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Abstract

Reactive oxygen species (ROS) have been implicated as mediators of pancreatic g-cell damage. While g-cells are thought to
be vulnerable to oxidative damage, we have shown, using inhibitors and acute depletion, that thioredoxin reductase,
thioredoxin, and peroxiredoxins are the primary mediators of antioxidant defense in g-cells. However, the role of this
antioxidant cycle in maintaining redox homeostasis and g-cell survival in vivo remains unclear. Here, we generated mice
with a g-cell specific knockout of thioredoxin reductase 1 (Txnrd/"; Ins1¢/+, BKO). Despite blunted glucose-stimulated
insulin secretion, knockout mice maintain normal whole-body glucose homeostasis. Unlike pancreatic islets with acute
Txnrd1 inhibition, BKO islets do not demonstrate increased sensitivity to ROS. RNA-sequencing analysis revealed that
Txnrd1-deficient B-cells have increased expression of nuclear factor erythroid 2-related factor 2 (Nrf2)-regulated genes, and
altered expression of genes involved in heme and glutathione metabolism, suggesting an adaptive response.
Txnrd1-deficient B-cells also have decreased expression of factors controlling g-cell function and identity which may
explain the mild functional impairment. Together, these results suggest that Txnrd1-knockout -cells compensate for loss
of this essential antioxidant pathway by increasing expression of Nrf2-regulated antioxidant genes, allowing for protection
from excess ROS at the expense of normal g-cell function and identity.
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Introduction

Accumulation of reactive oxygen species (ROS), like superox-
ide and hydrogen peroxide, causes oxidation of lipids, proteins,
and DNA, and may contribute to g-cell damage,’ and numer-
ous studies have reported increased oxidative damage in islets
from diabetic rodents and patients.?'° Superoxide is largely pro-
duced during mitochondrial oxidative phosphorylation.?*1? In
B-cells, glycolysis is coupled to oxidative phosphorylation such
that most of the carbons in glucose are oxidized to CO, on supply
of the sugar substrate.’>> This metabolic flux allows for g-cells
to respond to blood glucose changes with changes in insulin
secretion that are controlled by glucose sensing and the rates of
oxidation.’® In diabetes, when blood glucose is chronically ele-
vated, electron leak during increased oxidative phosphorylation
may increase ROS, contributing to g-cell damage.'’>

B-cells are considered vulnerable to oxidative stress due to
lower expression levels of antioxidant enzymes compared to
levels found in liver and kidney.'*?? Indeed, overexpression of
superoxide dismutase, catalase, glutathione peroxidase (Gpx),
or thioredoxin (Trx) in mouse g-cells protects against various
forms of oxidative damage.?*>"? Together, these studies suggest
that B-cells are sensitive to ROS because of the relatively weak
antioxidant defense, and damage induced by oxidants has been
implicated in the loss of functional mass during disease devel-
opment. However, from an evolutionary perspective, there are
several logical reasons why g-cells should be protected from ROS
in that: they produce insulin, a hormone that is essential for sur-
vival; they have limited replicative capacity; and they rely on
a ROS-producing pathway (mitochondrial oxidation) to secrete
insulin. Consistent with the view that 8-cells are protected from
oxidative damage, they express peroxiredoxins (Prx), Trx, and
thioredoxin reductase (TrxR), which together form an antioxi-
dant cycle that reduces hydrogen peroxide, peroxynitrite, and
lipid peroxides utilizing NADPH.?*-3 In this cycle, Prx reduces an
oxidant but becomes oxidized and inhibited in the process. Via
disulfide exchange, Trx reduces Prx, and TrxR, in turn, reduces
Trx, allowing the cycle to continue.

Recent studies have shown that INS 832/13 insulinoma
cells and rat islets can detoxify micromolar levels of hydrogen
peroxide when delivered continuously, but not as a bolus.?®
When TrxR is either inhibited or depleted, insulinoma cells and
rat islets become significantly sensitized to hydrogen peroxide,
exhibiting DNA damage and death at lower hydrogen perox-
ide concentrations than control cells.?® These findings suggest
that TrxR is necessary for -cell detoxification of this oxidant.
Further supporting this model, inhibition or depletion of cyto-
plasmic Prx1 (Prdx1) sensitizes insulinoma cells and rat islets
to continuously-delivered hydrogen peroxide.?! Although perox-
ynitrite has been suggested as a mediator of cytokine damage

in B-cells, we have shown that g-cells utilize this same antioxi-
dant pathway to protect themselves from this potent oxidant.*
Finally, increased levels of Txnip, an inhibitor of Trx, are asso-
ciated with increased g-cell apoptosis while Txnip deficiency
protects against development of diabetes in mice,?>-3> suggest-
ing that the Trx/Prx antioxidant pathway is necessary for g-cell
survival. These exciting studies suggest that g-cells maintain
a robust antioxidant defense system requiring TrxR and Prx to
protect themselves from damage.

Although inhibition or knockdown of TrxR or Prxl sensi-
tizes insulinoma or rat islet cells to oxidants,?®:3! we do not
know if this effect can be recapitulated in vivo by specific genetic
disruption. Here, we generated a mouse model with a g-cell-
specific knockout of the cytoplasmic TrxR, Txnrdl (Txnrd1f;
Ins1¢¢+, BKO) to determine how removal of this essential antiox-
idant pathway affects g-cell survival and function. gKO islets
have blunted glucose-stimulated insulin secretion, but KO
mice maintain normal glucose homeostasis, insulin content,
and islet architecture. In contrast to acute TrxR inhibition by
auranofin (AFN), BKO islets are not sensitized to continuously-
delivered hydrogen peroxide or peroxynitrite. Transcriptome
analysis of FACS-purified Txnrd1-deficient g-cells revealed con-
stitutive stabilization of transcription factor nuclear factor ery-
throid 2-related factor 2 (Nrf2) and enhanced expression of Nrf2-
regulated genes, including those involved in heme and glu-
tathione metabolism, suggesting an adaptive redox homeosta-
sis shift. There is also decreased expression of critical identity
factors Mafa, Slc2a2, Ucn3, and Pdx1 in Txnrd1-deficient B-cells.
These findings suggest that removal of the essential antioxidant
TrxR necessitates a shift in redox homeostasis at the expense of
normal B-cell function and identity.

