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Increased glycolysis affects [3-cell function and
identity in aging and diabetes
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ABSTRACT

Objective: Age is a risk factor for type 2 diabetes (T2D). We aimed to elucidate whether B-cell glucose metabolism is altered with aging and
contributes to T2D.

Methods: We used senescence-accelerated mice (SAM), C57BL/6J (B6) mice, and ob/ob mice as aging models. As a diabetes model, we used
db/db mice. The glucose responsiveness of insulin secretion and the [U-13C]-glucose metabolic flux were examined in isolated islets. We analyzed
the expression of B-cell-specific genes in isolated islets and pancreatic sections as molecular signatures of B-cell identity. [ cells defective in the
malate-aspartate (MA) shuttle were previously generated from MING-K8 cells by the knockout of Got7, a component of the shuttle. We analyzed
Got1 KO B cells as a model of increased glycolysis.

Results: We identified hyperresponsiveness to glucose and compromised cellular identity as dysfunctional phenotypes shared in common
between aged and diabetic mouse J3 cells. We also observed a metabolic commonality between aged and diabetic B cells: hyperactive glycolysis
through the increased expression of nicotinamide mononucleotide adenylyl transferase 2 (Nmnat2), a cytosolic nicotinamide adenine dinucleotide
(NAD)-synthesizing enzyme. Got1 KO [ cells showed increased glycolysis, B-cell dysfunction, and impaired cellular identity, phenocopying aging
and diabetes. Using Got7 KO P cells, we show that attenuation of glycolysis or Nmnat2 activity can restore -cell function and identity.
Conclusions: Our study demonstrates that hyperactive glycolysis is a metabolic signature of aged and diabetic {3 cells, which may underlie age-

related B-cell dysfunction and loss of cellular identity. We suggest Nmnat2 suppression as an approach to counteract age-related T2D.
© 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Pancreatic [ cells sense elevated blood glucose and in response
secrete insulin to maintain blood glucose levels within narrow limits.
Glucose-induced insulin secretion (GIIS) is regulated by two signaling
pathways, the triggering and amplifying pathways, both of which
require B-cell glucose metabolism [1]. The triggering pathway is
characterized by an increase in the intracellular ATP levels, which
causes an inhibition of the ATP-sensitive K™ (Katp) channels, resulting
in membrane depolarization and the opening of voltage-dependent
Ca?* channels, which increases intracellular [Ca2+], thereby stimu-
lating insulin granule exocytosis. The amplifying pathway enhances the
triggering pathway by other metabolic signals derived from glucose
metabolism [2]. Thus, B-cell glucose metabolism is central to the
regulation of GIIS.

In type 2 diabetes (T2D), B cells fail to secrete sufficient insulin to
compensate for insulin resistance or nutrient excess, leading to

hyperglycemia [3]. Given that the prevalence of T2D increases with
aging, peaking in the seventh/eighth decades of life [4], it has been
suggested that an age-associated decline in B-cell function underlies
T2D. This issue has been addressed in humans, but the studies display
variability in the outcomes [5].

Surprisingly, in rodent models, it has been shown that insulin secretion
is enhanced with aging [6—10], and it has been attributed to various
factors, including epigenetic activation of B-cell function [7], reduced
Katp channel conductance [8], and p16-mediated cellular senescence
[9]. Although these studies highlight the beneficial aspects of these
age-associated changes to maintain glucose homeostasis, several
questions remain unaddressed. First, previous studies dealing with the
age-associated changes in 3 cells were mostly carried out on C57BL/6
(B6)-related strains, and it cannot be ruled out that the changes are
strain specific. Second, there is a lack of evidence on whether glucose
metabolism is altered in aged B cells. Finally, it is unclear how
increased insulin secretion in aged B cells would lead to T2D. To
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address these issues, we studied various models of aging (senes-
cence-accelerated mice; SAM, B6, and ob/ob mice) and diabetes (db/
db mice), as well as clonal B cell lines, with a focus on glucose
metabolism.

The SAM include sub-strains with various degrees of senescence and
lifespans. The SAMP and SAMR strains were derived from a mixed
AKR/J strain by selective inbreeding for and against spontaneous early
senescence, respectively [11,12]. Although they have no specific ge-
netic modification, each strain has unique nucleotide polymorphisms
[13]. SAMP1 is a model of premature senescence, with a spectrum of
changes in the cardiovascular, renal, and nervous systems, as
compared with a control strain SAM-resistant 1 (SAMR1) [14—16].
These pathophysiological traits are also observed in elderly humans.
Metabolically, SAMP1 exhibits early reduction in exercise performance
and energy expenditure along with decreased fatty acid oxidation in the
muscle and liver, mimicking the decline in systemic metabolism seen
in elderly humans [17]. The activities of Cu/Zn-superoxide dismutase
[18] and uncoupling protein 1 (Ucp1) are decreased in SAMP1 [18,19].
Due to these defects in the mitochondrial function, SAMP1 exhibits
increased oxidative stress in various organs [18,20,21] and has been
used to test antioxidants [22,23].

So far, glucose metabolism and B-cell function in SAM have been
poorly explored. In the present study, we show that B cells in SAM
exhibit age-associated changes that closely recapitulate other mouse
strains. Our results demonstrate that glycolysis is increased in aged as
well as in diabetic B cells and that hyperactive glycolysis adversely
affects B-cell function and identity, suggesting that aging could
contribute to the development of T2D. We identified nicotinamide
mononucleotide adenylyl transferase 2 (Nmnat2), a cytosolic nicotin-
amide adenine dinucleotide (NAD)-synthesizing enzyme, as a key
mediator of B-cell dysfunction by hyperactive glycolysis.

2. MATERIALS AND METHODS

Details on the reagents and resources can be found in Supplementary
File 1.

2.1. Mice and diets

All mice were purchased from the vendors listed in Supplementary File
1 at 5—12 weeks of age and maintained until experiments. Middle-
aged and aged C57BL/6JJcl mice were also provided by the vendor
at 1 year and 2 years of age, respectively. The mice were maintained
under specific-pathogen-free conditions at 23 4+ 2 °C and 55 + 10%
relative humidity in 12-h light—dark cycles, with free access to water
and standard chow CE-2 (CLEA Japan). The health status of the mice
was checked regularly. Ad libitum-fed blood glucose levels were
measured at 8 a.m. All experiments were performed using male mice.
The age and number of mice analyzed is detailed in the figure legends.
All in vivo experiments were performed with the approval of the
Committee on Animal Experimentation of Kobe University, complying
with the Guidelines for Animal Experimentation at Kobe University and
current Japanese legislation. Male mice were used in all the
experiments.

2.2. Cell lines

MING-K8 cells were established as described previously [24]. Got1 KO-
1 and -2 cells were established by sub-cloning of MIN6-K8 cells
transfected with Cas9 nickase and guide RNA pairs targeting mouse
Got1 as described previously [25]. Got7 KO-1 and -2 cells refer to
clones A60 and A64, in Murao et al. [25], respectively. MIN6-K8 and
Got1 KO cells were cultured in Dulbecco’s Modified Eagle Medium

(high glucose) (DMEM-HG, Sigma) containing 4500 mg/L glucose
supplemented with 10% fetal bovine serum (FBS) (BioWest) and 5 ppm
2-mercaptoethanol. For treatment with HG, LD, or 2DG (Figure 6A,
Supplementary Table 5), the respective culture media were prepared
by adding glucose, L-glutamine, and 2-deoxy-p-glucose (2DG) (Wako)
to DMEM without glucose (Sigma) according to the manufacturer’s
instructions. AD293 cells were purchased from Agilent and cultured in
DMEM supplemented with 10% FBS, 1 mM sodium pyruvate, and
5 ppm 2-mercaptoethanol. All cells were maintained at 37 °C with 5%
COo.

2.3. Mouse pancreatic islets

The pancreas was digested following intraductal injection of Hanks’
balanced salt solution (HBSS) supplemented with collagenase P. The
islets were transferred to 60-mm nontreated plates (lwaki) and
cultured overnight in RPMI-1640 (Sigma) supplemented with 10% FBS
and 1% penicillin—streptomycin solution (Wako) at 37 °C with 5% CO,
before the experiments.

2.4. Oral glucose tolerance test

Experiments were performed as described in Oduori et al. [26] with
slight modifications. Briefly, mice were fasted for 5 h (8 a.am.—1 p.m.)
before the experiments. Glucose was dissolved in sterile water and
orally administered at a dose of 1.5 g/kg body weight. Blood samples
were obtained from the tail vein. Blood glucose levels were measured
using the Antsense Duo glucose analyzer (Horiba). For insulin mea-
surement, blood was collected using heparinized capillaries, added
with EDTA (to the final concentration of 2 mM) and aprotinin (to the
final concentration of 500 KIU/mL), and centrifuged at 2000x g, 4 °C
for 20 min to obtain plasma. Insulin was quantified by Ultra Sensitive
Mouse/Rat Insulin ELISA (Morinaga) according to the manufacturer’s
instructions.

