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Abstract

Aims/hypothesis Nicotinamide nucleotide transhydrogenase (NNT) is involved in mitochondrial NADPH production and its
spontaneous inactivating mutation (Nnt”" [Tr, truncated]) is usually considered to be the main cause of the lower glucose
tolerance of C57BL/6J vs C57BL/6N mice. However, the impact of this mutation on glucose tolerance remains disputed.
Here, we singled out the impact of Nnt’" from that of other genetic variants between C57BL/6J and C57BL/6N mice on
mitochondrial glutathione redox state (Eggsy), glucose-stimulated insulin secretion (GSIS) and glucose tolerance.

Methods Male and female N5BL/6J mice that express wild-type Nnt Nty or Nnt™" (N5-WT and N5-Tr mice) on the C57BL/
6J genetic background were obtained by crossing NSBL/6J Nnt™"""" heterozygous mice. C57BL/6J and C57BL/6N mice were
from Janvier Labs. The Nnt genotype was confirmed by PCR and the genetic background by whole genome sequencing of one
mouse of each type. Glucose tolerance was assessed by IPGTT, ITT and fasting/refeeding tests. Stimulus—secretion coupling
events and GSIS were measured in isolated pancreatic islets. Cytosolic and mitochondrial Egsyy were measured using the
fluorescent redox probe GRX1-roGFP2 (glutaredoxin 1 fused to redox-sensitive enhanced GFP).

Results The Nnt genotype and genetic background of each type of mouse were confirmed. As reported previously in C57BL/6N
vs C57BL/6] islets, the glucose regulation of mitochondrial (but not cytosolic) Egsy and of NAD(P)H autofluorescence was
markedly improved in N5-WT vs N5-Tr islets, confirming the role of NNT in mitochondrial redox regulation. However, ex vivo
GSIS was only 1.2—1.4-times higher in N5-WT vs N5-Tr islets, while it was 2.4-times larger in C57BL/6N vs N5-WT islets,
questioning the role of NNT in GSIS. In vivo, the ITT results did not differ between N5-WT and N5-Tr or C57BL/6N mice.
However, the glucose excursion during an IPGTT was only 15-20% lower in female N5-WT mice than in N5-Tr and C57BL/6J
mice and remained 3.5-times larger than in female C57BL/6N mice. Similar observations were made during a fasting/refeeding
test. A slightly larger (~30%) impact of NNT on glucose tolerance was found in males.

Conclusions/interpretation Although our results confirm the importance of NNT in the regulation of mitochondrial redox state
by glucose, they markedly downsize the role of NNT in the alteration of GSIS and glucose tolerance in C57BL/6J vs C57BL/6N
mice. Therefore, documenting an Nnt"'” genotype in C57BL/6 mice does not provide proof that their glucose tolerance is as good
as in C57BL/6N mice.
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What is already known about this subject?

e  Compared with C57BL/6N mice that express wild-type Nnt (Nnt"7), C57BL/6J mice lack functional nicotinamide
nucleotide transhydrogenase (NNT) because of a large deletion in the Nnt gene (Nnt™)

e  (C57BL/6N mice have much better glucose tolerance than C57BL/6J mice

e NNTis involved in mitochondrial NADPH production, but its role in glucose tolerance remains disputed

What is the key question?

e  How does the Nnt genotype (Nnt" vs Nnt™) impact mitochondrial redox control, glucose-stimulated insulin
secretion (GSIS) and glucose tolerance in N5BL/6J mice with a confirmed C57BL/6J background?

What are the new findings?

e NNT plays a major role in the control of mitochondrial redox state

e NNT inactivation only contributes approximately 15-30% to the alteration of GSIS and glucose tolerance in

C57BL/6J vs C57BL/6N mice

e Asimilar Nnt genotype does not guarantee similar GSIS and glucose tolerance in mice with uncertain C57BL/6J or

/6N genetic background

How might this impact on clinical practice in the foreseeable future?

e A better characterisation of genetically modified mouse models will improve the validity of preclinical studies

FCCP Carbonyl cyanide-
trifluoromethoxyphenylhydrazone

GRX1  Glutaredoxin 1

GSIS Glucose-stimulated insulin secretion

mt Mitochondria-targeted

NNT Nicotinamide nucleotide transhydrogenase
N5-Tr  N5/BL mice expressing Nnt'"~

N5-WT  N5/BL mice expressing Nnt" "

roGFP2  Redox-sensitive enhanced GFP

Tr Truncated
WGS Whole genome sequencing
WT Wild-type

Introduction

The stimulation of insulin secretion by glucose (glucose-
stimulated insulin secretion, GSIS) and other nutrients in
pancreatic beta cells is critical to blood glucose homeostasis
[1], and its alteration is key to the development of type 2
diabetes [2—4]. Following glucose uptake, glycolysis and
mitochondrial metabolism increase the beta cell ATP/ADP
ratio, thereby closing ATP-sensitive K* channels.
Consequent plasma membrane depolarisation leads to

opening of voltage-gated Ca>* channels and Ca”* influx that
triggers insulin granule exocytosis [1]. Nutrients also amplify
Ca**-stimulated exocytosis through the action of metabolic
coupling factors [5, 6], among which cytosolic and mitochon-
drial NADPH may play an important role [7—10].