Materials and Methods
Animals and Reagents

Txnrd1# mice (JAX Stock No. 028283)% were backcrossed with
C57BL/6 mice for nine generations prior to breeding with
ROSA™MS mice.?” ROSA™™C mice (JAX Stock No. 007676) and
Ins1¢®+mice3 (JAX Stock No. 026801) were obtained from Jack-
son Laboratories. All mouse lines studied are maintained on
a C57BL/6 congenic background and were backcrossed to this
strain for at least ten generations prior to arriving to our
colony. Experimental animals were 10-20 wks of age. All ani-
mal use and experimental procedures were approved by the
Institutional Animal Care and Use Committees at the Medi-
cal College of Wisconsin. Rat insulinoma INS 832/13 cells were
obtained from Chris Newgard (Duke University, Durham, NC,
USA).*® Connaught Medical Research Laboratories (CMRL) 1066
medium, Hank’s Balanced Salt Solution (HBSS), Roswell Park



Memorial Institute (RPMI) 1640 medium L-glutamine, sodium
pyruvate, HEPES, penicillin and streptomycin, Versene (0.48
mm EDTA), DNase, 4’,6-diamidino-2-phenylindole (DAPI), Pro-
Long Gold Antifade Mountant with DAPI, and SYTOX Green
nucleic acid stain were purchased from ThermoFisher Scien-
tific (Waltham, MA, USA). Fetal bovine serum (FBS) is from
HyClone (Logan, UT, USA). Flow Cytometry Buffer was obtained
from R&D Systems (Minneapolis, MN, USA). Dipropylenetri-
amine NONOate (DPTA/NO) and Aem1 were supplied by Cayman
Chemical (Ann Arbor, MI, USA). AFN, glucose oxidase, mena-
dione, hydrogen peroxide solution, and g-mercaptoethanol were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Aem1 was
dissolved in DMF at a concentration of 10 mm before further dilu-
tion in cell culture medium. AFN was dissolved in DMSO at a
concentration of 5mm before further dilution. Glucose oxidase
was solubilized in 0.05 M sodium acetate buffer at a concentra-
tion of 1 mg/mL before further dilution in cell culture medium.
SYTOX Green was dissolved in DMSO at a concentration of 5 mMm
prior to use.

Islet Isolation, Culture, Dispersion, and Oxidant
Treatment

Pancreatic islets were isolated from mice by collagenase diges-
tion and were cultured at 37°C and 5% CO, in CMRL supple-
mented with 10% heat-inactivated FBS and containing 5.5 mm
glucose as previously described.* Prior to FACS purification or
to oxidant treatment, islets were dispersed into single cells
by incubation in Versene (0.48 mm EDTA) followed by agitation
in 1mg/mL trypsin in Ca?*/Mg?*-free HBSS. For assessment of
oxidant sensitivity, dispersed islets were pretreated with 5uM
AFN (or 0.1% DMSO as a vehicle control) for 30min before
addition of glucose oxidase (15mU/mL) or the combination of
DPTA/NO (200 um) and menadione (20 um). Cells were treated
with DPTA/NO and menadione for 1h and with glucose oxidase
for 30 min.

Insulinoma Cell Culture and Oxidant Treatment

INS 832/13 cells were cultured as previously described,** and
were maintained at 37°C under an atmosphere of 95% air and
5% CO,. To determine sensitivity to oxidants, cells were pre-
treated for 3h with 0.1 M AFN (or 0.002% DMSO as a vehicle
control), 10 um Aem1 (or 0.1% DMF as a vehicle control), or both
inhibitors together before 4h treatment with glucose oxidase
(0-10 mU/mL). Inhibitors were present during glucose oxidase
treatment. Cell death was determined by assessment of fluo-
rescence of the SYTOX Green nucleic acid stain as previously
described.*?

Assessment of Insulin Content

Pancreata were harvested from Txnrd1"f; Ins1¢*+ (BKO) or
Txnrd1f; Ins1+/+ (fi/fl) control mice, rinsed in PBS, blotted dry,
and weighed. Insulin was extracted from whole pancreata
or groups of 15 islets using acid ethanol as described previ-
ously.*® Insulin content was determined using the supernatant
by insulin ELISA (Crystal Chem, Downers Grove, IL, USA).

Insulin Secretion Assay

Islets from BKO or fl/fl control mice were isolated and insulin
secretion was assessed as previously described.** Briefly, 15
islets per condition were incubated at 37°C in Krebs-Ringer

Stancilletal. | 3

phosphate buffer. Islets were pretreated for 30 min with 5um
AFN or 0.1% DMSO. Islets were stimulated with 3mm glucose,
20 mm glucose, or 3mm glucose plus 30 mm KCI for 90 min. AFN
or DMSO was present during the stimulation period. Insulin lev-
els were determined by insulin ELISA (Crystal Chem, Downers
Grove, IL, USA). Secreted insulin was normalized to total islet
insulin content.

Glucose Tolerance Test and Plasma Insulin Assessment

Glucose tolerance was determined at 15wk of age after a 4-h
fast. Mice were given 2 g dextrose/kg body weight by intraperi-
toneal injection. Blood glucose was determined before glucose
challenge and 15, 30, 60, and 120 min after injection. To deter-
mine plasma insulin levels, blood samples were collected from
tail vein before and 15min after administration of a 2g/kg
intraperitoneal injection of dextrose. Blood samples were kept
on ice and centrifuged (15min at 500 x g), and plasma was
stored at —80°C. Plasma insulin was determined by ELISA (Crys-
tal Chem, Downers Grove, IL, USA).

FACS Purification

Following overnight culture, islets were dispersed, filtered, and
resuspended in Flow Cytometry Buffer containing 2 U/mL DNase
(ThermoFisher Scientific, Waltham, MA, USA). Live GFP* and
live Tomato™ cell populations were collected directly into Buffer
RLT (Qiagen, Germantown, MD, USA) supplemented with g-
mercaptoethanol (final concentration 143 mm) using a FACSAria
II (BD Biosciences, Franklin Lakes, NJ, USA) instrument. DAPI was
used at a final concentration of 5 1g/mL to prevent collection of
dead cells.