2.5. Intraperitoneal insulin tolerance test

Mice were fasted for 5 h (8 a.m.—1 p.m.) before the experiments.
Humulin R (Lilly) was diluted with saline and intraperitoneally injected
at a dose of 0.75 unit/kg body weight. Blood samples were obtained
from the tail vein. Blood glucose levels were measured by the Antsense
Duo glucose analyzer.

2.6. Insulin secretion and content in pancreatic islets

The experiments were performed as described in Oduori et al. [26]
with slight modifications. Briefly, overnight-cultured islets were rinsed
twice with Krebs—Ringer bicarbonate buffer supplemented with
10 mM HEPES and 0.1% BSA (KRBH) containing 2.8 mM glucose
(2.8G-KRBH), followed by preincubation with 2.8G-KRBH for 30 min at
37 °C. Alternatively, islets designated for stimulation with 0.1 and
1.0 mM glucose were preincubated with the same glucose concen-
tration as the stimulation. The islets were then rinsed with 2.8G-KRBH
and transferred to a round-bottom 96-well plate (Corning) at 1 islet/
well. 100 pl/well of KRBH containing various concentrations of
glucose was added and incubated for 30 min at 37 °C. The reaction
was quenched by cooling the plate on ice for 10 min, after which
50 pL/well of the supernatant was collected for the measurement of
released insulin. The islets were then extracted by adding 50 pL/well
of KRBH containing 0.1% Triton-X, followed by a freeze-thaw
at —80 °C for measurement of the remaining insulin. Insulin in the
supernatant and extract were quantified by homogeneous time-
resolved fluorescence assay (HTRF) Insulin Ultrasensitive kit (Cisbio)
according to the manufacturer’s instructions. The insulin content was
determined as the sum of insulin in the supernatant and the extract.
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Insulin secretion was expressed as the percentage of released insulin
in insulin content. Total DNA in the extract was measured by PicoGreen
dsDNA assay (Thermo), according to the manufacturer’s instructions.

2.7. Insulin secretion and content in cell lines

The experiments were performed as described in Oduori et al. [26]
with slight modifications. Briefly, cells were seeded in 24-well plates at
5 x 10° cells/well and cultured for 48 h as described above. Alter-
natively, cells were cultured and infected with adenoviruses as
described in section 2.14. The cells were then rinsed 3 times and pre-
incubated for 30 min with 300 pL/well of 2.8G-KRBH. Alternatively,
cells designated for stimulation with 0.1 mM glucose were pre-
incubated with the same glucose concentration as the stimulation.
Cells were then rinsed with 2.8G-KRBH and supernatant was replaced
with 300 pl/well of KRBH containing various concentrations of
glucose, followed by 30-min incubation at 37 °C. The reaction was
quenched by cooling the plate on ice for 10 min, after which the whole
supernatant was collected for the measurement of released insulin.
Cells were then extracted by adding 300 pL/well of KRBH containing
0.1% Triton-X and shaking the plate for 15 min. Insulin release, insulin
content, and DNA were quantified as described in section 2.6.

2.8. RT-gPCR

Cells were cultured under the following conditions: (1) to determinate
relative gene expression in Got7 KO cells (Figure 5B and F,
Supplementary Table 4), the cells were seeded in 6-well plates at
2 x 10° cells/well and cultured for 48 h; (2) for treatment with HG, LD,
or 2DG (Figure 6A, Supplementary Table 5), the cells were seeded in 6-
well plates at 7 x 10° cells/well and cultured for 48 h in DMEM-HG.
The culture media was then replaced with HG, LD, or 2DG prepared as
described in section 2.2., and the cells were cultured for another 4
days; (3) for Nmnat2 knockdown (Figure 6C, Supplementary Table 6),
the cells were cultured and infected with adenoviruses as described in
section 2.14. Total RNA samples were prepared from overnight-
cultured islets or cells using RNeasy Micro or RNeasy mini kits (Qia-
gen), respectively, according to the manufacturer’s instructions.
RNase-free DNase set (Qiagen) was used to digest DNA. cDNA was
prepared using the ReverTraAce gPCR RT kit (Toyobo) according to the
manufacturer’s instructions. Quantitative real-time PCR reactions were
performed on the StepOnePlus Real-Time PCR System (Thermo) using
TagMan Universal Master Mix Il with UNG and Tagman probes
(Thermo). The probe details are described in Supplementary File 1. The
relative gene expression was calculated by the 2-8ACT method and
normalized to Thp.

2.9. [U-'3C]-glucose tracing

For measurement of the metabolites in islets, 100—200 islets were
used for each sample. Overnight-cultured islets were rinsed twice with
2.8G-KRBH, followed by preincubation with 2.8G-KRBH for 60 min at
37 °C. The islets were then rinsed with 2.8G-KRBH and incubated with
KRBH containing 2.8 mM or 11.1 mM of [U-'3C]-glucose (Sigma) for
another 60 min at 37 °C. They were then quickly collected onto a
20 um nylon net filter (Millipore) placed on a paper towel and rinsed
with ice-cold 5% aqueous mannitol. Subsequently, they were placed
into 2 mL screw tubes containing 500 L of ice-cold extraction buffer
(67.5% methanol, 7.5% chloroform, 25% water) along with the filter,
snap-frozen in liquid nitrogen, and stored at —80 °C until extraction of
the metabolites.

For measurement of the metabolites in cells, the cells were seeded in
6-well plates at 2 x 108 cells/well and cultured for 48 h. Alternatively,
the cells were cultured and infected with adenoviruses as described in
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section 2.14. The cells were then rinsed three times with 2.8G-KRBH,
followed by preincubation with 2.8G-KRBH for 60 min at 37 °C. The
supernatant was replaced with KRBH containing 2.8 mM or 11.1 mM
[U-"3C]-glucose, followed by incubation for another 30 min at 37 °C,
and the supernatant was discarded. The cells were quickly rinsed with
ice-cold 5% aqueous mannitol. The whole plate was then snap frozen
on liquid nitrogen. The cells were extracted by the addition of 500 pL of
ice-cold extraction buffer, thawed on ice, scraped into 2 mL screw
tubes along with the supernatant, and stored at —80 °C until the
extraction of the metabolites.

Crude samples from islets or cells were added with 80 pL of diluted
(1:640) internal standard (Human Metabolome Technologies), 165 pL
of methanol, and 465 L of chloroform. The samples were homoge-
nized by a pre-cooled beads crusher at 3200 rpm for 1 min and
centrifuged at 15,000 g at 4 °C for 3 min. The aqueous layer was
transferred to pre-wetted ultrafiltration tubes (Human Metabolome
Technologies) and centrifuged at 9100x g at 4 °C until completely
filtered. The filtrate was freeze dried and re-dissolved in 5—10 pL of
water, which was then subjected to mass spectrometry. The organic
layer was evaporated by decompression at room temperature, and the
residue was re-suspended in lysis buffer (see section 2.13.), which
was then subjected to BCA protein assay (Thermo).

Metabolites were measured by a G7100A capillary electrophoresis
(Agilent) interfaced with a G6224A time-of-flight LC/MS mass
spectrometer (Agilent). A G1310A isocratic pump (Agilent) equipped
with a G1379B degasser (Agilent) was used to supply sheath liquid
(Human Metabolome Technologies). The mass spectrometer was
operated in positive ionization mode for the detection of Asp and Glu
or in negative ionization mode for the other metabolites. All sepa-
rations were performed on fused silica capillaries (Human Metab-
olome Technologies) at 25 °C using appropriate analysis buffer
(Human Metabolome Technologies) as the background electrolyte.
The applied voltage was set to 27 and 30 kV at 20 °C together with a
pressure application of 10 and 15 mbar for positive and negative
ionization modes, respectively. The sheath liquid (Human Metab-
olome Technologies) was delivered to a nebulizer by an isocratic
pump (Agilent) at 1 mL/min. Chromatograms and mass spectra were
analyzed by MassHunter qualitative analysis (Agilent). Annotation and
quantification of chromatogram peaks were carried out by using a
standard mixture (Human Metabolome Technologies) as a reference.
The abundance of NAD and NADH was normalized to the protein
content. '°C enrichment represents the percentage of '3C-labeled
carbon in each metabolite pool and was calculated as described in
the study by Wortham et al. [27].

