that revealed 466 differentially expressed
proteins that were significantly enriched for processes including oxidative metabolism, protein
turnover, exocytosis, and cell proliferation. These results demonstrate that acute a2-adrenergic
stimulation suppresses glucose oxidation in B-cells independent of nutrient availability and insulin
exocytosis, while cCAMP concentrations are elevated. Proteomics and immunaoblots revealed
changes in electron transport chain proteins that were correlated with lower metabolic reducing
equivalents, intracellular ATP concentrations, and altered mitochondrial membrane potential
implicating a new role for adrenergic control of mitochondrial function and ultimately insulin
secretion.
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1. Introduction

Pancreatic p-cells secrete insulin to regulate glucose homeostasis. The primary mechanism
underlying glucose stimulated insulin secretion (GSIS) is the metabolism of glucose to
increase the ratio of ATP/ADP, which closes ATP-sensitive K* channels and depolarizes the
plasma membrane (Giannaccini et al 1998, Seino 1999). This activates voltage dependent
Ca?* channels causing an influx of Ca2* that stimulates insulin exocytosis (Malaisse et al
1978). p-cells optimize coupling between blood glucose concentration and insulin secretion
through metabolic coupling factors and mitochondrial shuttles (Prentki et al 2013).

Norepinephrine and epinephrine are catecholamines (CA) released from synaptic nerves and
the adrenal gland that mediate systemic responses to nutritional stressors (Cannon and De la
Paz 1911). CA mobilize plasma glucose by suppressing insulin secretion from the pancreatic
B-cell (Katada and Ui 1981, Laychock and Bilgin 1987) Nine isoforms of adrenergic
receptors (ADR) mediate the actions of CA (Roth et al 1991). Predominantly the B isoforms
(ADRB1, ADRpB2, ADRp3) couple to stimulatory G proteins (Gg). While, a isoforms
(ADRalA, ADRa1B, ADRa1C) couple to Gq and (ADRa2A, ADRa2B, ADRa2C)
couple to inhibitory G proteins (G;), however other G proteins, such as G, and G, have
recently been associated with ADR (Straub and Sharp 2012). Islets from all species
examined express several isoforms of ADR but a2-ADR isoforms are responsible for CA
inhibition of insulin secretion from B-cells (Kelly et al 2014, Lacey et al 1996, Urano et al
2004, Kelly et al 2017). Several mechanisms for a2-ADR inhibition of GSIS are described:
1) activation of ATP-sensitive K* channels (Karp) and repolarization of the p-cells, 2)
inhibition of L-type Ca2* channels, 3) decreased activity of adenylyl cyclase (AC) and 4)
inhibition of distal exocytosis through interactions with members of the SNARE protein
family (Zhao et al 2010c, Zhao et al 2010b, Keahey et al 1989).

Although the mechanisms described for CA inhibition of insulin secretion have focused on
the modulation of insulin secretion, the effects of CA through ADR to influence p-cell
metabolism and trigger insulin secretion remained undefined. In this study we determined
whether CA altered oxidative glucose metabolism in p-cells. CA actions on glycolytic
metabolism in other metabolic tissues have been described, but to our knowledge there is no
work aimed to elucidate the potential role for a2-ADR on oxidative phosphorylation in p-
cells. Metabolic suppression in p-cells would expand CA-mediated mechanisms to inhibit
insulin secretion given the tight coupling of cellular ATP production and insulin release. In
addition to fully characterizing CA actions to suppress oxygen consumption rates in p-cells,
proteomic approaches identify regulatory targets in oxidative metabolism that may explain
suppressed glucose oxidation rates.

2. Material and Methods
2.1 Min6 Culture

Min6 cells (Miyazaki et al 1990) were cultured in RPMI 1640 (GIBCO 31800-022, Life
Technologies, Carlsbhad, CA) containing 11.1 mM glucose and 2 mM glutamine and fortified
with 10 mM HEPES, 1 mM Sodium Pyruvate, 10% fetal bovine serum (Atlas Biologicals,
Fort Collins, CO), and 1% penicillin-streptomycin (Sigma-Aldrich, St Louis, MO). Cells
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were cultured at 37°C with 5% CO,. When cells reached 80-90% confluency, cells were
passaged (1:3) with 0.5% trypsin+EDTA (ThermoFisher, Rockford, IL). Experiments were
conducted on Min6 cells between 35 and 45 passages. Before experiments, cells were
cultured in 1 mM glucose RPMI 1640 supplemented with 10% FBS for 24 hours (h).

2.2 Islet Isolation & Culture

Sprague-Dawley male rats and B6 mice were humanely euthanized with the approval of and
in accordance with guidelines established by the Institutional Animal Care and Use
Committee at The University of Arizona standards. Islets were collected with a modified
pancreatic digestion with Collagenase IV (Sigma-Aldrich) and subsequent Histopaque
(Sigma-Aldrich) purification as described previously (Hiscox et al 2008). Rat and mouse
islets were handpicked and cultured in RPMI 1640 supplemented with 11.1 mM glucose and
10% FBS for 24-48 h in an oxygen chamber supplemented with 95% O, and 5% CO» in a
humidified incubator at 37°C.