So far, despite increasing availability of human islets
and beta cell lines [11, 12], studies about the mechanism
of GSIS and its alterations in type 2 diabetes still largely
rely on genetically modified mice. In this context, the
frequent use of C57BL/6J (BL/6J) mice and their
intercrossing with other strains may strongly impact data
interpretation and validity [13]. Indeed, compared with
C57BL/6N (BL/6N) mice and other strains, BL/6] mice
have several genetic variants that affect glucose homeo-
stasis [14—17], including an inactivating in-frame 5-exon
deletion in the Nnt gene encoding nicotinamide nucleotide
transhydrogenase (NNT). This inner mitochondrial
membrane protein has a dual forward-reverse mode of
operation [18-20]. When the NADH/NAD™ ratio is high
and mitochondria are hyperpolarised, NNT catalyses the
transfer of a hydride from NADH to NADP*, thereby
contributing to mitochondrial NADPH production. By
contrast, when the NADH/NAD" ratio is low and mito-
chondria are depolarised, for example in the presence of a
mitochondrial uncoupler, the enzyme switches to the
reverse mode and oxidises mitochondrial NADPH to
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produce NADH. NNT is therefore essential in the regula-
tion of mitochondrial NADPH production and glutathione
redox state (Egsy), and hence in cell antioxidant defences
[18, 19, 21-24].

Interestingly, compared with BL/6N mice, BL/6J mice
present a mild deficit in corticosterone that worsens with age
[25], and an impaired glucose tolerance that results from low
GSIS without insulin resistance [15, 17, 26, 27]. Their deficit
in corticosterone clearly results from the lack of NNT activity
[25] and is mirrored by familial glucocorticoid deficiency in
humans with NNT mutations [23, 28]. By contrast, the extent
to which their impaired glucose tolerance results from the lack
of NNT activity is questionable. Initial linkage analysis stud-
ies in BL/6J mice intercrossed with C3H/HeH mice revealed
several genetic loci linked to glucose intolerance [14, 15],
among which the inactivating mutation of Nnt contributed,
with seven other loci, to ~35% of the variation of blood
glucose during an IPGTT [15]. However, the normalisation
of glucose tolerance and plasma insulin levels by baculovirus-
mediated transgenic expression of Nnt in BL/6J mice led to
the widely-accepted conclusion that their Nnt mutation is at
the root of their glucose intolerance [26]. Since then, the
differences in glucose homeostasis between BL/6J and
BL/6N mice fed a normal or high-fat diet have been the
subject of several sometimes controversial studies [27,
29-33], but the predominant role of Nnt truncation in
the alteration of glucose tolerance in BL/6J mice has
been only rarely questioned [29].

We previously compared BL/6J and BL/6N mice to evaluate
the role of NNT in the glucose-mediated regulation of islet
NADPH, mitochondrial and cytosolic Eggy and GSIS [33].
We showed that NNT is necessary for the regulation of
NADPH and mitochondrial Egsy by glucose in islets, with little
impact on cytosolic Egsy. We, however, unexpectedly discov-
ered that, at low glucose, islet NNT operates in the reverse mode
and decreases NADPH while increasing mitochondrial Eggy, as
it does in the presence of a mitochondrial uncoupler. We also
confirmed that BL/6J islets present a defect of insulin secretion in
response to glucose compared with BL/6N islets. However, in
contrast with other studies [15, 34], this defect occurred down-
stream of a normal Ca®" rise. These results are compatible with
the idea that, in response to glucose, NNT produces NADPH
which, through a regulation of Eggy, amplifies exocytosis [8,
9, 35]. However, although adenovirus-mediated NNT overex-
pression in mildly-trypsinised BL/6J islets fully restored the
glucose regulation of islet NADPH/NADP™ ratio and mitochon-
drial Eggyy, it failed to significantly improve insulin secretion
[33], raising doubts about a major role of NNT in GSIS.

To settle the debate on the role of NNT in redox regulation,
insulin secretion and glucose tolerance, we have now
compared islets from mice that express the wild-type (WT)
or truncated (Tr) forms of Nnt (Nnt"" or Nnt'") on the BL/6J
background verified by whole genome sequencing (WGS).

