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Nrf2 Regulates 3-Cell Mass by Suppressing 3-Cell
Death and Promoting 3-Cell Proliferation
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Finding therapies that can protect and expand functional
B-cell mass is a major goal of diabetes research. Here, we
generated pB-cell-specific conditional knockout and gain-
of-function mouse models and used human islet trans-
plant experiments to examine how manipulating Nrf2
levels affects p-cell survival, proliferation, and mass.
Depletion of Nrf2 in B-cells results in decreased glucose-
stimulated B-cell proliferation ex vivo and decreased
adaptive B-cell proliferation and B-cell mass expansion
after a high-fat diet in vivo. Nrf2 protects p-cells from apo-
ptosis after a high-fat diet. Nrf2 loss of function decreases
Pdx1 abundance and insulin content. Activating Nrf2 in a
B-cell-specific manner increases p-cell proliferation and
mass and improves glucose tolerance. Human islets
transplanted under the kidney capsule of immunocom-
promised mice and treated systemically with bardoxolone
methyl, an Nrf2 activator, display increased p-cell prolifer-
ation. Thus, by managing reactive oxygen species levels,
Nrf2 regulates -cell mass and is an exciting therapeutic
target for expanding and protecting p-cell mass in
diabetes.

A characteristic of all forms of diabetes is insufficient func-
tional B-cell mass. Therefore, to therapeutically expand
B-cell mass, several approaches have been explored, includ-
ing induced self-replication of B-cells and protection of
existing B-cells (1). Oxidative stress is a major mediator of
B-cell glucotoxicity and plays an essential role in the devel-
opment of type 2 diabetes (2). Indeed, chronic exposure of
B-cells to high levels of reactive oxygen species (ROS)
results in reduction of functional B-cell mass. If severe

enough, ROS stimulates 3-cell apoptosis through the mito-
chondrial “intrinsic” pathway by activation of the proapop-
totic members of the Bcl-2 family and by recruitment of
cytochrome C-mediated caspase 3 (3). Increased ROS may
also lead to defective glucose-stimulated insulin secretion
(GSIS) in P-cells by inhibiting glycolytic enzymes and
impairing the activity of potassium channels (4,5). Addi-
tionally, glucotoxic ROS decreases the expression of the
insulin gene by inhibiting the activity and levels of the duo-
denal homeobox factor 1 (Pdx1) and v-Maf musculoapo-
neurotic fibrosarcoma oncogene family, protein A (MafA),
transcription factors (6). Moreover, increased ROS acti-
vates the transcription factor FoxO1, which acts to inhibit
B-cell proliferation under these conditions (7). Therefore,
balancing ROS levels is critical for maintaining functional
B-cell mass in patients with diabetes.

Nuclear factor erythroid 2-related factor (Nrf2) is a
transcription factor that confers cell protection against
xenobiotic and oxidative stresses (8). During resting con-
ditions, Nrf2 is bound to its repressor, the Kelch-like
ECH-associated protein 1 (Keapl), which through the
cullin3-E3 ubiquitin ligase complex targets Nrf2 to pro-
teosomal degradation. Upon oxidative stress, critical cys-
teines in Keapl are oxidized, leading to disruption of
Keapl-Keapl homodimerization and Keapl-cullin3 inter-
action, all of which disrupt the ability of Keapl to target
Nrf2 for degradation. As a result, Nrf2 is phosphorylated
at Ser40 and translocates to the nucleus where it binds to
antioxidant response element sequences in the regulatory
regions of antioxidant target genes (8). Activation of Nrf2
protects B-cells against a variety of hazardous conditions,

"Diabetes, Obesity and Metabolism Institute, Icahn School of Medicine at Mount
Sinai, New York, NY

2Mindich Child Health and Development Institute, Icahn School of Medicine at
Mount Sinai, New York, NY

3Department of Environmental Health and Engineering, Johns Hopkins
University, Baltimore, MD

Corresponding author: Donald K. Scott, donald.scott@mssm.edu
Received 6 July 2021 and accepted 15 February 2022

This article contains supplementary material online at https://doi.org/10.2337/
figshare.19182224.

© 2022 by the American Diabetes Association. Readers may use this article
as long as the work is properly cited, the use is educational and not for
profit, and the work is not altered. More information is available at https:/
diabetesjournals.org/journals/pages/license.

s3ianlts 131sli



mailto:donald.scott@mssm.edu
https://doi.org/10.2337/figshare.19182224
https://doi.org/10.2337/figshare.19182224
https://diabetesjournals.org/journals/pages/license
https://diabetesjournals.org/journals/pages/license
http://crossmark.crossref.org/dialog/?doi=10.2337/db21-0581&domain=pdf&date_stamp=2022-04-08

990 Nrf2 and B-Cell Mass

including damage induced by oxidative stress, streptozo-
tocin, glucotoxicity, cholesterol, and cytokines. In addi-
tion, Nrf2 regulates B-cell mitochondrial biogenesis and
function (8). These findings suggest that loss of Nrf2
function might play an important role in the development
of diabetes. In agreement with this notion, genome-wide
association study analysis uncovered several mutations in
the Nrf2 pathway that are associated with type 2 diabetes
(9-11). Recently, we found that Nrf2 stimulates B-cell
proliferation in both rat insulinoma INS-1 cells and in pri-
mary pancreatic human islets (12). We therefore explored
the role of Nrf2 in preserving and expanding (3-cell mass
under diabetogenic-related stress conditions, and tested
whether activation of Nrf2 leads to increased proliferation
and expansion of [3-cell mass in vivo.

Here, we show that Nrf2 is rapidly activated by glucose
in vitro and necessary for glucose-regulated B-cell prolifera-
tion. In addition, depletion of Nrf2 in an inducible B-cell-
specific knockout (KO) mouse model results in impaired
high-fat diet (HFD)-induced adaptive (B-cell expansion due
to increased B-cell death and decreased B-cell proliferation
and insulin content. Conversely, genetic and pharmacologi-
cal Nrf2 gain of function increases mouse -cell prolifera-
tion and mass and improves glucose tolerance. Importantly,
pharmacological Nrf2 gain of function stimulates human
B-cell proliferation both ex vivo and in vivo. We conclude
that the antioxidant Nrf2 pathway is a novel target for pre-
serving and increasing functional (3-cell mass for the treat-
ment of diabetes.

RESEARCH DESIGN AND METHODS

Cell Culture

An INS-1-derived 832/13 rat insulinoma cell line was cul-
tured as previously described (12). Cells were grown in a
37°C incubator under a humidified atmosphere containing
5% CO..

RT-PCR

Total RNA was extracted from isolated B-cells using the
RNeasy Micro Kit (no. 74004; QIAGEN), and real-time
(RT)-PCR was performed as previously described (12). The
sequences of primers used for quantitative real-time PCR
are listed in Supplementary Table 1.