2.3 Static Insulin Secretion Assay

Min6 were plated at a density of 100,000 cells per well in 24-well plates and grown to 70—
80% confluency. Min6 cells were rinsed and incubated with 0 mM glucose Krebs Ringer
Buffer (KRB; 115 mM NaCl, 5.9 mM KCI, 1.2 mM MgCl,, 1.2 mM NaH,POy, 1.2 mM
NaySQy, 2.5 mM CaClsy, and 25 mM NaHCOg, pH 7.4) supplemented with 0.5% bovine
serum albumin (BSA; Fisher Scientific, Waltham, MA) for 1 h. After preincubation the KRB
was aspirated and Min6 cells were incubated in 1 ml of KRB supplemented with 0 mM
glucose, 1 mM glucose or 20 mM glucose. To determine epinephrine dose response,
epinephrine (Vedco Inc, St. Joseph, MO) was added (0-300 nM) for 1h, after which 500 | of
the buffer was collected, and frozen at —80°C until insulin concentrations were measured.
Total insulin content was collected from lysed cells by cold acid-ethanol extraction. The
experiment was repeated three times (n=3; independent days) with four technical replicates
per incubation condition. Insulin secretion assays were performed as described but replicated
three additional times (n=3) with three technical replicates per incubation condition in the
presence or absence of 100 M nifedipine (Sigma) and/or 250 M diazoxide (Sigma). Insulin
concentrations were measured with mouse insulin ELISA (ALPCO Diagonstics, Windham,
NH). The intra- and inter-assay variation was 5.4 + 2.6 and 9.8 + 2.1 respectively.

2.4 Expression of Adrenergic Receptor Transcripts

RNA was isolated from Min6, BTC3, INS-1, isolated mouse islets, and whole mouse fetus
(positive control). Whole mouse fetus used for the positive control was obtained from all
fetuses within a single pregnancy, snap frozen, and stored at —80°C until RNA extraction.
Mouse islet RNA was extracted from two pooled isolations. All cell lines used for RNA
extraction were cultured according to methods described for Min6 culture for at least 72 h.
Cells were collected for RNA extraction from a single passage. RNA was extracted using the
RNeasy Micro Kit (Qiagen, Valencia, CA) with DNAse 1 clean-up and eluted into RNAse
free water. RNA quality and concentration was assessed using absorbance at 260 and 280
nm with a NanoDrop ND-1000 Spectrophotometer (NanoDrop, Wilmington, DE) before
being reverse transcribed into cDNA with Superscript Il (Invitrogen Life, Grand Island,
NY). PCR was performed using primers designed against rodent sequences for the nine
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ADR isoforms (sequenced PCR products available upon request; Supplemental Table 1).
The PCR products were separated by electrophoresis on a 1% agarose gel and visualized
with ethidium bromide using ultraviolet light and a camera.

2.5 Oxygen Consumption

Using Instech’s MicroOxygen Uptake System (FO/SYSZ-P250 Plymouth Meeting, PA),
oxygen consumption rates (OCR) were tested in cells and isolated islets for changes in
response to glucose, epinephrine, adrenergic antagonists, and metabolic inhibitors (Papas et
al 2007). Experiments in complete media refer to RPMI 1640 supplemented with 20 mM
glucose. The disappearance of oxygen pressure (pO,) was plotted in real time to generate
slopes (ApO,/At). An experimental batch of cells corresponds to one million Min6 cells or
100 isolated rat islets. On each experimental batch of cells test compounds were added and
ambient ApO», re-established, and repeat measurements made. Changes in OCR were
recorded immediately after test compounds were added to cells and recorded for up to 20
minutes (min) following addition of the test compounds. A treatment period within an
experiment was the average of two consecutive slopes, starting with a baseline period (initial
OCR,; Period 1) and then the addition of test compounds in Period 2 and Period 3. Initial
experiments with Min6 cells and islets were performed with paired vehicle controls to
determine the loss of OCR following repeated measurements. Repeated measurements of
OCR in Min6 cells did not significantly decrease OCR (Supplemental Figure 1). However,
vehicle controls were used to formulate correction factors of 8% for the treatment period
(Period 2) and 15% for the subsequent treatment period (Period 3), which were applied only
to experiments without paired vehicle controls. OCR was calculated via OCR = Vxpx
(ApO2/At). Where V is the volume of the chamber and  is Bunsen’s solubility coefficient
for oxygen at 37°C, taken as 1.27 nmol/cm3xmmHg (Papas et al 2007). Each ApO2/At was
verified with linear regression (R2 > 0.88). A typical experimental set up was analyzed using
the ratio of change from baseline period (initial OCR) to average of each treatment period
after the appropriate correction factor.

