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Abstract

Pancreatic p-cells can secrete insulin via 2 pathways characterized as K, , channel -de-
pendent and -independent. The K., channel-independent pathway is characterized by
a rise in several potential metabolic signaling molecules, including the NADPH/NADP*
ratio and a-ketoglutarate (aKG). Prolyl hydroxylases (PHDs), which belong to the aKG-
dependent dioxygenase superfamily, are known to regulate the stability of hypoxia-
inducible factor a. In the current study, we assess the role of PHDs in vivo using the
pharmacological inhibitor dimethyloxalylglycine (DMOG) and generated [-cell-specific
knockout (KO) mice for all 3 isoforms of PHD (3-PHD1 KO, 3-PHD2 KO, and 3-PHD3 KO
mice). DMOG inhibited in vivo insulin secretion in response to glucose challenge and
inhibited the first phase of insulin secretion but enhanced the second phase of insulin
secretion in isolated islets. None of the 3-PHD KO mice showed any significant in vivo de-
fects associated with glucose tolerance and insulin resistance except for p-PHD2 KO mice
which had significantly increased plasma insulin during a glucose challenge. Islets from
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Research in Context

assess the role of PHDs in vivo.

NADPH/NADP* ratio.

® We used both the pharmacological PHD inhibitor DMOG and B-cell-specific KO mice of each isoform of PHD to

® We show that DMOG inhibited in vivo insulin secretion in response to glucose challenge, and in perifused islets,
DMOG inhibited first-phase insulin secretion but enhanced second-phase insulin secretion.

e Using p-cell-specific KO mice for PHD1, PHD2, and PHD3, we show that PHD1 and PHD3 play an essential role
in regulating islet insulin secretion in vitro but do not significantly impact in vivo glucose homeostasis.

® We also show that -cells from both f-PHD1 KO and 3-PHD3 KO had elevated p-cell apoptosis and reduced B-cell
mass. 3-PHD1 KO and -PHD3 KO islets had reduced GSIS and glucose-stimulated increases in the ATP/ADP and

® These studies suggest that both PHD1 and PHD3 play an important role in regulating B-cell function.

both $-PHD1 KO and p-PHD3 KO had elevated f3-cell apoptosis and reduced [-cell mass.
Isolated islets from -PHD1 KO and 3-PHD3 KO had impaired glucose-stimulated insulin
secretion and glucose-stimulated increases in the ATP/ADP and NADPH/NADP* ratio. All
3 PHD isoforms are expressed in -cells, with PHD3 showing the most distinct expression
pattern.The lack of each PHD protein did not significantly impair in vivo glucose homeo-
stasis. However, 3-PHD1 KO and 3-PHD3 KO mice had defective 3-cell mass and islet in-
sulin secretion, suggesting that these mice may be predisposed to developing diabetes.

Key Words: islet, insulin secretion, prolyl hydroxylases, cell metabolism, PHD, HIF1a, ARNT/HIF1p3, hypoxia, insulin

release, metabolism, pancreatic (3-cell

Type 2 diabetes is characterized by insulin resistance and
dysfunctional pancreatic B-cell insulin secretion (1). The
defects associated with the impaired B-cell insulin se-
cretion seen in type 2 diabetes are incompletely under-
stood, but 1 key alteration is an inability to link nutrient
metabolism to insulin release properly. When B-cells are
functioning normally, glucose is taken up by the glucose-
transporter 2 (GLUT2) and is metabolized by glycolysis to
produce pyruvate (2-5). Pyruvate enters the tricarboxylic
acid cycle (TCA), which leads to an increase in adenosine
triphosphate (ATP) production through oxidative phos-
phorylation. The rise in cytosolic ATP/ADP (adenosine
diphosphate) ratio leads to membrane depolarization due
to closure of the plasma membrane ATP-sensitive potas-

sium channel (K, ), which activates voltage-gated calcium

ATI’)
channels and elevates intracellular calcium (6, 7). Calcium
stimulates insulin granule exocytosis (8, 9). This pathway
of regulating insulin release is called the K, channel-de-
pendent or triggering pathway. In addition to this pathway,
there is also a K,,, channel-independent pathway or the
amplifying pathway for regulating insulin release that gen-
erates signals such as a rise in the NADPH/NADP" ratio
and cytosolic a-ketoglutarate (aKG) (10, 11).

We have shown that pharmacological or siRNA mediated
inhibition of prolyl hydroxylases (PHDs) can regulate both
the K, , channel and the K, , channel-independent pathways

of insulin secretion, ATP/ADP ratio, and anaplerosis in
pancreatic B-cells (12). PHDs belong to the iron- and
a-ketoglutarate-dependent dioxygenase enzyme family and
function as cellular oxygen sensors (13). PHDs regulate
the activity of hypoxia-inducible factor-a (HIFa) through
hydroxylation of proline residues in the highly conserved
oxygen-dependent degradation domain of HIFa. Under
normoxic conditions, hydroxylated HIFa is recognized by
von Hippel-Lindau protein and undergoes proteasomal deg-
radation. However, under hypoxic conditions, the activity of
PHD is reduced, allowing HIFa to accumulate and bind to
hypoxia-inducible factor-1p, triggering a hypoxic cellular re-
sponse (14, 15). There are 3 PHD isoforms (PHD1, PHD2,
and PHD3) each requiring oxygen and aKG as cosubstrates,
and iron and ascorbate as cofactors (14-17). Previously, we
have shown that the metabolism of aKG by PHDs may be
the link between glucose-driven aKG generation and its role
in regulating insulin secretion (10, 18).