Mouse Lines

BNrf2KO and KeaplKO male mice were generated by
crossing MIP-CreER™™ mice (13) (Resource Research Iden-
tifier [RRID]: IMSR_JAX:024709) with Nrf2"* (14)
(RRID: IMSR_JAX:025433) or Keapl'™/** (15) (RRID:
MGI:4948839) mice, respectively. Keapl'®/'*-Nrf2'>/1*
male mice were generated by crossing Nrf2'”"* and Kea-
p1' " mice. BNrf2KO, BKeaplKO, and MIP-CreER™M
male mice were injected intraperitoneally for 5 consecutive
days with 75 pg/g tamoxifen (Tam) (no. T5648; Sigma-
Aldrich) dissolved in corn oil. All studies were performed
with the approval of and in accordance with guidelines
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established by the institutional animal care and use com-
mittee of the Icahn School of Medicine at Mount Sinai.

Adenoviruses and Reagents

Keapllox/lox_ N I_f210x/lox an d Keapllox/lox_N I,leox/lox mouse
islets were dispersed using 0.05% Trypsin-EDTA (no.
25300-054; Gibco), after which they were transduced
with adenoviral vectors encoding for Cre or LacZ at a mul-
tiplicity of infection of 150 in serum-free RPMI media for
2 h. After 2 h, the culture media were replaced with
serum-containing media as previously described (12).
Cells were treated with N-acetyl cysteine (NAC) (no.
A9165; Sigma-Aldrich), bardoxolone methyl (CDDO-Me)
(no. SMB00376; Sigma-Aldrich), sulforaphane (SEN) (no.
S4441; Sigma-Aldrich), or brusatol (no. AK128303; Ark
Pharm).

Human and Mouse Islets

Mouse islets were isolated after collagenase P (no. 11213865001;
Sigma-Aldrich) injection through the pancreatic duct, followed by
digestion and separation by density gradient using Histopaque-
1077 (no. 10771; Sigma-Aldrich), as previously reported (16).
Cadaveric human donor islets were received from the Integrated
Islet Distribution Program  (https://iidp.coh.org/overview.aspx)
and cultured as previously desaribed (12). Spedific details of
human islet donors are provided in Supplementary Table 2.
Both mouse and human islets were cultured in RPMI medium
(no. 11879-020; Gibco) supplemented with 5 or 20 mmol/L
D-glucose, 10% FBS (no. 35-011-CV; Coming), and 1% penidillin/
streptomycin (no. 15140-122; Gibco).

Immunostaining

For B-cell proliferation, dispersed islets or paraffin-embed-
ded pancreatic sections were immunostained with specific
Ki67 and insulin antibodies (Supplementary Table 3). The
percentage of Ki67-positive/insulin-positive events was cal-
culated from the total insulin-positive cells. For B-cell mass
and islet morphometry, an average of three insulin-stained
mouse pancreatic section samples were measured using
ImageJ software (National Institutes of Health). For mea-
suring oxidative stress levels in paraffin-embedded pancre-
atic sections, samples were immunostained with insulin
and an antibody that recognizes DNA and RNA oxidative
damage (Supplementary Table 3). The percentage of DNA/
RNA-positive/insulin-positive events was calculated from
the total insulin-positive cells.

Immunoblotting

Mouse islets (400 islet equivalents) were digested using
Pierce radioimmunoprecipitation assay buffer (no. 89900;
Thermo Fisher Scientific) supplemented with Halt Protease
and Phosphatase Inhibitor (no. 78443; Thermo Fisher Sci-
entific), followed by sonication (85% amplitude, 20 s on,
10 s off for a total of 5 min). Forty micrograms of total
protein extract from mouse islets was separated on 10%
SDS-PAGE and transferred to polyvinylidene fluoride
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membranes (no. IPVH00010; Millipore), and membranes
were incubated with primary antibodies (Supplementary
Table 3), followed by peroxidase-conjugated secondary anti-
bodies. Bands were visualized with Amersham ECL Western
Blotting Detection Reagents (no. RPN2209 for actin) and
the more sensitive Amersham Cytiva ECL Prime Blotting
Detection Reagents (no. RPN2232) for other proteins. Pro-
tein levels were quantified using Image J densitometry and
normalized to actin levels.

TUNEL Assay

TUNEL labeling was performed according to the manufac-
turer instructions, using the DeadEnd Fluorometric TUNEL
System (no. G3250; Promega). Samples were then immunos-
tained with insulin antibody (Supplementary Table 3). The
percentage of TUNEL-positive/insulin-positive events was
calculated from the total insulin-positive cells.

Detection of ROS in Live Cells

The cell-permeant 2’,7'-Dichlorodihydrofluorescein Diace-
tate (H,DCFDA) (also known as dichlorofluores cin diace-
tate) Reactive Oxygen Species Detection Kit (no. D399;
Molecular Probes, Invitrogen) was used to measure the
production of ROS in live cells after exposure to high-glu-
cose concentration. Generation of intracellular ROS was
measured by plate reader (excitation/emission 495/520
nm) according to the manufacture’s instructions.

Trypan Blue Viability Assay

Following treatment, INS-1 cells were stained with negative
stain Trypan blue (1:2 v/v) for 3 min at room temperature,
and live cells were counted under a light microscope.

Acute and Chronic HFD Feeding

Two- to 4-month-old BNrf2KO and BKeaplKO Tam- or
vehicle corn oil-injected mice were placed for 1 week or 1
month on a lard-based HFD (41% kcal from fat, no. TD
96001; Harlan Teklad) or a regular diet (RD) (13.1% kcal
from fat, Purina PicoLab 5053; LabDiet).

Glucose Homeostasis and Insulin Content

Blood glucose was determined by glucometer and plasma
insulin by ELISA (no. 10-1249-01; Mercodia). For intraperi-
toneal glucose tolerance tests, mice were fasted for 16 h
and then intraperitoneally injected with glucose at a dose of
2 g/kg p-glucose. Insulin tolerance tests were performed in
nonfasting conditions with intraperitoneally injected human
insulin (1.5 units/kg). GSIS and insulin content measure-
ments were performed as previously described (17,18).

Euglycemic Human Islet Transplantation Model

Five hundred human islet equivalents from five different
cadaveric donors were transplanted under the renal capsule of
five euglycemic 3- to 7-month-old NOD-SCID or Ragl ™/~
immunodefident mice as detailed previously (18). Animals
were allowed to recover for 17 days and then were randomly
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selected to be given daily intraperitoneal injections of 0.1, 1.0,
or 3.0 mg/kg CDDO-Me or vehicde (DMSO) for 7 days. Ani-
mals were then euthanized, and kidneys and pancreata were
harvested, fixed, embedded, sectioned, and immunostained for
insulin and Ki67 as described above.

Statistical Analysis

Data are presented as means + SE. Statistical analysis was
performed using unpaired two-tailed ¢ test, one-way ANOVA,
and two-way ANOVA with Tukey multiple comparison test.

Data and Resource Availability
All data generated or analyzed during this study are
included in the published article (and its online supplemen-
tary files). The mouse lines generated and/or analyzed dur-
ing the current study are available from the corresponding
author upon reasonable request.