2.6 Glucose Oxidation Rate

Glucose oxidation rates were measured using [U-14C] D-glucose (PerkinElmer, Waltham,
MA). Min6 cells (2x10° cells/reaction) were suspended in a 1 ml Nunc CryoTube affixed
with epoxy inside a 20 ml glass scintillation vial (n > 5 per incubation condition) and sealed
with a Suba-Seal Rubber Septa (Sigma-Aldrich). Cells were incubated in KRB + 0.05%
BSA containing D-glucose (1.1, 7.5, or 20 mM) and [U-14C] D-glucose (8, 15, 20 uCi/ml,
respectively), then pre-equilibrated in 95% 04,/5% CO, atmosphere at 37°C for 2 h
(Ashcroft et al 1970) Blank reactions without cells were included to determine background
levels. Reaction vials were cooled rapidly and the reaction stopped with 100 pl of 1N HCI.
Solvable (0.5 ml; PerkinElmer) was added to the base of the scintillation vial to trap 14CO,.
Vials were incubated at 37°C with gentle agitation for 90 min. The rubber stopper and
reaction tube were removed, Ultima Gold scintillation fluid (2 ml; PerkinElmer) was added,
and captured 14CO, disintegrations per minute (dpm) determined with a LS5200 liquid
scintillation analyzer (Beckman Coulter, Brea, CA). The specific activity of glucose in the
KRB+0.05% BSA was determined. Glucose oxidation rate (moles/cell/h) was calculated by
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subtracting the blank dpm from the cell-incubated dpm, dividing by the specific activity for
glucose, and dividing by the time of the incubation (Limesand et al 2006).

2.7 Cellular Redox

Min6 cells were seeded in black, clear bottom, tissue culture treated 96-well microplates
(Corning Inc., Corning, NY) at a density of 10,000 cells/well. After overnight culture under
standard conditions, cells were incubated in culture medium containing 100 nM epinephrine
or vehicle control. Resazurin dye alamarBlue (Invitrogen) was added to each well and
fluorescence was measured immediately (time zero) using a SpectraMax M2 with excitation
and emission wavelength of 535 and 595 nm, respectively. For background subtraction,
background fluorescence was determined for each experimental treatment from blank, cell-
free wells containing incubation medium only. Plates were incubated for 4 h at 37°C and
mea sured again. Values at 4 h were normalized to zero values.

2.8 ATP content

Confluent Min6 (n=8 wells/treatment from unique passages) were exposed to 100 nM
epinephrine or vehicle control in standard culture media for 20 minutes. Media was aspirated
and cells were rinsed with cold phosphate buffered saline (PBS). Cell lysate was collected
and ATP content was determined using ATP Detection Assay Kit (Cayman Chemical, Ann
Arbor, MI). Briefly, samples were run in duplicate, read with a Clarity Luminescence
Microplate reader (BioTek, Winooski, VT), and sample content was calculated from a
standard curve and normalized to cell number.

2.9 Mitochondrial Membrane Potential

Min6 cells were plated onto #1 glass coverslips and cultured as above for 4-5 days.
Tetramethylrhodamine ethyl ester perchlorate (TMRE; Sigma), a membrane potential-
sensitive probe, was used to monitor mitochondrial membrane potential (MMP). For
excitation of fluorescence, white light was passed through a 10 nm band pass filter centered
at 530 nm while the emitted light was passed through a 50 nm band pass filter centered at
580 nm. Cells were placed in stimulatory conditions in a 37°C chamber with Hank’s
Balanced Salt Solution (HBSS) containing (in mM) 5 KCI, 0.3 KH2PO4, 138 NaCl, 0.2
NaHCO3, 0.3 Na2HPO4, 20 HEPES, 1.3 CaCl2, 0.4 MgS04, 5.0 L-Glutamine and 5.6
glucose (pH 7.3). Cells were loaded with the TMRE by adding 100 nM to HBSS and
incubating in chamber for 15 min. Baseline images were acquired every minute for a total of
5 min. Following epinephrine (100 nM) addition, images were acquired at 0.5, 1, 2, 3 and 5
min. On average, groups of 10-20 cells were imaged for each experiment. For
quantification, a region of interest (ROI) was drawn around a mitochondrial dense region to
obtain the average pixel intensity within that region. The maximum pixel intensity within the
5 min range of following addition of epinephrine was divided by the average baseline
intensity to obtain the percent change of baseline. Pixel intensities were corrected by
subtraction of a blank intensity prior to loading TMRE. Cyanide and FCCP (Sigma) were
used to induce depolarization.
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2.10 Protein Sample Preparation For Proteomic Analysis

Confluent Min6 were exposed to 4 h epinephrine or vehicle control and collected in three
unique experiments. Each experiment included a control and treatment and was conducted
on a different day and cell passage. Cell pellets were washed with PBS and lysed with 500 pl
hexafluroisopropanol in a bath sonicator for 5 min. The lysate was transferred to 1.5 ml
tubes and evaporated using vacuum centrifugation until dry. Reduction, alkylation, and
trypsin digestion were performed as described previously (He et al 2016) Briefly, each tube
of dried lysate was rehydrated using 10 pl of 100 mM ammonium bicarbonate (ABC). After
5 min, 10 ul of 100 mM dithiothreitol (Sigma 43815), 100 mM ABC was added to each tube
and incubated to 30 min at 85°C. Once cooled to room temperature, 10 pl of 100 mM
iodoacetamide (Sigma 11149), 100 mM ABC was added and samples were incubated for 30
min at room temperature in the dark. Two pug trypsin (Sigma T6567) dissolved in 170 ul 100
mM ABC was added to each tube (final volume 200 pl) and all were incubated overnight at
37°C using a ThermoMixer (Eppendorf, Hamburg, Germany) with continuous 600 RPM
shaking.