To further explore the role of PHDs in vivo, we used
the pharmacological PHD inhibitor dimethyloxalylglycine
(DMOG) and generated p-cell-specific knockout (f-PHD
KO) mice of each PHD isoform. We show that DMOG
slightly improved glucose homeostasis but inhibited in
vivo insulin secretion in response to a glucose challenge.
When islets were perifused with DMOG, it inhibited the
first phase of insulin secretion but enhanced the second
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phase of insulin secretion. We also show that DMOG in-
hibited oxygen consumption in isolated islets and the
clonal cell line INS1 (832/13). Pharmacological inhibition
of PHDs shows a complex response, suggesting there may
be isoform-specific roles of PHDs in B-cells. We show that
mouse pancreatic -cells express all 3 isoforms of PHD and
that the PHD isoforms express unique subcellular localiza-
tion. In B-cells, PHD1 is weakly expressed in the cytosol,
PHD?2 is expressed primarily in the nucleus, and PHD3 is
mainly expressed in the cytosol with weak nuclear expres-
sion. B-PHD1, 2, or 3 KO mice show no significant in vivo
defects associated with glucose tolerance and insulin resist-
ance, except 3-PHD2 KO mice had significantly increased
plasma insulin during a glucose challenge. B-Cells from
both B-PHD1 KO and $-PHD3 KO had elevated f-cell
apoptosis and reduced B-cell mass. Islets from §-PHD1 KO
and B-PHD3 KO had impaired glucose-stimulated insulin
secretion and glucose-stimulated increases in the ATP/ADP
and NADPH/NADP"* ratio. Overall, none of the isoform-
specific KO mice had any significant in vivo defects, except
for the B-PHD1 KO and $-PHD3 KO mice having reduced
[-cell mass and defective islet insulin secretion.

Materials and Methods
Reagents

All reagents were obtained from Life Technologies Inc
(Burlington, ON, Canada) or SIGMA (St Louis, MO, USA)
unless otherwise specified.

Generation of -Cell-specific PHD Knockout Mice

Cre-loxP technology was used to generate [-cell-specific,
single-isoform PHD1, PHD2, or PHD3 KO (3-PHD1 KO,
B-PHD2 KO, and -PHD3 KO) mice. Previously generated
PHD floxed mice (19) with exon 3 in PHD1 and exon 2 in
PHD2 and PHD3 flanked by loxP sites were backcrossed
for 10 generations with C57BI/6N mice (C57BL/6N mice,
Charles River Laboratories, Strain code 027). Insulin-1 pro-
moter (Ins-1)-Cre mice (C57Bl/6/129) (Jackson Laboratory,
stock number 026801; Bar Harbor, ME) were bred with
backcrossed PHD floxed mice, generating mice heterozygous
for the floxed PHD gene and expressing Ins-1Cre transgene
(PHD*"; Ins-1Cre*). Wild-type littermates (wt; PHD"; Ins-
1Cre*) from each mouse model were used as controls. Data
from wt animals were pooled as there was no significant
difference across mouse models (data not shown). Eight- to
12-week-old B-PHD1 KO (PHD1"% Ins-1Cre*), p-PHD2
KO (PHD2"%; Ins-1Cre*), and -PHD3 KO (PHD3"%; Ins-
1Cre*) mice and their controls were used for experiments.
Polymerase chain reaction (PCR), real-time PCR, and western
blotting were used to confirm genotype (see below and Table

1 (20) for genotyping primers). Animals were maintained
under controlled conditions with ad libitum access to food
(Diet no. 8626; Teklad Diets, Madison, WI, USA) and water.
The local ethics committee approved all animal experiments.

Intraperitoneal GlucoseTolerance Test and Insulin
Tolerance Test

After a 16-hour fast, mice were administered an
intraperitoneal glucose tolerance test (ipGTT) (1.5 g of
glucose/kg body weight) as previously described (21-
23). Blood glucose was measured from the tail vein at 0,
10, 20, 30, 60, and 120 minutes after injection using a
Contour®NEXT glucometer (Bayer, Germany). Following
intraperitoneal glucose injection, blood samples were col-
lected at 0, 10, and 30 minutes into lithium heparin—coated
collection tubes and separated by centrifugation. Plasma
insulin levels were measured using a Rat/Mouse Insulin
ELISA Kit (Millipore, Canada). After a 4-hour fast, mice
were administered an insulin tolerance test (ITT) (1.2 units
of insulin/kg body weight). Blood glucose was measured at
0, 10, 20, 30, 45, 60, 90, and 120 minutes post-injection.

Islet Isolation

Mouse islets were isolated and cultured as previously de-
scribed (12, 21, 22). Briefly, the pancreas was perfused via
the bile duct with Liberase TL and then incubated for 20
minutes at 37°C. The digested pancreas was then passed
through a sieve (Bellco) and washed 3 times with ice-cold
HANKS buffer followed by resuspension in islet media
(RPMI 1640; Fisher Hyclone SH30027), 0.1 M HEPES,
10% fetal bovine serum, 20 mM glutamine). Islets were
then hand-picked and cultured overnight before use.

Oxygen Consumption

Oxygen consumption was measured using an XF24 extra-
cellular flux analyzer (Seahorse Bioscience, Billerica, MA)
(23). Briefly, 832/13 cells were plated at 4.5 x 10* cells/
well and grown to 100% confluence, or 50 islets were
plated on poly-L-lysine—coated plates. On the day of the
assay, cells were pretreated with 2 mM glucose for 2 hours.
Oxygen consumption was then measured during the fol-
lowing treatments: 2 mM glucose; 8 mM glucose + DMOG
(at concentrations indicated in the figure legends); 5 pM
oligomycin; 50 pM 2,4-dinitrophenol (DNP) with 20 mM
pyruvate; 5 pM rotenone; and 5 pM myxothiazol. Oxygen
consumption associated with ATP turnover was deter-
mined as the difference between the oxygen consumption
in response to oligomycin and 8 mM glucose. Rotenone
and myxothiazol were also used to assess oxygen consump-
tion not associated with the electron transport chain.
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Gene Expression

RNA was isolated using an Aurum Total RNA Mini Kit (Bio-
Rad, Mississauga, ON, Canada). cDNA was synthesized
using an iScript cDNA Synthesis Kit (Bio-Rad). Real-time
PCR was performed using SsoFast EvaGreen Real-Time
PCR Supermix (Bio-Rad) (see Table 2 for primer sequences
(20)). All PHD primers were designed with 1 primer lo-
cated in the floxed exon targeted for deletion. Gene expres-
sion was corrected by an internal control gene (cyclophilin)
and then expressed as percent control.