2.10. Immunofluorescence staining

For immunofluorescence staining of pancreas, the pancreases were
dissected from euthanized mice, washed with phosphate-buffered
saline (PBS), and fixed with 10% formalin neutral buffer solution
(Wako) overnight at room temperature, followed by dehydration in 70%
ethanol for 7 h at room temperature. The fixed pancreas were
embedded in paraffin and serial 5-pum sections were cut with a
microtome. The pancreatic sections were deparaffinized by the con-
ventional method. In staining for Aldh1a3, MafA, Nkx-6.1, Nmnat2, and
Pdx1, antigen retrieval was performed by boiling the deparaffinized
pancreatic sections in sodium citrate buffer (10 mM sodium citrate,
0.1% NP-40, pH 6.0) in a microwave oven for 15 min. For immuno-
fluorescence staining of cell lines, the cells were seeded on a round
cover glass (Matsunami) placed in 12-well plates and cultured for 48 h.
The cells were fixed with 3.8% formalin in PBS for 15 min at room
temperature. The pancreatic sections or cells were blocked with PBS
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supplemented with 10% goat serum and 0.1% Triton-X. Primary an-
tibodies indicated in Supplementary File 1 were diluted with PBS
containing 1% goat serum and 0.01% Triton-X at the following con-
centrations: anti-Aldh1a3 (1:100); anti-Glucagon (1:500); anti-Insulin
(Dako, 1:10); anti-MafA (1:100); anti-Nkx-6.1 (1:1200); anti-Nmnat2
(1:200); anti-Pdx1 (1:200); and anti-Somatostatin (1:200). The
pancreas sections or cells were loaded with diluted antibodies and
incubated overnight at 4 °C. Appropriate fluorescence-conjugated
secondary antibodies indicated in Supplementary File 1 were diluted
with PBS containing 1% goat serum and 0.01% Triton-X (1:500). The
sections were then loaded with diluted secondary antibodies and
incubated in the dark for 1 h at room temperature, followed by
treatment with DAPI (Dojindo) diluted with PBS (1:2000) in the dark for
3 min at room temperature. The slides were mounted in Fluoromount
(Diagnostic BioSystems). Images were taken using a BZ-X810 fluo-
rescence microscope (Keyence).

2.11. Hematoxylin—eosin staining

Deparaffinized pancreatic sections were stained with hematoxylin and
eosin by the conventional method. The slides were mounted in malinol
(Muto). Images were taken using a BZ-X810 fluorescence microscope
(Keyence).

2.12. DAB staining

Pancreatic sections were deparaffinized, blocked, and loaded with
anti-insulin (Cell Signaling, 1:400) or anti-CD45 (1:200) antibodies as
described in section 2.10. The slides were loaded with anti-rabbit POD
conjugate (TakaRa) and incubated for 30 min at room temperature.
The slides were then loaded with DAB substrate solution (Nichirei) and
incubated for 30 min at room temperature. The slides were washed
with water, counterstained with hematoxylin, dehydrated, and moun-
ted in malinol (Muto). Images were taken using a BZ-X810 fluores-
cence microscope (Keyence).

2.13. Western blotting

Experiments were performed as described in Ryu et al. [28] with slight
modifications. Briefly, the cells were cultured and infected with
adenoviral vectors as described in section 2.14. The cells were then
washed three times with ice-cold PBS and lysed with 70 pL/well of
lysis buffer (20 mM Tris—HCI pH 7.5, 150 mM NaCl, 1 mM EDTA,
1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) con-
taining 5 mM DTT, 25 mM sodium fluoride, 50 uM PJ34 (PARP in-
hibitor), 50 M Sirtinol (Sirtuin inhibitor), 0.5 uM PDD00017273 (PARG
inhibitor), 1x cOmplete protease inhibitor cocktail (Roche), and 1x
PhosSTOP (Sigma).

The cells were then incubated on ice for 30 min for extraction and
scraped. The lysate was collected in sample tubes, sonicated for
20 s on ice, and centrifuged at 15,000x g at 4 °C for 30 min. The
supernatant was collected, and the protein was quantified by Bradford
assay (Bio-Rad). All samples were adjusted to the same protein con-
centration (40—50 pg/lane), separated on an 8% polyacrylamide-SDS
gel, and transferred to a PVDF membrane. The membrane was blocked
with 1% nonfat milk in Tris-Buffered Saline with Tween 20 (TBS-T) and
incubated with the following primary antibodies in TBS-T supple-
mented with 1% BSA overnight at 4 °C: anti-acetyl-p53 (Lys379)
(1:1000), anti-o.-Tubulin  (1:1000), anti-p53 (1:1000), anti-PAR
(1:4000), anti-Parp1 (1:250), and anti-Sirt1 (1:1000). The membrane
was then incubated with anti-rabbit HRP-conjugated IgG (1:1000) or
anti-mouse HRP-conjugated IgG (1:1000) in TBS-T supplemented with
1% BSA for 1 h at room temperature. Signals were visualized using an
ECL detection reagent (GE Healthcare). Images were taken by

ImageQuant LAS 4000 (GE Healthcare) and quantified by ImageJ
(version 1.53Kk, https://imagej.nih.gov/ij/index.html).

2.14. Knockdown of Nmnat2

Adenoviral shRNA expression constructs targeting mouse Nmnat2
mRNA and scramble shRNA were purchased from VectorBuilder. Ad-
enoviruses were generated by transfection of the plasmid constructs
into AD293 cells (Agilent) using Lipofectamine 2000 (Thermo). The
viruses were collected according to the manufacturer’s protocol and
purified by using Vivapure AdenoPACK 20 (Sartorius).

For the measurement of insulin secretion and content, the cells were
plated in 24-well plates at 2 x 10° cells/well. For the other experi-
ments, the cells were plated in 6-well plates at 4 x 10° cells/well.
Following a 4-day culture, the cells were infected with adenoviruses at
multiplicity of infection (MOI) of 5. Forty-eight hours after the first
infection, the culture medium was discarded and the cells were again
infected with the same amount of viruses. Forty-eight hours after the
second infection, the cells were subjected to analysis.

2.15. Statistical analysis

Sample sizes were estimated from the expected effect size based on
previous experiments. No randomization or blinding was used. For
in vivo experiments, 11 represents the number of mice. For islet [U-3C)-
glucose tracing and islet RT-gPCR experiments, n represents the
number of biological replicates using islets from different mice. For
measurements of islet insulin content and secretion, n represents the
number of islets pooled from two mice. For experiments using cell
lines, n represents the number of biological replicates using cells
grown in different wells. Data are shown as mean =+ standard error of
the mean (SEM) along with the plot of individual data points. For
statistical comparisons of two groups, two-tailed unpaired Welch’s
unpaired t-test was used. For more than three groups, one-way ANOVA
or two-way ANOVA was used followed by pairwise comparisons cor-
rected by Dunnett’s or Tukey’s method. P < 0.05 was considered as
statistically significant. Statistical parameters and analyses used are
indicated in the figure legends. No statistical methods were used to
determine whether the data met the assumptions of the statistical
approach. Statistical analyses were performed using GraphPad Prism
9. Heatmaps were generated using Heatmapper (http://www.
heatmapper.ca/) [29].

3. RESULTS

3.1. Increased B-cell glucose sensitivity leads to reduced glucose
excursions in aged mice

SAMP1 (P1) showed more senescence than SAMR1 (R1), consistent
with previous reports [12] (Figure 1A). P1 also showed decreased body
weight compared with R1 after 50—60 weeks of age (Supplementary
Figure 1A). Ad libitum-fed blood glucose levels were comparable be-
tween R1 and P1 throughout their lifespan (Supplementary Figure 1B).
Neither strain manifested hyperglycemia (Supplementary Figure 1B).
To clarify age-associated changes, we examined young mice (13—30
weeks old) and aged mice (more than 50 weeks old), according to
previous studies [14,16,17,22]. We also examined whether young P1
show age-associated changes compared with young R1.

In the fasting state, aged R1 showed lower blood glucose
(Supplementary Figure 1C) as well as increased plasma insulin levels
compared with young R1 (Figure 1C, 0 min). Oral glucose tolerance
tests (OGTT) revealed that (1) glucose excursions were smaller in
young P1 than in young R1 and (2) glucose excursions in both R1 and
P1 were significantly reduced in aged mice compared with young mice
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Figure 1: Increased (-cell glucose sensitivity leads to reduced glucose excursions in aged mice. (A) Senescent appearance of aged SAMP1 (67 wks) in comparison with
age-matched SAMR1. (B) Oral glucose tolerance test (OGTT). R1 Young (R1-Y): 19 wks, n = 8; P1-Y: 19 wks, n = 12; R1 aged (R1-A): 67 wks, n = 4; P1-A: 67 wks, n = 4. See
also Supplementary Figure 1C and D. (C) Plasma insulin levels during OGTT. R1-Y: 17 wks, n = 5; P1-Y: 17 wks, n = 8; R1-A: 76 wks, n = 9; P1-A: 76 wks, n = 13. Statistical
comparisons were made by repeated-measures two-way ANOVA with Tukey’s post hoc test. (D) Intraperitoneal insulin tolerance test (IPITT). R1-Y: 26 wks, n = 7; P1-Y: 26 wks,
n = 8; R1-A: 76 wks, n = 7; P1-A: 76 wks, n = 4. See also Supplementary Figure 1H. (E) Insulin content normalized to the DNA content in islets. R1-Y: 22 wks, n = 94; P1-Y:
32 wks, n = 32; R1-A: 97 wks, n = 91; P1-A: 82 wks, n = 71. Statistical comparisons were made by one-way ANOVA with Dunnett’s post hoc test between the indicated pairs.
Adjusted p-value is indicated. (F) Dose-dependent effects of glucose on insulin secretion from islets. R1-Y: 22 wks, P1-Y: 32 wks, R1-A: 94 wks, P1-A: 82 wks, n = 10—16 for
each. Statistical comparisons were made by Welch’s unpaired t-test between R1-Y and R1-A, or P1-Y and P1-A. Data are represented as mean + SEM. *p < 0.05, **p < 0.01,