RNA Isolation and RNA-sequencing

Total RNA was isolated from FACS-purified cell populations
using an RNeasy kit (Qiagen, Germantown, MD, USA). Genomic
DNA was removed using the TURBO DNA-free Kit (Ther-
moFisher Scientific, Waltham, MA, USA). Library prepara-
tion and sequencing were completed by the Genomic Sci-
ences and Precision Medicine Center (GSPMC) at the Medi-
cal College of Wisconsin. Briefly, cDNA was synthesized from
5-10ng of input RNA using the SMARTseq Ultra Low Input work-
flow (Takara Bio Inc., San Jose, CA, USA) with libraries prepared
and amplified with Nextera DNA Library kit (Illumina, San Diego,
CA, USA). Paired-end sequencing was performed on the [llumina
NovaSeq6000 with 100 bp reads generating ~30 million mapped
reads per sample. MAP-RSeq.v3.0%* was used to align reads to the
reference genome (GRCm38.p6) and to return raw and normal-
ized expression values. A pairwise method in EdgeR* for was
used for differential expression analysis of protein-coding genes
that had at least 1 read per million in at least 6 samples.

qRT-PCR

Thermo Scientific Maxima H Minus reverse transcriptase and
oligo(dT)s were used to perform first-strand cDNA synthesis
from total RNA purified from mouse islets or INS 832/13 cells.
SsoFast EvaGreen supermix (Bio-Rad, Hercules, CA, USA) and a
Bio-Rad CFX96 Real-Time system were used to perform quanti-
tative PCR with primers purchased from Integrated DNA Tech-
nologies (Coralville, IA, USA). Sequences are listed in Supple-
mentary Table S1. Gene expression was normalized to Actb using
the comparative ACt method for relative quantification.”
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Western Blot

Equal amounts of protein from islet or INS 832/13 cell
lysates were resolved by SDS/PAGE under reducing conditions
and transferred to nitrocellulose membranes. Proteins were
detected using primary antibodies: mouse anti-Gapdh (anti-
glyceraldehyde 3-phosphate dehydrogenase; 1:20,000; Ther-
moFisher Scientific, Waltham, MA, USA), mouse anti-e¢-tubulin
(1:2,000; GeneTex, Irvine, CA, USA), rabbit anti-Txnrd1 (1:5,000;
Proteintech, Rosemont, IL, USA), mouse anti-phospho-H2AX
(Ser139, yH2AX ; 1:10,000; EMD Millipore, Billerica, MA, USA),
rabbit anti-Nrf2 (200ng/mL, previously described,*), and rab-
bit anti-HO-1 (1:1,000; StressGen, San Diego, CA, USA) Detec-
tion was performed by enhanced chemiluminescence® using
species-specific HRP-conjugated donkey anti-mouse or donkey
anti-rabbit ( 1:20,000) secondary antibodies (Jackson ImmunoRe-
search Laboratories, West Grove, PA, USA). Densitometry was
determined using Image] software (National Institutes of Health,
Bethesda, MD, USA).

Immunofluorescence Imaging

Mouse pancreata were fixed in 4% paraformaldehyde for 4h,
incubated in 30% sucrose, frozen in OCT solution, and sectioned
at a depth of 4 uM. Sections were permeabilized with 0.1% Tri-
ton X-100 in PBS for 30 min and blocked using 1% BSA in PBS-T
(0.2% Tween-20) for 1 h at room temperature. Primary antibodies
were diluted in 1% BSA in PBS-T and were incubated overnight
at 4°C. Secondary antibodies were diluted in 1% BSA in PBS-T
and were incubated for 1h at room temperature. Antibodies and
dilutions were as follows: guinea pig anti-insulin (1:1,000; Dako
Cytomation, Carpinteria, CA, USA), rabbit anti-glucagon (1:1,000;
Linco, St. Charles, MO, USA), donkey anti-guinea pig conjugated
to Alexa Fluor 488 (1:1,000; ThermoFisher Scientific, Waltham,
MA, USA), and donkey anti-rabbit conjugated to Alexa Fluor
647 (1:1,000; ThermoFisher Scientific, Waltham, MA, USA). Pro-
Long Gold Antifade Mountant with DAPI (ThermoFisher Scien-
tific, Waltham, MA, USA) was added to slides prior to addition of
coverslip and imaging. Grayscale images were captured using a
Nikon A1 laser scanning confocal microscope and were pseudo-
colored using ImageJ software (National Institutes of Health).

Measurement of Total Glutathione

Total glutathione levels were measured in BKO or fl/fl control
islets using a Glutathione Assay Kit (Cayman Chemical, Ann
Arbor, MI, USA). Islets were deproteinated using 3% metaphos-
phoric acid followed by sonication and centrifugation. Total glu-
tathione was assessed using the 5,5’-dithio-bis-2-(nitrobenzoic
acid) (DTNB) and glutathione reductase enzymatic recycling
method*® and was normalized to total protein levels using a
Pierce BCA Protein Assay Kit (ThermoFisher Scientific, Waltham,
MA, USA). Three technical replicates of 50 islets each were aver-
aged for every experimental replicate.

Statistical Analysis

Differentially expressed genes from RNA-sequencing data were
determined with EdgeR using a negative binomial model and
TMM (trimmed mean of M-values) normalization. An adjusted
P-value <0.05 and at least a 2-fold change in expression was
the threshold used to declare significance. For all other com-
parisons, GraphPad Prism software was used to make statisti-
cal comparisons between groups using an unpaired, two-tailed

t-test or one- or two-way ANOVA with Sidak’s multiple compar-
isons correction. P-value <0.05 was the threshold used to declare
significance. Area under the curve of individual glucose toler-
ance tests was calculated using GraphPad Prism software.