Western Blotting

Islets were isolated from mice, and then 10 pg of protein
was loaded on a gel. After protein transfer to a PVDF
membrane, proteins were labeled using a no-stain pro-
tein labeling kit (ThermoFisher Scientific, A44449) (see
Fig. 1 (20) for a representative total protein normalization
blot). The PVDF membrane was then assessed for PHD1,
PHD2, or PHD3 expression. Primary antibodies: rabbit
anti-PHD1 (RRID:AB_10861175, Abcam), rabbit anti-
PHD2 (RRID:AB_568562, ThermoFisher Scientific), rabbit
anti-PHD3 (RRID:AB_2293343, ThermoFisher Scientific).
They were then incubated with goat antirabbit IgG (H+L)
highly cross-adsorbed secondary antibody, Alexa Fluor
Plus 800 (RRID:AB_2633284, ThermoFisher Scientific,
A32735). Blots were imaged using an iBright imaging
system (ThermoFisher Scientific), and then band intensities
were normalized to total protein levels using the iBright™
Analysis Software (ThermoFisher Scientific).

Comprehensive Laboratory Animal Monitoring
System

Ten- to 14-week-old mice were individually placed in com-
prehensive laboratory animal monitoring system (CLAMS)
(Columbus Instruments, Columbus, OH) metabolic cham-
bers equipped with O, and CO, sensors with ad libitum
access to food and water during the experiment as pre-
viously described (21, 22). The system measured the fol-
lowing parameters: VOa(volume of oxygen consumed, mL/
kg/hour), VCO, (volume of carbon dioxide produced, mL/
kg/hour), RER (respiratory exchange ratio), heat (kcal/
hour), and XY total activity (total horizontal beam breaks
in counts). Mice were acclimatized for a 24-hour period,
after which data were collected continuously for the next
24 hours and readings were taken every 30 minutes. An
average of 2 separate trials for each mouse was used for cal-
culations. O, consumption and CO, production rates were
used to estimate whole-body glucose oxidation and fat oxi-
dation rates using stoichiometric equations according to

Frayn (24), with the assumption that protein oxidation was
negligible. Lipid oxidation rate (g/min/kg): (1.67 x VO,) -
(1.67 x VCO,). Carbohydrate oxidation rate (g/min/kg):
(4.55 x VCO,) - (3.21 x VO,).

Immunohistochemistry

Immunohistochemistry was used to assess f3-cell and a-cell
mass as previously described (21). Briefly, the pancreas was
isolated from mice and fixed in 10% aqueous buffered
zinc formalin (Z-fix, Anatech Ltd, MI, USA) and then em-
bedded in paraffin and sectioned at 3 levels separated by
100 pm. Primary antibodies: mouse anti-insulin (1:1000;
RRID:AB_305690; Abcam) and rabbit antiglucagon
(1:500; RRID:AB_10561971; Abcam). The EnVision™
GI2 Doublestain System, Rabbit/Mouse (DAB+/Permanent
Red) (Agilent, K5361, Mississauga, ON) was used to visu-
alize stained sections. The Aperio ScanScope was used to
perform the analysis according to the manufacturer’s in-
structions for determining [-cell and a-cell mass.

For immunofluorescence, sections were incu-
bated with primary antibodies: rabbit anti-PHD1
(RRID:AB_10861175, Abcam), rabbit anti-PHD2
(RRID:AB_568562, ThermoFisher Scientific), rabbit anti-
PHD3 (RRID:AB_2293343, ThermoFisher Scientific),
guinea pig anti-insulin (1:600; RRID:AB_10013624;
Agilent), rabbit anti-Ki67 (1:50; RRID:AB_302459;
Abcam), and rabbit anti-cleaved caspase-3 (1:100,
RRID:AB_2070042, Cell Signalling). They were then in-
cubated with respective conjugated secondary antibodies:
Alexa Fluor 488 (RRID:AB_2340472; Abcam) and 555
(RRID:AB_10694110; Cell Signaling, Danvers, MA), and
a nuclear stain: TO-PRO™-3 jodide (1:3000 in PBS, Life
Technologies, T3605). Immunofluorescence was analyzed
using a Nikon Eclipse Ti microscope. At least 5000 insulin-
positive cells were counted for each treatment.

In Vitro Insulin Secretion

Islet glucose-stimulated insulin secretion (GSIS) was meas-
ured statically or dynamically as previously described (12,
21, 22). Briefly, static insulin secretion was measured with
10 islets per treatment and was pretreated for 1 hour in
KRB with 2 mM glucose and then stimulated with 2 mM
glucose (LG) or 10 mM glucose (HG) in the absence or
presence of 30 mM KCl + 200 pmol/L diazoxide or 10 mM
dimethylmalate (DMM) + 10 mM dimethyl a-ketoglutarate
(DMoKG) for 1 hour. For dynamic islet insulin secre-
tion, 25 islets were perifused using a BioRep Technologies
perifusion system at a flow rate of 0.25 mL/min with low
glucose (2 mM) KRB followed by high glucose plus or
minus DMOG and then with high glucose (16.7 mM) plus
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30 mM KCIl. Insulin was measured using the Rat Insulin
RIA kit (Millipore, Billerica, MA, USA). Islet insulin con-
tent was measured as previously described (25).

Nucleotide Measurements

Islet nucleotides were measured as previously described
(12,21, 22). Briefly, 40 islets per treatment were pretreated
for 1 hour in KRB with 2 mM glucose, followed by the
addition of either 2 or 10 mM glucose for 1 hour. Islets
were then assessed for ATP, ADP, NADP*, and NADPH
levels by high-performance liquid chromatography.

Statistical Analysis

All results are presented as mean =+ SEM. Statistical signifi-
cance was assessed using 1- or 2-way analysis of variance,
followed by Tukey’s or Dunnett’s post hoc tests. All stat-
istical analyses were performed using GraphPad Prism 9.

