1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

/ HHS Public Access

Author manuscript
j Cell Rep. Author manuscript; available in PMC 2023 October 23.

Published in final edited form as:
Cell Rep. 2023 June 27; 42(6): 112615. doi:10.1016/j.celrep.2023.112615.

WEALTY 4
of %,

Pancreatic islet protection at the expense of secretory function
involves serine-linked mitochondrial one-carbon metabolism

Angela Pelligral?, Jessica Mrugalal-2:3.9, Kerstin Griess!-9, Philip Kirschner?, Oliver
Nortmannl, Barbara Bartosinskal, Andrea Késterl, Natalia I. Krupenko#, Dominik Gebel?,
Philipp Westhoff>:6, Bodo Steckel’, Daniel Eberhardl-2, Diran Herebian8, Bengt-Frederik
Belgardt?3, Jurgen Schrader’, Andreas P.M. Weber®:, Sergey A. Krupenko?, Eckhard
Lammert12:3.10%

linstitute of Metabolic Physiology, Heinrich Heine University, 40225 Duisseldorf, Germany

2Institute for Vascular and Islet Cell Biology, German Diabetes Center (DDZ), Leibniz Center for
Diabetes Research at Heinrich Heine University, 40225 Dusseldorf, Germany

3German Center for Diabetes Research (DZD e.V.), Helmholtz Zentrum Miinchen, 85764
Neuherberg, Germany

4University of North Carolina (UNC) Nutrition Research Institute, UNC Chapel Hill, Chapel Hill,
NC, USA

SInstitute of Plant Biochemistry, Cluster of Excellence on Plant Science (CEPLAS), Heinrich
Heine University, 40225 Disseldorf, Germany

6Cluster of Excellence on Plant Science (CEPLAS), Heinrich Heine University, 40225 Dusseldorf,
Germany

’Department of Molecular Cardiology, Heinrich Heine University, 40225 Dusseldorf, Germany

8Department of General Pediatrics, Neonatology and Pediatric Cardiology, Medical Faculty and
University Hospital Dusseldorf, Heinrich Heine University, 40225 Dusseldorf, Germany

9These authors contributed equally

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

"Correspondence: lammert@hhu.de.

AUTHOR CONTRIBUTIONS

AP, JM. and K.G. designed, performed, analyzed, and interpreted most of the experiments. P.K. helped with fluorescence-
activated cell sorting, insulin secretion assays, and immunoblot analysis during the revision, and O.N. performed the initial A4

KD experiments. D.G. helped to establish the generation of pseudo-islets from mouse islets. P.W. performed and analyzed gas
chromatography-mass spectrometry (GC-MS) data for flux analysis. B.S. performed and analyzed UPLC data. D.H. performed and
analyzed liquid chromatography-tandem mass spectrometry (LC-MS/MS) data for db/db plasma DXO concentrations. N.I1.K., S. A.K,,
D.E., B.F.B., J.S., and A.W. provided scientific and experimental advice and methodology. D.E. performed controls of data integrity
and analyses. E.L. supervised and scientifically guided A.P., .M., K.G., and O.N. throughout the study. E.L. and K.G. wrote the
manuscript with help from A.P. and J.M., who prepared the figures, schematic illustrations, legends, and methods to get her with K.G.
and E.L. All authors read and revised the manuscript.

DECLARATION OF INTERESTS

E. L. declares the following competing financial interests: the author is an inventor of the US patent 10,464,904 entitled “Dextrorphan
—derivatives with suppressed central nervous activity” and the US patent 9,370,511 entitled “Morphinan—derivatives for treating
diabetes and related disorders.”

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.celrep.2023.112615.


https://creativecommons.org/licenses/by-nc-nd/4.0/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pelligra et al. Page 2

10 ead contact

SUMMARY

Type 2 diabetes is characterized by insulin hypersecretion followed by reduced glucose-stimulated
insulin secretion (GSIS). Here we show that acute stimulation of pancreatic islets with the insulin
secretagogue dextrorphan (DXO) or glibenclamide enhances GSIS, whereas chronic treatment
with high concentrations of these drugs reduce GSIS but protect islets from cell death. Bulk

RNA sequencing of islets shows increased expression of genes for serine-linked mitochondrial
one-carbon metabolism (OCM) after chronic, but not acute, stimulation. In chronically stimulated
islets, more glucose is metabolized to serine than to citrate, and the mitochondrial ATP/ADP ratio
decreases, whereas the NADPH/NADP* ratio increases. Activating transcription factor-4 (Atf4) is
required and sufficient to activate serine-linked mitochondrial OCM genes in islets, with gain- and
loss-of-function experiments showing that Atf4 reduces GSIS and is required, but not sufficient,
for full DXO-mediated islet protection. In sum, we identify a reversible metabolic pathway that
provides islet protection at the expense of secretory function.

In brief

Pelligra et al. find that chronic exposure to high doses of K ap-dependent insulin secretagogues
protects islets from cell death at the expense of secretory function. Dysfunctional islets upregulate
serine-linked OCM genes and glucose flux to serine. Simultaneous knockdown of serine-linked
mitochondrial OCM genes enhances insulin secretion but decreases islet viability.

Graphical Abstract:
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INTRODUCTION

Diabetes mellitus is a metabolic human disease characterized by elevated blood glucose
concentrations due to insufficient insulin secretion and/or insulin resistance.!

Many diabetic patients require drug treatment to maintain normal blood glucose levels.?
Metformin is the first-line medication,3# but its strong anti-diabetic effect is reduced over
time, making it necessary to use additional anti-diabetic drugs.-8 With few exceptions, most
second-line medications for diabetes treatment enhance insulin secretion from pancreatic
islets; these include sulfonylureas (such as glibenclamide) and incretin mimetics (such as
exendin-4).27 However, despite, or even due to these insulin secretagogues, pancreatic

islet function often decreases, making replacement of islet secretory function with insulin
injections inevitable for many patients with type 2 diabetes (T2D).2

The molecular mechanisms that drive islet dysfunction are not fully understood. In the past,
at least three different, although not mutually exclusive, mechanisms have been suggested,?
i.e., pancreatic beta cell death,%10 pancreatic beta cell de- or trans-differentiation into
progenitor or non-beta cells,11:12 and chronic endoplasmic reticulum (ER) stress combined
with oxidative stress in pancreatic beta cells.8:13-16

Although T2D was considered incurable for a long time, recent studies using drastic
interventions, such as bariatric surgery or extreme caloric restriction to lower insulin
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demand, showed that islet secretory function (or GSIS) can be sufficiently restored to cure
the disease at least in a subgroup of patients.16-20 Previously, dextrorphan (DXO), the active
metabolite of the cough suppressant dextromethorphan (DXM, the orally available prodrug
of DXO0), was found to increase GSIS via interaction with N-methyl-D-aspartate receptors
(NMDARSs) and ATP-sensitive potassium channels (Karp channels).2! DXO also protected
mouse and human pancreatic islets from cell death,2123 pointing to its potential as a second-
line medication for the treatment of T2D. Further, in type 2 diabetic db/db mice, DXM was
shown to delay onset of T2D and to substantially reduce blood glucose concentrations and
islet cell death.22 Moreover, it was shown that glutamate activates NMDARS on pancreatic
beta cells and that deletion or pharmacologic inhibition of NMDARs enhances both GSIS
and islet cell viability.2425 Notably, two registered randomized clinical trials (RCTS) in
patients with T2D demonstrated that “acute,” single-dose treatment with DXM for 1 h
increases postprandial plasma insulin concentrations and lowers blood glucose excursions in
a following oral glucose tolerance test.26

In stark contrast to the positive reports on acute treatment, a previous small clinical trial
showed that “chronic” treatment of four patients with very high doses of DXM (5- to 30-fold
higher than used in the two single-dose RCTS) resulted in a reversible insulin-dependent
diabetes mellitus (IDDM) in two of the patients, with blood glucose concentrations being
higher than 300 mg/dL already after 48 h of drug treatment in one of the patients.2’ In this
context, it is noteworthy that although treatment with sulfonylureas (such as glibenclamide)
lowers blood glucose concentrations in individuals with T2D, chronic treatment of patients
with these drugs can lead to islet dysfunction.28:29 In addition, it was reported that human
islets transplanted into the anterior eye chamber of mice developed signs of islet dysfunction
when treated daily with a GLP-1R agonist for more than 200 days.13

Here we report that acute treatment (1 h) of islets with high concentrations of DXO (10
UM) enhances GSIS but does not affect islet cell survival. In contrast, chronic treatment

(48 h) with 10 uM DXO or 1 uM glibenclamide leads to insulin secretory dysfunction, as
characterized by reduced GSIS, but confers islet cell protection from cell death induced by
streptozotocin (STZ) as a diabetogenic trigger. STZ was shown to induce oxidative stress
and DNA damage in pancreatic beta cells,3-32 which have been reported both in T2D
mouse models as well as in islets from human donors with T2D.33 The drug treatment
lengths of 1 h (taken as acute treatment) and 48 h (taken as chronic treatment) were chosen,
since the previous clinical trials with DXM showed that a 1 h treatment increased GSIS
and blood glucose control, whereas a 48 h treatment with a high dose of DXM lowered
insulin release and resulted in a reversible IDDM. Notably, in the /n vitro experiments we
developed, both the insulin secretory dysfunction and islet cell protection were reversible,
as shown by the withdrawal of the insulin secretagogue DXO. To study this reversible islet
phenotype, we used transcriptomic analyses after 24 h drug treatment (to observe changes
in RNA levels at the onset of the developing islet phenotype) and metabolomic analyses

as well as genetic manipulations after 48 h drug treatment (when the islet phenotype with
less GSIS and more viability is fully developed) to identify serine-linked mitochondrial one-
carbon metabolism (OCM) as the metabolic pathway associated with islet cell protection at
the expense of insulin secretory function. Our findings on this metabolic pathway (which
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has been largely unexplored in pancreatic islets) warrants further studies of this particular
pathway during progression and drug treatment of human T2D.