RESULTS

Nrf2 Is Activated by Glucose Metabolism and ROS
Production in Pancreatic p-Cells

ROS is predominately generated by the mitochondria as a
by-product of increased glucose metabolism (8). Cells
exposed to high concentrations of glucose form ROS, which
stimulate nuclear translocation of Nrf2 and activation of
its transcriptional activity (19,20). Once Nrf2 is released
from Keapl binding, it is phosphorylated at Ser40 (local-
ized at the Keapl-binding site) and translocates to the
nucleus (8). Therefore, the use of Nrf2-Ser40 (Nrf2-p) anti-
body (Fig. 14) can be used to quantify the proportion of
nuclear Nrf2 as a surrogate of Nrf2 activation. To our
knowledge, the effect of increased glucose metabolism on
Nrf2 activation has never been studied in pancreatic
B-cells. INS-1 832/13 cells exposed to high concentrations
of glucose (20 mmol/L) presented increased ROS genera-
tion in <10 min (1.5-fold compared with control)
(Supplementary Fig. 1A) and increased nuclear staining of
Nrf2-p (Supplementary Fig. 1B). Interestingly, Nrf2 activa-
tion persisted even after 48-h incubation in high glucose.
However, addition of the antioxidant NAC blocked Nrf2
nuclear recruitment, suggesting that glucose increases Nrf2
nuclear levels by ROS formation (Supplementary Fig. 1C).
In addition, high glucose increased expression (sixfold) of
NAD(P)H quinone dehydrogenase 1 (Nqol), a known Nrf2
target in B-cells (12) (Supplementary Fig. 1D). Similar to
INS-1 832/13 cells, primary mouse (-cells displayed an
increase in Nrf2 nuclear staining in just 5 min of high glu-
cose (Fig. 1B).

Nrf2 Loss of Function Decreases Glucose-Stimulated
B-Cell Proliferation Ex Vivo

We then tested whether depletion of active Nrf2 affects
glucose-stimulated B-cell proliferation. Nrf2'"/'°* mice
(14) were used, wherein LoxP sites flank Nrf2 exon 5 that
encodes the Nehl domain, which includes sequences nec-
essary for DNA binding and for binding to sMaf, the Nrf2
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Figure 1—Nrf2 is necessary for glucose-stimulated -cell proliferation ex vivo. A: lllustration of the Nrf2 protein structure emphasizing the dele-
tion of exon 5, which expresses the Neh1 domain, in Nrf2'°"% mice. Nrf2 antibody (Nrf2 and Nrf2-p) epitopes are indicated. B: Islets from
C57BL/6 mice were isolated, dispersed, and incubated in 5.5 or 20 mmol/L glucose for 5 min, followed by immunostaining with insulin and
Nrf2-p antibodies. C and D: Dispersed Nrf2'®/° mouse islets were transduced with LacZ or Cre adenovirus and cultured in the presence of
20 mmol/L glucose for 48 h, followed by immunostaining using insulin and Nr2 (C) or insulin and Nrf2-p antibodies (D). E: Dispersed Nrf2'o/1ox
islets were incubated with 20 mmol/L glucose for 48 h, followed by RNA isolation. F and G: mMRNA expression of Nrf2 and known Nrf2 target
genes was measured. Dispersed Nrf2'2%° mouse islets were transduced with LacZ or Cre adenovirus and incubated with 50 nmol/L brusatol
(Bru) or vehicle (100% ethanol) in the presence of 5.5, 11, or 20 mmol/L glucose for 48 h, followed by immunostaining using insulin and Ki67
antibodies. Percentage of Ki67-positive and insulin-positive cells was then calculated. H: Mouse islets were incubated with 50 nmol/L Bru or
vehicle in the presence of 20 mmol/L glucose for 48 h, followed by immunostaining with insulin and Nrf2 antibodies. / and J: Dispersed
N2’ mouse islets were transduced with adenoviruses expressing either LacZ or Cre and cultured in the presence of 20 mmol/L glucose
for 48 h, followed by TUNEL assay. The percentage of insulin- and TUNEL-positive cells was calculated. K: Nrf2'°1°% islets transduced with
LacZ or Cre adenovirus were incubated in 20 mmol/L glucose for 24 h, followed by RNA extraction. Expression of cell-cycle regulator genes
was measured by RT-PCR. Data are mean + SEM. *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.0001.
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obligatory heterodimer partner (21). The Nehl domain
contains one nuclear localization signal and one nuclear
export signal (22-24). Deletion of exon 5 in Nrf2 (con-
firmed by loss of fluorescence from an antibody that rec-
ognizes the Nehl domain [Fig. 1A and C]), did not
prevent Nrf2 nuclear translocation (detected by Nrf2-p
antibody [Fig. 1A and D]). However, the deletion of Nrf2
exon 5 rendered Nrf2 inactive, as we found a 70%
decrease in the Nehl domain (Fig. 1E) and a significant
reduction in the expression of known Nrf2 target genes,
including Ngol, heme oxygenase (Hol), glutamate-cyste-
ine ligase catalytic subunit (Gclc), catalase (Cat), superox-
ide dismutase (Sodl and Sod2), glutathione peroxidase
(Gpx1), thioredoxin-1 (Trx1), and thioredoxin reductase
(Txnrdl) (8,25,26). To test whether Nrf2 regulates the
mitogenic effect of glucose in B-cells, isolated Nrf2'*/1*
islets were treated with a control adenovirus (LacZ) or
Cre adenovirus to remove Nrf2 exon 5 (encoding the
DNA-binding domain) and then incubated with 5.5, 11,
or 20 mmol/L glucose for 48 h. Incubation with 20
mmol/L glucose increased control B-cell proliferation
from ~0.1% for 5.5 mmol/L glucose to ~1.3%, an effect
that was lost after depletion of active Nrf2 (Fig. 1F and
G). This result was confirmed using brusatol, a natural
quassinoid that blocks Nrf2 protein translation (27) (Fig.
1G and H and Supplementary Fig. 1E and F). Thus, Nrf2
is necessary for glucose-stimulated B-cell proliferation in
mice.

Nrf2 was previously shown to protect -cells against glu-
cotoxicity (8). Therefore, we investigated whether Nrf2 loss
of function decreases B-cell survival under high-glucose con-
centration. As expected, removal of Nrf2 had 27-fold more
TUNEL-positive B-cells compared with control cells cultured
in 20 mmol/L glucose (Fig. 1I and J). Thus, the presence of
Nrf2 protects B-cells from cell death elicited by the ROS
generated from high concentrations of glucose.

To investigate further, mouse Nrf2'”** islets were iso-
lated, treated with LacZ or Cre adenovirus, and cultured
in 20 mmol/L glucose. After 24 h, RNA was extracted,
and the expression of cell-cycle regulators was measured.
Depletion of Nrf2 decreased expression of cyclin El, a
cyclin that regulates cell transition from the G1 to S
phase during cell division (28), and cyclin-dependent
kinase 1 (Cdk1), Cdk2, and Cdk4, which are essential for
cell-cycle progression (29) (Fig. 1K). No changes of cyclin
E1 were observed at the protein level (data not shown),
yet it might be that 24 h of incubation was not the opti-
mal time point for detecting such changes. Together,
these correlative results are consistent with a role for
Nrf2 in cell-cycle regulation.