Results

The PHD Inhibitor, DMOG, Improves Glucose
Tolerance but Inhibits In Vivo Insulin Secretion

DMOG, 200 pg/g body weight, was injected intraperitoneally
into C57BL/6N male mice (9-10 weeks of age), and then 10
minutes later glucose was injected followed by measuring blood
glucose and plasma insulin levels for 120 minutes. Blood glucose
levels during the ipGTT were significantly lower at 90 and 120
minutes in DMOG-treated mice (Fig. 1A). Blood insulin levels
during the ipGTT were significantly lower at 10 and 30 minutes
in DMOG-treated mice (Fig. 1B). There was no difference be-
tween control and DMOG-treated mice after an ITT (Fig. 1C).

The Effects of DMOG on Dynamic Insulin
Secretion and Mitochondrial Respiration

Next, we investigated the effects of DMOG on dynamic
insulin secretion in vitro using C57BL/6N male mouse is-
lets. DMOG significantly inhibited first-phase insulin secre-
tion and significantly enhanced insulin secretion during the
second phase of insulin secretion (Fig. 1). We next assessed
the effects of DMOG on mitochondrial respiration in the
clonal cell line 832/13 cells. Oxygen consumption rate
(OCR) in response to high glucose was dose-dependently
inhibited by DMOG (Fig. 2A and 2B). ATP turnover was
also dose-dependently inhibited by DMOG (Fig. 2C) and
nonmitochondrial respiration was only significantly in-
hibited at 1000 pM DMOG (Fig. 2D). OCR in response
to high glucose and nonmitochondrial respiration was also
inhibited by DMOG in islets from male C57BL/6N mice
(Fig. 3).

B-Cell-specific KO of PHD1, PHD2, and PHD3

Since the effects of the PHD inhibitor, DMOG, exhibited a
complex effect in vivo and in vitro, we next sought to as-
sess the role of individual PHD proteins in B-cells using a
KO mouse model. Pancreatic B-cell-specific PHD KO mice
were generated by first backcrossing PHD™ homozygous
mice (generated previously (19)) with C57BL/6N mice for
10 generations. The PHD" homozygous mice were then
crossed with the Ins-1Cre transgenic mice, which expressed
the Cre recombinase under the control of the mouse Ins1
promoter. Compared with other Cre promoters such as rat
insulin promoter (RIP-Cre), which has shown expression
in brain regions, Ins1 is more tissue target specific and re-
stricted to expression in B-cells (2). Exon 3 in PHD1 and
exon 2 in PHD2 and PHD3 were targeted because they
contain the essential His and Asp residues required for Fe**
binding; the absence of cofactor Fe** renders PHD inactive.
Mice were born in the expected Mendelian distribution.
Genotype was confirmed using PCR.

Islets Express all 3 PHD Isoforms

Expression of PHD1, PHD2, and PHD3 in pancreatic
[B-cells was assessed using real-time PCR, western blot-
ting, and immunofluorescence. All 3 PHD isoforms were
expressed at the mRNA (Fig. 4A) and protein level (Fig. 4B
and 4C) and colocalized with insulin in islets as assessed
by immunofluorescence (Fig. 4D). PHD1 was detected in
control islets and acinar tissue with higher levels in acinar
tissue (Fig. 4D). There was minimal PHD1 mRNA, protein
expression, and immunofluorescent staining in islets from
B-cell-specific PHD1 KO mice (Fig. 4). PHD2 was detected
in both islets and acinar tissue from control mice, and f-cell-
specific PHD2 KO mouse islets showed low tissue PHD2
mRNA and protein expression (Fig. 4). Unlike PHD1 and
PHD2, PHD3 showed only islet expression and no acinar
tissue expression (Fig. 4D). B-Cell-specific PHD3 KO mice
showed reduced PHD3 mRNA and protein expression and
were absent in islets when assessed by immunofluorescence
(Fig. 4). The mRNA and protein expression levels of PHD1,
PHD?2, or PHD3 were not altered in response to knocking
out individual PHD proteins (Fig. 4A-4C).

In Vivo Glucose Homeostasis

The in vivo effects on glucose homeostasis due to the loss
of PHD1, PHD2, or PHD3 were assessed by ipGTT, ITTs,
and CLAMS metabolic studies. The loss of PHD1, PHD2,
or PHD3 did not affect the response of male mice to an
ipGTT or the response to an ITT (Fig. SA, 5B, SE, and SF).
No significant differences in appearance or body weight
(Fig. 5G) was observed at birth between control and KO

1202 Joquiada €0 uo isanb Aq 90/€ L +9/9229eba/L /€91 /al014e/0pus/Wwoo dno-olwapede//:sdiy Wolj papeojumoq



(=]

Endocrinology, 2022, Vol. 163, No. 1

>

iy
-]

-=-Control
=%-DMOG

- S
Qo N

Blood Glucose (mmol/L)

o N B O ©
L

0 10 20 30 40 50 60 70 80 90 100 110 120
Time (minutes)

(@

-
(=]
i

—=—Control *
—=—DMOG %

-
(3]

Insulin (ng/ml)
e =
w [ %]

o
o

e
w

0 5 10 15 20 25 30
Time (minutes)

LG HG +/- DMOG

T T 1

D 6000

9 —a—Control z -&Control
i —%-DMOG £ 5000 -+DMOG
= g
[}

E 71 £
E £ 4000
= 64 s
@ ]
3 54 2 3000
8 2
2 4 H
g 3] Ezooo
Q 5
[=] 2 4 a
o £ 1000
11 H
0 0 18 g
0 20 40 60 80 100 120 0 10 20 30 .40 50 60 70
Time (minutes) Time (minutes)
50000 -
dkk
oc |
45000 - ontro
EDMOG
40000 4
© 35000 A
[
=1
© 30000 -
]
=4
=
& 25000
°
c
S 20000
o
2
< 15000 -
*
10000
5000
0 [ — |

LG (0-10 minutes) HG 1st phase (11-20

minutes)

Figure 1. Effects of DMOG (200 ng/g body weight) on in vivo glucose h
(A) Blood glucose levels during an ipGTT (n = 12 mice per experimental

HG 2nd phase (31-40

HG + KCI (56-65

minutes) minutes)

omeostasis and dynamic islet insulin secretion from male C57BL/6N mice.
group). (B) Plasma insulin levels (n = 12 mice per experimental group). (C)