Following digestion, each sample was desalted using a peptide trap (Optimize Technologies
10-04817-TN, Oregon City, OR) according to the manufacturer’s instructions. After
desalting, samples were further cleaned using a strong cation exchange trap (Optimize
Technologies 10-04817-TP) to remove hydrophobic compounds, which could interfere with
the mass spectrometry. Samples were then desalted a second time using the same peptide
trap as above. Samples were dried and resuspended in 10 pL of 2% acetonitrile (ACN), 0.1%
formic acid (FA) and transferred to low retention vials in preparation for analysis using LC-
MS/MS.

2.11 Proteomic Analysis by Mass Spectrometry

Peptides were analyzed using a Dionex UltiMate 3000 (ThermoFisher) high performance
liquid chromatography machine (HPLC) coupled with an LTQ Velos Pro (ThermoFisher)
tandem mass spectrometer. The HPLC was configured for reverse phase chromatography
using an in-house prepared C18 column. The column, 75 um by 10 cm, was packed with
Halo 2.7 um, 90A C18 material (MAC-MOD Analytical Inc., Chadds Ford, PA), and located
in the ion source just before a silica emitter tip. Peptides were separated for mass
spectrometry analysis using a 4hr acetonitrile gradient starting at 2% ACN, 0.1% FA and
reaching 50% ACN, 0.1% FA in 240 min, followed by a 15 min wash of 95% ACN, 0.1%
FA. Flow was set at a constant 333 nl/min. Peptides were ionized using a Nanospray Flex
ion source (ThermoFisher). High voltage was applied using a stainless steel liquid junction
with the column located on the inlet side, and a silica emitter tip on the outlet side,
minimizing dead volume between the column and emitter. Scan parameters for the LTQ
Velos Pro were one MS scan followed by 10 MS/MS scans of the 5 most intense peaks.
MS/MS scans were performed in pairs, a CID fragmentation scan followed a HCD
fragmentation scan. All scans were performed in enhanced resolution mode. Dynamic
exclusion was enabled with a mass exclusion time of 3 min and a repeat count of 1 within 30
s of initial m/z measurement.
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Raw mass spectra were converted to MGF format for spectrum matching using the
MSConvert program from the ProteoWizard software suite (Chambers et al 2012, Kessner et
al 2008). The X! Tandem and OMSSA algorithms were used to match ms/ms spectra to the
FASTA databases (Craig and Beavis 2004, Geer et al 2004) Precursor and fragment mass
tolerances were set to 0.25 Da for both X! Tandem and OMSSA. Tryptic cleavage rules with
<2 missed cleavages were used when calculating /n-sifico peptide precursor masses; a, b,
and y ions were used for fragment m/z matching. Amino acid modifications that were
included in the database searches were single and double oxidation of methionine, oxidation
of proline, carbamidomethylation of cysteine, and deamidation of asparagine and glutamine.
The FASTA database used for spectrum matching was the mouse protein set available from
UniProt on January 28, 2015. A randomized version of the database was used calculate false
discovery rates (FDR). Peptide-spectrum matches with e-values <0.01 were accepted for
down-stream analysis. Peptide matches were organized by protein using Perl, at which time
proteins identified by a single spectrum were removed. The mass spectrometry proteomics
data has been deposited to the ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identifier PXD006330 (Vizcaino et al 2014).

Differential expression of proteins between treatments was performed pairwise using peptide
elution profiles as described by Wright et a/ (Wright et al 2016) Precursor mass spectra were
extracted from the raw data in MS1 format using the MSConvert software from the
ProteoWizard toolset (Chambers et al 2012, Kessner et al 2008). Peptide precursor m/z
values were extracted from the previously compiled protein identifications using Perl.
Peptide intensities were summed for each protein on a per-replicate basis. Data were
normalized based on the mode of each replicate rather than the mean to minimize the effect
of extreme values. A resampling analysis was performed for each pairwise comparison.
Proteins were considered to be differentially expressed if the difference in means between
conditions resulted in a P < 0.05 and the difference in means between one of the conditions
and its baseline was P < 0.05. Differentially expressed proteins were filtered for redundancy
and analyzed for functional annotations using online databases with KOBAS 3.0 for KEGG
pathways and GO Terms (Xie et al 2011) Significance was determined if P<0.05 following
Benjamini-Hochberg multiple test correction.