**¥p < 0.001, ¥***p < 0.0001, ns: not significant.

(Figure 1B, Supplementary Figure 1D). The same trend was observed
during intraperitoneal glucose tolerance tests (IPGTT) (Supplementary
Figure 1E and F). Glucose-stimulated plasma insulin levels were
substantially increased in aged R1 compared with those in young R1
during OGTT and IPGTT (Figure 1C, Supplementary Figure 1G). Young
P1 trended toward higher plasma insulin levels than young R1 during
OGTT (Figure 1C). However, aged P1 showed little increase in plasma
insulin levels compared with young P1 during OGTT and IPGTT
(Figure 1C, Supplementary Figure 1G). The four groups did not show
any significant difference in insulin sensitivity as assessed by intra-
peritoneal insulin tolerance tests (IPITT) (Figure 1D, Supplementary
Figure 1H). These results indicate that (1) aging leads to reduced
glucose excursions associated with increased plasma insulin in R1 and
(2) these age-associated changes are recapitulated in young P1.

Next, we analyzed B cells in these mice. In the whole pancreatic
sections, we detected large islets (insulin positive area >3 x 104 umz)
in only aged R1 and aged P1 (Supplementary Figure 2A, red arrows),
consistently with a previous report on aged B6 mice [8]. Hematoxylin—
eosin (H—E) staining and immunostaining for islet hormones revealed
no obvious alterations in islet architecture or cellular composition

(Supplementary Figure 2B). Notably, we observed perivascular infil-
tration of mononuclear cells in exocrine regions of 59- and 86-week-
old P1, which tested positive for CD45 (Supplementary Figure 3, red
arrows). This is consistent with a previous report showing infiltration of
T-lymphocytes in multiple organs in aged P1 [30].

Although the insulin content was comparable between islets from
young R1 and aged R1, the insulin content in young P1 islets was
substantially lower than that in young R1 and tended to be further
decreased in aged P1 (Figure 1E). The glucose responsiveness of in-
sulin secretion was markedly increased in aged R1 islets compared
with that in young R1 (Figure 1F). Young P1 islets also showed elevated
glucose responsiveness compared with young R1, which was further
increased in aged P1 (Figure 1F). Our findings indicate that increased
plasma insulin levels in aged R1 are attributable to elevated [-cell
glucose responsiveness along with preserved insulin content, whereas
the lack of increase in plasma insulin levels in aged P1 may be due to
the decrease in the insulin content.

To further explore the common features of aged B cells of different
genetic and metabolic backgrounds, we analyzed C57BL/6J (B6) and
obese ob/ob mice. Both middle-aged (59 weeks) and aged (110
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Figure 2: Aged islets show upregulated glucose metabolism and altered cytosolic NAD metabolism. (A) Schematic overview of glucose metabolism. Metabolites and genes
assessed in the following experiments are indicated. G6P, glucose 6-phosphate; F6P, fructose 6-phosphate; FBP, fructose 1,6-bisphosphate; GA3P, glyceraldehyde 3-phosphate;
DHAP, dihydroxyacetone phosphate; G3P, glycerol 3-phosphate; 1,3-BPG, 1,3-bisphosphoglycerate; 3PG, 3-phosphoglycerate; 2PG, 2-phosphoglycerate; AcCoA, acetyl CoA; Cit,
citrate; akG, o-ketoglutarate; OAA, oxaloacetate; Asp, aspartate; Glu, glutamate; NMN, nicotinamide mononucleotide; ETC, electron transport chain. (B) [U-"3C]-glucose tracing
experiment in SAM islets. Enrichment of 3C for the indicated metabolites following a 1-h incubation with 2.8 mM (2.8G) or 11.1 mM [U-'3C]-glucose (11G) were measured. For
NAD and NADH, intracellular content is indicated. R1-Y (25 wks, n = 4), P1-Y (25 wks, n = 4), R1-A (55 wks, n = 4), P1-A (55 wks, n = 3). Statistical comparisons were made by
two-way ANOVA with Tukey’s post hoc test. See also Supplementary Figure 8A for other metabolites. (C) Expression of metabolic genes in SAM islets assessed by RT-qPCR. Means
of each group are visualized. Heatmap scale is Z score for the number of deviations away from the row mean. R1-Y: 27 wks, n = 4; P1-Y: 27 wks, n = 4; R1-A: 97 wks, n = 3;
P1-A: 50 wks, n = 3. See Supplementary Table 1 for quantitative values. (D) Expression of Nmnat2 in islets assessed by RT-qPCR. Statistical comparisons were made by Welch’s
unpaired t-test. R1-Y: 27 wks, n = 4; R1-A: 97 wks, n = 3; P1-Y: 27 wks, n = 4; P1-A: 50 wks, n = 3. (E) Inmunofluorescence staining of the pancreatic sections from SAM mice
for Insulin (green) and Nmnat2 (magenta). Nuclei were stained with DAPI (blue). R1-Y: 16 wks; P1-Y: 16 wks; R1-A: 84 wks; P1-A: 84 wks. Scale bars, 10 um. Insets show the
representative cells. Data are represented as mean 4 SEM for B and D. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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weeks) B6 mice showed increased body weight compared with young
mice (18 weeks) (Supplementary Figure 4A).

OGTT in B6 mice revealed age-dependent reduction in glucose ex-
cursions (Supplementary Figure 4B) as well as increased plasma in-
sulin response (Supplementary Figure 4C). There was no significant
difference in insulin sensitivity during IPITT despite the increased body
weight (Supplementary Figure 4D), which is consistent with a previous
report [31]. Aged B6 islets exhibited reduced insulin content as well as
a leftward shift of glucose sensitivity (Supplementary Figure 4E and F).
There was no significant difference in body weight between young (14
weeks) and aged (96 weeks) ob/ob mice, albeit with large variations in
the aged mice (Supplementary Figure 5A). OGTT demonstrated a
substantial reduction in glucose excursions in aged ob/ob mice
compared with young ob/ob mice that was associated with a trend
toward higher plasma insulin response (Supplementary Figure 5B and
C). In IPITT, both young and aged ob/ob mice were severely insulin
resistant, with young mice showing paradoxically elevated blood
glucose after insulin injection, as reported previously [32]
(Supplementary Figure 5D). The large variations in insulin sensitivity in
aged ob/ob mice may reflect the variations in body weight
(Supplementary Figure 5A and D). Aged ob/ob mice exhibited reduced
insulin content as well as a leftward shift of glucose sensitivity with a
half-maximal response at about 2.8 mM, well below that of normal
mice (10—12 mM) [33] (Supplementary Figure 5E and F).

These results demonstrate that aged B cells share the following
characteristics: hypersensitivity to glucose and reduced insulin con-
tent. However, these phenotypes were not homogeneous but depen-
ded partly on the strain. Hypersensitivity to glucose was most
pronounced in aged ob/ob mice, indicating that obesity promotes age-
associated B-cell hyperfunction.

3.2. Glycolysis is increased in aged islets

To determine whether alterations in glucose metabolism underlie hy-
persensitivity to glucose in aged islets, we performed [U-13C] glucose
tracing. Islets were stimulated for 1 h with 2.8 mM (2.8G) or 11.1 mM
(11G) glucose isotopomer [U-'3CJ-glucose, in which all of the six
carbon atoms are replaced with '3C. '3C is incorporated into the in-
termediates of glucose metabolism (Figure 2A), which were quantified
by capillary electrophoresis/time-of-flight mass spectrometry (CE/
TOFMS). Metabolic flux was assessed by the enrichment (%) of '3C in
all carbon atoms of each metabolite, as described previously [27].
Islets from aged R1 showed higher '3C enrichment than islets from
young R1 in most glycolysis intermediates (G6P-3PG) and TCA in-
termediates (citrate and malate) (Figure 2B, Supplementary Figure 8A).
Similarly, young P1 islets showed higher 13¢ enrichment than young
R1 in glycolysis intermediates, which was further increased in aged
P1. We also found a trend toward a higher ATP/ADP ratio (Figure 2B),
suggesting that increased glycolytic flux underlies enhanced glucose
sensitivity in aged islets. Of note, no age-dependent increase in 3¢
enrichment was observed for acetyl CoA, indicating that aging en-
hances carbon flux from glycolysis to the TCA cycle mainly through an
anaplerotic pathway that bypasses acetyl CoA (Figure 2A) [34], as seen
in juvenile and adult B6 3 cells [27].