Insulin tolerance test (n = 12 mice per experimental group). (D) Islets were stimulated with low glucose (LG, 2 mM) for 10 minutes followed by high
glucose (HG, 16.7 mM) plus or minus 5 M DMOG for 35 minutes followed by HG + KCI (30 mM) for 20 minutes (n = 10 per experimental group; each
n represents 25 islets). (E) AUC of D. Data are mean + SEM. P< .05, **P < .01, and ***P < .001.

littermates. Plasma insulin levels during the ipGTT were
significantly higher in male f-cell-specific PHD2 KO
mice and were significantly lower in -cell-specific PHD3
KO mice compared with control mice (Fig. 5C and 5D).
There were no differences seen in body weight (Fig. 5G).
Similar results were found for female mice. No significant

differences were seen between female control and any of
the female B-cell-specific PHD KO mice in response to
an ipGTT or ITT (Fig. 2 (20)). There were no significant
differences seen between all 3 PHD1, 2, or 3 control mice
(+/+/Cre, data not shown), or between different control
mice (Fig. 3 (20)), wt mice (+/+/+ mice that have the wt
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Figure 2. Mitochondrial respiration in response to DMOG in INS1 832/13 cells. (A) OCR was measured in response to low glucose (2 mM), high glu-
cose (Glucose, 16.7 mM) plus or minus DMOG (0-1000 uM), oligomycin (Oligo, 10 pM), dinitrophenol (DNP, 50 pM) plus pyruvate (Pyr, 20 mM), and
rotenone (Rot, 5 ptM) plus myxothiazol (Myx, 5 pM). (B) AUC of A. (C) ATP turnover (HG OCR minus oligomycin OCR. (D) Nonmitochondrial oxygen
consumption (rotenone plus myxothiazol OCR). Data are mean + SEM (n = 10, each n represents 1 well). *P< .05, **P< .01, ***P < .001, ****P<.0001.

allele and do not express Cre), floxed control mice (fl/fl/+
PHD1 mice that have a floxed allele but do not express
Cre), and Cre control mice (+/+/Cre mice that have wild
type PHD allele and express Cre).

We measured whole-body energy homeostasis using
indirect calorimetry to determine whether loss of PHD
proteins is associated with changes in energy balance
and metabolic phenotype. Mice were placed into indi-
vidual metabolic cages to measure activity, RER, and in

vivo lipid oxidation and carbohydrate oxidation (Fig.
6A-D). Interestingly, B-cell-specific PHD1 KO mice
did not show any metabolic changes except for signifi-
cantly reduced activity during the dark phase (Fig. 6A).
Compared with control mice, the only difference seen
in B-cell-specific PHD2 KO mice was decreased in vivo
lipid oxidation (Fig. 6C). Loss of PHD3 in p-cells was
not associated with any changes in metabolic phenotype
(Fig. 6A-6D).
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Figure 3. Mitochondrial respiration in response to DMOG in male islets
from C57BL/6N mice. (A) Islet OCR in response to low glucose (2 mM),
high glucose (Glucose, 16.7 mM) plus or minus DMOG (0-10 pM),
oligomycin (Oligo, 20 uM), DNP (100 pM) plus dimethylmalate (DMM,
10 mM) plus dimethyl aketoglutarate (DMaKG, 10 mM), and rotenone
(Rot, 10 pM) plus myxothiazol (Myx,10 pM). (B) AUC of A. Data are mean
+ SEM (n = 10, each n represents 1 well containing 50 islets). *P < .05.

Pancreatic $-Cell Proliferation, Apoptosis,
and Mass

The effects of the loss of the PHD proteins were examined
next on f-cell proliferation, apoptosis, and mass. -Cell
proliferation was significantly reduced in [-cell-specific
PHD2 KO p-cells compared with control mouse B-cells
(Fig. 7A). B-Cell apoptosis was significantly elevated in
PHD1 and PHD3 B-cell-specific KO mouse (3-cells and sig-
nificantly lower in B-cell-specific PHD2 KO mouse B-cells
than in control mice (Fig. 7B). The net effect of the in-
creased B-cell apoptosis and no change in p-cell prolifer-
ation resulted in significantly reduced B-cell mass in PHD1
and PHD3 B-cell-specific KO mouse B-cells compared with
control B-cells (Fig. 7C). The significant changes in -cell
apoptosis and proliferation did not lead to any changes in
the B-cell-specific PHD2 KO f-cell mass (Fig. 7C). There
were no significant changes in a-cell mass (Fig. 7C).

In Vitro Islet Insulin Secretion

In vitro insulin secretion from isolated male control and
PHD KO islets was measured in response to low glucose,

high glucose, KCI plus diazoxide, and TCA cycle metabol-
ites. B-Cell-specific PHD2 KO islets had significantly higher
insulin release in response to low glucose compared with
control islets (Fig. 8A). In addition, B-cell-specific PHD2
KO islets had significantly enhanced insulin release in re-
sponse to TCA cycle intermediates dimethylmalate (DMM)
and DMaKG compared with control islets (Fig. 8A).
Stimulation of islets with high glucose led to significantly
lower insulin secretion from PHD1 and PHD3 KO islets
than from control islets (Fig. 8A). -Cell-specific PHD3 KO
islets showed a significantly lower insulin secretion in re-
sponse to both low glucose plus KCI plus diazoxide and
high glucose plus KCl plus diazoxide than control islets
(Fig. 8A). The impaired insulin secretion seen in B-cell-
specific PHD3 KO islets in response to high glucose, low
glucose plus KCl plus diazoxide, and high glucose plus KCI
plus diazoxide could be rescued by stimulating islets with
TCA cycle intermediates DMM and DMoKG (Fig. 8A). The
impaired insulin secretion seen in male islets was similar in
female islets except for only B-cell-specific PHD3 KO islets
and not p-cell-specific PHD1 KO had defective insulin se-
cretion in response to high glucose (Fig. 2e (20)). Islet in-
sulin content was not significantly different between any of
the KO mouse models (data not shown). This data suggest
that the B-cell-specific PHD3 KO islets have defective K, ,
channel-dependent and —independent pathways for insulin
secretion.