Nrf2 Is Necessary for HFD-Mediated Adaptive p-Cell
Mass Expansion

Mice were fed an HFD or RD for 1 week to test whether
the Nrf2 pathway is activated in response to hypercaloric
conditions. Mice fed an HFD displayed increased Nrf2
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levels in B-cells (3.3-fold) compared with RD-fed mice (Fig.
2A and B). Additionally, HFD-fed mice displayed increased
expression of the Nrf2 target gene, Ngol (Fig. 2C), con-
firming that Nrf2 is activated in mouse [B-cells under
hypercaloric conditions in concert with a previous report in
rats (30). Interestingly, we saw no change in Keapl levels
when comparing RD- and HFD-fed mice (Supplementary
Fig. 2A), suggesting that activation of Nrf2 is not due to
changes in Keapl expression.

To test the role of Nrf2 in HFD-mediated adaptive
B-cell proliferation, we established a Tam-inducible (3-cell-
specific Nrf2 loss-of-function mouse model by crossing
MIP-CreER™M mice (13) with Nrf2'”'* mice (14), named
here BNrf2KO mice. BNrf2KO mice were injected with
corn oil (vehicle) or Tam, followed by a recovery period
after which they were fed for 1 week with RD or HED (Fig.
2D). Immunostaining of the pancreata from HFD-fed
BNrf2KO mice using Nrf2 and insulin antibodies (Fig. 2E
and F) showed that Tam-injected, HFD-fed mice had a
60% reduction in Nrf2 levels in B-cells compared with
vehicle control mice, confirming the deletion of Nrf2 exon
5 in B-cells. Immunoblotting verified this deletion at the
protein level, showing a reduction of 3.2-fold compared
with vehicle control (Fig. 2G and H).

Mice fed an HFD for 1 week have increased 3-cell prolif-
eration as an adaptive response to increased insulin demand
(31). As expected, feeding control mice an HFD for 1 week
increased B-cell proliferation eightfold compared with RD-
fed mice (Fig. 2I and J). Similar results were observed in
MIP-CreER™M control mice (Supplementary Fig. 2B). How-
ever, this adaptive increase of B-cell proliferation was abol-
ished in Tam-injected BNrf2KO mice (Fig. 2I and J),
demonstrating the necessity of Nrf2 for HFD-stimulated
B-cell proliferation.

Our results showed that reducing Nrf2 in (-cells under
metabolic stress resulted in decreased insulin staining
intensity compared with control (Fig. 1C, D, F, H, and I
and Supplementary Fig. 3A and B), raising the possibility
that Nrf2 depletion affects B-cell insulin content. To test
this hypothesis, mouse Nrf2'/'** islets were isolated and
cultured in 20 mmol/L glucose for 48 h. Cells were har-
vested, and insulin content was measured. Cre-expressing
Nrf2'"/°* jslets had a 40% reduction in insulin content
(Supplementary Fig. 3C). Concordantly, Tam-injected
BNrf2KO mice, which were fed an HFD for 1 week, pre-
sented with a 35% decrease in insulin content compared
with vehicle control mice (Fig. 2K and L). The same
results were found using a different source of insulin anti-
body (data not shown). On the basis of these findings, we
analyzed the expression of B-cell identity genes in
BNrf2KO islets and found a significant reduction in the
expression of Ins2, Pdx1, Glut?, and Nkx6.1 in Tam-in-
jected BNrf2KO mice compared with vehicle control mice
fed an HFD (Fig. 2M). Reduced levels of Pdx1 were also
observed in pancreata after depletion of Nrf2 (Fig. 2N
and O). Similar to BNrf2KO, in Nrf2' 1% iglets, a
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Figure 2—Nrf2 is necessary for HFD-adaptive 3-cell proliferation in vivo. A and B: C57BL/6 mice were fed an HFD or RD for 1 week, after which
their pancreata were removed, embedded, and immunolabeled with insulin and Nrf2 antibodies (inset magnification 3.5x). Percentage of Nrf2-
and insulin-positive cells was calculated. C: Pancreata from C57BL/6 mice fed an RD or HFD for 1 week were immunolabeled with insulin and
Ngo1 antibodies. D: MIP-CreER™M/Nrf2'°/* mice were crossed to generate BNrf2KO mice, which were injected daily for 5 days with Tam or
vehicle (Veh) (corn oil), followed by 5 days of recovery and 1-week feeding with HFD or RD. E and F: Pancreata from BNrf2KO mice fed an HFD
for 1 week immunolabeled with insulin and Nrf2 antibodies (inset magnification 7.5x). Percentage of Nrf2- and insulin-positive cells was calcu-
lated. G and H: Islet protein extracts from BNrf2KO mice fed an HFD for 1 week were immunoblotted against Nrf2 and actin antibodies. Nrf2 lev-
els were then quantified using densitometry. / and J: Pancreata from BNrf2KO mice fed an RD or HFD for 1 week were immunolabeled with
insulin and Ki67 antibodies. Percentage of proliferation in insulin-positive cells was then calculated. K: Pancreata from BNrf2KO mice fed an HFD
or RD for 1 week were immunolabeled with insulin. L: Islets from BNrf2KO mice fed an RD or HFD for 1 week were assayed for insulin
content normalized to DNA content. M: Islets were isolated from BNrf2KO mice fed an HFD or RD for 1 week, RNA was extracted, and
expression of B-cell identity genes was measured. N and O: Pancreata from BNrf2KO mice fed an HFD for 1 week were immunolabeled
with insulin and Pdx1 antibodies. Percentage of Pdx1 nuclear-positive/insulin-positive cells was calculated. Data are mean + SEM. *P
< 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.0001.
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reduction in Pdx1 expression was observed in Cre-ex-
pressing islets compared with control (Supplementary Fig.
3D). Thus, deletion of Nrf2 in B-cells under metabolic
stress leads to decreased insulin expression and content.

Adaptive proliferation in response to an HFD leads to
significantly increased (-cell mass after 2-4 weeks (32). To
test whether depletion of Nrf2 affects adaptive -cell mass
expansion, vehicle or Tam-injected BNrf2KO mice were
placed on an HED or RD for 29 days, and B-cell mass was
measured. Depletion of Nrf2 impaired adaptive expansion
of B-cell mass (Fig. 3A and B). Furthermore, Tam-injected
BNrf2KO mice did not display an increase in total islet
number (1.7-fold) seen when control mice were fed an
HFD (Fig. 3C). Moreover, Nrf2-depleted HFD-fed mice dis-
played a 35% decrease in the largest islets, with no change
in the number of smaller islets, compared with control
mice (Fig. 3D). Thus, Nrf2 is required for the expansion of
larger islets after an HED.