We further examined the glucose metabolic flux in B6 and ob/ob islets.
Aged B6 islets showed increased 13C enrichment in the intermediates
of later glycolytic steps (2PG-lactate), mainly at 11G (Supplementary
Figure 6). Upregulation of glycolysis was more pronounced in aged
ob/ob islets, which showed increased 8¢ enrichment in most
glycolysis intermediates at both 2.8G and 11G (Supplementary
Figure 7). Collectively, these results demonstrate that hypersensitiv-
ity to glucose in aged B cells reflects the upregulation of glycolysis.
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Although aged B6 islets displayed slightly increased 13C enrichment in
acetyl CoA, the increment was less than the related metabolites (py-
ruvate and malate) and was absent in aged ob/ob islets
(Supplementary Figures 6 and 7), indicating that the increased
glycolytic flux enters the mitochondria mainly through the anaplerotic
pathway.

3.3. Cytosolic NAD metabolism is altered in aged islets

We then explored how glycolysis is increased in aged [3 cells. The first
late-limiting step of glycolysis is controlled by hexokinases, which
produce glucose 6-phosphate (G6P) [35]. '°C enrichment in G6P was
substantially increased in aged SAM islets, suggesting that the ac-
celeration of this step contributes to the increased carbon flux in
downstream glycolytic reactions (Figure 2B). By performing RT-qPCR,
we found an increased expression of hexokinase 1 (Hk7) and hexo-
kinase 2 (Hk2) (Figure 2C, Supplementary Table 1). Induction of these
high-affinity hexokinases is expected to increase the sensitivity to
glucose in P cells [36], possibly in compensation for the decreased
expression of low-affinity glucokinase (Gck, also known as hexokinase
4) in aged SAM islets (Figure 2C, Supplementary Table 1).

For a more comprehensive transcriptional analysis, we performed RNA
sequencing (RNA-seq) of young and aged B6 mouse islets. A cyclin-
dependent kinase inhibitor Cdkn2a (encoding p16), an aged [-cell
marker, was significantly increased in aged islets, consistent with the
previous reports (Supplementary Table 2) [9,10]. We then examined
the genes involved in glucose metabolism as defined by Gene Ontology
terms (Supplementary Table 2). Among the 69 genes significantly
regulated by aging, the largest fold change was found in Nmnat2, a
cytosolic enzyme that synthesizes NAD from nicotinamide mono-
nucleotide (NMN) and ATP (Figure 2A). Since glycolysis requires NAD
for the oxidation of GA3P (Figure 2A), we hypothesized that upregu-
lated Nmnat2 activates glucose metabolism by supplying cytosolic
NAD in aged B cells, as reported in adipocyte differentiation [28]. In
fact, Nmnat2 was increased with aging in islets of all of the strains
examined (R1, P1, ob/ob, and B6) (Figure 2D, Supplementary
Figure 8C). In line with our hypothesis, intracellular NAD was
increased with aging in both R1 and P1 (Figure 2B). Co-
immunostaining for Nmnat2 and insulin revealed that Nmnat2 is
predominantly localized to B-cell cytosol and is increased with aging
(Figure 2E).

In addition to Nmnat2, oxidation of NADH contributes to the mainte-
nance of cytosolic NAD by modulating the NAD/NADH ratio, a process
carried out by three pathways: the glycerol phosphate (GP) shuttle, the
malate-aspartate (MA) shuttle, and lactate production (Figure 2A). 13¢
enrichment in glycerol 3-phosphate (G3P) and lactate tended to in-
crease with aging in both strains (Figure 2B), indicating that these
pathways are activated in relation to increased glycolytic flux. In
contrast, 13¢ enrichment in Asp and Glu at 11G, a marker of MA shuttle
activity [25], failed to show any apparent increase in aged R1
compared with young R1 (Figure 2B). Using older (98-week) R1 islets,
we further confirmed that '*C enrichment in Asp and Glu was reduced
with aging (Supplementary Figure 8B). Supporting these findings, aged
R1 islets showed decreased MA shuttle enzymes (Got7 and Mdh7)
along with increased Ldha compared with young R1 islets (Figure 2C,
Supplementary Table 1). Young P1 islets also trended toward
increased lactate production and decreased MA shuttle activity
compared with young R1 islets (Figure 2B and C, Supplementary
Table 1). We observed no significant decline in the MA shuttle activ-
ity in aged P1 islets compared with young P1 islets (Figure 2B). The
NAD/NADH ratio showed no age-associated change in either R1 or P1
(Figure 2B), indicating that the decline in the MA shuttle activity is
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compensated for by the activation of the other two cytosolic NADH
oxidation pathways.

To summarize the age-associated metabolic alterations in 3 cells,
transcriptional changes of Gck, Hk1, Hk2, and Nmnat2 may contribute
to increased glycolytic flux, providing glycolytic intermediates for the
GP shuttle and lactate production, compensating for the decreased MA
shuttle activity.

3.4. Diabetic islets show altered function and metabolism similar
to aged islets

The aging models in the present study (SAM, B6, or ob/ob) did not
develop diabetes spontaneously. However, under metabolic stress such
as obesity and insulin resistance, glucose hyperresponsiveness as well
as increased glucose metabolism in B cells are thought to represent
compensatory hyperfunction, which finally results in B-cell dysfunction
[3,37]. We therefore sought to clarify the relationship between the age-
associated B-cell metabolic changes and B-cell dysfunction using db/db
mice (BKS.Cg--+Lepr™?/+Lepr™) as a model of obesity-related T2D
and +/+ mice (BKS.Cg-m+-/m+) as lean controls.

Body weight and ad libitum-fed blood glucose levels in 6-week-old db/
db mice were already higher than those in age-matched -+/+ mice,
and increased steadily until 12 weeks (Supplementary Figure 9A). In
the fasting state, 6-week-old db/db mice exhibited elevated glucose
and plasma insulin compared with age-matched +/+ mice
(Supplementary Figure 9B and D). In OGTT, 6-week-old db/db mice
showed impaired glucose tolerance and higher plasma insulin levels
compared with age-matched +/+ mice (Supplementary Figure 9C and
D). These findings were further evident in 11-week-old db/db mice
(Supplementary Figure 9C and D). Consistently with these systemic
changes, 6-week-old db/db islets showed enhanced glucose
responsiveness despite the reduced insulin content compared with
age-matched +/+ islets (Figure 3A and B). 11-week-old db/db islets
showed a decline in both glucose responsiveness and insulin content
compared with age-matched +/+ islets and 6-week-old db/db islets
(Figure 3A and B). These results indicate that 6-week-old db/db mice
are already diabetic and that B-cell failure in 11-week-old db/db mice
further exacerbates glucose intolerance.

In [U—1SC] glucose tracing, 6- and 12-week-old db/db islets showed or
tended to show increased '3C enrichment in glycolysis intermediates
and TCA intermediates, with a parallel increase in ATP/ADP ratios
compared with age-matched +/+ islets (Figure 3C). 12-week-old db/
db islets tended to show even higher '3C enrichment in most in-
termediates than 6-week-old db/db islets, indicating that diabetes
progression leads to further upregulation of glucose metabolism
(Figure 3C). db/db islets also showed increased 13¢ enrichment in G3P
and lactate, similar to most other intermediates, while opposite
changes were found in Asp and Glu at 11G. Consistent with these
metabolic changes, db/db islets showed or tended to show increased
Hk1, Hk2, and Ldha along with decreased Gck and Got7 compared
with age-matched +/+ islets (Figure 3D left, Supplementary Table 3).
Unlike aged mouse islets, there was an increase in NADH without
changes in NAD in db/db islets, leading to a lowered NAD/NADH ratio
compared with +/+ islets (Figure 3C). This finding suggests that the
decline in the MA shuttle is not fully compensated. This may be due to
insufficient induction of Nmnat2, which was increased only in 11-week-
old db/db islets compared with 6-week-old db/db or age-matched +/+
islets, with a smaller change (~ 1.5 fold, Figure 3D right) than in aging
SAM islets (more than 2.5 fold, Figure 2D). Nevertheless, we confirmed
increased Nmnat2 immunoreactivity in the [3 cells of 25-week-old db/db
islets compared with that in age-matched +/+ islets (Figure 3E).
Increased glucose responsiveness, glycolysis, and altered expression of
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metabolic genes were observed not only in db/db islets but also in the
comparison between 6-week-old and 11—12-week-old +/+ islets
(Figure 3B—D). As +/+ and db/db share the BKS genomic background,
our results suggest that these metabolic changes are associated with
the BKS genome. In fact, the BKS genome partly derived from DBA/2
mice, a strain characterized by susceptibility to B-cell failure [38,39].
DBA/2 islets exhibit hyperactive glycolysis compared with B6 [40].
Collectively, these results demonstrate that (1) diabetic islets are
characterized by hypersensitivity to glucose, increased glycolysis,
altered cytosolic NAD metabolism, and reduced insulin content,
similarly to aged islets and (2) glucose responsiveness declines with
the progress of diabetes even though glycolysis is further increased,
which is consistent with developing B-cell failure [3,41].