Results

Generation of Mice With a g-cell-specific Knockout of
Txnrd1

We recently showed, using rat and human insulinoma cells and
rat islets, that g-cells utilize thioredoxin reductase 1 (Txnrd1)
to protect against damage from continuously-delivered hydro-
gen peroxide.?? However, the role of this enzyme in main-
taining redox homeostasis and B-cell survival in vivo remains
unclear. Total body knockouts of Txnrdl are lethal at embry-
onic day 9.5 in the mouse,*® but a conditional knockout allele
(Txnrd1f) has been used to generate viable tissue-specific knock-
outs.?*51 To generate a -cell-specific knockout model, Txnrd 1/
mice were bred to mice expressing Cre in the endogenous Ins1
locus (Ins1¢%+)%® to obtain Txnrd1f; Ins1¢+ (BKO) animals
(Figure 1A). To facilitate identification of 8-cells in which Txnrd1
has been recombined, we utilized the ROSA26™T"C allele,?, a
dual-color fluorescent Cre reporter. Cells that lack Cre recombi-
nase express a membrane-bound Tomato fluorescent protein,
and cells that express Cre express a cytoplasmic GFP (Figure
1A). Indeed, insulin-containing cells in control fl/fl animals
(Txnrd1f; Ins1+/+) express Tomato, and GFP expression in KO
pancreatic sections is consistent with g-cell-specific expression
(Figure 1B). Recombination of the Txnrd1f allele results in a non-
functional mRNA product rather than complete elimination of
Txnrdl mRNA.*® Consistently, KO islets have reduced thiore-
doxin reductase 1 (TrxR1) protein levels compared to fl/fl controls
(Figure 1C and D). The low level of Txnrd1 protein present in SKO
islets can be attributed to expression in non-g-cells, likely «- or
§-cells, which maintain TrxR1 expression.

Thioredoxin provides electrons (obtained from NADPH via
Txnrd1) to ribonucleotide reductase, the enzyme that catalyzes
the generation of deoxyribonucleotides from ribonucleotides
and is necessary for DNA replication.”?. Indeed, whole-body
depletion of either Txn1 or Txnrd1 causes early embryonic lethal-
ity in the mouse.?®>®* However, there is no difference in pancre-
atic or islet insulin content in BKO islets compared to fl/fl con-
trols (Figure 1E and F), suggesting that Txnrdl depletion does
not result in decreased B-cell expansion or increased B-cell
death. Further, BKO islets display normal islet architecture, with
a core of GFP-expressing cells (8-cells) surrounded by a mantle
of glucagon-expressing «-cells (Figure 1G).

Effects of Txnrd1 Inhibition or Depletion on B-cell
Function and Glucose Homeostasis

Acute inhibition of TrxR by the small molecule inhibitor AFN
or chronic depletion by genetic knockout (8KO) significantly
blunts glucose-stimulated or membrane depolarization (KCl)-
stimulated insulin secretion (Figure 2A), suggesting that TrxR
activity is necessary for normal B-cell function. However, there
is no difference in glucose tolerance following a 4-h fast nor in
plasma insulin levels 15 min after glucose challenge in KO mice
compared to fl/fl controls (Figure 2B-E). Male KO mice have a
slight but significant increase in blood glucose levels compared
to fl/fl controls following a 4-h fast, while female KO mice do
not (Figure 2F). However, no difference in random fed blood glu-
cose levels between KO mice and fl/fl controls was observed in
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Figure 1. Generation of mice with a g-cell-specific Txnrd1 knockout. (A) Schematic of alleles used to generate g-cell-specific Txnrd1 knockout mice that also express
a fluorescent Cre-reporter allele. (B) Representative images from pancreatic sections of Txnrd1/Vf, Ins1+/+, R26™TMG/MTMG (control) or Txnrd1, Ins1¢re/+, R26MTMG/MTMG
(knockout) mice showing native fluorescence of GFP and Tomato and immunofluorescence of insulin. DAPI was used to mark nuclei. Scalebar = 50 um. (C) TrxR1
protein levels as determined by western blot analysis using islets from Txnrd/"f, Ins1*/+ (fI/fl) or Txnrd/"f!, Ins1¢#+ (Cre*) mice. Gapdh levels were determined to
assess protein loading. A representative blot is shown. (D) Quantification of bands shown in (C). (E-F) Pancreatic (E) or islet (F) insulin content in Txnrd /!, Ins1+/+ (f1/fl)
or Txnrdf, Ins1¢¢/+ (Cre*) mice. (G) Representative images from pancreatic sections of Txnrd1/f, Ins1+/+, R26™TMm&/mTMG (control) or Txnrd /Y, Ins1¢r¢/+, R2E™MTMG/mTmG
(knockout) mice showing native fluorescence of GFP and immunofluorescence of insulin and glucagon. DAPI was used to mark nuclei. Scalebar = 50 um. Error bars
represent SEM. Results are the average of 3-9 independent experiments with statistical significance indicated. *P <0.05 (vs. fl/fl).

either sex (Figure 2G). Together, these data suggest that Txnrd1-
deficient g-cells have reduced function despite having normal
insulin content, but compensatory changes in peripheral tissues
likely allow for normal glucose homeostasis in BKO mice.

Sensitivity of SKO Islets to Continuously Delivered
Oxidants

Similar to our previous results using rat islets,?® acute inhibi-
tion of TrxR by AFN increases the sensitivity of control Txnrd1//f;
Ins1** (fl/fly mouse islets to hydrogen peroxide, delivered
continuously by glucose/glucose oxidase, or to peroxynitrite,
delivered by combined treatment with a nitric oxide donor
(DPTA/NO) and a redox cycler (menadione), as determined by
increased phosphorylation of histone H2AX (yH2AX), a marker
for activation of the DNA-damage response (Figure 3A and B).
However, KO islets do not demonstrate increased sensitivity to
continuous hydrogen peroxide or to peroxynitrite compared to

fl/fl islets (Figure 3A and B), suggesting that chronic depletion
of this essential antioxidant enzyme may trigger compensatory
mechanisms to protect g-cells from ROS.