@ Springer

This allowed us to isolate the effects of the Nnt genotype on
islet NADPH, mitochondrial Eggy, GSIS and glucose toler-
ance while avoiding the confounding effect of other genetic
variants between BL/6N and BL/6J mice [21].

Methods

Animals Animal experiments were authorised by the
Université catholique de Louvain Health sciences sector insti-
tutional committee on animal experimentation (project
2017/MD/UCL/014). C57BL/6NRj (BL/6N) mice bearing
WT Nnt (Nnt™™) and C57BL/6JR;j (BL/6J) mice bearing trun-
cated Nnt (Nnt'") were from Janvier Labs (France). NSBL/6J
mice (BL/6J mice with Nnt"""" or Nni™"™ alleles) were
recovered, with kind authorisation of T. Huang (Department
of Neurology, Stanford University School of Medicine,
Stanford, CA, USA), by the Jackson Laboratory (USA) using
cryopreserved sperm B6-gNnt (stock number 906309) and
C57BL/6J female mice (https://www.jax.org/strain/000664).
These N5SBL/6J mice had been generated by repetitive
crossing of C57BL/6NHsd mice with C57BL/6J mice over
five generations while selecting for Nnt"” expression and
C57BL/6J background by the speed congenic method [21].
In this study, mice homozygous for Nnt"" or Nnt'" (N5-WT
or N5-Tr mice) were obtained by crossing heterozygous
N5BL/6J Nnt""™ mice. Their Nnt genotype was assessed
by tail-DNA PCR, and the genome of one mouse of each type
was sequenced (electronic supplementary material [ESM]
Methods). Mice were housed in the same room on a 12 h
light/dark cycle with ad libitum access to standard chow and
water. We used age-matched (3—12 months old) female mice,
unless specified otherwise. Whenever possible, N5-WT and
NS5-Tr mice from the same litter were compared. Besides these
selection criteria, mice were not randomised in a controlled
manner. Experimenters were not blinded, except for the tech-
nician performing insulin RIA.

Islet isolation Islets were isolated by density-gradient centri-
fugation (Histopaque 1077, Sigma, USA) following pancreas
digestion with collagenase. They were cultured for 1-3 days at
37°C and 5% CO, in RPMI 1640 medium (Invitrogen,
Thermo Fisher Scientific, USA) supplemented with 2 mmol/
1 glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin,
and 5 g/l BSA fraction V (Roche Diagnostics, Germany).

Reagents and Solutions Experiments were conducted in a
Krebs solution (KRB) containing (in mmol/l) NaCl (120), KCl
(4.8), CaCl, (2.5), MgCl, (1.2), NaHCO; (20), 1 g/l BSA and D-
glucose (0-30, noted GO—G30 in figures). When KCI was
increased to 30 mmol/l, NaCl was reduced to 94.8 mmol/l. The
solutions were gassed with 95% O,/5% CO, throughout the
experiments to maintain pH 7.4. Aldrithiol, carbonyl cyanide-
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trifluoromethoxyphenylhydrazone (FCCP), diazoxide and
dithiothreitol were from Sigma.

Measurement of NAD(P)H autofluorescence, intracellular
Ca®*, and mitochondrial and cytosolic glutathione oxidation
After culture, islets from N5-WT and N5-Tr mice were
perifused (~1 ml/min) simultaneously at 37°C in a chamber
placed on the stage of an inverted microscope. NAD(P)H
autofluorescence (Aex/em 360/470 nm) was measured every
10 s and normalised, in each experiment, to the mean fluores-
cence level measured in N5-WT islets during the initial GO.5
(0.5 mmol/l glucose) step. To assay intracellular Ca®* concen-
tration ([Ca®*];), the fluorescence ratio (Aex/em 340/510 and
380/510 nm) was measured every 5 s in islets preloaded for
2 h with 2 umol/l Fura-2 LR acetoxymethyl ester (Teflabs,
USA). To measure glutathione oxidation, islets were infected
by adenoviruses encoding untargeted GRX1-roGFP2
(glutaredoxin 1 fused to redox-sensitive enhanced GFP) as
described [36, 37]. After 48 h, the fluorescence ratio of
(mt-)GRX1-r0oGFP2 (Aex/em 400/535 and 480/535 nm) was
measured every 30s. The results were normalised to the fluo-
rescence ratio of the probe in the presence of 10 mmol/I dithio-
threitol (set to 0%, maximally reduced state), and that in the
presence of 100 pmol/l aldrithiol (set to 100%, maximally
oxidised state). Images were acquired using a x20 objective
and an Evolve512 camera (Photometrics, USA).

Insulin secretion Groups of 100 islets (BL/6N, N5-WT or N5-
Tr) were perifused with KRB (~1 ml/min). Insulin was
measured in 2 min outflow collections by RIA using rat insu-
lin as standard. After the experiment, islets were collected and
DNA content was measured as described [38]. Insulin content
was determined using the Insulin Ultra Sensitive Kit
62IN2PEG (Cisbio, France).