Nrf2 promotes B-cell survival under various stresses (8).
Therefore, we investigated whether Nrf2 loss of function
attenuates HFD-adaptive B-cell expansion by decreasing
B-cell survival. Tam-injected BNrf2KO mice on an HFD
had 18.8-fold more TUNEL-positive B-cells compared with
control mice on an HFD (Fig. 3E and F). In addition,
immunostaining using an antibody against the DNA/RNA
oxidative damage marker showed a 6.2-fold increase in oxi-
dative stress in [B-cells depleted of Nrf2 compared with
control mice fed an HFD (Fig. 3G and H). Thus, the pres-
ence of Nrf2 protects B-cells from the increased oxidative
stress and cell death elicited by an HFD.

Vehicle control BNrf2KO mice fed an HFD had increased
plasma insulin levels (5.1-fold) compared with mice fed an
RD (Fig. 3I). However, the increase in insulin levels was
attenuated in HFD-fed Nrf2-depleted BNrf2KO mice.
Accordingly, a significant reduction in glucose tolerance (Fig,
3J and K) and an increase in nonfasting blood glucose levels
(Fig. 3L) were observed in Tam-injected mice compared with
control mice fed an HFD. No significant changes in body
weight or fasting blood glucose were observed in Nrf2-
depleted mice compared with control mice on an HFD
(Supplementary Fig. 4A and B). No differences were
observed in GSIS, suggesting that B-cell function of HFD-
fed Nrf2-depleted BNrf2KO mice was not hampered
(Supplementary Fig. 4C). Additionally, no significant changes
in insulin sensitivity were observed (Supplementary Fig. 4D
and E), indicating that the effects on glucose tolerance were
not due to defective insulin signaling. Thus, Nrf2 is neces-
sary for adaptive expansion of (-cell mass, which is neces-
sary for maintaining glucose homeostasis after an HFD.

Nrf2 Gain of Function Increases p-Cell Proliferation

Ex Vivo

We tested whether Nrf2 gain of function stimulates (-cell
proliferation. Under nonstressful conditions, Nrf2 levels
are low through interaction with Keapl, which targets
Nrf2 to proteosomal degradation (33). Therefore, to
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increase Nrf2 levels, we used Keap1* mice in which
LoxP sites flank Keapl exons 2 and 3. In this model, Cre-
mediated recombination results in a nonfunctional Keapl
protein (15). Islets from Keaplk’X/lox were isolated, cultured
in 5.5 mmol/L glucose, and transduced with adenoviruses
expressing either LacZ (control) or Cre recombinase. Cre-
expressing islets had a 90% decrease in Keapl RNA expres-
sion concomitant with increased expression of Nrf2 target
genes (Fig. 4A) and increased levels of nuclear Nrf2-p (Fig.
4B), consistent with Nrf2 activation. The same islets dis-
played a nearly sevenfold increase in B-cell proliferation,
comparable to treatment with 20 mmol/L glucose (Fig. 4C
and D).

To investigate further, RNA was extracted from LacZ- or
Cre-transduced Keapll‘”‘/10X islets, and expression of cell-
cycle regulators was measured. Keapl deletion significantly
increased expression of cyclins Al, D1, and Cdk4, in con-
cordance with increased 3-cell proliferation. Keapl deletion
also significantly increased expression of the cell-cycle
inhibitor p21 (Fig. 4F), which under certain conditions pro-
motes cell proliferation (34). Additionally, Keapl deletion
resulted in increased Pdx1 expression (Fig. 4F).

Although Keapl is the canonical inhibitor of Nrf2, sev-
eral other proteins bind Keapl (35-38). Therefore, to con-
firm that Nrf2 activation was Keapl specific, we generated
double-KO mice (KeapllOX/l"X—NerbX/lox) in which both
Keapl and Nrf2 are deleted by Cre recombinase (Fig. 4G).
As expected, deletion of Keapl resulted in increased B-cell
proliferation (4.1-fold), but there was no increased prolifer-
ation when both Keapl and Nrf2 were deleted (Fig. 4H).
Additionally, the increase of cyclins Al and D1 seen in the
Cre-transduced Keap1'®/*
additional deletion of Nrf2 and was accompanied by a sig-
nificant reduction in expression of cyclins B1, D2, and E1
(Fig. 4I). Thus, deletion of Keapl increases -cell prolifera-
tion because of activation of the Nrf2 pathway.

In cancer cells, Nrf2 supports cell proliferation by induc-
ing genes that produce NADPH and drive purine nucleotide
synthesis, both needed for dividing cells (39-41). These
genes include glucose-6-phosphate dehydrogenase (G6pd)
and phosphogluconate dehydrogenase (Pgd) of the pentose
phosphate pathway, and isocitrate dehydrogenase 1 (Idh1).
We found that depletion of Keapl increased expression of
Pgd (4.3-fold) and Idhl (1.6-fold), which was significantly
lower when both Keapl and Nrf2 were deleted (Fig. 4J).
Taken together, these results suggest that Nrf2 supports
B-cell proliferation in part by increasing NADPH levels.

islets was blunted after the

Nrf2 Gain of Function Increases B-Cell Mass In Vivo

Conditional B-cell-specific Keapl KO mice were generated
by crossing MIP-CreER™™ mice with Keap'™/'** mice to
obtain BKeaplKO mice (13,15) (Fig. 5A). Deletion of
Keapl in Tam-injected mice resulted in a 92% decrease of
Keapl mRNA and (Fig. 5B) and 68% decrease in Keapl
protein levels (Fig. 5C and D). In contrast, Keapl deletion
led to a 4.4-fold increase in B-cell Nrf2 immunostaining
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Figure 3—Nrf2 is necessary for HFD-mediated B-cell mass expansion. Pancreata from BNrf2KO mice fed an RD or HFD for 29 days were
immunolabeled for insulin. A and B: B-Cell mass and islet morphometry were determined (magnification 10x, inset 30x). C: Total islet num-
ber per pancreas area. D: Islet size was divided into four groups, including extrasmall (XS) (<1,000 um?), small (S) (1,001-2,200 wm?),
medium (M) (2,201-4,400 um?), and large (L) (>4,400 um?), and islet numbers per pancreas area were calculated. £ and F: Percentage of
apoptotic insulin-positive cells was calculated using a TUNEL assay in pancreata from HFD-fed BNrf2KO mice. G and H: Pancreata from
BNrf2KO mice were immunolabeled for insulin and DNA/RNA oxidative damage markers. DNA/RNA oxidative damage marker—positive/
insulin-positive cells were calculated. /: Plasma insulin was measured from BNrf2KO mice after 29 days of HFD or RD feeding. J and K:
Intraperitoneal glucose tolerance test performed in BNrf2KO mice after an overnight fast. Area under the curve (AUC) was calculated. L:
Nonfasting blood glucose. Data are mean + SEM. *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.0001. Veh, vehicle.