ATP/ADP Ratio and NADPH/NADP* Ratio

Nutrient-mediated changes in the ATP/ADP ratio and
NADPH/NADP" ratio are 2 key signaling molecules in-
volved in regulating insulin secretion in response to glucose.
We next assessed the islet ATP/ADP ratio and NADPH/
NADP* responses to low and high glucose. Both p-cell-
specific PHD1 and PHD3 KO islets had significantly im-
paired ATP/ADP ratio response to high glucose compared
with control islets (Fig. 8B). All 3 f-cell-specific PHD1,
PHD2, and PHD3 KO islets had significantly impaired
NADPH/NADP" ratio response to high glucose compared
with control islets (Fig. 8C).

Gene Expression

The effects of the loss of the individual PHD proteins
on the expression of critical genes involved in regu-
lating B-cell function were assessed in isolated islets.
Pyruvate kinase (muscle type 2, PKM2) and acetyl-CoA
carboxylase-2 (ACC2) gene expression were signifi-
cantly lower in PHD1 and PHD3 KO islets than in con-
trol islets, whereas glucose-transporter-2 (GLUT2) was
only significantly lower in PHD3 KO islets (Fig. 8D).
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Pyruvate dehydrogenase kinase-1 (PDK1) and caspase
3 were significantly elevated in PHD1 and PHD3 KO is-
lets compared with control islets (Fig. 8D). The expres-
sion of SLC30A8 (ZnT8, involved in Zn** transport
into insulin granules), lactate dehydrogenase (LDHa, a
disallowed gene in B-cells), and monocarboxylate trans-
porter-1 (SLC16A1 [MCT1], a disallowed gene in B-cells)
was not altered by the loss of any of the PHD proteins
(Fig. 8D). The decreased expression of the glycolytic pro-
teins GLUT2 and PKM2 and elevated mRNA levels of
PDK1, which inhibits pyruvate dehydrogenase and glu-
cose oxidation, can partially explain the decreased ATP/
ADP ratio and GSIS seen in the PHD1 and PHD3 KO
islets. The loss of ACC2, which negatively controls lipid
entry into mitochondria by producing malonyl CoA that
inhibits carnitine palmitoyltransferase I (CPT1), increases
lipid transport into mitochondria and shunts anaplerotic
substrates away from the generation of NADPH/NADP*
and can also inhibit insulin secretion. The higher caspase
3 mRNA levels may partly explain the increased {-cell
apoptosis seen in the PHD1 and PHD3 KO mice.

Discussion

In the current study, we assessed the role of PHD proteins
in pancreatic B-cells in vivo. Using both the pharmaco-
logical PHD inhibitor DMOG and p-cell-specific KO mice
of each isoform of PHD, we show that PHD1 and PHD3
play an important role in regulating islet insulin secre-
tion but do not have a significant impact on in vivo glu-
cose homeostasis. We show that DMOG inhibited in vivo
insulin secretion in response to glucose challenge, and in
perifused islets, and DMOG inhibited first-phase insulin
secretion but enhanced second-phase insulin secretion. We
also show that B-cells from both $-PHD1 KO and -PHD3
KO had elevated B-cell apoptosis and reduced B-cell mass.
B-PHD1 KO and B-PHD3 KO islets had reduced GSIS and
glucose-stimulated increases in the ATP/ADP and NADPH/
NADP* ratio. The defective insulin secretion seen in the
B-PHD1 KO and B-PHD3 KO islets was associated with re-
duced mRNA levels of PKM2, ACC2, and elevated PDK1.
We also saw an increase in caspase 3 mRNA levels in the
B-PHD1 KO and p-PHD3 KO islets. 3-PHD2 KO mice had
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increased plasma insulin during the ipGTT in vivo but had
no defect in in vitro islet insulin secretion. These studies
suggest that both PHD1 and PHD3 play an essential role in
regulating 3-cell function.

PHD proteins belong to the aKG-dependent dioxygenase
superfamily of enzymes that use 1 oxygen atom in the oxida-
tive decarboxylation of aKG producing succinate and CO,
while the second oxygen atom is used in the hydroxylation

of proline residues on target proteins (13, 16). The 3 mam-
malian isoforms of PHDs have distinct tissue expression
profiles and subcellular localization (14, 16, 26). There are
several variants of each of the PHD isoforms that are pro-
duced via alternative splicing of exons 4 and 5, but it is
unlikely that they have any sufficient enzymatic activity
or stability (14, 17). In some cell types, it has been shown
that PHD1 is expressed in the nucleus, and PHD2 is mainly
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Figure 6. Indirect calorimetry measurement of whole-body bioener-
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body lipid oxidation, (E) whole-body carbohydrate oxidation. Data are
mean = SEM (n = 10, each n represents 1 mouse, 10 mice were used per
experimental group). *P < .05.

localized in the cytosol, whereas PHD3 is found in both
the cytosol and the nucleus (14, 16, 26). We are the first to
assess the tissue distribution in the pancreas and show that
[B-cells express all 3 isoforms of PHD, with PHD3 showing
the highest level of 3-cell expression compared with PHD1
and PHD2. We also show that PHD3 was expressed only
in islets, whereas PHD1 and PHD2 are expressed in both
acinar and islet cells. We found that PHD1 and PHD3 were
expressed primarily in the cytosol of islets, whereas PHD2
was expressed in both the cytosol and nucleus of islets.
There are a few inconsistencies in the DMOG experi-
ments. The strong inhibition of plasma insulin without
any significant changes in ipGTT was not due to changes

in insulin sensitivity since there were no changes in in-
sulin sensitivity. We are uncertain about why these differ-
ences exist, but it may be related to the unique effects of
inhibiting all 3 isoforms of PHD at the same time. We are
currently attempting to generate a triple KO mouse line of
PHD mice to address this possibility. Another possible ex-
planation for the different responses to DMOG vs the KO
mice is that DMOG looked more at the acute inhibition of
the PHD proteins, whereas the KO mouse studies looked
more at the effects of the chronic loss of the PHD proteins.
In addition, DMOG inhibits all 3 PHD isoforms. Given
these differences, it is not surprising that there would be a
few unique responses with these 2 different experimental
approaches. For the most part, the results are consistent be-
tween mice treated with DMOG and the PHD3 KO mice,
with inhibition of in vivo insulin secretion in response to
an ipGTT and no major defects in glucose responses during
the ipGTT. There may also be DMOG mediated off-target
and on-target effects independent of its impact on f-cell
function and may also affect liver, adipose, or muscle cells.
To address these issues it would be interesting to generate
liver-, adipose-, and muscle-specific PHD KO mice in com-
bination with B-cell-specific PHD KO mice to address the
response to DMOG but this is beyond the scope of the cur-
rent set of studies.