RESULTS

Chronic exposure of islets to high concentrations of the insulin secretagogue DXO or
glibenclamide protects from cell death at the expense of secretory function

We treated pancreatic islets with high concentrations of DXO (10 uM) for different times
(i.e., 1 h and 48 h) and analyzed glucose-stimulated insulin secretion (GSIS) and islet cell
survival after addition of streptozotocin (STZ) (Figures 1 and S1), a frequently used toxin

to induce IDDM.3435 Acute (1 h) treatment with DXO was found to enhance GSIS at high
glucose concentrations without altering basal insulin secretion or insulin content (Figures 1A
and S1A\), as previously reported.22 Of note, this acute DXO treatment did not protect mouse
pancreatic islets from STZ-induced cell death (Figure 1B).

In contrast to the acute treatment, opposite effects were observed after chronic exposure of
islets to high concentrations of the drug. More specifically, treatment with 10 pM DXO for
48 h was found to decrease GSIS at high glucose concentrations and to reduce the insulin
content (Figures 1C and S1B) but provided full protection of the pancreatic islets from STZ-
induced cell death (Figure 1D). The cell-protective effects of DXO were demonstrated by
applying two independent methods, i.e., (1) staining with ethidium homodimer-1 (EthD-1)
followed by fluorescence microscopy and ImageJ/Fiji-based image analysis, and (2) flow
cytometry analyses of dispersed islet cells treated with fixable viability stain (FVS) 660
(Figures 1B, 1D, and S1D). We also observed that the insulin secretory capacity was
restored when the islets were transferred for 24 h to regular islet media (hence without the
insulin secretagogue) (Figure 1E), even though the insulin content was not restored (Figure
S1C). Notably, removal of DXO not only rescued the insulin secretory function of islets
but also the DXO-mediated islet cell protection vanished (Figure 1F), revealing an inverse
correlation between islet secretory function and islet cell survival.

Next, we investigated whether induction of the reversible islet secretory dysfunction

in combination with islet cell protection could also be observed with other insulin
secretagogues. Thus, islets were incubated with a high dose of glibenclamide, a Karp
channel antagonist, and exendin-4, a GLP-1R agonist, for 48 h. Notably, 1 uM
glibenclamide also led to an islet secretory dysfunction (i.e., reduced GSIS) and a

lower insulin content as well as pronounced islet cell protection from STZ-mediated cell
death (Figures S1E, S1G, and S11I). In stark contrast to DXO and glibenclamide, whose
mechanisms of action (MOAS) depend on Karp channels, chronic treatment (for 48 h) with
the GLP-1R agonist exendin-4 reduced neither the islet secretory function nor the insulin
content of islets (Figures S1F and S1H) but also did not protect pancreatic islets from
STZ-mediated cell death in this experimental setting (Figure S1J).

In sum, our results show that, depending on the drug, its concentration, and its treatment
duration, pancreatic islets can switch from a state of high insulin secretion to a state of high
islet cell protection.

Cell Rep. Author manuscript; available in PMC 2023 October 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pelligra et al. Page 6

Chronic exposure of islets to high concentrations of DXO or glibenclamide induces
expression of genes for serine-linked mitochondrial OCM

To uncover the potential molecular mechanisms associated with islet cell protection at

the expense of islet secretory function, we assessed differentially expressed genes in DXO-
treated (10 uM) islets at the time point (24 h) when islet secretory dysfunction and cell
protection developed (Figure 2A). RNA sequencing (RNA-seq) identified 698 genes to be
differentially expressed upon chronic DXO treatment, representing 3.1% of all analyzed
genes (Figure 2A). Strikingly, mRNAs of genes involved in the ER stress response,
including Activating transcription factor 4 (Atf4), DNA damage-inducible transcript 3
(Ddit3, also known as Chop), and Heat shock protein family A (Hsp70) member 5 (Hspab,
also known as Grp78or BiP) were found to be upregulated after treatment with the insulin
secretagogue (Figure 2B). Atf4 upregulation was subsequently validated at protein level by
immunoblotting (Figures 2C and 2D). Furthermore, the DXO treatment increased expression
of genes coding for enzymes in de novo serine biosynthesis via the phosphorylated pathway,
i.e., Phosphoglycerate dehydrogenase (Phgah), Phosphoserine aminotransferase 1 (Psatl),
and Phosphoserine phosphatase (Psph) (Figure 2E). Immunoblot analysis demonstrated
upregulation of Phgdh at the protein level (Figures 2F and 2G).

Three genes of the mitochondrial OCM, i.e., Serine hydroxymethyltransferase 2 (Shmt2),
Methylenetetrahydrofolate dehydrogenase 2 (Mthfd2) and Aldehyde dehydrogenase 1
family member L2 (Aldh1/2), were also upregulated at the mRNA level (Figure 2H). In
contrast, expression of genes coding for the cytosolic isoforms of these enzymes, i.e.,
Shmtl, Mthfdl, and Aldh1/1, was not altered (Figure 2H). To validate the upregulation of
the mitochondrial enzyme Aldh1I2 at the protein level, pancreatic islets were fractionated
into cytosolic and mitochondrial fractions and analyzed by immunoblotting. As expected,
Aldh1l2 protein could only be detected in the mitochondrial fraction of the pancreatic islets,
containing cytochrome ¢ oxidase subunit 4 (Cox 1V), and was elevated upon induction of
islet dysfunction (Figure 2I, upper blot). Quantifications of immunoblots with pancreatic
islet lysates, confirmed enhanced Aldh1l2 protein levels as well (Figure 21, lower blot, and
Figure 2J).

Consistent with the notion that chronic stimulation of insulin secretion could potentially
dedifferentiate pancreatic islets,12:36 the pancreatic beta cell marker genes /nsulin (Ins,
Ins2), Solute carrier family 2 member 2 (Slc2a2), MAF bZIP transcription factor A (MafA),
and Pancreatic and Duodenal Homeobox-1 (Pdx1)were significantly downregulated after
DXO treatment (Figure S2A) but without affecting protein levels of Glut2 (encoded by
Slc2a2) during the first 48 h of drug treatment (Figures S2B and S2C). Proliferation markers
were found to be reduced as well, except for some weakly upregulated genes, such as
Cdc25aand Pcna (Figure S2D). Notably, the selective NMDAR antagonist MK-801, whose
MOA strictly depends on K arp channels, 2 altered RNA expression in a similar manner
compared with the less selective NMDAR antagonist DXO (Figures S2E-S2lI), including

an upregulation of ER stress marker genes as well as genes involved in de novo serine
synthesis and mitochondrial OCM (Figures S2E-S2G). In contrast to chronic treatment,
acute treatment of islets with 10 uM DXO did not substantially change the above-mentioned
RNAs (Figures S3A-S3D).
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The effects of chronic DXO treatment on the islet expression of mMRNAs for Atf4 and
serine-linked mitochondrial OCM enzymes were found to be strictly dependent on the dose
of DXO (Figures S3E-S3K). More specifically, at a concentration of 1 uM DXO or lower,
not all of these genes were significantly higher in their mMRNA expression, whereas, at

10 uM DXO, all of the mRNAs were robustly and significantly upregulated (Figures S3E—
S3K). Further, the genes for insulin (/nsZ and /ns2) were significantly downregulated only
at a DXO concentration as high as 10 uM but not at a concentration of 1 UM or lower
(Figures S3L and S3M). Consistent with these dose-dependent effects, chronic treatment of
ab/db mice with 3 mg/mL DXM, corresponding to a plasma concentration of 1 uM DXO
(see Figure S4D), reduced (rather than accelerated) onset of T2D and islet cell demise,

as revealed by lower blood glucose concentrations and a visibly more intact shape of the
islets, respectively (Figures SAA-S4D). Of note, the body weight of the animals remained
largely unchanged at the end of the study in the 3 mg/mL DXM group and 1 mg/mL DXM
control group (Figure S4B), as previously reported.?2 Further, expression of the mRNAs for
ER stress markers and serine-linked mitochondrial OCM were not consistently upregulated
in the islets from DXM-treated ab/db mice, suggesting that also /77 vivoa lower DXO
concentration (1 uM) does not result in insulin secretory dysfunction, even when given

for 2 weeks (Figures SAE-S4G). In addition, islet cell and proliferation markers were not
consistently changed after treating db/ab mice with 3 mg/mL DXM versus 1 mg/mL DXM
in the drinking water (Figures S4H and S4l).

In vitro, we observed that spliced and hence activated Xbp-1s was detectable at a higher
protein level in DXO-treated islets compared with untreated islets (Figures 3A and 3B),
consistent with the reported induction by Xbp-1s of Atf4and Fgf21 mRNA,37-39 both of
which were found to be upregulated in DXO-treated islets (Figure 2B). In support of the
reversible nature of the observed gene signature, we could demonstrate that protein levels
of Aldh1l2 and Atf4 decreased after washout of the insulin secretagogue DXO (Figure 3C).
Similar results were obtained for Atf4, Phgah, Psatl, Psph, Shmt2, Mthfd2, and Aldh1/2
mMRNAs, which returned to normal levels after washout (Figures 3D-3J). Consistent with
the opposing effects of glibenclamide (acting via Kagp channels like DXO) and exendin-4
(acting via GLP-1R) in chronically treated islets (Figure S1), glibenclamide enhanced the
MRNA expression of Atf4, the enzymes for serine biosynthesis, and mitochondrial OCM to
a larger extent than exendin-4 (Figure Sb).