FACS-purification and RNA-sequencing of
Txnrd1-deficient g-cells

To determine if Txnrd1-deficient g-cells utilize adaptive mech-
anisms to protect against oxidative damage, we performed
RNA-sequencing using FACS-purified KO g-cells compared to
Txnrd1+/*; Ins1¢%+ g-cells using the ROSA26™™™C fluorescent Cre
reporter allele. Both Txnrd1*/+; Ins1¢%* and KO mice display
GFP expression in islet g-cells and Tomato expression in islet
non-g-cells (Figure 4A-C). To determine how removal of Txnrd1
in B-cells affects the transcriptomes of islet non-g-cells, we per-
formed RNA-sequencing using FACS-purified Tomato™ cells in
addition to GFP* cells. Assessment of islet hormone expres-
sion by RNA-sequencing confirms that the GFP* populations are
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Figure 2. Glucose homeostasis in mice with a g-cell-specific Txnrd1 knockout. (A) Static insulin secretion following 90-min stimulation with 3mm glucose, 20 mm
glucose, or 30 mm KCl from Txnrd1, Ins1+/+ (f1/f]) islets with or without 5 .M AFN and from Txnrd1Vf, Ins1€¢/+ (Cre*) islets. Secretion was normalized to total insulin
and is shown as % insulin secreted. (B-C) Intraperitoneal glucose tolerance tests (IPGTT) in male (B) or female (C) Txnrd1, Ins1*/+ (fl/fl) and Txnrd1, Ins1¢¢+ (Cre*)
mice. (D) Area under the curve measurements for data shown in (B) and (C). (E) Plasma insulin levels in male and female Txnrd//, Ins1+/+ (fl/fl) and Txnrd /", Ins1¢r¢/+
(Cre™) mice before and 15 min following intraperitoneal glucose injection. Results are expressed as fold change over the basal plasma insulin level. (F-G) Blood glucose
concentrations following a 4-h fast (F) or following ad libitum feeding (G) in male and female Txnrd/, Ins1+/+ (fl/fl) and Txnrd/"!, Ins1+ (Cre*) mice. Error bars
represent SEM. Results are the average of 3-4 independent experiments with statistical significance indicated. *P <0.05 (vs. fI/fl).
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Figure 3: Sensitivity of Txnrd1-deficient g-cells to oxidative damage. (A) Phosphorylation of the histone variant H2AX (yH2AX, marker of DNA damage response
activation) as assessed by western blot using protein lysates from Txnrd 1!, Ins1+/+ (fl/fl) islets with or without 5 uM AFN or from Txnrd/Vf, Ins1¢¢/+ (Cre*) islets following
30 min exposure to hydrogen peroxide delivered continuously by 15 mU/mL glucose oxidase or to 60 min exposure to peroxynitrite, delivered by the combination of
DPTA/NO and menadione. a-Tubulin levels were determined to assess protein loading. A representative blot is shown. (B) Quantification of bands shown in (A). Error
bars represent SEM. Results are the average of 2-3 independent experiments.

enriched for B-cells, and Tomato" populations are enriched for
«-, 8-, and PP-cells, as expected (Figure 4D). Principal compo-
nent analysis demonstrates that control and Txnrd1l-deficient
GFP* cells cluster by genotype, suggesting that Txnrd1-deficiency
alters the g-cell transcriptome (Figure 4E). Indeed, pairwise com-
parison between control and KO g-cells yielded 266 differentially

expressed genes (131 increased and 135 decreased) based on
a significance cutoff of |fold change| >2 and adjusted P <0.05
( Figure 4F, Supplementary Table S2). Tomato™ cells from con-
trol and KO mice do not form distinct clusters, suggesting that
removal of Txnrd1l in B-cells does not affect the transcriptomes
of islet non-g-cells (Figure 4E). Consistently, only eight genes
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Figure 4. FACS purification and RNA-sequencing of Txnrd1-deficient g-cells. (A) Schematic depicting islet dissociation and FACS purification of GFP* cells and Tomato*
cells from islets expressing the R26™™"C fluorescent Cre reporter allele. (B-C) Representative images from pancreatic sections of Txnrd1*/+, Ins1¢¢/+, R26MTmG/mTmG ()
or Txnrd1, Ins1re/+, R26MTMG/MTMG (C) mice showing native fluorescence of GFP and Tomato. DAPI was used to mark nuclei. Scalebar = 50 um. (D) Expression of Ins1,
Ins2, Geg, Sst, and Ppy in the GFP* and Tomato™ populations as determined by RNA-seq. (E) Principal component analysis of the 13 samples used for RNA-sequencing.
(F) Volcano plot showing the number of genes that are significantly changed in Txnrd1 knockout GFP* cells compared to control GFP* cells. Selected genes are named.

(four increased and four decreased) are differentially expressed
between Tomato™ cells from control mice compared to Tomato™
cells from BKO mice, and the fold change values are minor
compared to the fold change values observed between the two

GFP* populations (Supplementary Figure S1A, Supplementary
Table S3). These data demonstrate that chronic g-cell Txnrd1-
deficiency alters the g-cell transcriptome but does not influence
gene expression in islet non-g-cells.
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Figure 5. Nrf2 is stabilized in Txnrd1-deficient g-cells. (A) Predicted upstream regulators based on significantly changed genes in Txnrd1 knockout GFP* cells compared to
control GFP* cells. Analysis was performed using IPA. (B) Expression of Nfe212 in Txnrd1*/*, Ins1¢%+ (+/+; Cre*) or Txnrd1/, Ins1¢*/+ (fl/fl; Cre*) p-cells as determined
by RNA-sequencing. (C) Nrf2 protein levels as assessed by western blot in Txnrd/, Ins1*/+ (fl/fl) and Txnrd/, Ins1¢¢+ (Cre*) islet lysates. «-Tubulin levels were
determined to assess protein loading. Band quantification is shown above a representative blot. (D) Heat map showing Log, (RPKM) of selected genes in four Txnrd1+/+,
Ins1¢+ (+/+; Cre*) p-cell samples, and three Txnrd 1/, Ins1"*/+ (fl/f]; Cre™) -cell samples as determined by RNA-sequencing. All genes shown are significantly different
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(vs. fi/f]).