Several PHD KO mouse studies have been published
to date, but none of them looked at the role of PHDs in
pancreatic B-cells (19, 27-46). Mice with whole-body KO
of PHD1 and PHD3 are viable, whereas mice completely
lacking PHD2 are embryonically lethal and die due to pla-
cental defects (19, 37, 38). Mice with whole-body PHD1
KO have reduced basal oxygen consumption and were pro-
tected from skeletal muscle ischemia, and this was partly
due to reduced mitochondrial respiration and increased
glycolytic ATP production that was mediated by HIF2a
induction of pyruvate dehydrogenase kinase isoforms 1
and 4 (37). Mice with whole-body KO of PHD3 have a
hypofunctional sympathoadrenal system and hypotension
(19, 38).

There have also been a few tissue-specific PHD KO
studies. Adipocyte-specific PHD2 KO mice were resistant
to high-fat diet-induced obesity and glucose intolerance
(27), whereas liver-specific ablation of PHD3 improved
insulin sensitivity and prevented the development of dia-
betes in response to a high-fat diet (45, 46). Liver-specific
KO of all 3 PHD isoforms led to severe erythrocytosis, vas-
cular malformation, and massive lipid accumulation in the
liver (42). In our B-cell-specific PHD KO mice, we show no
major defects in vivo, but in vitro islets from PHD1 and
PHD3 B-cell-specific KO mice had defective insulin secre-
tion associated with impaired K, , channel-dependent and
—independent pathways. It is surprising that there was a
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lack of an in vivo ipGTT defect in any of the PHD KO
models and this may be due to some compensatory changes
in the PHD proteins. However, although there were some
changes in PHD2 protein expression in PHD3 KO mice the
analysis of multiple blots trended up for PHD2, but the
data did not reach a significant difference. We also did not
see any differences in PHD mRNA expression. In combin-
ation with the lower 3-cell mass, defective insulin secretion
in vivo and in vitro, the PHD3 KO mice may be prone to
developing diabetes if they are stressed with an HFD.
Caveats to the current set of studies are that we did not
use wt mice (wt PHD allele with no Cre) or floxed control
mice (floxed PHD allele with no Cre) in all experiments.

However, in response to ipGTT none of the 3 controls
showed a significant difference in glucose homeostasis (Fig.
3 (20)). The addition of these controls would provide im-
portant information about whether or not the floxed allele
or Cre affects our mouse models. Of the 3 possible mouse
controls (wt, floxed mice, or Cre controls) the most im-
portant is the Cre control. The 2 other controls were not in-
cluded in all studies in part because there are no published
studies showing that floxing an allele can affect mouse glu-
cose homeostasis; however, there are a few papers showing
that Cre expression can negatively affect glucose homeo-
stasis in some Cre mouse deleter strains. The original paper
published on the PHD floxed mice published by our group
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diazoxide control vs LG plus KCI plus diazoxide PHD KO, °P < .05 HG plus KCI plus diazoxide control vs HG plus KCI plus diazoxide PHD KO, *P < .05
LG plus DMM plus DMaKG control vs LG plus DMM plus DMaKG PHD KO, *P < .05, **P < .001 HG plus DMM plus DMaKG control vs HG plus DMM
plus DMaKG PHD KO. (B) Islet ATP/ADP ratio (C) and NADPH/NADP* ratio from male control (wt), 3-PHD1 KO, 3-PHD2 KO, and 3-PHD3 KO islets.
Low glucose (LG, 2 mM); high glucose (HG, 10 mM)(n = 10-14 groups of 25 islets per treatment per genotype, islets were obtained from 4-6 mice per
genotype). *P < .05 HG wt vs HG PHD KO islets. (D) Gene expression from male islets (n = 8 groups of 100 islets per treatment per genotype, islets
were obtained from 6 or 7 mice per genotype). Gene expression was corrected by an internal control (cyclophilin) and then expressed as percent
control. Data are mean + SEM.
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showed no effect of floxing the PHD alleles in any of the
transgenic mice (19). We also used the Thorens Ins1Cre
deleter mouse line (47). At the start of these studies, this was
the best B-specific Cre deleter mouse line available. These
mice showed only expression of Cre in B-cells and not in
any other tissues. In addition, the authors showed no effect
of Cre compared with a no Cre mouse control. More re-
cently, these Cre deleter mice were shown to be susceptible
to DNA hypermethylation silencing, which may affect Cre
expression and gene KO efficiency (48). This was addressed
by assessing PHD mRNA expression in our KO mice with
at least 1 primer designed to the targeted floxed exon for
all 3 PHD KO mice. If the Cre allele was methylated, there
would be no change in PHD mRNA levels which was not
the case in the current set of studies.