IPGTT and ITT Glucose or insulin challenge were performed in
the morning after a 16 h fast. Glucose (2 mg/kg) or insulin
(0.75 TU/kg Actrapid, Novo Nordisk, Denmark) were injected
intraperitoneally using a 25G needle. Blood glucose was
measured before injection and every 15 min after injection
using Freestyle Precision Neo glucometer and strips
(Abbott, Belgium). For each IPGTT, the AUC above
baseline was computed by the trapezoidal method,
where baseline was the mean blood glucose level at
time 0 for mice of the same genotype. For plasma insu-
lin measurements, blood was collected from tail punc-
ture using heparinised capillaries (Brand, Germany, Cat.
no. 749311) before and 30 min after glucose injection.
Insulin was measured in plasma by ELISA (Crystal
Chem, USA, Cat. no. 90080).

Statistics Results are shown as means + SD for the number of
islets, preparations or mice indicated. Outliers were excluded

using Grubb’s test. The statistical significance of differences
between groups was evaluated by two-tailed unpaired ¢ test for
two-group comparison, or by two-way ANOVA (for repeated
measurements when the comparison was made between
selected time points in the same trace) followed by Sidak’s
test when more than two groups were compared. We used
GraphPad Prism (USA) version 8.

Results

WGS The genetic background and Nnt variant expressed in
BL/6N, BL/6J, N5-WT and N5-Tr mice was assessed by
PCR and WGS. As expected, the BL/6N and N5-WT mice
were homozygous for WT Nnt (Nnt"""7), while the BL/6J
and N5-Tr mice were homozygous for truncated Nnt (Nnt""/™)
(ESM Fig. 1). By contrast, except for Nnt, the genome of the
BL/6N mouse similarly differed from that of N5-WT, N5-Tr
and BL/6J mice (see ESM Results; ESM Tables 1-3; ESM
Figs 1-5).

NNT is functional in N5-WT but not N5-Tr islets Comparing
islets from BL/6N and BL/6J mice, we previously showed that
functional NNT is key to the glucose regulation of mitochon-
drial Egsy, with a much lesser impact on the glucose regula-
tion of cytosolic Egsy by exogenous H,O, [33]. To evaluate
NNT activity in islets from N5-WT and N5-Tr mice, we tested
the effects of glucose and the mitochondrial uncoupler FCCP
on mitochondrial and cytosolic Eggy using the redox probes
(mt-)GRX1-roGFP2 [39].

In the mitochondrial matrix, the normalised mt-GRX1—
roGFP2 fluorescence ratio was ~26% in both types of female
islets. It increased by ~60% upon glucose removal and was
significantly reduced upon subsequent glucose stimulation in
N5-WT islets but not in N5-Tr islets (Fig. 1a/ESM Fig. 6). The
probe oxidation also markedly increased upon addition of
FCCP in N5-WT but not N5-Tr islets (Fig. 1b). These results
were reproduced in two islets from one male mouse of each
type (ESM Fig. 7a). They recapitulate our observations in BL/
6N and BL/6]J islets infected with an adenovirus encoding Nnt
vs uninfected BL/6J islets (see Figure 2ABF in [33]). Thus,
NNT is functional and allows for the regulation of mitochon-
drial Egsy by glucose and FCCP in N5-WT but not N5-Tr
islets.

We previously showed that, contrary to its impact on mito-
chondrial Egsyy, NNT has negligible effect on cytosolic Egsy
under control conditions [33]. However, when the GRX1—
roGFP2 oxidation ratio was increased by 10 pmol/l
exogeneous H,0,, removal of glucose further increased this
oxidation while stimulation with 30 mmol/l glucose reduced it
(Fig. 1¢/ESM Fig. 6). These effects were similar in N5-WT
and NS5-Tr islets, thereby invalidating our earlier observation
that the oxidation of cytosolic glutathione upon glucose
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Fig. 1 Effects of glucose and FCCP on mitochondrial and cytosolic
glutathione oxidation in islets from female N5-WT and N5-Tr mice.
Two days after infection with Ad-mt-GRX1-roGFP2 (a, b) or Ad-
GRX1-10GFP2 (¢), the islets were perifused with a Krebs solution
containing various glucose concentrations (Grn=n mmol/l glucose), 15
pmol/l H,O, or 10 pmol/l FCCP as indicated. The traces were normalised
to the ratio of the maximally reduced probe in the presence of 10 mmol/l

removal in the presence of H,O, was slightly lower in BL/6J
than BL/6N islets (see Figure 3E in [33]).