Nrf2 is Stabilized in Txnrd1-deficient g-cells

Txnrd1 null yeast upregulate genes encoding Prx to compensate
for the loss of TrxR.”* However, Txnrd1-deficient g-cells do not
increase expression of Prx, Trx, or the mitochondrial TrxR to
compensate for the loss of Txnrdl (Supplementary Figure S2A
and B). To determine which pathways are altered in Txnrd1l-
deficient g-cells that may help them adapt to loss of this essen-
tial antioxidant, we utilized Ingenuity Pathway Analysis (IPA) to
predict upstream regulators.> Based on the genes differentially
expressed between KO and control GFP* cells, IPA predicted
activation of nuclear factor erythroid 2 (NFE2)-related factor 2
(Nrf2), a transcription factor that controls expression of many
cyto-protective genes,*® and disruption of Txnrd1 (Figure 5A).
Indeed, while Nfe2l2 (Nrf2) transcript levels were unchanged,
BKO islets had significantly increased Nrf2 protein stability
compared to controls (Figure 5B and C). This is expected, as Nrf2
is found in a complex with Keap1 and is targeted for degrada-
tion. Following Keap1l oxidation, Nrf2 is released allowing for
transcriptional regulation. By this mechanism, Nrf2 protein lev-

els are primarily regulated by protein stabilization rather than
by increased transcription.”” Among the most increased genes
in KO B-cells are several known Nrf2-targets, including heme
oxygenase 1 (Hmox1, 9-fold increase), glutathione peroxidase 2
(Gpx2, 4-fold increase), sulfiredoxin 1 (Srxnl, 3-fold increase),
NAD(P)H: quinone oxidoreductase 1 (Nqo1, 4-fold increase), alde-
hyde oxidase (Aox1, 2-fold increase), and calcyclin (S100a6, 3-
fold increase) (Figure 5D).>’~>° Increased mRNA levels of Hmox1,
Gpx2, and Srxnl were confirmed by gPCR using KO islets com-
pared to fl/fl controls (Figure 5E). Increased Hmox (HO-1) pro-
tein levels were confirmed by western blot (Figure 5F). Impor-
tantly, non-g-cells from BKO islets have no change in expres-
sion of these Nrf2-target genes nor in Prx, Trx, or mitochondrial
TrxR (Supplementary Figure S1B), again suggesting that Txnrd1
knockoutin B-cells does not alter gene expression in islet non-g-
cells. Together, these data suggest that Txnrd1-deficient g-cells
have constitutive stability of Nrf2, which may allow them to
compensate for the loss of Txnrd1. This observation is consistent
with previous work demonstrating that Txnrd1-deficient hepato-
cytes display Nrf2 stabilization.*®
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Txnrd1-deficient 8-cells Have Altered Expression of
Genes Involved in Heme and Glutathione Metabolism

Txnrd1-deficient B-cells have increased heme oxygenase 1 tran-
script (Hmox1) levels (Figure 5D and E) and protein (HO-1) levels
(Figure 5F) compared to controls. Heme oxygenase metabolizes
heme to generate biliverdin and bilirubin, both of which have
antioxidant properties.®® However, bilirubin is toxic if not elim-
inated from the cell, and UDP glucuronosyltransferase (UGT) is
the obligatory step of bilirubin elimination.®? Accordingly, KO 8-
cells have increased levels (4-fold) of a number of Ugtla tran-
scripts, suggesting that they may have increased levels of biliru-
bin as a consequence of increased heme metabolism (Figure
6A). Another product of heme metabolism via Hmox is free
iron.®® Free iron is pro-oxidant, given its propensity to react
with hydrogen peroxide to form the highly reactive hydroxyl
radical.®? Txnrd1-deficient g-cells have increased transcript lev-
els of heme binding protein 1 (Hebp1, 3-fold increase) and fer-
ritin light polypeptide (Ftl1, 3-fold increase), which binds free
iron, and decreased transcript levels of melanotransferrin (Meltf,
75% decrease) and six-transmembrane epithelial antigen of the
prostate family member 4 (Steap4, 75% decrease), both of which
are involved in iron transport.®®% Increased expression of Hebp1
and Ftll and decreased expression of Meltf and Steap4 sug-
gest compensatory responses to increased heme metabolism
in Txnrdl-deficient B-cells. Genes involved in glutathione (GSH)
biosynthesis and metabolism were also increased in Txnrdl-
deficient -cells (Figure 6B). The cysteine/glutamate transporter
(Slc7a11, 6-fold increase), which mediates the uptake of cys-
teine, the precursor for GSH biosynthesis, and the catalytic
subunit of glutamate-cysteine ligase (Gclc, 2-fold increase), the
rate-limiting enzyme of GSH biosynthesis, are increased (Figure
6B). The modifier subunit of glutamate-cysteine ligase (Gclm)
is also increased but did not pass our significance threshold
(1.4-fold increase, data not shown). A number of glutathione
transferases, including Gstm1 (2-fold), Gstm2 (2-fold), Gstol (3-

fold), Gstpl (6-fold), and Gstp2 (9-fold), which transfer GSH to
target proteins to reduce oxidation, are also increased (Figure
6B). Consistent with the increased expression of genes asso-
ciated with glutathione synthesis and metabolism, KO islets
have increased total glutathione levels compared to controls
(Figure 6C). Together, these observations suggest that Txnrd1-
deficient g-cells may utilize heme metabolism and glutathione
metabolism as protective mechanisms against oxidative dam-
age.

Nrf2 Stabilization Protects g-cells from Oxidants in the
Context of Txnrd1 Disruption

To test the hypothesis that Nrf2-regulated antioxidant mech-
anisms protect p-cells from oxidative damage in response to
TrxR disruption, we utilized a small molecule inhibitor of Nrf2,
Aem1.%® INS 832/13 cells treated with TrxR inhibitor AFN for 3h
have increased stability of Nrf2 and increased expression of HO-
1 (Figure 7A and B). Co-treatment with AFN and Aem1 prevents
AFN-stimulated stabilization of Nrf2 and increase in expression
of HO-1 (Figure 7A and B). Further, co-treatment with AFN and
Aeml1 sensitizes INS 832/13 cells to hydrogen peroxide delivered
continuously by glucose oxidase as compared to treatment with
AFN alone (Figure 7C), suggesting that Nrf2-regulated pathways
provide protection in B-cells in response to TrxR disruption.