diabetesjournals.org/diabetes

Baumel-Alterzon and Associates 999

G H
+
DNA/RNA Oxidative %’ 25.0 - BNrf2KO
Damage Marker Insulin Dapi ©
E * %
4] 20.0 o
g *%
€, oo
HFD-Veh 8 £ 150 a
Q>
22 .
® = 100
K] o
X
o .
<« 5.0 -
HFD-Tam é A
< 0.0 ate H
a & & &
RD HFD
800
3.0, BNrf2KO
*
- * = v Veh-RD
= - 3 600 o Tam-RD
2 g - Veh-HFD
< 2.0 dok sk k g #® Tam-HFD
? 8 4001
£ 3
© o
E 1.0 3
8 3 200
L]
o o o §
o
0.0 | J I g |
& S & & 0 15 30 45 60 75 90 105 120
Time (Min)
RD HFD
K L
80000 BNrf2KO . =
700001 3 500, BNrf2KO
£ *
60000' N g 400_ *kkk
500001 S
(&) —
240000{ *e °© © 3001
< —— i 3 -
300001 =] =ao 2 200{ =S
20000 . 2
2 1001
10000 8
[=
0 T 2 0 T T
& & &S
RD HFD RD HFD

Figure 3—Continued




1000 Nrf2 and B-Cell Mass Diabetes Volume 71, May 2022

A Keap1 lox/lox B

. . Nrf2-p Insulin Dapi

12.07 % * % * * *
¥ x LacZ Cre
§ 100 % -
%g 8.01 : . - ] :
o c . .
X @©
55 60 : ]
8z .
TE a0 "
£~ .
5 % u E H
Z 2.0 E . . '
[0 U4 Ty T 1
NN DN O QAN DN AN lox/lox
AR IR( JROEO I AR AR O Keap1
{g,‘?' & TFE LR C:seéﬂ/&qj;\q' 10.01 P
A * N
8.0 0.07
- . . + :
C Ki67 Insulin Dapi D = —
=
LacZ Cre 2 60 .
3
© 4.0
X °
=S °le
2.0 °
0.0 [ T I T
4% < 4
,bo 0& 09
Keap1 lox/lox v 0\\,0

6.0+ ‘19
* * * *
c * *
9 .
? —
) i .
% o 4.0 . .
njp : .
- O . . - . . .
g E . - ] L . . . .
Tgé 20{ g - -* . *
5
p . 1E
VNV PANTCT L AGATAS
SREGEOOK eoo“g,o*c‘,o‘l‘ AR EERLRY

000000000

Figure 4—Genetic Nrf2 gain of function increases B-cell proliferation ex vivo. Dispersed Keap1'®/°% islets were transduced with Cre- or LacZ-
expressing adenoviruses. A: After 72 h, RNA was isolated, and mRNA for Keap1, Nrf2, and known Nrf2 target genes were measured. B and C:
Keap1'°"/'°X islets were transduced with LacZ- or Cre-expressing adenoviruses and immunolabeled with insulin and Nrf2-p or insulin and Ki67
antibodies. D: Percentage of proliferating insulin-positive cells was calculated. E and F: Keap1 loxflox is|ets were isolated and transduced with Cre
or LacZ adenoviruses. After 24 h, RNA was extracted, and the expression of cell-cycle regulators or 3-cell identity genes was measured. G:
Keap1'”’°* mice were crossed with Nrf2'°/* to make double-KO Keap1'®/*-Nrf2'o/°% mice. H-J: Keap1'®/*-Nrf2'o/°% or Keap1'/°* islets
were isolated, transduced with Cre or LacZ adenoviruses, and stained for insulin and Ki67 (H) or were extracted for RNA and measured for
expression of cyclins (/) and Nrf2 target gene (J) that produce NADPH. Percentage of Ki67-positive and insulin-positive cells was calculated.
Data are mean = SEM. *P < 0.05, **P < 0.005, ****P < 0.0001 compared with LacZ controls; #P < 0.0001 Cre-treated Keap1'>/1o*-Nrf2!o¥/1ox
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Figure 5—Genetic Nrf2 gain of function increased B-cell proliferation and mass in vivo. A: MIP-CreE and Keap mice were
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ery and 1 week on an RD. B: Islets were isolated from fKeap1KO mice, RNA was extracted, and Keap1 expression was measured. C and
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using densitometry. E and F: Pancreata from BKeap1KO mice were removed, embedded, and immunolabeled with insulin and Nrf2 anti-
bodies (inset magnification 7.5x). Percentage of Nrf2-positive/insulin-positive cells was calculated. G and H: Islet protein extracts from
BKeap1KO mice were immunoblotted against Nrf2 and actin antibodies. Nrf2 levels were then quantified using densitometry. / and J: Pan-
creata from BKeap1KO were immunolabeled with insulin and Ki67 antibodies, and the percentage of cells positive for both Ki67 and insulin
was calculated. K and L: Islet protein extracts from BKeap1KO mice were immunoblotted against cyclin D1 and actin antibodies. Cyclin D1
levels were then quantified using densitometry. M-P: BKeap1KO pancreata from Tam- or Veh-treated mice were immunolabeled with insulin.
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R: BKeap1KO mice were fed an RD or HFD for 29 days. Their pancreata were immunolabeled for insulin, and B-cell mass was calcu-
lated (magnification 10x, inset 15x). S and T: Intraperitoneal glucose tolerance testing was performed in BKeap1KO mice fed an RD
or HFD for 29 days after an overnight fast. Area under the curve (AUC) was calculated. Data are mean + SEM. *P < 0.05, **P < 0.005,
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levels (Fig. 5E and F) and a threefold increase in Nrf2 pro-
tein levels (Fig. 5G and H) compared with control mice.
Additionally, Tam-injected 3Keap1KO mice had a 4.6-fold
increase in B-cell proliferation compared with control
mice (Fig. 5] and J) and 4.9-fold increase in cyclin D1 pro-
tein levels (Fig. 5K and L). Thus, increasing Nrf2 abun-
dance stimulates B-cell proliferation both ex vivo and
in vivo.

To test whether Nrf2 gain of function in vivo increases
B-cell mass, pancreata from 3KeaplKO mice were immu-
nostained with an insulin antibody to perform (-cell his-
tomorphometry. Deletion of Keapl for 1 month resulted
in increased B-cell mass (1.5-fold), increased total number
of islets (1.3-fold), and increased numbers of extrasmall
(1.7-fold) and large (1.3-fold) islets (Fig. SM-P). These

findings indicate that Nrf2 gain of function increases
B-cell mass by increasing (3-cell proliferation and increas-
ing the number of islets.

To test whether Nrf2 gain of function in vivo improves
glucose homeostasis after an HFD, BKeaplKO mice were
placed on an HFD or RD for 29 days, and -cell mass was
measured. Deletion of Keapl significantly increased the
expansion of B-cell mass in mice fed an HED (1.6-fold)
(Fig. 5Q and R). Furthermore, Tam-injected BKeaplKO
mice displayed increased glucose tolerance (Fig. 5S and T).
No differences were observed in blood glucose, plasma insu-
lin, body weight, or insulin sensitivity (Supplementary Fig.
5A-F). These findings indicate that by increasing (-cell
mass, Nrf2 gain of function improves glucose tolerance
after an HFD.
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Figure 5—Continued

Pharmacological Stimulation of Nrf2 Increases 3-Cell
Proliferation In Vitro and In Vivo

The synthetic triterpenoid CDDO-Me disrupts Keapl:Nrf2
interaction and activates the Nrf2 antioxidant pathway
(42). Interestingly, CDDO-Me time and dose dependently
increased INS-1 832/13 cell number compared with vehicle
control (Supplementary Fig. 64). Additionally, 20 nmol/L
CDDO-Me increased Nrf2-p immunostaining in INS-1 832/
13 cells after 50 min of incubation (Supplementary Fig. 6B)
and increased the expression of Nrf2 target genes in pri-
mary C57BL/6 mouse islet cells (Supplementary Fig. 6C),
validating Nrf2 activation under these conditions. Interest-
ingly, similar to Keapl deletion, addition of CDDO-Me to
primary C57BL/6 mouse islets increased the expression of
the B-cell identity gene Pdx1 (Supplementary Fig. 6D).