We conclude that chronic stimulation of pancreatic islets with high concentrations of

the insulin secretagogues DXO (10 uM) or glibenclamide (1 pM) significantly increased
expression of genes for serine-linked mitochondrial OCM, which were reported to promote
cell proliferation and survival in other cell types,0-44 and that the insulin secretagogue
exendin-4 increased their expression to a lesser extent.

Chronic stimulation of pancreatic islets with DXO shifts the glycolytic flux toward products
of serine-linked mitochondrial OCM

Our RNA-seq data indicated that chronic stimulation of pancreatic islets with high
concentrations of the insulin secretagogue DXO shifted glucose metabolism from the
tricarboxylic acid (TCA) cycle, needed for full ATP production and insulin secretory
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function,*>46 toward serine-linked mitochondrial OCM (Figure 4A), established to be
involved in cell survival and cell division.44” To explore such metabolic reprogramming,
we performed stable isotope tracing experiments. For this purpose, we incubated pancreatic
islets with [U-13C]-glucose in the presence or absence of 10 uM DXO for 1 h or 48 h,
mimicking acute or chronic drug exposure, respectively. The incorporation of 13C atoms
into metabolites was subsequently analyzed in (1) citrate as a product of the TCA cycle
and (2) serine as a product of de novo serine synthesis (Figures 4B—4E). After 1 h of

DXO treatment, no significant alterations in 13C-labeled citrate and serine were observed
(Figures 4B and 4C). In contrast, we detected less incorporation of 13C atoms from glucose
into citrate (M+1 to M+5) as well as more unlabeled citrate (M+0) upon chronic (48 h)
DXO treatment, indicating that less glucose was metabolized via the TCA cycle (Figure
4D). Conversely, we observed higher incorporation of 13C-labeled units from glucose into
serine (M+1 and M+2) and less unlabeled serine (M+0) after 48 h of DXO treatment (Figure
4E; please note that one of the 13C atoms gets lost during fragmentation). These findings
are consistent with our results from RNA-seq, indicating that chronic treatment of islets
with high concentrations of the insulin secretagogue DXO shifts the glycolytic flux from
glycolysis and TCA cycle to de novo serine synthesis (Figure 4A).

Next, we wished to determine whether the expression of components for oxidative
phosphorylation (OXPHOS) were altered by using several antibodies against mitochondrial
proteins. However, no significant changes were identified (Figure S6), except for complex

I (NDUFBS8) and complex V (ATP5a) proteins, which were found to be increased in

half of the islet preparations (Figures S6B and S6F). We then measured by using ultra-
performance liquid chromatography (UPLC) the concentrations of NADH, NAD™, ATP,
ADP, and NADPH and NADP™ in the mitochondrial fraction of mouse islets that were
treated with or without DXO for 48 h. Consistent with the expected reduction in the TCA
cycle activity (Figure 4A, left part of the illustration), the analysis revealed that DXO
significantly decreased mitochondrial NADH/NAD™ and ATP/ADP ratios (Figures 4F and
4G). In contrast, mitochondrial NADPH/NADP? ratios increased in pancreatic islets upon
chronic DXO treatment (Figure 4H), indicating the activation of serine-linked mitochondrial
OCM (Figure 4A, right part of the illustration).

Our data show that chronic (but not acute) stimulation of pancreatic islets with high
concentrations of DXO activates serine-linked mitochondrial OCM (as judged by the
increase in 13C-labeled serine and mitochondrial NADPH/NADP™ ratio), which is essential
for coping with oxidative stress and cell survival. In turn, chronic treatment with DXO
decreases the products of the TCA cycle and oxidative phosphorylation (i.e., 13C-labeled
citrate as well as mitochondrial NADH/NAD* and ATP/ADP ratios), which are necessary
for physiologic insulin secretory function.

ATF4 expression in pseudo-islets is sufficient for limiting GSIS but not for islet cell

protection

Previous studies have shown that upregulation of Phgah, Psat1, and Psph (i.e., genes
involved in de novo serine synthesis) as well as Shmt2and Mthfd2 (genes involved in
mitochondrial OCM) are dependent on the ER stress regulator Atf4.47-50 |n pancreatic islets,
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the role of Atf4 is controversial, with reports suggesting positive as well as negative roles
of Atf4 in islet cell survival.#1:51-53 Here, we investigated whether Atf4 is required for
DXO-mediated islet secretory dysfunction, islet cell protection, or both.

To perform gain-of-function experiments, we first dispersed pancreatic islets into an islet
cell suspension and subsequently infected the cells with a recombinant adenovirus carrying
the human A7F4 gene (Ad-ATF4) or GFPas a control (Ad-GFP). Afterward, pseudo-islets
were generated by a hanging drop method,>*25 allowing analyses of the effects of ATF4
expression in primary islet cells in three-dimensional islets (Figure 5A). ATF4 mRNA was
successfully overexpressed in infected pseudo-islets (Figure 5B). Upon A7F4 expression,
the pseudo-islets showed an upregulation of Phgah, Psatl, and Psph mRNAs, i.e., all parts of
de novo serine synthesis (via the phosphorylated pathway), as well as of Shimt2, Mthfd2, and
Aldh1/2mRNAs, i.e., elements of the mitochondrial OCM (Figures 5F-5H). In addition,
immunoblot analyses confirmed expression of ATF4 as well as upregulation of Phgdh and
Aldh1l2 at the protein level (Figure 5I).

We then performed a GSIS assay with Ad-GFPand Ad-ATF4 infected pseudo-islets and
observed a reduced GSIS and enhanced insulin content upon A7F4 expression (Figures

5J and 5K), which is in line with DXO-induced Atf4 affecting negatively GSIS. To study
whether ATF4 also mediated the islet cell protection against STZ, we evaluated cell viability
by flow cytometry (Figure 5L). As already visible in bright-field images (Figure 5M),

this analysis did not reveal any change in the untreated pseudo-islets, whereas more cell
death was detected in the ATF4-expressing pseudo-islets (94.72%) compared with control
islets (80.85%) after STZ treatment (Figures 5L and 5M). These results show that the
ATF4 expression mimics DXO-induced upregulation of serine-linked mitochondrial OCM
genes and the DXO-induced islet secretory dysfunction but does not simulate the beta
cell-protective effect of DXO.

Atf4 is required for limiting GSIS and required for full islet protection from STZ-induced

cell death

To complement the gain-of-function experiments, we performed loss-of-function
experiments to explore whether silencing A# could increase GSIS and/or decrease islet cell
viability. We knocked down A#f4 in pseudo-islets by small interfering RNA (siRNA) before
the DXO treatment (Figure 6A). Levels of A4 mRNA were efficiently reduced in these
experiments (Figure 6B). Notably, Aff4 knockdown in pseudo-islets was sufficient to reduce
the DXO-mediated induction of genes for the de novo serine synthesis and mitochondrial
OCM pathways (Figures 6C-6H). In addition, the silencing of A#f4 strongly lowered Atf4
and Aldh112 protein expression (Figure 61), and this effect was more pronounced in pseudo-
islets treated with the ER stress inducer thapsigargin (Figure 61).

Finally, we assessed the effect of DXO on GSIS in Aff4-proficient and Atf4-silenced
pseudo-islets. The Atf4 knockdown was found to increase GSIS (Figure 6J) but to decrease
the islet insulin content (Figure 6K). Notably, DXO-mediated islet cell protection from
STZ-induced cell death was significantly attenuated by Atf4 knockdown (Figures 6L and
6M), while basal and STZ-induced cell death were similar between pseudo-islets transfected
with control and A#74 siRNAs (Figures 6L and 6M). Consistent with a requirement for Atf4
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in DXO-mediated upregulation of serine-linked OCM, isotope tracing experiments showed
that DXO induced the conversion of glucose into serine (at the expense of citrate) to a lesser
extent when Atf4 had been silenced in pseudo-islets (Figures S7TA and S7B). In contrast,
DXO-mediated beta cell dedifferentiation was found to be unaffected by the knockdown of
Altf4 (Figures STC-S7H).

We conclude that Atf4 is required in pancreatic islets for (1) induction of genes for serine-
linked mitochondrial OCM, (2) limiting islet secretory function, and (3) full DXO-mediated
islet protection from STZ-induced cell death.

Serine-linked mitochondrial OCM is required for limiting GSIS and required for full islet
protection from STZ-induced cell death

To determine whether the enzymes of serine-linked mitochondrial OCM are involved in
insulin secretion and islet cell viability, we performed knockdown experiments in pseudo-
islets for Phgah (Figures 7TA-7C), Shmt2 (Figures 7D-7F), and Mithfd2 (Figures 7G-T71),
with the knockdown validated at the protein level in each case. We also performed triple
knockdown experiments in which all three genes, i.e., Phgadh, Shmt2, and Mthfd2, were
silenced (Figures 7J-7L). We observed that each individual knockdown increased GSIS
from pancreatic pseudo-islets, demonstrating that each of the three genes for serine-linked
mitochondrial OCM is required to limit GSIS (Figures 7B, 7E, and 7H). Knockdown of all
three genes led to the highest increase in GSIS (Figure 7K), compared with the knockdown
of each gene alone (Figures 7B, 7E, and 7H). Of note, knockdown of each single gene

did not affect the viability of islets after incubation with STZ (Figures 7C, 7F, and 71),
while the triple knockdown of Phgdh, Shmt2, and Mthfd2 enhanced the STZ-induced islet
cell death (Figure 7L). Even though knockdown of these genes did not fully attenuate the
effects of chronic high-dose DXO treatment, the data show that each of the three genes
involved in serine-linked mitochondrial OCM is required for limiting GSIS, while all three
genes (Phgah, Shmt2, and Mthfd?2) are essential to fully protect pancreatic islets from
STZ-mediated cell death.