Txnrd1-deficient g-cells Have Decreased Expression of
Identity Genes

Among the genes significantly decreased in Txnrd1-deficient
B-cells are several with roles in maintaining g-cell function
and identity, including Mafa (70% decrease), a transcription
factor controlling g-cell specification and maturation,®® Ucn3
(55% decrease), a marker of functionally mature B-cells,
Slc2a2 (75% decrease), encoding the B-cell glucose transporter
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Glut2 which helps regulate glucose sensing,® and mitochon- Discussion

drial glycerol-3-phosphate dehydrogenase (Gpd2, 55% decrease), .

which, together with the cytosolic Gpd2, forms an NADH shuttle In the current study, we generated a mouse model with a pan-
system that is necessary for glucose-stimulated insulin secre- creatic f-cell-specific knockout of the cytoplasmic isoform of
tion® (Figure 8A). Pdx1, another transcription factor controlling TrxR, Txnrdl (Flgur.e 1.A_D)' This enzyme supports tbe activity
B-cell specification and maintenance of identity,’® was not sig- of the Prx/Trx antioxidant cycle by providing reducing equiv-
nificantly decreased in Txnrd1-knockout g-cells when assessed alents in the form of NADPH to maintain the reduced pool of
by RNA-seq (30% decrease), but was significant when assessed Trx and Prx. Previous .St}l'dles from our laboratory have demon-
by gPCR using gKO islets compared to fl/fl islets, as were the strated that acute inhibition or depletion of Txnrd1 or of a cyto-
other identity factors (Figure 8B). Decreased mRNA accumula- plasmic isoform of Prx, Prdx1, sensitizes a rat insulinoma cell
tion of these identity genes may explain the mild impairment line and rat islets to hydrogen peroxide de?lvered continuously
of insulin secretion observed (Figure 2A). Indeed, functional by glucose/glucose oxidase or to peroxynitrite, but not to hydro-
impairment has previously been observed in models in which gen peroxide delivered as a bolus.?®:3! These previous studies

Pdx1, Mafa, or Slc2a2 are depleted.®®-68.70 Interestingly, however, suggest that the cytoplasmic TrxR is necessary for the g-cell
acute treatment with TrxR inhibitor AFN did not decrease these defense against continuously-delivered hydrogen peroxide and
identity factors (Figure 8B), suggesting that the mechanisms by peroxynitrite and that g-cells may not possess a secondary

mechanism to protect themselves should this essential path-

which acute TrxR inhibition and chronic depletion impair g-cell N X . X
way be inhibited. However, islets from mice with a B-cell-

function are different.



specific knockout of Txnrd1 (Txnrd1f; Ins1¢7/+, KO) do not have
increased sensitivity to these oxidants, as assessed by the phos-
phorylation of histone H2AX (yH2AX) (Figure 3). This result sug-
gests that g-cells with a Txnrd1 knockout may have increased
other antioxidant pathways to compensate for the loss of this
critical enzyme.

In yeast, loss of TrxR leads to a compensatory increase in
genes encoding Prx and Trx.>* However, increased expression
of genes encoding these proteins was not observed in FACS-
purified Txnrdl knockout B-cells (Supplementary Figure S2).
Instead, Txnrd1 knockout g-cells showed significantly increased
expression of Nrf2-regulated cytoprotective genes, an observa-
tion that was supported by a significant z-score for NRF2 in
an unbiased predicted upstream regulator analysis (Figure 5A
and D). Furthermore, while no change in the mRNA levels of
Nrf2 (Nfe212) were observed, BKO islets showed increased lev-
els of Nrf2 protein compared to control islets (Figure 5B and C).
Broadly, proteins encoded by Nrf2-regulated genes have roles in
protecting the cell from oxidative damage.”® Among the Nrf2-
regulated genes significantly increased in Txnrd1l-deficient B-
cells are Hmox1, Gpx2, Srxnl, and Nqol (Figure 5D). Heme oxy-
genase metabolizes heme to generate antioxidants biliverdin
and bilirubin.?® Gpx2 is an antioxidant enzyme that reduces
peroxides in the cytoplasm using glutathione as the elec-
tron source.’”! In a slow, Trx- and ATP-dependent reaction,
Srxnl repairs a subset of proteins, in particular Prx, that are
over-oxidized by converting the sulfinic acid (via an inferred
sulfenic acid intermediate) to a disulfide, which is subsequently
rapidly reduced to the dithiol by Trx. This prevents further
oxidation to the sulfonic acid, which is an irreversible modi-
fication.”? Quinones are aromatic compounds capable of gen-
erating superoxide via “redox cycling.”’® Nqol, or NAD(P)H
quinone dehydrogenase 1, reduces quinones to hydroquinones,
which is necessary for their detoxification, thus preventing ROS
generation.”?

A deeper look at the genes altered in Txnrdl-knockout
B-cells suggests a shift from Trx/Prx-based defense mecha-
nisms to mechanisms that rely on biliverdin/bilirubin and/or
on glutathione. Indeed, Txnrdl-knockout g-cells demonstrate
increased expression of transcripts encoding UGT, the enzyme
necessary for glucuronidation and elimination of toxic levels of
bilirubin (Figure 6A).6* Furthermore, transcripts encoding pro-
teins involved in glutathione synthesis or proteins that utilize
glutathione to reduce oxidized targets are increased in Txnrd1-
knockout g-cells (Figure 6B), and BKO islets have elevated total
glutathione levels compared to controls (Figure 6C). Together,
these results suggest that g-cells respond to the loss of TrxR
by stabilizing the transcription factor Nrf2, which increases
expression of proteins involved in heme- or glutathione-based
antioxidant mechanisms. This Nrf2 stabilization in response to
Txnrd1 knockout is not unique to g-cells. Schmidt and colleagues
previously observed increased nuclear Nrf2 protein in Txnrd1-
deficient mouse hepatocytes, as well as increased expression
of a similar subset of genes, including Nqo1, Aox1, Srxnl, and a
number of glutathione-s-transferases.*®