2.12 Immunoblot Analysis

Proteins were extracted from a confluent monolayer of Min6 cells (n=3 independent days)
with Cell Lytic Reagent (Sigma-Aldrich), cell lysates were scraped, collected into tubes, and
centrifuged at 13,000 g for 20 minutes. Supernatant protein concentration was measured
with Pierce BCA assay (ThermoFisher). Immunoblots were performed as described
previously (Limesand et al 2007, Camacho et al 2017). Briefly, protein lysates (20 or 30 pg)
were separated by electrophoresis on a 10% or 12% Tris-glycine gel and transferred onto
polyvinylidene difluoride membranes (Bio-Rad, Hercules, CA, USA). Transferred protein
was stained using MemCode (ThermoFisher), photographed, and then removed. The
membrane was blocked with 5% nonfat dry milk in TBS-T (20 mM Tris—HCI, 0.5 M NacCl,
and 0.1% Tween-20) and incubated with primary antibodies at 4°C for 24 h, followed by
washing with TBS-T. Immunocomplexes were detected with horseradish peroxidase (HRP)-
conjugated secondary antibodies and enhanced chemiluminescence solution (32106; Thermo
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Scientific, Waltham, MA, USA). Primary antibodies used in this study included p-tubulin
(Santa Cruz, sc66175), PSMB1 (ThermoFisher PA5-56219), ACSS2 (Santa Cruz, G1516),
ATP6VOA1 (Abcam ab105937), and an OXPHOS cocktail (abcam ab110413) that included
one each against Cl subunit NDUFB8 (ab110242), C11-30kDa (ab14714), CllI-Core protein
2 (ab14745), CIV subunit | (ab14705) and CV alpha subunit (ab14748) as an optimized
premixed cocktail. Protein levels were quantified using photographed images and
densiometric analysis with ImageJ (Schneider et al 2012).

2.13 Statistical Analysis

3. Results

Dose response curves and the ICsq for epinephrine were calculated with Prism (v7.0,
Graphpad Software Inc., La Jolla, CA). Oxygen consumption rates were normalized as a
percentage of baseline measurements (% of baseline) and statistical analysis was performed
on the difference between baseline and treatment. Glucose oxidation rates were normalized
as a percentage of control cells in stimulatory (20 mM) glucose. Protein quantification by
immunoblot was normalized to -tubulin or total protein where applicable. Differences in
mean oxygen consumption rates, glucose oxidation rates, mitochondrial metabolic assays,
and immunoblot protein quantification were analyzed by one-way ANOVA using general
linear means procedure of SAS software (version 9.4; SAS Institute, Cary, NC), and
differences were determined with a post hoc least significant difference test. Values were
significant if P < 0.05.

3.1 Min6 cells respond to epinephrine similar to islets

Adraldand AdraZa, Adra2b, and AdraZc were expressed in Min6 cells and were similar to
mouse islet expression of ADR mRNAs, with the exception of the presence of Adrb2and
Adra1bin mouse islets (Figure 1). The mRNA for a2A-ADR and a.2C-ADR were present
in mouse islets and rodent cell lines. The effective concentration of epinephrine to inhibit
insulin secretion was determined in Min6 cells with a dose response curve (ICsq = 108 pM;
Figure 2). Together, these data show the presence of functional, inhibitory ADRs in Min6
cells that reflect intact islets.

3.2 Epinephrine suppresses oxygen consumption rates through a2-ADR in islets and Min6

For Miné6 cells in complete media, epinephrine reduced (P < 0.01) OCR to 72 + 2.3% of
baseline, whereas vehicle controls were 92 + 4.5% of their baseline average and not different
between experimental periods (Figure 3A). Addition of an a2-ADR antagonist, yohimbine
(10 uM), reestablished OCR to baseline (Figure 3A). Epinephrine (100 nM) reduced (P <
0.01) OCR in rat islets to 63 + 8.6% compared to vehicle OCR (99 £ 5.0%) and yohimbine
reestablished OCR to baseline (Figure 3B). In Min6 cells with glucose-only KRB media,
epinephrine decreased OCR 48 + 6% (P < 0.05) compared to glucose-only vehicle OCR.

3.3 Epinephrine suppresses forskolin-stimulated OCR

In complete media forskolin (100 pM) increased OCR in Min6 cells 31.7 + 5.3% compared
to baseline (P < 0.05; Figure 4). When forskolin (100 uM) and epinephrine (100 nM) were
both present in complete media, OCR was reduced (P < 0.05) 22.3 + 2.9% when compared
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to forskolin-stimulated OCR (Figure 4) but was not different than baseline OCR. Whether
epinephrine or forskolin was added first within an experiment did not affect the OCR of the
combined epinephrine and forskolin condition (data not shown).

3.4 Epinephrine suppresses glucose oxidation rates independent of insulin secretion

Epinephrine decreased (P < 0.05) the rate of glucose oxidation in Min6 cells incubated with
20 mM glucose (Figure 5). The addition of yohimbine (10 uM) to incubations removed the
reduction caused by epinephrine. Incubation with the B-ADR antagonist propranolol (10
uM) did not abate epinephrine suppression of glucose oxidation (Figure 5), indicating a.2-
ADRs are responsible for reduction.

To determine whether the decreased glucose oxidation rates reflect reduced energy demands
due to epinephrine’s inhibition of insulin secretion, we measured glucose oxidation rate in
the presence of pharmacologic blockade of insulin secretion in glucose-only KRB.
Diazoxide (250 M), a potent activator of the Karp channels, and nifedipine (100 uM), a
Ca?*-channel blocker, inhibited GSIS in Min6 cells. In KRB media with 20 mM glucose,
Min6 cells secreted 2.7 £ 0.3 ng/cell of insulin but the addition of diazoxide and nifedipine
reduced insulin secretion to 0.7 £ 0.04 ng/cell and 0.5 + 0.03 ng/cell, respectively (P < 0.05,
n=4).