High glucose stimulates transient hypoxia in pancre-
atic PB-cells, likely due to increased nutrient-stimulated
oxygen consumption. The hypoxia that occurs after glu-
cose stimulation of (3-cells becomes more pronounced when
islet oxygen availability is limited. This transient hypoxia,
however, does not lead to the activation of HIFla (49).
Exposing (-cells to reduced oxygen levels for long periods
leads to a decrease in insulin biosynthesis, insulin content
and inhibits insulin secretion, which may be due to the in-
duction of HIF1la, which causes a shift to anaerobic me-
tabolism (49-52). Hypoxia also decreases the mRNA for
the diabetes risk gene SLC30A8 and Zn** concentrations in
[B-cells (53). The high-fat diet—fed mice and diabetic 0b/ob
mice have poor islet microcirculation leading to impaired
islet oxygen delivery and hypoxia (49). Islets from patients
with type 2 diabetes have also been shown to have poor
microcirculation, and increased nutrient-stimulated oxygen
consumption, limiting the ability of B-cells to produce ATP
in response to glucose stimulation (54). The long-term hyp-
oxia leads to PHD inhibition which allows for HIF1a sta-
bilization and activates target genes involved in the switch
to anaerobic metabolism and angiogenesis to increase
oxygen supply (14-17, 26, 29, 54-56). Although the adap-
tion to hypoxia by inducing HIF1a may protect islets, the
elevated HIF1a also blocks nutrient-stimulated insulin se-
cretion (49, 57). These studies suggest that diabetes-induced
hypoxia leads to an inhibition of PHDs, which elevates
HIFa and promotes islet survival during hypoxia but this
protection comes at a cost of reduced B-cell function. Our
studies support the idea that the lack of PHD1 and PHD3
can have a negative impact on B-cell function. Surprisingly,
while it did not lead to the development of diabetes, it is
possible that the mice are more prone to the development
of diabetes.

In addition to the role of oxygen and Fe** in regulating
PHDs, TCA cycle intermediates succinate and fumarate have
also been reported to inhibit PHD activity (16, 17, 54, 55,

58, 59). All 3 isoforms of PHDs are inhibited by fumarate
and succinate, with fumarate having a Ki value between 50
and 80 uM and succinate between 350 and 460 uM (55).
We have shown that nutrient metabolism in B-cells leads
to the generation of aKG, and this aKG can act as an in-
sulin secretagogue (60-63). We have also shown, as well as
others, that inhibition of PHDs impairs nutrient-stimulated
insulin secretion (12, 57, 64). These studies suggest that
oKG may be essential in defining the extramitochondrial
role of oKG in insulin secretion. We have previously shown
that EDHB (ethyl-3,4-dihydroxybenzoate), a potent in-
hibitor of PHDs (635, 66), suppressed insulin secretion and
blunted the glucose-stimulated increase in the ATP/ADP
ratio and the increase in TCA intermediates (12). These ef-
fects were primarily mediated through PHD1 and PHD3
inhibition as targeted siRNA-mediated knockdown of
PHD3 resulted in a similar inhibition of insulin secretion
(12). These studies are supported by the current work using
[-cell-specific PHD1 and PHD3 KO mice.

The levels of TCA cycle intermediates are rapidly ele-
vated by treating (-cells with high glucose because they ex-
press high levels of the anaplerotic mitochondrial enzyme
pyruvate carboxylase (1, 22, 61, 62, 67). One key TCA
cycle intermediate that is increased by glucose in B-cells
is aKG. We have shown that the transport of aKG from
mitochondria to the cytosol is facilitated by the aKG car-
rier (2-oxoglutarate carrier) (68). Using either pharmaco-
logical or siRNA-mediated inhibition of 2-oxoglutarate
carrier in 832/13 p-cells and primary rat islets leads to a
significant reduction in insulin secretion in response to nu-
trients, suggesting that aKG needs to be transported to the
cytosol to affect insulin secretion (68). We have shown that
anaplerotically derived aKG plays a crucial role in regu-
lating nutrient-stimulated insulin secretion (61, 68-70) and
that aKG may regulate insulin secretion through its me-
tabolism by PHDs (12, 63, 71). In addition to aKG, it has
been shown that succinate and fumarate can also regulate
PHD activity and HIFa stabilization (72, 73). When suc-
cinate levels are elevated by inhibiting succinate dehydro-
genase, this reduces PHD activity (73). Also, fumarate,
pyruvate, and oxaloacetate can lead to the stabilization of
HIFa in vitro (72, 74). Some TCA cycle intermediates can
have unique effects depending on the PHD isoforms; for
example, citrate has been shown to inhibit PHD3 more ef-
fectively than PHD1 or PHD2 (55).

Our studies on the role of PHD proteins support the
idea that the link between glucose metabolism and PHD-
regulated insulin release may be anaplerotically derived
0oKG. The metabolism of aKG by PHDs could lead to
proline hydroxylation of critical proteins regulating in-
sulin release. In addition to HIFs, PHDs can also modulate
the activities of Pax2 (75), mTORC1 (17), PKM2, ATF4,
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Figure 9. PHD1 and PHD3 regulated insulin secretion. The loss of PHD1
and PHD3 is associated with reduced GLUT2, PKM2, and ACC2 and the
elevation of PDK1.The loss of GLUT2 and PKM2 lowers glycolysis, and
the increased PDK1 inhibits pyruvate dehydrogenase (PDH), which re-
duces glucose oxidation, ATP/ADP, and insulin secretion. The loss of
ACC2 can reduce malonyl CoA levels allowing CPT1 mediated shunting
of anaplerotic substrates to }-oxidation. This would lower the f-cells
ability to generate NADPH/NADP* leading to an inhibition of insulin
secretion.

B2AR, NFkB, p27, wnt/f3-catenin, acetyl CoA carboxylase
2 (ACC2), and caspase-3 (33, 44, 76-80). Interestingly,
PHD3 has the widest range of suggested targets (77), and
our current paper supports a strong role for PHD3 in
nutrient-regulated insulin secretion. We also show that the
mRNA levels of PHD targets PKM2, ACC2 and caspase 3
are altered in the B-PHD1 KO and -PHD3 KO islets (Fig.
9). Our current studies support the concept that long-term
changes in PHD activity can elevate HIFa and have a nega-
tive impact on B-cell function leading to the development
of type 2 diabetes (10). In contrast, short-term changes in
PHD activity may have a positive effect on B-cell function
in an 0KG-dependent and HIFa-independent fashion to
promote GSIS. In conclusion, we show that each of the
PHD proteins plays a unique role in pancreatic 3-cells, with
PHD1 and PHD3 playing a more prominent role in regu-
lating B-cell function. It is also possible that the lack of
these 2 proteins may predispose metabolically stressed mice
to the development of type 2 diabetes.
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