DISCUSSION

T2D is often associated with insulin resistance, which increases the demand for pancreatic
islets to secrete large amounts of insulin to maintain blood glucose concentrations at
physiological levels. Insulin secretagogues, such as sulfonylureas and NMDAR antagonists
(both acting via Karp channels), as well as GLP-1R agonists that we used in this study,
stimulate GSIS. However, excessive insulin biosynthesis and secretion are thought to
potentially contribute to islet secretory dysfunction (or reduced GSIS) at some point during
the disease.1® Here we established an in vitro model for the development of insulin secretory
dysfunction by stimulating mouse pancreatic islets with a high concentration of the insulin
secretagogue DXO (an NMDAR antagonist). A similar insulin secretory dysfunction could
be induced by stimulation of islets with glibenclamide (a Karp blocker) but not by exposure
of islets to exendin-4 (a GLP-1R agonist). In our study, we demonstrated that the DXO-
induced secretory dysfunction is connected to a strong upregulation of the transcription
factor Atf4 as well as expression of several serine-linked mitochondrial (but not cytosolic)
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OCM genes. We further showed that Atf4 is required and sufficient to induce expression of
these genes in pancreatic islets, including the gene for Aldh1l2.

Our data are consistent with previous reports on cell lines unrelated to pancreatic islets
showing that ATF4 is a master regulator of genes involved in serine biosynthesis and
mitochondrial OCM.#7-50.56 They are also consistent with studies on glucolipotoxicity
induced by stimulation of islets with high glucose and palmitate concentrations where
coincidently some alterations in serine-linked OCM genes were observed.>’? It is therefore
possible that serine-linked mitochondrial OCM plays a universal role in T2D, which is
reversible to some extent. In addition, a role of folate and OCM has been previously
implicated in beta cell differentiation, underscoring the key role of this evolutionarily
conserved pathway in pancreatic islets.50

This study is the first to show that the genes for key enzymes of this metabolic pathway are
significantly turned on upon continuous stimulation of islets with two insulin secretagogues
that both act via Karp channels. On the one hand, upregulated expression of serine-linked
mitochondrial OCM genes is reversible and associated with insulin secretory dysfunction as
well as reduced mitochondrial NADH/NAD™* and ATP/ADP ratios. On the other hand, we
show that, at the time when pancreatic islets develop an insulin secretory dysfunction and
dedifferentiate, the islets are protected from cell death induced by the beta cell toxin STZ
and have elevated mitochondrial NAPDH/NADP™ ratios. It is noteworthy that our findings
are consistent with the observation that serine is essential for mitochondrial biology and
cell survival, as this amino acid is involved in mitochondrial redox regulation, nutrient
utilization, and production of ceramides.61:62 Further, the first-line medication of T2D,
metformin, was shown to have positive effects on pancreatic islets from humans with T2D,°
and metformin inhibits the activity of the mitochondrial OCM enzyme SHMT?2, but not that
of its cytosolic form, SHMT1.63

In sum, serine-linked mitochondrial OCM is strongly but reversibly turned on upon chronic
stimulation with high concentrations of insulin secretagogues, which act via Karp channels,
whereas it is only weakly activated upon stimulation with GLP-1R agonists (i.e., exendin-4).
Our study further demonstrated that, in pancreatic islets, serine-linked mitochondrial OCM
genes are upregulated by ATF4. Our findings explain why chronic treatment of patients with
high concentration of NMDAR antagonists or sulfonylureas triggers an insulin secretory
dysfunction even though our knockdown experiments cannot explain the chronic effects
with an upregulation of these serine-linked mitochondrial OCM genes alone. Finally, the
reported inverse correlation between insulin secretory function and islet protection points

to the intrinsic difficulty of chronically stimulating insulin secretion with K arp-dependent
insulin secretagogues, further underscoring the notion that, compared with these drugs,
GLP-1R-based insulin secretagogues (which only weakly activate this metabolic pathway)
are better suited for the treatment of T2D when administered chronically and at a high dose.

Limitations of the study

For the specific analysis of the serine-linked OCM, it was not possible to perform
experiments in cell culture models such as INS1E cells. In immortalized tumor cells, this
specific pathway is of fundamental importance to cope with oxidative stress occurring in
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rapidly proliferating cells. Therefore, it was not possible to conduct experiments in cell
culture.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and request for resources and reagents should
be directed to and will be fulfilled by the lead contact Dr. Eckhard Lammert
(lammert@hhu.de).

Materials availability—This study did not generate new unique reagents. There are
restrictions to the availability of Aldh1I2 antibody used in this study due to discontinued
production by the company.

Data and code availability

. RNA-sequencing data were deposited on Mendeley database at “Pelligra
et al. 2023” and are publicly available as of the date of publication.
DOls are listed in the key resources table. Mendeley Data: https://
data.mendeley.com/datasets/4rwmrc9cpr and https://data.mendeley.com/datasets/
g4bdvweczr. Original immunoblot images are shown in Data S1. All other data
such as Microscopy, UPLC and MS-data reported in this paper will be shared by
the lead contact upon request.

. The code for pancreatic islet analyses is the same like in the paper of Scholz et
al.,5% and has been deposited at Zenodo. DOI is listed in the key resources table.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse models—For /n vitro experiments only male mice of the lines, C57BL/6J (Janvier)
(of the age of 9-11 week), C57BL/6NTac (Taconic) (of the age of 9-11 week), and BKS(D)-
Lepr®130rIRj (db/db) (Janvier) (of the age of 4-6 weeks) were used. All mice were kept in
constantly monitored housing conditions (22°C, 55% humidity, 12:12 h light:dark cycle) and
had unlimited access to standard laboratory rodent chow and water. All animal experiments
were approved by the local Animal Ethics Committee of the Landesamt fiir Natur, Umwelt
und Verbraucherschutz Nordrhein-Westfalen (LANUYV, North Rhine-Westphalia, Germany)
and conducted according to the German Animal Protection Laws.

METHOD DETAILS

Chronic DXM treatment of db/db mice—Chronic /in vivo effects of DXM on
pancreatic islets were investigated on four-weeks-old db/db mice, which were treated for

2 weeks with DXM (Sigma-Aldrich). Therefore, DXM was administered via drinking water
at 1 mg/mL vs. 3 mg/mL DXM concentrations. Fasting blood glucose (BG) levels and
body weights (BW) were controlled weekly in mice. Blood glucose was measured from

the tail tip, using the GlucoSmart Swing2 glucometer and corresponding test strips (MSP
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Bodmann GmbH). For the quantification of DXO plasma concentrations, additional blood
was collected and used for tandem mass spectrometry (LC-MS/MS). After two weeks of
treatment, mice were sacrificed for isolation of islets, which were immediately used for
RNA-isolation and RNA-Seq.

Isolation of murine pancreatic islets—All /in vitro experiments were performed on
isolated pancreatic mouse islets. The isolation was performed according to Yesil et al.6
with minor changes. Pancreata were excised after papilla vateri occlusion and perfusion with
Dulbecco’s modified eagle medium (DMEM) + GlutaMAX (1 g/mL glucose) (Gibco by
Life Technologies) containing Liberase TL Research Grade (Roche) through the bile duct.
The enzymatic digestion was stopped after 16.5 min at 37°C with DMEM containing 15%
heat-inactivated Fetal Bovine Serum (FBS, Gibco by Life Technologies). After washing,
filtration, and gradient centrifugation at 1,200 g for 25 min using Histopaque-1077 (Sigma-
Aldrich) or Lymphoprep (STEMCell Technologies), the isolated islets were collected from
the interphase between DMEM and density gradient medium and transferred into islet
medium. Islet medium is composed of Connaught Medical Research Laboratories (CMRL)
1066 medium (Gibco by Life Technologies) supplemented with 15% heat-inactivated FBS,
100 U/ml penicillin (Gibco by Life Technologies), 100 pg/mL streptomycin (Gibco by

Life Technologies), 50 pM p-mercaptoethanol (Gibco by Life Technologies), 0.15% sodium
bicarbonate (Gibco by Life Technologies), and 10 mM glucose (Sigma-Aldrich). Islets were
washed twice in islet medium and cultured in a humidified incubator at 37°C and 5%

CO,. All treatments and functional assays within this study were performed after overnight
cultivation.

Pseudo-islet generation—Overnight cultured isolated islets were washed several times
in Dulbecco’s Phosphate Buffered Saline (DPBS, Gibco by Life Technologies) and digested
with 0.05% Trypsin-EDTA (Gibco by Life Technologies) to obtain a single-cell suspension.
Once the islets were fully dissociated, the enzymatic digestion reaction was stopped with
islet medium. The number of viable cells was determined using trypan blue (0.4%, Gibco
by Life Technologies) staining. For the generation of pseudo-islets, hanging drop technology
was performed according to the previously described protocol®* with minor changes.
Therefore, single cells were resuspended in islet medium at a density of 1500 cells/30 pL
and distributed in 30 uL drops on the lids of petri-dishes containing 25 mL DPBS. Hanging
drops were incubated for 3 days in a humidified incubator at 37°C and 5% CO5 to form
pseudo-islets. Afterward, pseudo-islets were collected in islet media and used for functional
analyses.