The concentrations of nifedipine and diazoxide that effectively blocked insulin secretion in
Min6 cells did not reduce glucose oxidation rates compared to control cell rates (Figure 6).
Combination of diazoxide, nifedipine, and epinephrine lowered (P < 0.05; 67.6 £ 6.5%)
glucose oxidation rates compared to control glucose oxidation rates, similar to the decrease
seen from epinephrine alone (68.6 + 3.2% of control; Figure 6). However, glucose oxidation
rates in the presence of diazoxide were also not different from rates in the presence of
epinephrine. These results indicate epinephrine decreases glucose oxidation rates
independent from insulin secretion.

3.5 Proteomic analysis reveals protein targets that link a2-ADR stimulation to oxidative

metabolism

Min6 cells exposed to epinephrine for 4 h had 466 differentially expressed proteins
compared to vehicle controls (P < 0.05; Supplemental Data 1). Proteins were enriched for
pathways of oxidative metabolism, proteasome, ribosome (protein metabolism), and DNA
replication/mitosis (Table 1). A comprehensive list of metabolic proteins differentially
expressed following epinephrine exposure is in Table 2. Glycolytic proteins include
decreased glyceraldehyde-3-phosphate dehydrogenase as well as increased lactate
dehydrogenase and fructose-bisphosphate aldolase, consistent with inhibitory adrenergic
stimulation. Yet, the majority of proteins in metabolic pathways were involved in oxidative
phosphorylation and at least one subunit of every complex in the electron transport chain
(ETC) was affected by the epinephrine exposure. Protein subunits in NADH dehydrogenase
(complex 1), cytochrome bcy complex (complex I11), and cytochrome ¢ oxidase (complex
IV) were more abundant in epinephrine-exposed cells. However, protein subunits for
succinate dehydrogenase (complex I1) and ATP synthase (Complex V) were lower (Table 2).
In addition, acute epinephrine exposure altered concentrations of ribosomal subunits and
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increased 18 unique subunits of the proteasome complex, indicating epinephrine exposure
alters protein traffic in Min6 cells.

3.6 Confirmation of Proteomic Analysis by Immunoblot

To confirm the aberrant oxidative phosphorylation identified in the proteomic analysis,
immunoblots for mitochondrial proteins confirmed defects in ETC proteins (Figure 7).
Succinate dehydrogenase [ubiquinone] iron-sulfur subunit (Sdhb) was lower (P < 0.05) in
cells exposed to 4 h epinephrine compared to vehicle control, which is consistent with lower
ratios of succinate dehydrogenase [ubiquinone] flavoprotein subunits identified by
proteomics. Furthermore, subunits of mitochondrial complex | and cytochrome bc; complex
I11 subunits (Ugcrc2 and Uqcrcl) were higher in proteomics and were confirmed by
immunoblots. Ugcrc2 and NADH:Ubiquinone oxidoreductase subunit B8 (Ndufb8) were
higher (P < 0.05) in cells exposed to 4 h epinephrine compared to vehicle controls (Figure
7). Mitochondrial ATP synthase subunit alpha (Atp5a) was not different in immunaoblot or
proteomics. Mitochondrial encoded cytochrome c oxidase (Mtcol also known as Cox1) was
not detected on immunoblots or in proteomic analysis. To improve confidence in proteomic
analysis, we also investigated non-oxidative candidates. The proteasome was over
represented in proteomics and 8 subunits were higher in cells exposed to epinephrine
compared to vehicle. Epinephrine exposure did not change the abundance of subunit Al
(Psmal; 1.06 + 0.40 relative to vehicle control) or subunit B1 (Psmbl; 0.96 £ 0.10 relative to
vehicle control) with immunoblot analysis. Acetyl CoA synthetase 2 (Acss2) was lower in
cells exposed to epinephrine compared to vehicle in proteomics (P < 0.0001) and by
immunoblot (P < 0.01; 0.43 £ 0.06 relative to control).

3.7 Mitochondrial Metabolism in Min6 After Epinephrine Exposure

To determine whether protein changes in the ETC would reflect physiological changes in
mitochondrial metabolism of Min6 cells, redox, ATP content, and MMP were measured.
Min6 were incubated under optimal conditions with alamarBlue for 4 h. When
mitochondrial electron carriers such as NADH, FADH,, or cytochromes become reduced
alamarBlue fluoresces. At 4 h, control cells exhibited higher (P < 0.05) relative fluorescent
intensity than epinephrine exposed cells (Figure 8A; 260 + 9.7 versus 186 + 22.4
respectively), indicating epinephrine lowered the overall level of cellular reducing
equivalents. Intracellular ATP content of Min6 exposed to epinephrine was lower compared
to controls (Figure 8B; P < 0.01; 8.1 + 1.6 and 11.7 + 1.0 fM/cell respectively). Despite
these findings, the MMP following acute epinephrine exposure was increased (115 + 3.2%
of baseline, P < 0.01) in Min6 cells in stimulatory media.