Functional NNT enhances the glucose- and FCCP-mediated
changes in NAD(P)H autofluorescence in N5-WT vs N5-Tr islets
We next measured the effects of glucose and FCCP on
NAD(P)H autofluorescence, which measures NADH +
NADPH levels in whole islets. In both islet types, NAD(P)H
significantly increased upon stepwise glucose stimulation and
rapidly decreased upon mitochondrial uncoupling with FCCP
(Fig. 2a/ESM Fig. 8). However, the NAD(P)H autofluores-
cence of size-matched islets exposed to non-stimulating
glucose concentrations (0.5-5 mmol/l) was slightly, although
not significantly, higher in N5-Tr vs N5-WT islets, while it
was similar in both types of islets exposed to 10-30 mmol/l
glucose. Therefore, the rise in NAD(P)H at 10 and at
30 mmol/l glucose was significantly lower in N5-Tr vs N5-
WT islets (Fig. 2b). Moreover, although the decrease in
NAD(P)H induced by FCCP was initially alike in both islet
types, it rapidly became slower in the N5-Tr islets, so that,
after 10 min of FCCP treatment, NAD(P)H autofluorescence
remained significantly higher than in 0.5 mmol/l glucose in
NS5-Tr but not N5-WT islets. These differences between N5-
Tr vs N5-WT islets recapitulate those we reported in BL/6J vs
BL/6N islets (see Figure 1B in [33]), suggesting that, as in that
model, the lack of NNT prevents mitochondrial NADPH
oxidation at low glucose and in the presence of FCCP without
affecting NADH production (see Figure 1 C,D,F in [33]).
Our results so far indicated that restoring the Nn/""”"" geno-
type in islets with a BL/6J background suffice to restore the
glucose and FCCP regulation of mitochondrial glutathione oxida-
tion and NAD(P)H levels to a similar extent as that previously
observed in BL/6N mice. We therefore considered it to be a good
model to test the precise role of Nnt"” on GSIS in BL/6J mice.
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Time (min)
dithiothreitol (set to 0%) and the ratio of the maximally oxidised probe in
the presence of 100 pmol/1 aldrithiol (set to 100%), as shown in ESM Fig.
6a. Data are means + SD for 11 islets/6 preparations (a); 5 islets/3 prep-
arations (b); or 7 islets/4 preparations (c). **p<0.01; *** p<0.001 vs the
previous condition or vs G30; T11p<0.001 vs N5-WT islets. Individual
traces are shown in electronic supplementary material [ESM] Fig. 7