Adenovirus transduction in mouse pancreatic islets—For efficient overexpression
of ATF4 in pancreatic islets, dispersed islet cells were infected for 6 h in a humidified
incubator at 37°C and 5% CO, with a multiplicity of infection (MOI) of 200 with
adenoviruses containing either a human ATF4 overexpression plasmid (Vector Biolabs,

# ADV-201618, RefSeq: BC011994, further designated as Ad-AT7F4) or a GFP control
plasmid (ViraQuest Inc., VQAd CMV eGFP, further designated as Ad-GFP), followed by
the formation of pseudo-islets by hanging drop technique. For this, islet cells were washed
with islet media, resuspended at a density of 1500 cells/30 L and hanging drops were
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pipetted to generate pseudoislets within 3 days. Previous to conduction of functional assays,
pseudo-islets were washed several times with islet medium and the absence of infectious
particles in the islet medium was ensured by performing a PCR against the adenovirus
plasmid construct.

siRNA-mediated gene knockdown in mouse pancreatic islets—Gene knockdown
was conducted using Lipofectamine RNAIMAX Transfection Reagent (Thermo Fisher
Scientific). For this purpose, non-targeting control siRNA (Horizon Discovery, #
D-001810-10-50) or siRNAs targeting specific genes of interest was mixed with
Lipofectamine and OptiMEM (Gibco by Life Technologies), incubated for 5 min at room
temperature, and added with a final concentration of 50 nM to dispersed islet cells to a
density of 1500 cells/30 pL. Pseudo-islets were generated by hanging drop technique and
collected for further treatments and assays after 3 days of incubation at 37°C and 5% CO».
See Table S2 for the used siRNAs (Horizon Discovery)

Glucose-stimulated insulin secretion assay—Functionality of islet cells, deriving
from C57BL/6J and C57BL/6NTac mice was studied upon dextrorphan tartrate (DXO,
Sigma-Aldrich, #D127, solved in H,0) treatment. All treatments were performed at 37°C
and 5% COy, in islet medium containing 10 mM glucose with different incubation periods.
Duration of pre-incubation and concentrations are indicated in the figures. To investigate
basal and glucose-stimulated insulin secretion (GSIS) levels, an insulin secretion assay
was performed. Previous to stimulation with low and high glucose concentrations, 8 islets
were washed twice and starved for 1 h in Krebs Ringer HEPES (KRH) buffer containing
15 mM HEPES (Gibco by Life Technologies), 5 mM KCI (Chemsolute, Th.Geyer), 120
mM NaCl (Carl Roth), 2 mM CacCl, (Sigma-Aldrich), 10 pM glycine (Sigma-Aldrich),

24 mM NaHCOg3 (Sigma-Aldrich), 0.1% Bovine Serum Albumin (BSA, Sigma-Aldrich)
and 2 mM glucose (Sigma-Aldrich). All incubation steps were performed at 37°C and 5%
COsy. In order to measure the basal- and glucose-stimulated insulin secretion, the starved
islets were successively incubated for 1 h in KRH buffer containing 2 mM (low glucose),
followed by an additional 1 h of incubation in 20 mM (high glucose). Subsequent to each
stimulation, supernatants containing the secreted insulin were collected. Finally, islets were
lysed in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCI, pH 7.4 (Sigma-
Aldrich), 150 mM NaCl (Roth), 1 mM EDTA (Ambion), 1 mM NagVO, (Sigma-Aldrich),
1 mM NaF (Sigma-Aldrich), 0.25% Sodium deoxycholate (AppliChem), 1% IGEPAL
(Sigma-Aldrich) in H,0), to measure insulin content. The amount of secreted insulin as
well as insulin content was determined using the ultra-sensitive rat insulin ELISA (Crystal
Chem) according to manufacturer’s instructions. The colorimetric readout was carried out
using the Infinite M200 NanoQuant reader (Tecan) or GloMax Discover Microplate Reader
(Promega).

RNA isolation from mouse pancreatic islets—For RNA-sequencing analysis and
quantification of gene expression levels in mouse pancreatic islets, total RNA was extracted
from pancreatic islets using the RNeasy Mini Kit (Qiagen). Cultured islets were transferred
and washed in ice-cold PBS, lysed in RLT lysis buffer (Qiagen) and used for RNA isolation
according to manufacturer’s instruction. To obtain pure RNA, genomic DNA contaminations
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were removed by an on-column DNase digestion, using the RNase-Free DNase Set
(Qiagen). RNA concentration and quality was measured using BioMate 3 (Thermo Fisher
Scientific).

RNA-sequencing—To investigate downstream target genes of DXO in pancreatic islets,
whole transcriptome analysis was performed via RNA-sequencing at the Functional
Genomics Center Zurich (FGCZ, ETH in Zurich, Switzerland). The quality of the RNA
was determined with Qubit (2.0) Fluorometer (Life Technologies, California, USA) and

a TapeStation 4200 RNA Screen Tape (Agilent, Waldbronn, Germany). RNA integrity
number (RIN) values were above 9.1 for all samples, and a Poly-A enrichment strategy

for generating sequencing libraries was chosen. RNA samples with RIN >9.1 were pooled
from three independent experiments (see Figure 2A). For the succeeding steps, the TruSeq
mRNA Stranded Library Prep Kit (Illumina, Inc, California, USA) was used. After Poly-A
selection using Oligo-dT beads, the MRNA was reverse-transcribed into complementary
DNA (cDNA). The cDNA samples were fragmented, end-repaired and polyadenylated
before ligation of TruSeq UD Indices (IDT, Coralville, lowa, USA). Fragments were
selectively amplified with PCR. The quality and quantity of the enriched libraries were
validated using Qubit (1.0) Fluorometer and TapeStation 4200 D1000 Screen Tape (Agilent,
Waldbronn, Germany). For cluster generation, the TruSeq SR Cluster kit HS4000 (Illumina,
Inc, California, USA) was used. Next, 10 pM of pooled normalized libraries were used

on the cBOT System. The library sequencing was performed on the HiSeq4000 with 125
cycles single-read using the TruSeq SBS Kit HS4000 (lllumina, Inc, California, USA).
RNA-Sequencing reads were aligned to the mouse GRCm38 reference genome using the
STAR aligner.%6 Gene expression values were computed with the function featureCounts
from the R package Rsubread.%” Differential expression was computed using the generalized
linear model implemented in the Bioconductor package edgeR.%8 Expression values were
indicated as the metric “fragments per kilobase of transcript per million mapped reads”
(FPKM). The Sushi framework was used to run the data analyses.%° Genes were only
considered expressed if the FPKM value was above >1. For further analysis the cutoff for
the log2 Fold Change (log2 FC) was set above >1 or below < -1, and a false discovery rate
(FDR) of less than 0.05 was considered significant.

Reverse transcriptase PCR and quantitative real-time PCR—Quantitative real-
time PCR was conducted to determine gene expression on mRNA level. RNA was
transcribed to complementary DNA (cDNA) using the SuperScriptll reverse transcriptase
(Invitrogen by Thermo Fisher Scientific) or High-Capacity cDNA Reverse Transcription
Kit (Invitrogen by Thermo Fisher Scientific). Subsequently, g°PCR was performed using
the FastStart Essential Green Master-Mix (Roche) or LUNA Universal (RT)-gPCR reagent
(NEB). See Table S2 for the used oligonucleotides sequences (Eurogentec).

gPCR was performed utilizing the LightCycler Nano Device (Roche) with the LightCycler
Nano software 1.1. 2, the QuantStudio 1 system (Applied Biosystems) or QuantStudio

7 Flex Real-Time PCR System with the Quantstudio Design Analysis Desktop Software.
Calculation of 27ACT was performed by the comparative Ct method, in which ACt is
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defined as Ct gene of interest — Ct reference gene. All data were normalized to the
expression levels of the housekeeping genes Beta-actinand Hprtand to the control.

Fractionation of pancreatic islets—To analyze the localization of Aldh112 upon DXO
treatment islets were fractionated using the Mitochondria/Cytosol Fractionation Kit (Abcam,
ab65320). 120-150 islets were treated and homogenized according to manufacturer’s
instructions. After collecting the cytosolic fraction, the mitochondrial protein lysate was
obtained by resuspending the pellet in 200 uL mitochondrial extraction buffer. Localization
was detected via immunoblot analysis.

Immunoblot analysis—To investigate and quantify protein expression, 20-80 islets per
sample were washed in ice-cold PBS, homogenized in RIPA buffer containing a cocktail of
protease inhibitors (Roche) and placed on a cell disrupter at 4°C for 10 min. 4x Laemmli
buffer (BioRad) containing 40 mM NaF (Sigma-Aldrich), and 4% p-mercaptoethanol
(Roth), was added to samples and boiled for 5-10 min at 95°C. Protein lysates serving

for OXPHOS immunoblots were not boiled. Polypeptides and protein ladder (Precision
Plus Protein Dual Color (BioRad) or PageRuler Pre-stained (Thermo)) were separated
using 4-15% pre-cast Mini-Protean TGX Stain-free Protein Gels (Bio-Rad) and blotted on
polyvinylidine difluoride (PVDF) membranes using the Trans-Blot Turbo Transfer System
(Bio-Rad). Subsequent to a blocking step of 1-2 h at room temperature with 5% bovine
serum albumin (BSA) (AppliChem) or 5% non-fat dried milk (Roth) dissolved in PBS
+0.1% Tween 20 (AppliChem), the membranes were incubated overnight at 4°C with
specific mono- or polyclonal antibodies. Following washing with PBS +0.1% Tween 20,
the membranes were incubated for 1 h at room temperature with an appropriate horseradish
peroxidase (HRP)-conjugated secondary antibody anti-rabbit or anti-mouse antibody. See
Table S1 for the used primary and secondary antibodies. For detection, the Clarity Western
ECL substrate (Bio-Rad) was used according to manufacturer’s instructions. The images
were acquired using the ChemiDoc XRS (Bio-Rad) or ChemiDoc MP Imaging System
(BioRad), while the protein quantification was performed using Fiji’® (ImageJ) or Image
Lab (Bio-Rad) analysis software. The amount of protein in each sample was normalized to
the housekeeper Beta-actin or for adenoviral experiments to GFP expression.