The observation that co-treatment with a TrxR inhibitor and
a Nrf2 inhibitor renders INS 832/13 cells more sensitive to con-
tinuous hydrogen peroxide compared to cells treated with either
inhibitor alone suggests that increased Nrf2 stabilization is the
reason Txnrd1-deficient B-cells appear to have normal survival in
response to oxidants (Figure 7C). In support of a protective role
for Nrf2 in B-cells, Nrf2 stabilization, by deletion of Nrf2 repres-
sor Keap1l, reduces g-cell damage in the context of inducible
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nitric oxide synthase overexpression,’* and Nrf2 depletion or
knockout increases sensitivity of mouse insulinoma cells or
islets to arsenic toxicity.”> Additional studies, such as combined
depletion of Txnrdl and Nrf2, are necessary to determine the
precise role of Nrf2 in the protection observed in KO islets.
Furthermore, since Nrf2 is primarily stabilized under conditions
of oxidative stress, but there are no obvious signs of oxidative
stress in Txnrd1-deficient g-cells, it is unclear how Nrf2 is chron-
ically stabilized. One possibility raised by others is that Nrf2 is
directly regulated by TrxR, such that its inhibition or removal sta-
bilizes Nrf2.48.76.77 Regardless of the mechanism by which Nrf2
is stabilized, our use of a constitutive Cre allele allowed us to
observe that Txnrd1-knockout g-cells respond to the loss of TrxR
by increasing a host of additional cytoprotective genes, suggest-
ing that antioxidant defense is essential for g-cell survival and
that the Trx/Prx antioxidant pathway is the primary antioxi-
dant defense mechanism used by g-cells. Use of an inducible
Cre recombinase system to recombine the conditional Txnrd1l
allele in adult animals will be important in future studies to
avoid developmental adaptive mechanisms and to further test
the hypothesis that Txnrd1 is necessary for the p-cell defense
against oxidants in vivo.

In addition to its role in the cellular defense against perox-
ides and peroxynitrite, Trx plays a role in DNA replication by pro-
viding electrons to ribonucleotide reductase, the enzyme that
converts ribonucleotides to deoxyribonucleotides for DNA syn-
thesis.> TrxR plays a role in this process by providing reducing
equivalents to Trx in the form of NADPH. Indeed, whole-body
knockouts of TrxR die in utero.3® Therefore, we hypothesized that
mice with a g-cell-specific knockout of Txnrd1 may have reduced
B-cell mass caused by deletion of TrxR during development.
However, no differences in either pancreatic or islet insulin con-
tent nor in islet architecture were observed between control and
BKO mice, suggesting that Txnrd1l-deficient g-cells developed
a Trx-independent method for DNA replication (Figure 1E-G).
This result is consistent with studies in Txnrd1-deficient hepato-
cytes, demonstrating that mammalian cell proliferation can be
sustained by either Trx- or glutathione-dependent redox path-
ways.”®7° Our observation here of increased expression of genes
involved in glutathione synthesis and increased levels of total
glutathione in response to TrxR knockout (Figure 6B and C) sup-
port the conclusion that Txnrd1-deficient B-cells likely adapted
during development to rely on glutathione-based redox systems
for proliferation. It is also possible that chronic stabilization of
Nrf2 promotes B-cell proliferation, allowing for normal insulin
content in BKO mice. Indeed, Nrf2 expression is increased in
islets in response to high fat diet, a condition that stimulates
B-cell mass expansion.®® Mouse islets depleted of Nrf2 have
blunted replication in response to high glucose ex vivo, and g-cell
mass expansion in response to high fat diet is impaired when
Nrf2 is deleted.® Further, Nrf2-regulated S100a6, which is signif-
icantly increased in Txnrd1-deficient B-cells, plays a role in stem
cellrenewal ! Additional studies are necessary to determine the
mechanism utilized by Txnrd1-knockout g-cells to establish and
maintain mass.

Previous work and the current study demonstrate that
inhibition of TrxR by AFN significantly blunts glucose- or
depolarization-stimulated insulin secretion (Figure 2A).%2
Despite knockout mice maintaining normal whole-body
glucose homeostasis (Figure 2B-G), KO islets have impaired
insulin secretion ex vivo in response to either high glucose or
membrane depolarization (Figure 2A), suggesting that TrxR is
necessary for normal g-cell function. However, the mechanism
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by which this occurs is unknown. We observed decreased
expression of genes encoding proteins involved in maintaining
B-cell identity and glucose sensing, including Mafa, Pdx1, Ucn3,
Slc2a2, and Gpd2, in Txnrd1l-knockout B-cells (Figure 8), which
may account for the slight functional impairment. Interestingly,
expression and/or function of Mafa and Pdx1 have been shown
to be decreased by hydrogen peroxide exposure,®*:# suggesting
that B-cell identity maintenance may be sensitive to changes in
redox balance.

While B-cells chronically deficient in Txnrdl may be func-
tionally immature, the observation that AFN treatment does not
decrease g-cell identity genes (Figure 8B) supports the hypoth-
esis that different mechanisms are responsible for impaired g-
cell function in acute vs. chronic TrxR deficiency. Low levels of
hydrogen peroxide are thought to promote glucose-stimulated
insulin secretion.?>-8¢ Prx can mediate hydrogen peroxide sig-
naling by transferring oxidizing equivalents from hydrogen per-
oxide to target proteins through disulfide exchange, a process
called a “redox relay.”® Therefore, it is possible that TrxR medi-
ates this disulfide exchange between Prx and redox-regulated
proteins involved in insulin secretion. The observation that
depolarization-induced secretion is impaired by AFN suggests
that TrxR affects a process downstream of closure of the ATP-
sensitive potassium channel. Future studies will be directed at
determining which step in the process of glucose-stimulated
insulin secretion is impaired by TrxR inhibition.

Together, previous studies and the work presented here sug-
gest that TrxR plays at least two critical roles in pancreatic -
cells.®® First, TrxR1 is necessary for g-cell protection against
ROS, as evidenced by increased sensitivity to oxidative damage
when Txnrd1 is inactivated?®:3! and by upregulation of a num-
ber of cytoprotective genes to maintain survival when Txnrd1
is depleted (current study). Second, TrxR1 is necessary for nor-
mal g-cell function and maturation, as evidenced by impaired
glucose-stimulated insulin secretion when Txnrd1 is inhibited
or knocked out and by decreased expression of g-cell matu-
ration markers when Txnrdl is chronically depleted (current
study). This role for TrxR1 in g-cell function provides a com-
pelling explanation for low expression of Gpx and catalase in 8-
cells compared to other tissues,'>?? given that activity of these
antioxidants may interfere with the ability of TrxR1 to promote
glucose-stimulated insulin secretion.
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