4. Discussion

We show that epinephrine exposure suppresses oxidative metabolism in -cells and islets
under optimal (nutrient rich) and glucose-only substrate conditions through a2-ADR, which
expands previously defined mechanisms for ADR inhibition of insulin secretion as well as
designates novel downstream effects of the a2-ADRs. Epinephrine stimulated G;-coupled
a2-ADRs to decrease p-cell oxidative metabolism through glycolytic and mitochondrial
respiration. We establish that the decrease in oxidative metabolism occurred in the presence
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of pharmacologically stimulated AC and occurred independent from insulin secretion. Thus
we proposed novel metabolic targets downstream of Gj-coupled ADR signaling that we
evaluated with proteomics on Min6 cells exposed to epinephrine for four hours. The
proteomic analysis for epinephrine exposure implicated metabolic rearrangements of
proteins involved in the ETC and the citric acid cycle. These differentially expressed
proteins were confirmed with immunaoblots and correlated with metabolic assays that show
decreased cellular reducing agents, lower intracellular ATP concentrations, and higher MMP.
These results indicate that epinephrine causes an interruption in mitochondrial respiratory
chain reactions and ATP production by B-cells.

These data reaffirm that stimulation through a2-ADR inhibits insulin secretion but also
indicate a previously undefined mechanism that involves the oxidative metabolism of
glucose (Aarnio et al 2001, Katada and Ui 1981). The significance of a.2-ADR regulation of
B-cell function has been demonstrated through studies manipulating expression of the
predominant isoform Adra2a. Mice that lack Adra.2a are hyperinsulinemic and
hypoglycemic, indicating loss of inhibitory control in B-cells (Savontaus et al 2008).
Overexpression of Adra.2a decreased B-cell function and contributed to the development of
diabetes in adulthood (Rosengren et al 2010, Liggett 2009, Ahren 2009). The ADR
expression profile of Min6 in concert with physiological findings using a2-ADR antagonist
yohimbine demonstrate a2-ADR are responsible for decreased oxidative phosphorylation of
islets and Min6, which expands the mechanisms underlying adrenergic signaling in p-cells.

In rat islets glucose utilization rates were inhibited with epinephrine and the a2-ADR
agonist clonidine (Laychock and Bilgin 1987). However, others have demonstrated
epinephrine suppresses insulin secretion but does not affect glucose utilization rates
(Hermann and Deckert 1977). We showed epinephrine through a2-ADR decreases glucose
oxidation rate and oxygen consumption rates in complete nutrient (amino acid and glucose
supplemented) as well as nutrient-deprived (glucose-only) situations in isolated rat islets and
Min6 cells. Furthermore, pharmacologic activation of AC to elevate intracellular cCAMP
increased OCR for Min6 cells but this enhancement was suppressed with epinephrine.
Therefore, mechanisms independent of cAMP may be partially responsible for epinephrine
inhibition of OCR. Lower AC activity to reduce cCAMP is a prominent mechanism
underlying Gj-coupled inhibition of insulin secretion (Howell and Montague 1973, Liggett
2009). Thus we hypothesized that a2-ADR activation would suppress OCR through
lowering cAMP production. Here, we found epinephrine suppressed forskolin-stimulated
OCR but not to the magnitude seen in control media. However, these results are reflected by
studies that show epinephrine decreased insulin secretion when cAMP concentrations were
maintained and studies that demonstrate a.2-ADR has cAMP independent mechanisms to
suppress insulin secretion (Jones et al 1987, Bradley et al 2005, Gloerich and Bos 2010,
Straub and Sharp 2012). Further studies are required to determine the exact role of CAMP in
coordinating oxidative metabolism and a2-ADR activation.

In the present study we also found a2-ADR stimulation decreased glucose oxidation rates
during a pharmacological blockade of insulin exocytosis. This demonstrates that although
epinephrine suppresses insulin secretion, the observed effects on oxidative metabolism do
not merely reflect lower energy requirements from less insulin exocytosis. In fact, we found
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blockade of insulin secretion alone did not affect glucose oxidation rates in Min6 cells.
Therefore exocytosis of insulin does not have a measurable cost on glucose oxidation or that
stimulated B-cells still have the ability to generate ATP despite its utilization by exocytosis.

A clear link between a2-ADR stimulation and decreased respiration in p-cells is established
and consistent with proteomics data. Current discoveries in islets have identified physical
interactions between ADR-coupled G proteins and cellular components such as insulin
vesicles and ion channels (Zhao et al 2010c, Zhao et al 2010b, Straub and Sharp 2012). For
example, Gaq reduces insulin vesicle docking and in our data, is increased following ADR
stimulation (Zhao et al 2010a). Moreover, studies in other cell types have demonstrated that
G proteins, including Ga,, are present in mitochondria providing framework for changes
observed in oxidative phosphorylation (Lyssand and Bajjalieh 2007, Beninca et al 2014). We
believe these studies support activation of a2-ADR may cause changes in protein abundance
through novel downstream targets of G protein signaling.