Measurement of islet cell viability in mouse islets and pseudo-islets via
microscopy—Islet cell viability of mouse pancreatic islets and pseudo-islets was
examined upon 1.5 mM STZ treatment for 24 h, using the LIVE-DEAD Viability-
Cytotoxicity Kit (Thermo Fisher Scientific). Following treatment, whole islets were
incubated protected from light for 1 h at 37°C and 5% CO, with 10 pg/mL Hoechst
33342 (DNA stain), 2 uM Calcein AM (live cells), and 4 uM Ethidium homodimer-1
(EthD-1, dead cells) in KRH buffer supplemented with 0.1% BSA (Sigma-Aldrich) and
10 mM glucose (Sigma-Aldrich) to co-stain cell nuclei, as well as viable and dead cells.
Afterward, Z-stack images of the stained islets were acquired using a Zeiss LSM 710
coupled to an Axio Observer.Z1 microscope (Carl Zeiss Microlmaging GmbH) equipped
with a Plan-Apochromat 20x/0.8 objective or Zeiss ApoTome (Carl Zeiss Microlmaging
GmbH) equipped with a Plan-Apochromat 103/0.45 objective. All images were analyzed
using Fiji (ImageJ) image analysis software and cell death was quantified by using the
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semi-automated quantification macro as previously published by Scholz and colleagues.54
The area of dead (EthD-1-positive) cells of each islet was normalized to the whole islet cell
area (Hoechst-positive).

Measurement of islet cell viability in pseudo-islets via flow cytometry—For
flow cytometric analyses of cell viability, 80-100 pseudo-islets per condition were treated
for 24 h with 2.5 mM STZ in a 6-well dish. Afterward, islet cell media and dispersed islets
were transferred to FACS tubes, centrifuged for 5 min at 400 g and washed with PBS.
Subsequently, islet cells were stained with F\VS660 (1:1,000 in PBS, BD Biosciences) for
15 min at room temperature in the dark, adenovirus infected pseudo-islets were additionally
fixed with 4% PFA for 30 min at room temperature, and washed again with PBS. Finally, the
amount of FVVS660-positive (FL4-H positive, dead) and FVVS660-negative (FL4-H negative,
living) beta cells was determined using the FACSCalibur (BD Biosciences) or CytoFlex S
(Beckmann Coulter). Quantification was conducted using FlowJo software version 10 (BD
Biosciences).

GC-MS flux analysis of 13C-labeled metabolites—For metabolic flux analysis,
100-300 pseudo- or pancreatic mouse islets per condition were initially pre-incubated

for 48 h in normal or 10 mM [U-13C]-Glucose (Sigma, 389374) containing islet media.
Thereafter, islets were transferred in respective islet media with or without 10 uM

DXO supplementation for additional 1 h—48 h. Afterward, islet were washed three times
with ice-cold isotonic NaCl solution and processed for metabolite extraction according

to Arrivault et al. with minor changes.”? Metabolite analysis was conducted using

a 7890B gas chromatography system connected to a 7200 QTOF mass spectrometer
(Agilent Technologies) as previously described.” The software MassHunter Qualitative
(v b08, Agilent Technologies) was used for compound identification by comparing mass
spectra to an in-house library of authentic standards and to the NIST14 Mass Spectral
Library (https://www.nist.gov/srd/nist-standard-reference-database-1a-v14). Peak areas were
integrated using MassHunter Quantitative (v b08, Agilent Technologies) and normalized
to the internal standard ribitol (Sigma, A5502). To determine the 13C incorporation, the
fragment m/z 204 (C, fragment) was used for serine and the fragment m/z273 (Csg
fragment) for citrate. For both fragments, the potential isotopologues were evaluated. The
normalized peak areas were corrected for the natural abundance using the R package
IsoCorrectoR.”3

LC-MS/MS analysis of DXO in plasma—DXO concentration in blood plasma

of 1 mg/mL vs. 3 mg/mL DXM treated ab/db mice was quantified as previously

described by Scholz et al.54 In brief, mouse plasma samples including deuterated internal
standard ds-dextrorphan (d3-DXO, Sigma-Aldrich) were analyzed by ultra-pressure liquid
chromatography coupled to tandem mass spectrometry (UPLC-MS/MS). The UPLC-I Class
and the tandem mass spectrometer Xevo-TQS (Waters) were used for the analysis. DXO was
separated on an Acquity UPLC BEH C18 column (1.7 pm, 100 mm x 2.1 mm, Waters). The
column oven temperature was 40°C, the flow rate 0.4 mL/min, and the injection volume was
2 UL. The first mobile phase A consists of 5 mM ammonium acetate including 0.05% formic
acid, while the second mobile phase B consists of acetonitrile. An isocratic elution mode
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(A:B, 65:35) was applied. Tandem mass spectrometric analysis was performed in positive
electrospray ionization mode. Multiple reaction monitoring (MRM) mode with following
mass transitions were applied: m/z: 258 > 157 (DXO) and 261 > 157 (d3-DXO). Collision
energy of 40 V and 30 V were used for fragmentation of DXO/d3-DXO.

UPLC—For quantification of intra-mitochondrial ATP/ADP, NADPH/NADP* and NADH/
NAD™ ratios, Ultra Performance Liquid Chromatographic (UPLC) analyses were performed
at 17°C. 400 pancreatic mouse islets were pre-treated for 48 h either with 10 uM DXO

in islet medium or without DXO, as control. Thereafter, islets were washed in 1 mL

ice-cold 0.9% NacCl solution and fractionated using the Mitochondria/Cytosol Fractionation
Kit (Abcam, ab65320). For purine extraction, mitochondria were lysed by resuspending

the pellet in 100 pL ice-cold lysis-buffer (22.25% ddH,0, 22.25% chloroform, 55.5%
methanol). After centrifugation (15 min, 21,000 g, 4°C) the supernatant, containing
mitochondrial analytes, was collected, vacuum-dried, and resuspended in 50 uL. Hanks’
Balanced Salt Solution (HBSS) at room temperature. UPLC analyses were performed
according to Aplak et al. using Waters Acquity Ultra Performance Liquid Chromatographic
System Bio H class.’* For purine analysis, a sample volume of 40 pL was injected by a
cooling autosampler on a Cortecs C18+ UPLC column (3.0 x 150 mm, 1.6 pM) (Waters
Corp.; Milford, MA, USA). Separation was performed by running a linear gradient of buffer
A (200 mM KH,P0O,4/200 mM KClI, at pH 6) and buffer B (200 mM KH,P04/200 mM
KCI/7.5% acetonitrile (v/v) at pH 6) with a flow profile of 0.340 mL/min as followed: initial
100% A; 0.03 min 96% A, 4% B; 4.53 min 91% A, 9% B; 22.63 min 5% A, 95% B;

26.10 min 5% A, 95% B; 26.50 min 100% A. For detection of analytes a Waters TUV
Detector Module at 254 nm was used. After each run, the column was washed and thereby
re-equilibrated using buffer A (100%) at a flow rate of 0.34 mL/min for 8 min.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed with GraphPad Prism 9 software
(RRID:SCR_002798) and conducted as indicated in the figure legends. Depending on the
experimental design, different statistical tests were conducted. Thus, p values between

two related groups were calculated by an unpaired two-tailed student’s t test or a paired
two-tailed student’s t test, while multiple group conditions were evaluated by either One- or
two-way ANOVA, followed by Dunnett’s, or Tukey’s-comparison analysis. If not otherwise
indicated, all data were shown as mean + standard error of the mean (SEM). Microscopical
analyses of cell viability were conducted under blinded conditions as well as UPLC and GC-
MS flux analysis. In glucose-stimulated insulin secretion- and cell viability assays, single
significant outliers (p value <0.05), detected by Grubbs’ test for outliers, were excluded.

For both methods, only experiments with significant GSIS induction + DXO exhaustion or
significant STZ cell death induction + DXO protection in control treatments were evaluated.
Number of replicates and reproductions are given in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Chronic insulin secretagogues increase islet viability but decrease secretory
function

Insulin secretagogues can enhance serine-linked mitochondrial one-carbon
metabolism

High-dose Karp-dependent insulin secretagogue DXO can deviate glucose
flux to serine

Phgdh, MthfdZ, and Shmt2 limit insulin secretion but promote islet cell
viability
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Figure 1. Insulin secretagogue DXO protects pancreatic islets from STZ-mediated cell death in a
time-dependent and reversible manner, at the expense of their secretory function

(A) Insulin secretion from untreated and pre-treated mouse islets (1 h, 10 uM DXO) after
low (2 mM) and high (20 mM) glucose stimulation. Reproduced in three independent
experiments.

(B) Images and quantification of cell viability assay with mouse islets stained with ethidium
homodimer-1 (EthD-1 for dead cells), calcein (for living cells), and Hoechst (for cell
nuclei). Control treatment, no DXO or STZ; 1.5 mM STZ, no DXO followed by 24 h

of 1.5 mM STZ; last panel, 1 h 10 uM DXO followed by 24 h of 1.5 mM STZ. Graph
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represents quantification of islet images for non-viable cells. Reproduced in one independent
experiment.

(C) Insulin secretion from untreated and pre-treated mouse islets (48 h, 10 uM DXO)

after low (2 mM) and high (20 mM) glucose stimulation. Reproduced in six independent
experiments.

(D) Images and quantification of cell viability assay with mouse islets stained with EthD-1
for dead cells, calcein and Hoechst. Control treatment, no DXO or STZ; 1.5 mM STZ, no
DXO followed by 24 h of 1.5 mM STZ; last panel, 24 h of 10 uM DXO followed by 24 h
1.5mM STZ and 10 uM DXO. Reproduced in four independent experiments.

(E) Insulin secretion from untreated mouse islets, mouse islets treated for 72 h with DXO,
and mouse islets treated for 48 h with DXO followed by 24 h washout (transfer in normal
culture medium) after low (2 mM) and high (20 mM) glucose stimulation. Reproduced in
two independent experiments.