3.5. B-Cell identity is similarly compromised in aging and diabetes
A loss of B-cell identity is defined as the failure to express the full
complement of B-cell genes or expression of genes not normally
expressed in mature, healthy f cells [41]. Because compromised [3-cell
identity has been observed in diabetic f cells and is associated with [3-
cell dysfunction [3,41,42], we investigated whether dysfunctional
phenotypes in aged SAM and db/dbislets are related to the loss of B-cell
identity. Most of the B-cell-enriched genes including transcription
factors (Mafa, Foxol, Nkx6-1, Pdx1) [43] and other functionally
important genes (/Ins1, Ins2, Slc2a2 [encoding Glut2], Slc30a8
[encoding ZnT8]) [42] were already lower in 6-week-old db/db islets
than in age-matched +/+- islets and were further downregulated in 11-
week-old db/db islets (Figure 4A, Supplementary Table 3). Sox9 and
Aldh1a3, markers of B-cell dedifferentiation [44,45] were consistently
higher in db/db islets than in +/-+ islets. Similarly, most of the B-cell-
enriched genes were already lower in young P1 islets than in young R1
islets. They were also downregulated in aged R1 islets (Figure 4B,
Supplementary Table 1). Sox9 and Aldh1a3 showed opposite changes.
We next sought to confirm the loss of B-cell identity by immunohis-
tochemistry. We first examined the expression of MafA, Nkx-6.1, and
Pdx1 by co-staining with insulin; these transcription factors were re-
ported to be an indicator of B-cell dysfunction in diabetes, showing
reduced expression and altered subcellular localization [46]. MafA was
expressed in the nucleus of +/+ P cells, whereas it was diffusely
localized to the cytoplasm in db/db B cells, as reported previously in
diabetic mice and humans (Figure 4C) [46,47]. The same phenomenon
was observed in the [ cells of aged R1 and aged P1 compared with
young mice (Figure 4C). Nkx-6.1 showed cytosolic localization similar
to MafA in db/db B cells (Supplementary Figure 10A), consistent with
previous reports [47]. Similarly, Nkx-6.1 showed increased cytosolic
distribution in the [3 cells of young P1, aged R1, and aged P1 compared
with young R1 (Supplementary Figure 10B). Pdx1 immunoreactivity
was decreased in db/db P cells compared with +/+ cells
(Supplementary Figure 11A), although no apparent difference was
observed in young or aged R1 and P1 (Supplementary Figure 11B). We
also found increased Aldh1a3 immunoreactivity in db/db B cells
compared with that in +/+ cells, as well as in the {3 cells of young P1,
aged R1, and aged P1 compared with young R1 (Figure 4D), which is
consistent with gene expression data (Supplementary Tables 1 and 3).
These transcriptional and immunohistochemical analyses demonstrate
that B-cell identity is similarly impaired in aging and diabetes.
Furthermore, we observed co-localization of Nmnat2 and Aldh1a3
immunoreactivity in db/db islets (Figure 4E, white arrows). Cells with
relatively high Nmnat2 immunoreactivity also tended to lack nuclear
Nkx-6.1 expression (Figure 4F, dashed rectangles). These findings
suggest that B cells with higher Nmnat2 expression are more prone to
lose their identity.
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Figure 4: Altered expression of B-cell identity genes in aged and diabetic islets. (A)—(B): Expression of -cell identity genes in islets assessed by RT-qPCR. Means of each
group are visualized. Heatmap scales represent the Z score for the number of deviations away from the row mean. (A) +/+ and db/db islets at 6 and 11 weeks of age. n = 3 for
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Nuclei were stained with DAPI (blue). Scale bars, 10 um. Insets show the representative cells. (C) Insulin (green) and MafA (magenta). (D) Insulin (green) and Aldh1a3 (magenta). (E)
Nmnat2 (green) and Aldh1a3 (magenta). White arrows indicate the co-localization of Nmnat2 and Ald1a3 immunoreactivity. (F) Nmnat2 (green) and Nkx-6.1 (magenta). Dashed
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3.6. Got1 deletion accelerates glycolysis and impairs f-cell
function and identity

The molecular mechanism accounting for the commonalities between
the B-cell phenotypes in aging and diabetes is unknown. To test
whether hyperactive glycolysis underlies these phenotypes, we turned
to B cell lines deficient in glutamate-oxaloacetate transaminase 1
(Got1 KO B cells). Got1 is a component of the MA shuttle that transfers
amino residue from Asp to a-ketoglutarate, generating glutamate and
oxaloacetate. We expected that Got7 deletion would increase the
glycolytic flux as reported in cancer cells [48] and thereby recapitulate
hyperactive glycolysis in aged B cells.

We previously established two independent Got7 KO [ cell lines (Got?
KO-1 and -2) [25] from mouse clonal B-cell MING-K8 (hereafter
referred to as parental cells) [24]. As expected, in [U-13C]-glucose
tracing, Got7 KO P cells showed increased '*C enrichment compared
with parental cells in all examined glycolysis intermediates, citrate,
G3P, and lactate (Figure 5A, Supplementary Figure 12A). Changes in
metabolic gene expression were observed similarly to aged and dia-
betic islets (Figure 5B, Supplementary Table 4). Got7 KO [ cells dis-
played decreased 3¢ enrichment in Asp at 11G, indicating defective
MA shuttle activity. However, different from aged or diabetic islets, '3C
enrichment in Asp and Glu at 2.8G were higher in Got7 KO B cells. Got1
KO-1 also showed higher '3C enrichment in Glu at 11G (Figure 5A).
These paradoxical findings suggest compensatory activation of
biosynthetic pathways that bypass Got1. '3C flux to the TCA cycle is
substantially increased by Got7 deletion at 2.8G (Figure 5A). Under this
condition, Asp and Glu are likely to be predominantly synthesized from
TCA intermediates by mitochondrial isozyme Got2 and glutamate de-
hydrogenase (encoded by Glud7), respectively.

Inactivation of the MA shuttle was also indicated by increased NADH as
well as a decreased NAD/NADH ratio in Got7 KO 3 cells compared with
parental cells (Figure 5A), as reported previously in Got7-deficient
cancer cells [48,49]. We confirmed the induction of Nmnat2 by RT-PCR
and immunocytochemistry (Figure 5C). It is noteworthy that Got7 KO 3
cells showed comparable NAD levels to parental cells (Figure 5A),
unlike previously reported Got7-deficient cancer cells that show
decreased NAD levels [48,49]. This finding supports our hypothesis
that B cells compensate for the decrease in NADH re-oxidation by
increasing Nmnat2-mediated NAD synthesis. Collectively, metabolic
tracing and gene expression analyses revealed that genetic ablation of
Got1 phenocopies age-associated metabolic alterations in 3 cells.
Got1 KO J cells showed reduced insulin content (Figure 5D), hyper-
sensitivity to glucose (Figure 5E), and loss of identity (Figure 5F,
Supplementary Table 4) compared with parental cells. These results
demonstrate that metabolic alterations by Got7 deletion dysregulate [3-
cell function and identity similarly to that seen in aging and diabetes.
The phenotypes of Got7 KO-1 and KO-2 were consistent, albeit with
minor differences. Got7 KO-1 displayed slightly more active glycolysis
than KO-2 likely due to the higher expression of Hk1, Hk2, Ldha, and
Nmnat2 (Figure 5A and B, Supplementary Figure 12A). However, the
reduction in insulin content was less substantial in Got7 KO-1 than in
KO-2. These differences may be due to the heterogeneity exhibited by
MING6 sub-clones with increasing passage numbers [50,51]. We
selected Got7 KO-1 as a model of hyperactive glycolysis for further
analysis.

3.7. Attenuation of glycolysis restores [3-cell identity and function

To clearly establish a causal role of hyperactive glycolysis in the loss of
B-cell identity, we tested whether impaired identity in Got7 KO-1 can
be restored by attenuating glycolysis. To chronically restrict glucose
uptake, the cells were cultured for 4 days in the presence of low
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glucose (LG) or 2DG, a glucose analog that blocks glycolysis. LG
concentrations were 5 and 0.05 mM for parental and Got7 KO-1,
respectively, approximating the Km of the predominant hexokinase
isotype, Gek (Km = 8 mM), in parental cells and Hk1/2 (Km = 0.01—
0.05 mM) in Got? KO-1 [36]. Transcription factors specific to mature 3
cells (Mafa, Foxo1, Nkx6-1, Pdx1, and Pax4) and other B-cell-specific
genes (Slc2a2, Gek, and GIp1n were restored, while dedifferentiation
markers (Sox9 and Aldh1a3) as well as a.-cell markers (Mafb and Gcg)
were downregulated by either or both LG and 2DG (Figure 6A,
Supplementary Table 5). Moreover, the increase in expression of Ldha
and Nmnat2 in Got1 KO-1 was restored by either or both LG and 2DG,
indicating that altered cytosolic NAD metabolism is an adaptive
response to increased glycolytic flux (Figure 6A, Supplementary
Table 5). LG and 2DG showed a marginal effect in parental cells.
These results demonstrate that hyperactive glycolysis impairs B-cell
identity.