These findings prompted us to test whether pharmaco-
logical activators of Nrf2 would stimulate primary murine
and human B-cell proliferation. Like CDDO-Me, the broc-
coli-extracted isothiocyanate SEN is also an Nrf2 activator
that targets Keapl (43). Treatment with either 20 nmol/L
CDDO-Me or 20 nmol/L SEN in 5.5 mmol/L glucose
increased mouse B-cell proliferation compared with vehicle
control (6.5- and 5.1-fold, respectively) to levels comparable
to high (20 mmol/L) glucose (Fig. 6A and B). Moreover,
deletion of Nrf2 in Nrf2'"* mouse islets blocked CDDO-
Me- and SEN-stimulated (-cell proliferation (Fig. 6C), indi-
cating that these compounds stimulate (-cell proliferation
by activation of Nrf2. Importantly, cadaveric human islets
treated with either 20 nmol/L CDDO-Me or 20 nmol/L SFN
also displayed increased (-cell proliferation (6.4- and 6.6-
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Figure 6—Pharmacological gain of Nrf2 function increases mouse and human B-cell proliferation. A and B: C57BL/6 mouse islets were
isolated, dispersed, and incubated with increasing doses of CDDO-Me or SFN for 72 h, followed by immunostaining with insulin and Ki67
antibodies. Percentage of Ki67 and insulin double-positive cells were calculated. Islet cells treated with 20 mmol/L glucose were used as a
positive control. C: Dispersed Nrf2'/'°* mouse islets were incubated with 20 nmol/L CDDO-Me or 20 nmol/L SFN for 72 h, followed by
immunostaining using insulin and Ki67 antibodies. Percentage of proliferation in insulin-positive cells was calculated. D and E: Human
islets were incubated with 20 nmol/L CDDO-Me or 20 nmol/L SFN for 72 h, followed by immunostaining with insulin and Ki67 antibodies.
Percentage of insulin- and Ki67-positive cells was calculated. F: A TUNEL assay was performed on human islets treated as shown. Per-
centage of cells positive for both TUNEL and insulin was calculated. G: Immunodeficient mice were transplanted with 500 human islets
under the kidney capsule. After a 17-day recovery, daily intraperitoneal injections were made with the indicated doses of CDDO-Me for 1
week. H-K: The pancreata (H and /) and kidney grafts (J and K) were immunostained with insulin and Ki67. Percentage of insulin- and
Ki67-positive cells was calculated. Data are mean + SEM. *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.0001.
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Figure 7—Nrf2 increases B-cell mass by increasing survival and promoting p-cell proliferation. Glucose metabolism generates ROS in
B-cells, which changes Keap1 conformation, decreases Nrf2:Keap1 interaction and proteolytic degradation, and increases Nrf2 abun-
dance and transcriptional activity. CDDO-Me also activates Nrf2 by inhibiting Keap1. Nrf2 target genes include antioxidant enzymes and
enzymes that produce NADPH, which is used by antioxidant enzymes to protect B-cells from ROS and as reducing equivalents for synthe-
sis of RNA, DNA, and membrane in proliferating cells. Activation of Nrf2 is also associated with increased expression of cell-cycle regula-
tors (mainly cyclin D1) and increased insulin content. Thus, the combined actions of Nrf2, protection from apoptosis, and increased
proliferation lead to increased B-cell mass. Ub, ubiquitin. Reprinted with permission from J. Gregory (Mount Sinai Health System).

fold, respectively), similar to high glucose (Fig. 6D and E).
CDDO-Me and SEN at these concentrations did not induce
human {3-cell death, as seen by TUNEL assay (Fig. 6F).

We next tested the effect of a systemic in vivo adminis-
tration of CDDO-Me on both mouse and human B-cell
proliferation. For this purpose, euglycemic immunodefi-
cient mice were transplanted with 500 human islets
under the kidney capsule. After 17 days of recovery, mice
were injected intraperitoneally daily with increasing doses
of CDDO-Me for 7 days, after which mouse pancreata
and kidneys containing the grafts were harvested (Fig.
6G). Daily injection with 3 mg/kg CDDO-Me stimulated
mouse B-cell proliferation (29.5-fold) (Fig. 6H and I).
More importantly, daily injection with 1 mg/kg CDDO-
Me significantly and markedly stimulated human B-cell
proliferation (3.9-fold) compared with vehicle-treated
transplanted mice (Fig. 6J and K). These concentrations
of CDDO-Me did not induce human B-cell death as seen
by TUNEL assay (Supplementary Fig. 6E). Thus, pharma-
cological activation of Nrf2 leads to rodent and human
B-cell proliferation in vivo.

DISCUSSION

Nrf2 is a master regulator of transcriptional programs
designed to protect cells from oxidative stress. Whereas it is
well established that activation of the Nrf2 pathway pro-
tects B-cells from a variety of metabolic stresses (8), here
we add to these observations by demonstrating a pivotal
role for Nrf2 in the regulation of B-cell mass. Our study

reveals a number of novel findings, including that 1) glu-
cose rapidly activates Nrf2 in INS1 cells and primary B-cells;
2) Nrf2 is necessary for glucose-stimulated (3-cell prolifera-
tion and for adaptive B-cell proliferation, adaptive expan-
sion of B-cell mass, and protection from cell death in mice
fed an HED; 3) Nrf2 is necessary to maintain insulin con-
tent; and 4) activation of Nrf2 is sufficient to increase
B-cell proliferation and (-cell mass and improve glucose tol-
erance after an HFD in mice and human B-cell proliferation
in vitro and in vivo. Thus, our data support the notion that
Nrf2 is crucial for the regulation of 3-cell mass (Fig. 7).