(F) Images and quantification of cell viability assay with mouse islets stained with EthD-1,
calcein, and Hoechst. Untreated Control, no DXO or STZ; Untreated 96 h DXO, 96 h of 10
UM DXO and no STZ; Untreated 48 h DXO + 48 h washout, 48 h of 10 uM DXO followed
by 48 h of no DXO and no STZ; 1.5 mM STZ Control, no DXO followed by 24 h of 1.5
mM STZ; 1.5 mM STZ 96 h DXO, 72 h of 10 pM DXO, followed by 24 h of DXO and 1.5
mM STZ; 1.5 mM STZ 48 h DXO + 48 h washout, 48 h of DXO, followed by 24 h washout,
prior to 24 h of 1.5 mM STZ. Reproduced in two independent experiments. Scale bars,

50 pm. Please note that each dot in the insulin secretion panels represents an independent
well containing seven or eight islets each, and data are depicted as mean + SEM with
corresponding p values and quantifications shown as percentage of control. Significance was
determined by two-way ANOVA followed by Tukey’s multiple comparison test (A, C, E)
and one-way ANOVA followed by Dunnett’s (B and D) or Tukey’s multiple comparison test
(F). See also Figure S1 for insulin contents and cell death validation, and Figure 3 for further
washout experiments.
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Figure 2. RNA-seq reveals upregulation of ER stress marker genes and genes encoding serine-
linked mitochondrial OCM enzymes after chronic stimulation with DXO

(A) Schematic of RNA-seq setup. Genes, differentially expressed after treatment of islets
with 10 uM DXO for 24 h (to observe the initial alterations in gene expression, followed
by protein-based and functional analyses at 48 h), are shown on the pie chart. Change of
expression was calculated as log2 fold change (log2 FC) with cutoff = 1 and < -1, p value
<0.05, fragments per kilobase million (FPKM) >1.

(B) Expression analysis of ER stress marker genes.
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(C and D) (C) Atf4 immunoblot of mouse pancreatic islets treated with 10 uM DXO for 48
h, and (D) quantification; n = 7 independent experiments.

(E) Expression analysis of genes encoding for enzymes of de novo serine synthesis.

(F and G) (F) Phgdh immunoblot of mouse islets treated with 10 umM DXO for 48 h, and
(G) quantification; n = 5 independent experiments.

(H) Expression analysis of genes encoding for enzymes involved in the mitochondrial and
cytosolic OCM.

(1) Aldh1I2 immunoblot with fractionated (upper blot) and whole (lower blot) lysates of
mouse islets treated with 10 uM DXO for 48 h.

(J) Quantification of whole-cell lysates; n = 12 independent experiments. Beta-actin was
used for normalization. Graphs show genes and their log2 FC, FPKM, and p values based
on RNA-seq data. The size of the circles is inversely proportional to the p value. Horizontal
axes show FPKM values, vertical axes show log2 FC. Dashed lines indicate the restriction
criteria of the FPKM and the log2 FC. Gradients on the left indicate the fold change. Genes
of the Atf4 activated branch and cytosolic/mitochondrial serine-linked OCM are highlighted
by larger font size. All quantifications of blots are shown as percentage of control, and
significance was determined by two-tailed paired Student’s t test (D, G, J). See also Figures
S2A-S2D for islet cell and proliferation marker gene expression levels.
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Figure 3. Chronic stimulation of islets with DXO induces Xbp-1s protein expression and

reversibly increases serine-linked mitochondrial OCM gene expression

(A) Immunablot for Xbp-1s (a marker of unfolded protein response, UPR in brief) in islets
after treatment with 10 uM DXO for 24 h.
(B) Quantification of Xbp-1s normalized to Beta-actin; n = 4 independent treatments.
(C-J) Islets were left untreated (control), treated with 10 uM DXO for 72 h, or treated with
10 uM DXO for 48 h followed by 24 h washout. (C) Immunoblot for Aldh1l2, Atf4, and
Beta-actin in lysates from pancreatic islets. Reproduced in five independent experiments.
(D-J) Relative mRNA expression of (D) Atf4, (E) Phgadh, (F) Psat1, (G) Psph, (H) Shmi2,
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(1) Mthfaz, and (J) Aldh1/Z, in pancreatic islets. n = 4 independent experiments. Data are
shown as mean + SEM with corresponding p values and quantifications shown as percentage
of control. Statistical significance was determined by two-tailed paired Student’s t test (B)
and one-way ANOVA followed by Tukey’s multiple comparison test (D-J).
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Figure 4. Chronic stimulation of islets with a high dose of DXO deviates the glucose flux into the

serin

e-linked mitochondrial OCM

(A) Schematic of the proposed mechanism by which treatment of islets with 10

UM DXO for 48 h (mimicking “chronic,” high-dose drug treatment) induces islet

cell protection against STZ-mediated cell death at the expense of insulin secretory

function. The serine-linked mitochondrial OCM is represented on the scheme only by

the enzymes significantly upregulated by the treatment. Bold arrows indicate reactions
catalyzed by enzymes upregulated upon chronic treatment with a high dose of the insulin
secretagogue DXO. 3-PG, 3-phosphoglycerate; ATP, adenosine triphosphate; NAD*/NADH,
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nicotinamide adenine dinucleotide; NADP*/NADPH, nicotinamide adenine dinucleotide
phosphate; TCA cycle, tricarboxylic acid cycle; Succinyl-CoA, succinyl-coenzyme

A; Phgdh, phosphoglycerate dehydrogenase; Psatl, phosphoserine aminotransferase 1;
Psph, phosphoserine phosphatase; Shmt2, serine hydroxy methyltransferase 2; Mthfd2,
methylenetetrahydrofolate dehydrogenase 2; Aldh1l2, aldehyde dehydrogenase 1 family
member L2; Mthfd1l, methylenetetrahydrofolate dehydrogenase 1-like; m-THF, methyl-
THF; f-THF, formyl-THF; THF, 5,6,7,8-tetrahydrofolate; CO,, carbon dioxide.

(B-E) Metabolic tracing of U-13C-glucose in mouse islets treated for 1 h (B and C) or 48 h
(D and E) with or without the insulin secretagogue DXO. Measurement of 13C incorporation
into the TCA cycle intermediate citrate (B and D) and the de novo serine synthesis product
serine (C and E). Please note that, during fragmentation, citrate (Cg body) and serine (C3
body) lost one C atom each. Quantification was performed based on pool of n =3 (B and C)
and n = 4 (D and E) independent experiments.

(F-H) (F) Mitochondrial NADH/NAD®, (G) ATP/ADP, and (H) NADPH/NADP™ ratios in
pancreatic islets treated with 10 pM DXO for 48 h. n = 5 independent experiments. All
quantifications are shown as percentage of control and significance was determined by
two-tailed unpaired (B-E) and paired Student’s t test (F—H).
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Figure 5. Overexpression of human ATF4 in islets enhances gene expression levels of serine-
linked mitochondrial OCM enzymes and decreases GSIS

(A) Scheme of adenoviral GFP (Ad-GFP) and human ATF4 (Ad-ATF4) plasmid
transduction into dispersed mouse islet cells and subsequent generation of pseudo-islets.
Representative images of pseudo-islets infected with Ad-GFP. Scale bar, 100 pm.

(B-H) Relative mRNA expression of (B) human ATF4, (C) Phgdh, (D) Psatl, (E) Psph, (F)
Shmt2, (G) Mthfd2, and (H) Aldh1/2in pseudo-islets infected with Ad-GFP or Ad-ATF4.
Reproduced in one (C and E) and three (D and F-H) independent experiments.
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(1) Immunoblot of Aldh1l2, Phgdh, ATF4, Beta-actin, and GFP in pseudo-islets infected
with Ad-GFPas control or Ad-AT7F4. Relative protein expression was normalized to GFP
expression levels. Reproduced in two independent experiments.

(J) Insulin secretion of Ad-GFPand Ad-ATF4 infected pseudo-islets, after low (2 mM) and
high (20 mM) glucose stimulation. Reproduced in two independent experiments.

(K) Insulin content of infected pseudo-islets. Reproduced in two independent experiments.
(L) Flow cytometry analysis of cell viability using FVS660. Histograms of Ad-GFP or
Ad-ATF4 infected mouse islet cells, demonstrating live (FL4-H negative) and dead (FL4-H
positive) cell populations after treatment with 2.5 mM STZ for 24 h. Reproduced in two
independent experiments.

(M) Bright-field images of infected pseudo-islets after 24 h of 2.5 MM STZ treatment. Scale
bar, 100 um. Please note that each dot in the insulin secretion and content panels represents
an independent well containing seven or eight islets each, and data are presented as mean
+ SEM with corresponding p values and quantifications shown as percentage of Ad-GFP
control. Statistical significance was evaluated by two-tailed unpaired Student’s t test (B—H
and K) or two-way ANOVA followed by Tukey’s multiple comparison test (J).
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Figure 6. Knockdown of Atf4 in pseudo-islets attenuates DXO-induced upregulation of serine-
linked mitochondrial OCM genes, enhances GSIS, and prevents full DXO-mediated islet
protection from STZ-mediated cell death

(A-H) (A) Experimental setup for siRNA-mediated knockdown of Atf4 (si-Atf4) in
dispersed mouse islet cells and generation of pseudo-islets. Scale bar, 100 um. Relative
mMRNA expression of (B) Atf4 (n = 10) in control siRNA (si-Ctrl) and si-A#f4 transfected
pseudo-islets, and relative mMRNA levels of the enzymes (C) Phgah, (D) Psatl, (E) Psph, (F)
Shmt2, (G) Mthfd2, and (H) Aldh1/2in transfected pseudo-islets with or without 10 pM
DXO for 48 h. Reproduced in three (G) and seven (C—F and H) independent experiments.
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(1) Immunoblot of Aldh1l2, Atf4, and Beta-actin in SiRNA-transfected pseudo-islets that
were either untreated or treated with 1 UM ER stressor thapsigargin (Thapsi) for 24 h.
Beta-actin was used as a loading control. Reproduced in one independent experiment.