Rearrangements in metabolic proteins after epinephrine exposure in Min6 cells support a
direct role in B-cell oxidative metabolism. Given the evidence that G proteins can act
directly on mitochondria and that many G protein functions are unknown, we hypothesize
that proteins involved in oxidative phosphorylation are downstream targets for a2-ADR
signaling. We found epinephrine exposure altered the abundance of every complex in the
ETC. Complex | had increased expression in an essential subunit and mixed expression
changes in the accessory catalytic subunits (Su et al 2012). Cytochrome ¢ subunits of
complex Il and complex 1V were also increased, inconsistent with physiological
assessments. However, succinate dehydrogenase (complex I1) and several essential subunits
to ATP synthase were decreased with epinephrine. Change in complex Il abundance was
confirmed by immunoblot. While complex 11 does not promote ATP synthesis directly
through contribution to the proton gradient, it is the only ETC enzyme involved in both
respiration and the citric acid cycle (Rutter et al 2010). When we evaluated the
mitochondrial function of Min6 cells after epinephrine exposure there was a decrease in
cellular reducing capacity and ATP concentration, consistent with lower levels of succinate
dehydrogenase (complex I1). However, MMP was increased in cells following acute
epinephrine exposure, which might reflect a decrease in proton carriers coincident with
reduced cytochrome ¢ oxidase activity (electron transfer to molecular oxygen) even though
some Complex 1V subunits are upregulated. Although ATP synthase subunit Atp5a was not
different by either measure, downregulation of Atp50, Atp5jp, and Atp5h in the proteomics
analysis indicate reductions in the synthesis of ATP consistent with the decreased
intracellular ATP concentration following epinephrine exposure. Additional mechanisms not
tested in the present study may include decreased production/maobilization and translocation
of ADP into the mitochondrial matrix (Chance and Williams 1955, Gnaiger 2001). Together,
the upregulation of subunits for Complexes | and I11 and decrease in ATP concentration
through inhibition in ATP synthase can explain the increase in MMP, but additional work is
required to determine the overall regulation of mitochondrial respiration by adrenergic
stimulation.

Differentially expressed proteins expanded beyond oxidative phosphorylation and included
protein turnover and DNA replication. We anticipated the acute response to stress (CA)
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would consist of signals that suppress cell growth, which reflects a balance between the
production of new proteins and protein breakdown. Proteins annotated to ribosomal
pathways reflected increased and decreased expression, yet the 18 subunits of the
proteasome were increased, however subunits Psmal and Psmbl were not different when
evaluated by immunoblot. The proteomic results suggest increased protein breakdown
through up-regulation of the proteasome and changes in normal protein translation
(ribosomes). Although we could not confirm changes in Psmal and Psmb1 by immunoblot,
the proteasome was previously implicated in islets following chronic ADR stimulation
(Kelly et al 2017) and in diabetic islets (Bugliani et al 2013).

In vivo CA mediate hypoxic, nutritional, and neurologic stress responses. Stimulation of
ADRa2A by these hormones to reduce p-cell metabolism has an obvious role in suppressing
insulin secretion (Arun 2004). Since p-cell metabolism and insulin secretion are linked,
mechanisms that inhibit metabolism also reduce insulin secretion. Suppression of p-cell
metabolism may protect against longer bouts of hypoxia or stress. p-cells are susceptible to
hypoxia because they rely on quantitative production of ATP by oxidative metabolism to
secrete insulin (Cantley et al 2010). Signals that suppress oxidative metabolism independent
of nutrient sensing may benefit B-cells during hypoxia, in order to prevent depletion of
oxidative pathways and increase redox status. Especially given prolonged elevations of CA
are seen in pathologies such as fetal growth restriction, which is characterized by low plasma
oxygen, as well as in individuals undergoing intense exercise training or frequent hypoxia
bouts (Macko et al 2016, Davy et al 1995, Silverman and Mazzeo 1996, Barnholt et al
2006). Whether this acute mechanism to suppress metabolism ultimately prevents damage to
B-cells under chronic stress (high CA) conditions long term has yet to be determined, but the
co-occurrence of hypoxia and CA in vivo provide a compelling basis for CA regulation of
islet and p-cell metabolism.

5. Conclusion

These data establish a direct, but still evolving, link between B-cell oxidative metabolism
and acute a2-ADR stimulation. Epinephrine suppression of oxidative metabolism occurred
independent of nutrient availability, insulin exocytosis and cAMP concentrations. Proteomic
analysis supported metabolic rearrangements and proposed mitochondrial protein targets
down-stream of a2-ADR signaling that were confirmed by additional protein quantification
methods and metabolic assays. This work provides a framework for identifying ADR-
regulated targets in order to explore interventions that alleviate effects of chronic ADR
stimulation.
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Epinephrine decreases oxidative metabolism in p-cells via a2-adrenergic
receptors.

Oxidative metabolism was reduced despite interruptions in CAMP and insulin
exocytosis.

Proteomics identified novel mitochondrial, ribosomal, and proteasomal protein
targets.

Epinephrine altered expression of electron transport chain proteins in -cells.

Epinephrine increased mitochondrial membrane potential and decreased ATP
content.
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Pathways associated with proteins affected by acute adrenergic stimulation in Min6 cells

Table 1

Pathway P-Value Number of Proteins
Metabolic Pathways 49 x 1071 73
Oxidative Phosphorylation | 2.6 x 10711 23
Ribosome 1.7x 10711 24
Proteasome 2.4 x 10710 15
Synaptic Vesicle Cycle 15x1076 12
DNA Replication 8.8 x 1075 8
Cell Cycle 15x 1075 10

Page 27

Non-redundant pathways over-represented (Corrected P < 2><1O_5) in differentially expressed proteins. The number of proteins is the total number

of proteins found differentially expressed in Min6 cells and annotated to each pathway in the online KEGG database.
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