We found that exposure of -cells to high glucose results
in increased Nrf2 nuclear localization and transcriptional
activation. Thus, Nrf2 joins a growing list of glucose-
responsive transcription factors in P-cells that increase
transactivation capacity in response to increased glucose
metabolism, including ChREBP, MondoA, and Myc (44).
ChREBP and MondoA are activated by binding metabolites
of glycolysis, likely glucose-6-phosphate (45), and Myc is
stabilized by phosphorylation and phosphatase cascades
initiated from glucose metabolism (44). Nrf2 is activated
by increased production of ROS, which is generated mostly
in the mitochondria as a by-product of increased glucose
metabolism (8). Bollong et al. (46) found that methyl-
glyoxal, a metabolite of glycolysis, forms covalent modifica-
tions on Keapl cysteine C151, leading to dimerization and
Nrf2 activation. We cannot rule out methylglyoxal as a
mediator of Nrf2 activation in B-cells. However, methyl-
glyoxal itself can also generate ROS in B-cells (47). None-
theless, increased glycolysis activates Nrf2.
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By use of a B-cell-specific conditional KO model, we
found that Nrf2 is necessary for glucose-stimulated -cell
proliferation in vitro and for adaptive proliferation and
expansion of B-cell mass in response to an HFD in vivo.
These results are consistent with and extend our previous
results demonstrating that Nrf2 is activated in response to
overexpression of ChREBPa, leading to increased anabolic
metabolism, mitochondrial activity, and glucose-stimulated
B-cell proliferation (12). Adaptive P-cell proliferative
expansion is a result of a sustained, increased demand for
insulin, resulting in increased metabolic workload (48). As
a master transcriptional regulator of redox balance, Nrf2 is
uniquely positioned to support B-cell proliferation. Target
genes of Nrf2 include antioxidant enzymes that protect
B-cells from the increased oxidative stress brought about
by increased mitochondrial activity and anabolic metabo-
lism necessary for manufacturing the biomass needed to
create daughter cells in the process of cell division (8). It
follows that we found an increase in the expression of anti-
oxidant enzyme genes and genes that produce NADPH,
providing reducing power for the antioxidant enzymes and
for producing nucleotide and membrane phospholipid syn-
thesis (40,49). Thus, Nrf2 promotes adaptive proliferation
by orchestrating programs of gene expression that support
the anabolic workload of dividing cells as well as providing
protection from the oxidative stress derived from a hyper-
caloric diet and cellular replication.

Chronic exposure of B-cells to high levels of ROS
results in B-cell malfunction and apoptotic cell death (8).
Several researchers have found that activation of Nrf2
protects or reverses damage caused by oxidative stress in
B-cells (8). For example, Abebe et al. (30) placed female
fatty Zucker rats on an HED for 9 days, resulting in robust
oxidative damage and the beginnings of (-cell failure and
dysregulated glucose homeostasis. By returning the animals
to a standard chow diet, the B-cells repaired themselves,
with evidence of a sharp upregulation and expression of
Nrf2 and its antioxidant target genes. Similarly, Yagishita
et al. (50) used a B-cell-specific inducible nitric oxide syn-
thase 2-expressing mouse model to create oxidative stress,
resulting in (B-cell dysfunction and glucose intolerance.
Activation of Nrf2 by deletion of Keapl in a (3-cell-specific
manner reversed the phenotype. Furthermore, the same
group found that a global Keapl™ ™ mouse crossed to
db/db diabetic mice or administration of CDDO-Im, an
Nrf2 activator, attenuates diabetes in db/db mice (25). In
concordance with these studies, we found that (-cell-spe-
cific depletion of Nrf2 in mice fed an HFD resulted in
increased oxidative stress and apoptosis of B-cells. Thus,
Nrf2 defends B-cells from the oxidative damage caused by
metabolic stress in a variety of model systems.

Interestingly, in agreement with global Nrf2 KO experi-
ments (25), we found that depletion of Nrf2 activity in
B-cells reduced insulin immunostaining and insulin con-
tent. Our findings correlated with decreased mRNA
expression of Pdx1l and decreased immunostaining of
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Pdx1 in pancreata from [B-cell-specific Nrf2 KO mice.
Conversely, both Keapl deletion and CDDO-Me resulted
in increased expression of Pdx1. Although the B-cell iden-
tity transcription factor Pdx1 is not known to be a direct
Nrf2 target, its level and binding activity to the insulin
promoter, and therefore subsequent insulin production,
are impaired in hyperglycemic conditions, presumably as
a result of oxidative stress and ROS generation (6,51-53).
Apart from Pdx1, Nrf2 deletion also contributed to
reduced mRNA expression of other B-cell identity genes,
such as Ins2, Glut2, and Nkx6.1. Similar to Pdx1, these
factors are highly sensitive to any changes in redox bal-
ance that can reduce their levels and activity (4,52) Thus,
the contribution of Nrf2 activity toward building {3-cell
mass includes maintaining insulin content.

We found that increasing Nrf2 activity by conditionally
deleting the Nrf2 inhibitor Keapl or with the Nrf2 activa-
tor CDDO-Me was sufficient to increase rodent and
human B-cell proliferation both in vitro and in vivo in
this study and others (12). In the Keapl KO mouse
model, we found that 1 month of Nrf2 activation signifi-
cantly increased (-cell mass and improved glucose toler-
ance. Histomorphometry analysis revealed significant
increases in the largest and smallest quartile of islets.
Since the formation of new islets (neogenesis) from pan-
creatic progenitor cells results in small islets (54), we can-
not exclude neogenesis as another mechanism by which
Nrf2 promotes (-cell expansion. Lineage-tracing experi-
ments are needed to determine this possibility.

We found that a week-long treatment with CDDO-Me
increased both rodent and human {3-cell proliferation in
the same model of human islet transplantation. This
raises the exciting possibility of Nrf2 activators as thera-
peutic agents for expanding (3-cell mass in patients with
diabetes. Indeed, treatment of streptozotocin-induced dia-
betic nude mice with a CDDO-Me derivative, dh404,
resulted in lower prevalence of diabetes after islet trans-
plantation (26,55). However, in those studies, the authors
did not analyze whether the CDDO derivative could stim-
ulate human B-cell proliferation. CDDO-Me is a synthetic
oleanane triterpenoid and a member of the bardoxolone
family of drugs, which have been investigated in several
clinical trials, including chronic kidney disease in patients
with diabetes (8). Although some clinical trials were ter-
minated earlier than expected because of cardiovascular
safety concerns, a new phase 2 clinical trial with CDDO-
Me has recently been started and excludes at-risk patients
to better define the safety and efficacy of CDDO-Me
(56,57). Compounds of this drug family increase islet via-
bility, preserve 3-cell numbers, improve -cell insulin con-
tent and insulin secretion, accelerate macroautophagy,
protect B-cells from oxidative stress, and reduce secretion
of proinflammatory cytokines (8), all of which can result
in preservation of functional -cell mass. Our results add
B-cell proliferation as a property of Nrf2 activation by
CDDO-Me and SEN. Although this effect was examined in
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B-cells, it is also possible that proliferation in other islet
cell types, or throughout the body, might be increased by
CDDO-Me. More studies are needed to ensure the safety
of systemic Nrf2 activators, and efforts should be made
to design B-cell-targeted Nrf2 activators for increasing
B-cell mass in patients with diabetes.

In summary, Nrf2 is necessary for maintaining 3-cell
redox balance and survival and is sufficient when acti-
vated to drive rodent and human B-cell proliferation.
Thus, Nrf2, by managing cellular redox levels, is a central
regulator of B-cell mass, making this pathway a promising
candidate for the development of future therapeutics for
the treatment of diabetes.
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