To test our hypothesis that Nmnat2 mediates the impairment of $-cell
function and identity by supplying NAD to activate glycolysis, we next
knocked down Nmnat2 by shRNA in parental and Got7 KO-1, albeit
with moderate efficiency in parental cells likely due to the low
expression (Supplementary Table 6). We first confirmed that NAD, the
ATP/ADP ratio, and 13 enrichment in glycolysis and TCA intermediates
were all decreased by Nmnat2 knockdown in Got7 KO-1 (Figure 6B). In
contrast, glycolysis intermediates before the NAD-consuming step
(GeP-G3P) were unaffected (Supplementary Figure 12B). These results
demonstrate that Nmnat2 activates glycolysis by supplying NAD.

In Got1 KO-1, Nmnat2 knockdown restored the expression of tran-
scription factors (Mafa, Foxo1, Nkx6-1, Pdx1 and Pax4) and most other
B-cell-specific genes (Ins1, Ins2, Slc30a8, Slc2a2, Gip1n (Figure 6C,
Supplementary Table 6). The restoration of B-cell-specific genes by
Nmnat2 knockdown was similar to that by the restriction of glucose
uptake, and was more substantial for Foxo1, Nkx6-1, Ins1, and Ins2.
Moreover, the insulin content was more than doubled, while sensitivity
to glucose was decreased by Nmnat2 knockdown in Got1 KO-1
(Figure 6D and E). In contrast, Nmnat2 knockdown showed little ef-
fect on any of the phenotypes in parental cells (Figure 6C—E).

To understand the mechanism by which Nmnat2 modulates various [3-
cell phenotypes, we examined whether Nmnat2 regulates NAD-
dependent signaling pathways. Sirtuins (SIRTs) and poly (ADP-
ribose) polymerases (PARPs) are key regulators of various cellular
functions that consume NAD as a substrate [52]. We therefore tested
whether Nmnat2 knockdown affects the activity of Sirt1 and Parp1.
Because p53 is deacetylated by Sirt1 at lysine 379 [53], the activity of
Sirt1 was assessed by monitoring acetyl-p53 (Ac-p53 K379), as shown
in previous reports [28]. Nmnat2 knockdown decreased Ac-p53 (K379)
in Got1 KO-1, indicating the increased activity of Sirt1 (Figure 6F).
Similarly, Nmnat2 knockdown increased the poly (ADP-ribose) (PAR)
levels in Got1 KO-1, indicating the increased activity of Parp1. In
contrast, Nmnat2 knockdown showed no significant effect in parental
cells (Figure 6F). These results indicate that the upregulation of
Nmnat2 decreases the activities of Sirt1 and Parp1, as previously
reported in adipocyte differentiation [28].

Collectively, our data suggest that (1) Nmnat2 hardly plays any role in
normal B cells but (2) Nmnat2 is upregulated in aged or diabetic 3
cells, activating glycolysis and supressing the activities of Sirt1 and
Parp1, adversely affecting B-cell function and identity.

4. DISCUSSION

In the present study, we have shown that (1) B cells become
dysfunctional and lose identity with aging; (2) hyperactive glycolysis

MOLECULAR METABOLISM 55 (2022) 101414 © 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 1 1

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

A  [U-'3C]-glucose tracing (islet)

G6P
S SO F6P DHAP AcCoA
CJ parental 5100 LT wrx X o 0 s
< oo - = e
3 cot1 ko1 S - -
@ 804 80
3 6ot1 ko -2 E 60 60
Q404 40
£ 20 20
u, 0-
& 286 11G 286 11G 286 11G 286 11G
Citrate B3P Lactate Asp
Malate o e
s 1004 100+ 10095 50 o
40 80 80 404 —
30 60 X" 60 . 30-
20 40 40+ 20
10 20 20 10
0- 0- 0- 0-
286 11G 286 11G 286 11G 286 11G 286 11G
ATP/ADP NADH
Glu £ rhes ek
bt e ol [V g 5. N R
80 weer o g 40 1o o g 2
604 X — S30 = - 3 S
40 a 20-] g 2 -
20 2 104 g 1 s
0- = o 0
286 11G 286 11G = 286 116 286 11G

B K D E

o 2000

Gek Insulin content Insulin secretion
Hk1 _ [ Parental -®- Parental

257 = Got! KO-1 81 = Got1 KO
Hk2 = Got1 KO-2 -4 Got1KO-2 :
Hk3 o ;

)
e

Z £
Ldha o154 -° 5:3
Nmnat2 !\? 10- ]
<] X
Par Got1 Got1 c e
© KO-1 KO-2 5
o_
0 5 10 15 20 25
Glucose ()
Nmnat2 £ ‘
(RT-gPCR) o
* g Mafa
20 *k Foxo1
© 6 T Nkx6-1
9 15 - Pax1
> \
5 & ) Pax4
< g 10 x Ins1
&, % 5 % Ins2
(Y e Slc2a2
G]
0 Slc30a8
\ 9 Mafb
A N Sox9
0&(\;\’1‘;\’1‘ e Aldh1a3
4 00\ 0\' f Geg
3 Parental Got1 KO-1
O

Figure 5: Metabolic alteration by Got1 deletion dysregulates B-cell function and identity. (A) [U-"3C)-glucose tracing experiment in parental cells and two independent Got1
KO B cells (Got7 KO-1 and -2). Enrichment of '3C for the indicated metabolites following a 30-min incubation with 2.8 mM (2.8G) or 11.1 mM [U-'3C]-glucose (11G) were
measured. For NAD and NADH, the intracellular content is indicated. n = 4 for each. Statistical comparisons were made by two-way ANOVA with Tukey’s post hoc test. See also
Supplementary Figure 12A for other metabolites. (B) Expression of metabolic genes in parental and Got7 KO f cells determined by RT-gPCR. n = 3 for each. Means of each group
are visualized. See Supplementary Table 4 for quantitative values. (C) Left, the relative expression of Nmnat2. See the legend of Figure 5B for the experimental details. Statistical
comparisons were made by one-way ANOVA with Dunnett’s post hoc test between the parental cells and Got7 KO-1 or KO-2. Right, immunostaining of parental and Got7 KO J3 cells
for Nmnat2 (green). Nuclei were stained with DAPI (magenta). Scale bars, 50 um. Insets show the representative cells (scale bars, 20 pm). (D) Insulin content normalized by the
DNA content. n = 24. Statistical comparisons were made by one-way ANOVA with Dunnett’s post hoc test between the parental cells and Got7 KO-1 or KO-2. (E) Dose-dependent
effects of glucose on insulin secretion from parental and Got7 KO f cells. Asterisks indicate the statistical differences from parental cells. n = 4. Statistical comparisons were made
by two-way ANOVA with Dunnett’s post hoc test between parental cells and Got7 KO-1 or KO-2. (F) Expression of B-cell identity genes in parental and Got7 KO-1 determined by RT-
gPCR. n = 3 for each. Individual values are visualized. See Supplementary Table 4 for quantitative values. Data are represented as mean + SEM for (A), (C), (D), and (E).
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Heatmap scales represent the Z score for the number of deviations away from the row mean.

‘]2 MOLECULAR METABOLISM 55 (2022) 101414 © 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

may cause the dysfunction and compromised identity of aged and
diabetic {3 cells; and (3) Nmnat2, an NAD-synthesizing enzyme, may be
the functional link between hyperactive glycolysis and dysregulation of
B cells.

Previous studies have highlighted the potential benefits of age-
associated enhancement in GIIS to maintain glucose homeostasis.
However, our analyses reveal phenotypic similarities between aged
and diabetic B cells including hypersensitivity to glucose, reduced
insulin content, and compromised identity, demonstrating that B-cell
function and identity are impaired with aging. Previous studies have
reported B-cell dysfunction and impaired identity under hyperglycemia,
which are consistent with our observations in db/db mice. However,
our results from aged mice demonstrate that § cells can become
defective even without preceding hyperglycemia. We therefore propose
that hyperactive glycolysis is a common metabolic trait in aged and
diabetic B cells and it underlies age-associated [3-cell dysfunction and
loss of identity.