Functional NNT on a BL/6J background does not restore BL/
6N-like GSIS We previously showed that GSIS is significant-
ly greater in BL/6N vs BL/6J islets because of differences
in Ca”*-induced exocytosis and metabolic amplification of
insulin secretion in the presence of a normal rise in [Ca®*];
(see Figure 4 C.I in [33]). Accordingly, the [Ca®*]; changes
following stepwise glucose stimulation were almost identi-
cal in N5-WT and N5-Tr islets (Fig. 2c and related panel in
ESM Fig. 8). Under these conditions, the stimulation of
insulin secretion by stepwise glucose stimulation or by a
sudden increase in glucose concentration from 0.5 to 10 or
15 mmol/l was slightly (1.2—1.4 times), although not signif-
icantly, higher in N5-WT vs N5-Tr islets, as was the
response to 30 mmol/l extracellular K* (Fig. 2d—f and relat-
ed panels in ESM Fig. 8). We also tested GSIS in islets
from male mice (Fig. 2g and related panel in ESM Fig. 8),
in which the second phase of insulin secretion in response
to 15 mmol/l glucose was ~1.4 times larger in N5-WT vs
NS-Tr islets, but this difference was again not statistically
significant (p =0.27). In both females and males, the insu-
lin to DNA content ratio was similar in N5-WT and N5-Tr
islets (see legend to Fig. 2). The lack of any significant
difference in GSIS was surprising, as we had expected that,
because of their Nans"’ expression, N5-WT islets would
have a greater GSIS, as do BL/6N islets. We therefore
compared GSIS in islets from female BL/6N and NS5-
WT mice (Fig. 2h and related panel in ESM Fig. 8) and
found that both first and second phases of GSIS were
2.4 times greater in BL/6N vs N5-WT islets despite
their similar insulin to DNA content ratios (see legend
to Fig. 2). Altogether, these results suggest that, despite
its unequivocal role in the glucose regulation of
NADPH and mitochondrial Egsy, NNT contributes only
partly to the higher GSIS in BL/6N vs BL/6J islets.
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Glucose tolerance is only moderately improved in N5-WT vs
N5-Tr mice So far, the reduction of GSIS and the alteration of
glucose tolerance in BL/6J mice have been largely, although
not exclusively, attributed to their lack of functional NNT [13,
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15, 26]. Considering our GSIS data, we questioned that
hypothesis by evaluating glucose tolerance in N5-WT vs
NS5-Tr mice. We first checked the glycaemic response during
an IPGTT in female N5-WT and N5-Tr mice and compared
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<« Fig. 2 Dynamic effects of glucose on NAD(P)H autofluorescence,
intracellular Ca>* concentration and insulin secretion in N5-WT, N5-Tr
and BL/6N islets as indicated. (a) NAD(P)H autofluorescence in islets
perifused with a Krebs solution containing various glucose concentrations
ranging from 0.5 to 30 mmol/l glucose (Gn=n mmol/l glucose) or G30
plus 10 pumol/l FCCP, as indicated on top of the figure. In each
experiment, N5-WT and N5-Tr islets of similar sizes were perifused
simultaneously in the same chamber, and their NAD(P)H
autofluorescence levels were normalised to the level of fluorescence in
WT islets during perifusion with GO.5 (raw fluorescence levels per pixel
are shown in ESM Fig. 6b). (b) glucose-induced rise in NAD(P)H
autofluorescence above G0.5 computed from data shown in (a). (¢, d)
Fura2-LR fluorescence ratio and dynamic GSIS in N5-WT and NS5-Tr
islets during stepwise stimulation with glucose. The experiments ended
by membrane depolarisation with 30 mmol/l extracellular K* in the
presence of 250 pumol/l diazoxide (K30Dz). The AUC during the
second half, except for the last min, of each condition was computed
for statistical analysis of differences between groups and conditions. (e~
h) Dynamic GSIS in female N5-Tr vs N5-WT islets (e, f), male N5-Tr vs
N5-WT islets (g) or female BL/6N vs N5-WT islets (h). The AUC during
the first phase (min 10-25) and second phase (min 25-70, horizontal
dotted line) of GSIS was computed for statistical analysis of differences
between groups and conditions. Data are means = SD for 9 islets/5
preparations of each type (a, b) 8 islets/4 preparations (c¢), and for 5 (d),
34 (e), 8 (f), 4-6 (g) or 3 (h) islet preparations. (a) ***p<0.001 vs GO.5
in the same islet type; T1p<0.01 vs WT islets. (b) 1p<0.05 and
T11p<0.001 vs WT islets. (e~h) *p<0.05; **p<0.01; ***p<0.001 for
the effect of glucose vs G0.5; 1p<0.05 vs N5-WT islets; $ip<0.01 and
111p<0.001 for the effect of K30Dz in G30. (d—f) The insulin to DNA
content ratio, available for five out of ten islet preparations, was 0.15 +
0.02 ng insulin/ng DNA in N5-WT islets and 0.14 + 0.06 ng insulin/ng
DNA in N5-Tr islets. (g) The insulin to DNA content ratio was 0.13 +
0.07 ng insulin/ng DNA in male N5-WT islets and 0.15 + 0.07 ng insulin/
ng DNA in male N5-Tr islets. (h) The insulin to DNA content ratio was
0.27 £ 0.03 ng insulin/ng DNA in BL/6N islets and 0.25 + 0.02 ng
insulin/ng DNA in N5-WT islets. Individual traces are shown in ESM
Fig. 8

them to BL/6N and BL/6J mice as controls (Fig. 3a—d/ESM
Fig. 7). As expected, glucose tolerance was significantly better
in BL/6N than BL/6J mice, with a peak blood glucose at
~13 mmol/l in BL/6N vs ~27 mmol/l in BL/6J mice. By
contrast, glucose tolerance was only slightly, although signif-
icantly, better in N5-WT than in N5-Tr mice and remained
close to that observed in BL/6J mice, with a peak blood
glucose at ~22 mmol/l in N5-WT vs ~25 mmol/l in N5-Tr
mice. Similar differences in glucose tolerance between these
four types of mice were observed in fasting—refeeding tests
(ESM Fig. 9a-b). In another series of IPGTT experiments
(Fig. 3e—f) the increase in plasma insulin at min 30 of the
IPGTT was not significantly different while blood glucose
was lower in N5-WT than N5-Tr mice, suggesting that
in vivo GSIS may be slightly larger in N5-WT vs N5-Tr mice.
Body weight (ESM Fig. 10a), insulin sensitivity evaluated by
ITT (Fig. 3g—h and related panels in ESM Fig. 7), and beta cell
mass (see ESM Methods and ESM Fig. 10 b) were similar in
N5-WT and N5-Tr mice.

To ascertain whether, despite their functional NNT, N5-WT
mice display BL/6J-like glucose tolerance, we conducted a new
series of IPGTTs comparing side-by-side BL/6N vs N5-WT
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mice. As shown in Fig. 3i- and related panels in ESM Fig. 7,
the AUC during IPGTT was markedly higher in N5-WT than
BL/6N mice, with a peak of blood glucose at ~23 vs ~13 mmol/l.