(J) Insulin secretion of siRNA-transfected pseudo-islets treated with or without 10 uM DXO
for 48 h, after low (2 mM) and high (20 mM) glucose stimulation. Reproduced in three
independent experiments.

(K) Insulin content in transfected pseudo-islets treated with or without 10 pM DXO for 48 h.
Reproduced in three independent experiments.

(L and M) (L) Quantification and (M) images of cell viability assays with siRNA-transfected
pseudo-islets stained with EthD-1, calcein and Hoechst. Untreated, no DXO or STZ; 24

h 1.5 mM STZ, no DXO, followed by 24 h of 1.5 mM STZ; 10 uyM DXO + 1.5 mM

STZ, 24 h of 10 pM DXO, followed by 24 h of 1.5 mM STZ and 10 pM DXO. Scale

bar, 50 um. Please note that each dot in the insulin secretion and content panels represents
an independent well containing seven or eight islets each; data are presented as mean +
SEM with corresponding p values, and quantifications are shown as percentage of untreated
si- Ctrl. Statistical significance was determined by two-tailed paired Student’s t test (B) and
two-way ANOVA, followed by Tukey’s multiple comparison test (C-H and J-L).
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Figure 7. Single knockdown of serine-linked mitochondrial OCM genes Phgdh, Shmt2, and
Mthfd2 enhances GSIS, while triple knockdown reduces protection of pseudo-islets from STZ-
mediated cell death

(A) Immunablot of Phgdh in si- Ctrl- and si-Phgdh-siRNA-transfected pseudo-islets confirms
the knockdown of the enzyme, with Beta-actin used as loading control. Reproduced in three
independent experiments.

(B) Insulin secretion of untreated and pre-treated (48 h, 10 uM DXO) siRNA-transfected
pseudo-islets, after low (2 mM) and high (20 mM) glucose stimulation. Reproduced in two
independent experiments.
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(C) Quantification of cell viability assay with untreated or 24 h 10 uM DXO pre-treated
siRNA-transfected pseudo-islets, prior to additional 24 h with 1.5 mM STZ.

(D) Immunoblot of Shmt2 in si- Ctr- and si- Shmit2-transfected pseudo-islets. Reproduced in
one independent experiment.

(E) Insulin secretion of untreated and pre-treated (48 h, 10 uM DXO) siRNA-transfected
pseudo-islets, after low (2 mM) and high (20 mM) glucose stimulation.

(F) Quantification of cell viability assay with untreated or 24 h 10 uM DXO pre-treated
siRNA-transfected pseudo-islets, prior to additional 24 h with 1.5 mM STZ. Reproduced in
one independent experiment.

(G) Immunoblot of Mthfd2 in si- Cir/- and si- Mthfad2-transfected pseudo-islets. Reproduced
in two independent experiments.

(H) Insulin secretion of untreated and pre-treated (48 h, 10 uM DXO) siRNA-transfected
pseudo-islets, after low (2 mM) and high (20 mM) glucose stimulation. Reproduced in two
independent experiments.

(1) Quantification of cell viability assay with untreated 24 h 10 uM DXO pre-treated siRNA-
transfected pseudo-islets, prior to additional 24 h with 1.5 mM STZ. Reproduced in two
independent experiments.

(J) Immunoblot of Phgdh, Shmt2, and Mthfd2 in si- Cir- and si-Phgadh + si-Shmt2 + si-
Mithfad2-transfected pseudo-islets. Reproduced in one independent experiment.

(K) Insulin secretion of untreated and pre-treated (48 h, 10 uM DXO) siRNA-transfected
pseudo-islets, after low (2 mM) and high (20 mM) glucose stimulation.

(L) Quantification of cell viability assay with untreated or 24 h 10 pM DXO pre-treated
siRNA-transfected pseudo-islets, prior to additional 24 h with 1.5 mM STZ. Please note
that each dot in the insulin secretion panels represents an independent well containing seven
or eight islets each; data are presented as mean + SEM with corresponding p values, and
quantifications are shown as percentage of untreated si- Cir/. Statistical significance was
determined by two-way ANOVA followed by Tukey’s multiple comparison test.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

See Table S1_Antibodies This paper; See Table S1 See Table S1
Bacterial and virus strains

Adenovirus: Ad-GFP control (Ad-GFP) ViraQuest Inc VQAd CMV eGFP

Adenovirus: Ad-human ATF4 (Ad-ATF4)

Vector Biolabs

Cat#ADV-201618; RefSeq: BC011994

Chemicals, peptides, and recombinant proteins

(+)-MK-801 hydrogen maleate Sigma-Aldrich Cat#M107
[U-13C]-Glucose Sigma-Aldrich Cat#389374
Dextromethorphan hydrobromide monohydrate (DXM) Sigma-Aldrich Cat#D2531
Dextrorphan tartrate (DXO) Sigma-Aldrich Cat#D127
Exendin-4 Sigma-Aldrich Cat#E7144
Glibenclamide Abcam Cat#ab120267
Lipofectamine RNAIMAX Thermo Fisher Scientific Cat#13778-150
Streptozotocin Sigma-Aldrich Cat#S0130
Thapsigargin Sigma-Aldrich Cat#T9033
Critical commercial assays
LUNA® Universal gPCR Master Mix NEB Cat#M3003E
SuperScript™ 11 reverse transcriptase Kit Invitrogen by Thermo Fisher Cat#18064071

Scientific

Invitrogen by Thermo Fisher Cat#4368813
High-Capacity cDNA Reverse Transcription Kit Scientific
Mitochondria/Cytosol Fractionation Kit Abcam Cat#ab65320
RNase-Free DNase Set Qiagen Cat#79254
RNeasy Mini Kit Qiagen Cat#74104
Ultra-sensitive rat insulin ELISA Kit Crystal Chem Cat#90062

Deposited data

RNA-sequencing raw and analyzed data

This paper; Mendeley Data

DOI:10.17632/4rwmrc9cpr.4 and DOLI:
10.17632/g4bdvweéczr.2

Experimental models: Organisms/strains

Mouse: C57BL/6JR]

Mouse: C57BL/6NTac

Mouse: BKS(D)-LeprablJOrIRj
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Janvier Labs

Taconic

Janvier Labs

https://www.janvier-labs.com/en/
fiche_produit/c57bl-6jrj_mouse/;
RRID: MGI:5897683

https://www.taconic.com/mousemodel/
black-6-b6ntac

https://janvier-labs.com/fiche_produit/
diabetique-souris/
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https://data.mendeley.com/datasets/g4bdvw6czr
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https://www.taconic.com/mousemodel/black-6-b6ntac
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Mouse: Fluorescent beta cell reporter strain: B6(Cg)-
|nsltm1.1(cre)Thor/J x B6.Cg—Gt(ROSA)2680r’mg(CAG"dToma‘o)Hze/J

In-house intercross

of published and
commercially available
(Jackson Laboratories, USA)
mouse strains

https://www.jax.org/strain/007909;
RRID: IMSR_JAX:007909
https://www.jax.org/strain/026801;
RRID: IMSR_JAX:026801

Oligonucleotides

See Table S2_Oligonucleotides

This paper, See Table S2

See Table S2

Software and algorithms

Code for pancreatic islet analyses of cell viability
Fiji (ImageJ) image analysis software

FlowJo V10

GraphPad Prism

Scholz et al.%*; Zenodo
Schindelin et al.”®
BD Biosciences

GraphPad Software

https://doi.org/10.5281/zenodo.5820007
RRID: SCR_002285
RRID: SCR_008520
RRID: SCR_002798

Other

Fixable viability stain 660
Hoechst 33342
LIVE-DEAD viability-cytotoxicity Kit

BD Biosciences
Thermo Fisher Scientific

Thermo Fisher Scientific

Cat#564405
Cat#H3570
Cat#l.3224

Cell Rep. Author manuscript; available in PMC 2023 October 23.


https://www.jax.org/strain/007909
https://www.jax.org/strain/026801

	SUMMARY
	In brief
	Graphical Abstract:
	INTRODUCTION
	RESULTS
	Chronic exposure of islets to high concentrations of the insulin secretagogue DXO or glibenclamide protects from cell death at the expense of secretory function
	Chronic exposure of islets to high concentrations of DXO or glibenclamide induces expression of genes for serine-linked mitochondrial OCM
	Chronic stimulation of pancreatic islets with DXO shifts the glycolytic flux toward products of serine-linked mitochondrial OCM
	ATF4 expression in pseudo-islets is sufficient for limiting GSIS but not for islet cell protection
	Atf4 is required for limiting GSIS and required for full islet protection from STZ-induced cell death
	Serine-linked mitochondrial OCM is required for limiting GSIS and required for full islet protection from STZ-induced cell death

	DISCUSSION
	Limitations of the study

	STAR★METHODS
	RESOURCE AVAILABILITY
	Lead contact
	Materials availability
	Data and code availability

	EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
	Mouse models

	METHOD DETAILS
	Chronic DXM treatment of db/db mice
	Isolation of murine pancreatic islets
	Pseudo-islet generation
	Adenovirus transduction in mouse pancreatic islets
	siRNA-mediated gene knockdown in mouse pancreatic islets
	Glucose-stimulated insulin secretion assay
	RNA isolation from mouse pancreatic islets
	RNA-sequencing
	Reverse transcriptase PCR and quantitative real-time PCR
	Fractionation of pancreatic islets
	Immunoblot analysis
	Measurement of islet cell viability in mouse islets and pseudo-islets via microscopy
	Measurement of islet cell viability in pseudo-islets via flow cytometry
	GC-MS flux analysis of 13C-labeled metabolites
	LC-MS/MS analysis of DXO in plasma
	UPLC

	QUANTIFICATION AND STATISTICAL ANALYSIS

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	KEY RESOURCES TABLE