Hyperactive glucose metabolism has been observed in B cells of
various obese and diabetic rodent models. For example, increased
glucose utilization has been found in these P cells and ascribed to the
increased expression of low-affinity hexokinases [54—57], consistent
with our results in aged SAM, db/db mice, and Got? KO cells.
Decreased Gck expression negatively affects glucose sensitivity as
observed in B cells of db/db mice with Gck haploinsufficiency [58].
However, since Hk exhibit substantially more glucose utilization than
Gek at low (3 mM) and high (20 mM) glucose [36], increased Hk
expression may well compensate for decreased Gck in aged and
diabetic B cells. Previous reports also show the enhancement of
anaplerosis via pyruvate carboxylase [59] and increased mitochondrial
activity [60,61], supporting our metabolic and transcriptional charac-
terization of aged and diabetic islets (Figures 2B, C and 3C, D).
Compromised B-cell identity has also been observed in various dia-
betic rodent models [44,62—64] as well as diabetic human subjects
[47,65,66]. Several mechanisms have been proposed for the loss of 3-
cell identity, including a loss of transcription factor Fox01 [44,67],
maladaptive unfolded protein response (UPR) under endoplasmic re-
ticulum (ER) stress [42], inflammation [68], and oxidative stress [46]. It
is likely that hyperactive glycolysis is involved in these pathways. For
example, excess glycolytic intermediates trigger ER stress [69] and
oxidative stress [70]. Furthermore, loss of B-cell identity leads to
increased glycolysis by disrupting key B-cell metabolic genes including
Slc2a2, Gek, Hk1, Hk2, and Ldha [42,71]. Recent evidence demon-
strates that FoxO1 suppresses glycolytic genes and thereby protects 3
cells from excess glycolysis and dysfunction [72—74]. These studies
further support the hypothesis that attenuation of hyperactive glycol-
ysis prevents the impairment of -cell function and identity.

Our study identifies Nmnat2 as a novel metabolic regulator in  cells.
Nmnat1-3 synthesizes NAD from NMN and ATP in distinct and mutually
exclusive subcellular compartments [75,76]. Nmnat2 localizes to the
cytoplasm and Golgi and regulates cytosolic NAD levels [77]. Previous
studies on Nmnat2 mostly focused on its role as a neuronal survival
factor [78]. NMNAT2 is also expressed in human islets [79], but its
function in islet cells has not been established. In normal 3 cells, at
physiological glucose concentrations, the combined activities of the
MA and GP shuttles are sufficient to allow stoichiometric re-oxidation
of cytosolic NADH to maintain glycolysis [80,81]. With aging or dia-
betes, the MA shuttle declines while the glycolytic flux is increased
(Figures 2B, C and 3C, 3D). When increased glycolytic flux exceeds the
net activity of the two shuttles, we observed that NAD generated by
lactate dehydrogenase and Nmnat2 contributes to the maintenance of
the cytosolic NAD pool. In line with this hypothesis, Nmnat2, Ldha, and
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136 flux to lactate were concurrently increased in aged islets, diabetic
islets, and Got1 KO cells (Figures 2B, C, 3C, D, and 5A, B). Given that
the induction of Nmnat2 and Ldha depends on glucose utilization
(Figure 6A, Supplementary Table 5), it is strongly suggested that al-
terations in cytosolic NAD metabolism parallel the increased glycolytic
flux.

We have also shown that increased Nmnat2 negatively regulates the
activities of Sirt1 and Parp1 in 3 cells (Figure 6F). Similar findings have
been reported by Ryu et al. in adipocyte differentiation; since NMNAT2
and nuclear isozyme NMNAT1 compete for NMN, the upregulation of
NMNAT2 leads to the depletion of nuclear NAD, which results in
decreased activity of nuclear NAD-dependent enzymes [28].

Sirt1 plays an essential role in GIIS [82]. A loss of Sirt1 activity has
been associated with the impairment of 3-cell function with aging [83]
and in diabetes [84]. In addition, it has been reported that Parp1
suppresses glycolysis by inhibiting Hk1 in neurons [85] and in cancer
cells [86], suggesting that decreased Parp1 activity contributes to
hyperactive glycolysis in B cells. Thus, our results indicate that
Nmnat2-mediated crosstalk between glucose metabolism and intra-
cellular signaling is involved in the impairment of B-cell function in
aging and diabetes.

It is also noteworthy that Nmnat2 expression and function is restricted
to dysfunctional B cells; no significant phenotype was observed by
Nmnat2 knockdown in parental B cells (Figure 6C—F). As such,
Nmnat2 suppression is a promising therapeutic approach allowing for
the selective modulation of dysfunctional 3 cells.

Although the present study identified the metabolic features shared in
common among multiple mouse models of aging and diabetes, some
of the findings may reflect strain differences.

First, glucose excursions were decreased in aged P1 compared with
young P1 and aged R1, despite the lack of increase in plasma insulin
levels or insulin sensitivity (Figure 1C and D, Supplementary
Figure 1D—H). Because SAMP1 displays nephropathic changes [87],
urinary glucose excretion may well be increased in aged P1. As the
glucagon levels are reduced in SAMP6 [88], counter-regulatory hor-
mones may also be involved.

Second, age-associated changes in insulin content were found to vary
with strain; R1 showed no change with aging, while P1 displayed
reduced insulin content from a young age, similarly to db/db mice
(Figures 1E and 3A). An age-dependent decrease was observed in the
other aging models (B6 and ob/ob) (Supplementary Figures 4E and 5E).
These differences may be associated with oxidative stress. It has been
reported that oxidative stress depletes insulin in diabetic B cells
[89,90] and is increased in various organs with aging [91]. In fact,
increased oxidative stress has been found in P1 from a young age
[18,20,21], which is consistent with the low insulin content (Figure 1E).
As R1 was interbred against the phenotypes of P1 [21], the mice may
be genetically resistant to oxidative stress.

Third, although glycolysis was increased in aged P1 islets compared
with young P1 islets, aged P1 islets showed no decline in Got?
expression or MA shuttle activity (Figure 2B, Supplementary Table 1).
In SAMP8, muscle cells increased their mitochondrial metabolism and
glucose uptake to adapt to oxidative stress [92]. A similar mechanism
may compensate for age-associated changes in NAD/NADH meta-
bolism in aged P1.

Fourth, NAD metabolism was partially different between aging mice
and db/db mice, with db/db mice showing less induction of Nmnat2
compared with aged mice (Figures 2D and 3D, Supplementary
Figure 8C) along with increased NADH (Figure 3C), as explained in
section 3.4. Excess NADH may be attributable to several factors.
Hyperglycemia-induced mitochondrial dysfunction may decrease
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NADH re-oxidation in db/db mice, as reported previously in islets of
[V59M, a nonobese diabetic mouse [93]. Moreover, Nmnat2 expres-
sion is positively correlated with age (Figure 2D, Supplementary
Figure 8C) and negatively correlated with adiposity and inflammation
[94]. Because the db/db mice were young (6—12 weeks) and showed
increased adiposity and inflammation [95], induction of Nmnat2 might
have been counteracted. To further clarify the link between aging and
diabetes, the impact of strain-specific pathophysiological factors such
as body composition and nutritional condition should be investigated in
future studies.

The question is whether age-associated changes in mouse P cells can
be extrapolated to humans. Assessment of B-cell function through
clinical measurements (such as OGTT and clamp tests) is challenging
and confounded by many factors in aging subjects [96]. Nonetheless,
clinical measurements indicate that both basal and glucose-stimulated
insulin secretion are reduced in elderly subjects as compared with that
in young subjects after controlling for insulin sensitivity [5,97,98].
Recent studies on GIIS from islets of elderly subjects are controversial,
since it was either diminished [8,99] or unchanged [6] compared with
that from islets of young subjects.

Thus, enhanced insulin secretion in aged mice [6—9] may not be
directly extrapolated to humans. However, there are reports of
increased basal insulin secretion [99], as well as reduced expression of
identity genes in aged human islets [7], suggesting that the age-
associated changes observed in mouse [ cells are relevant to
humans. Metabolically, some reports find reduced mitochondrial ac-
tivity in aged human islets as assessed by the ATP content [99] or
NAD(P)H utilization [8]. However, glycolysis in aged human islets re-
mains unexplored.

Hypersensitivity to glucose in aged [ cells leads to improved glucose
tolerance in aged mice (Figure 1B, Supplementary Figures 1E, 4B, and
5B). However, given the similarity between aged and diabetic 3 cells, it
is possible that persistent B-cell hyperfunction leads to B-cell failure
[3,100], as exemplified by the decline in GIIS in the 11-week-old db/db
mice (Figure 3B). Thus, the key question to ask is whether hyperactive
glycolysis determines age-associated B-cell dysfunction and promotes
the development of T2D. From an experimental viewpoint, it will
require longitudinal studies of rodent models that allow for the
manipulation of B-cell glucose metabolism and are subsequently in-
tegrated with glucose metabolism studies on aged human f3 cells.

In summary, our study demonstrates that increased glycolysis is a
metabolic commonality between aged and diabetic B cells and that
increased glycolysis induces B-cell dysfunction and loss of cellular
identity, which is restored by Nmnat2 knockdown. Thus, increased f3-
cell glycolysis is a key metabolic signature as well as a potential
therapeutic target in the pathophysiology of T2D.
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