Altogether, these in vivo results are compatible with our
in vitro GSIS data and suggest that the lack of functional NNT
only contributes to a moderate extent to the alteration of glucose
tolerance in BL/6J vs BL/6N female mice, in agreement with a
previous study [15]. Because mouse glucose tolerance is known
to be worse in males than females [40] and in vitro GSIS was
slightly but not significantly higher in N5-WT vs N5-Tr male
islets, we also evaluated the glucose tolerance of N5-WT and
NS5-Tr male mice. As shown in Fig. 4a,b and related panels in
ESM Fig. 7, the AUC during IPGTT was 30% lower in N5-WT
than N5-Tr male mice, with a peak of blood glucose at
~20 mmol/l 15 min after injection in N5-WT vs ~26 mmol/l
30 min after injection in N5-Tr mice. Furthermore, the blood
glucose during a fasting—refeeding test was slightly (~15%) but
not significantly lower in N5-WT than N5-Tr male mice (ESM
Fig. 9¢). In another series of IPGTT experiments (Fig. 4c,d),
plasma insulin at min 30 of the IPGTT was 20% higher while
blood glucose was significantly lower in N5-WT compared with
N5-Tr mice, strongly suggesting in vivo GSIS is improved in
N5-WT vs N5-Tr male mice. By contrast, the slope of blood
glucose measured during the 30 first min of the ITT was similar
in both types of mice (Fig. 4e—f and related panels in ESM Fig.
7). These results indicate that, although the lack of NNT has a
stronger impact on glucose tolerance in male vs female NSBL/6J
mice, it contributes to a maximum of ~30% of the difference in
AUC during IPGTT in BL/6J vs BL/6N mice. For ease of
comparison, Table 1 lists the AUC during IPGTTs in the differ-
ent types of mice tested in this study and their relative increase
above the AUC in female BL/6N mice.

Discussion

This study comparing NSBL/6J mice with or without func-
tional NNT (N5-WT and N5-Tr mice) on a WGS-confirmed
BL/6J background argues against a major role for NNT in
GSIS and glucose tolerance despite confirmation of its role
in the regulation of NADPH and mitochondrial Eggy by
glucose and FCCP. Indeed, glucose tolerance in vivo and
GSIS in vitro differed only slightly between N5-WT and
NS5-Tr mice, whereas BL/6N mice had much better glucose
tolerance and much higher GSIS than N5-WT mice even
though both types of mice express functional NNT. These
results have major implications regarding current views on
the role of mitochondrial NADPH in GSIS, and about the
importance of NNT genotyping in BL/6 mice of unclear origin
in metabolic studies [13].

We have previously shown that, in beta cells, NNT reduces
NADPH and increases mitochondrial Eggy at non-stimulating
glucose concentrations by operating in the reverse mode, as it
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Fig.3 Effect of NNT on glucose tolerance in female mice. (a, b; ¢, d; and
i, j) Blood glucose levels and corresponding AUC during an IPGTT after
an overnight fast in N5-Tr, N5-WT, BL/6N and BL/6J mice as indicated.
(e, f) Blood glucose and plasma insulin levels in the fasted state (0 min)
and 30 min following glucose injection during an IPGTT in N5-WT and
NS5-Tr mice. (g, h) Blood glucose levels during an ITT in N5-WT and N5-
Tr mice, and corresponding slope of the curves during the first 30 min.
Mice were used between 3 and 6 months of age. Data are means + SD or

does when mitochondria are uncoupled with FCCP. Upon
glucose stimulation, NADPH progressively switches from
the reverse to the forward mode of operation, thereby leading
to an increase in NADPH and a progressive reduction in mito-
chondrial Eggyy across a wide range of glucose concentrations
[33]. Here, we used these effects of extreme low and high
glucose and of FCCP on mt-GRX1-roGFP2 oxidation and
NAD(P)H autofluorescence to validate the different function-
al status of NNT in N5-WT and N5-Tr mouse islets. Our
comparison of N5-WT to N5-Tr islets indeed fully reproduced
the differences in NADPH autofluorescence and mitochondri-
al Eggy regulation we previously reported between BL/6N
and BL/6J mice. The functional status of NNT in isolated
islets therefore corresponded to the genotype of the mice,
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means + SD with individual data points for 8 (a, b), 5 (¢, d), 5 (e-h), and 4
(i, j) mice of each type. (b, d, h, j) The statistical significance of difference
between groups was assessed by unpaired two-tailed #- test: Tp<0.05 and
T11p<0.001 vs N5-WT or BL/6N mice. (e) **p<0.01 and ***p<0.001 vs
time 0; 7p<0.05 vs N5-WT mice. (f) *p<0.05 for global time effect by
two-way ANOVA (before post hoc testing). Individual traces are shown
in ESM Fig. 7

validating the N5SBL/6J mouse model for testing the impact
of NNT function on other processes, such as glucose tolerance
and GSIS.

It has been proposed that mitochondrial NADPH not only
affects the mitochondrial redox state but could also, through
the action of substrate shuttles, increase NADPH in the cyto-
sol [41-44]. Cytosolic NADPH can amplify insulin secretion
in a GRX1-dependent manner [7, 8], for example through
redox-regulated de-SUMOylating of exocytotic proteins by
sentrin/small ubiquitin-like modifier specific peptidase 1
[35]. However, the protective effect of glucose against cyto-
solic glutathione oxidation by exogenous H,O, was not
significantly altered by the lack of NNT. This glucose effect
may therefore depend on cytosolic sources of NADPH, such

@ Springer
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Fig. 4 Effect of NNT on glucose tolerance in male mice. (a, b) Blood
glucose levels and corresponding AUC during an IPGTT after an over-
night fast in N5-WT and N5-Tr mice. (¢, d) Blood glucose and plasma
insulin levels in the fasted state (0 min) and 30 min following IPGTT. (e,
) Blood glucose levels during an ITT in N5-WT and N5-Tr mice and
corresponding slope of the curves during the first 30 min. Mice were used
between 3 and 6 months of age. Data are means + SD for seven mice (a,
b), 2-5 mice, because of the exclusion of data below the detection limit of
insulin assay (¢, d), and 6-8 mice (e, f). (b, f) Unpaired two-tailed # test.
T1p<0.01 vs N5-WT mice. (¢, d) *p<0.05 and ***p<0.001 vs time O;
1p<0.05 and F11p<0.001 vs N5-WT mice 30 min following IPGTT.
Individual traces are shown in ESM Fig. 7

as the pentose phosphate pathway [9], and on other mitochon-
drial enzymes that provide both NADPH and metabolic interme-
diates for mitochondrial export to the cytosol [41]. Further inves-
tigation of that question was beyond the scope of this study.
Our data show that normal NNT expression only slightly
improved GSIS on the BL/6J background. Interestingly, N5
islets with or without NNT activity kept a lower GSIS than
BL/6N islets. Moreover, female N5-WT mice displayed
significantly lower glucose tolerance than BL/6N mice
although both types of mice express Nnt"’. The AUC
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during IPGTT was, however, slightly but significantly
higher in N5-Tr vs N5-WT mice. Moreover, when we
compared all types of female mice tested in this study,
the AUC during IPGTT was similar in BL/6J mice and
NS5-Tr mice and slightly but significantly higher than in
N5-WT mice. This suggests that, contrary to what has been
suggested by Freeman et al [26] but in agreement with the
seminal paper by Toye et al in which the impact of NNT
truncation with seven other genetic loci only accounted for
35% of the increase in IPGTT AUC in BL/6] mice [15],
NNT is responsible for only a small part (~15-20%) of the
increase in IPGTT AUC in BL/6J vs BL/6N female mice, a
proportion that may rise to about 30% in males. We cannot
totally exclude the possibility that epistatic interactions
modulate the impact of Nnt inactivation on insulin secretion
and glucose tolerance depending on the mouse genetic
background. However, we consider it more likely that
genetic variants that are common to BL/6J, N5-WT and
NS5-Tr mice vs BL/6N mice, or vice versa, contribute large-
ly to the differences in glucose tolerance between BL/6N
and N5-WT mice, as discussed earlier [13, 17]. Among
other things, the impact of variants that affect Adcy5 and
Rptor may be worth investigating. Adcy5 encodes adenylate
cyclase 5, which is involved in cyclic AMP production and
modulation of insulin secretion, and presents a variant that
confers a higher risk of developing type 2 diabetes in
humans [45, 46]. Rptor, which encodes Raptor, involved
in the mTORCI signalling pathway, is important for the
maturation of beta cells and maintenance of their secretory
function [47]. In addition, changes in glucose tolerance
may also result from variants in genes that affect the gut
microbiota [48], or from variants that affect gene expres-
sion through epigenetic changes.

Finally, compared with N5-Tr female mice that
displayed discreetly lower glucose tolerance compared
with N5-WT female mice, N5-Tr male mice were mark-
edly less glucose tolerant compared with N5-WT males
during an IPGTT. These results are in good agreement
with studies showing that male mice are more prone to
developing glucose intolerance than female mice [40].
Nevertheless, the effect of lack of NNT on glucose
tolerance in male mice only accounted for 30% of the
difference in AUC between BL/6J and BL/6N female
mice.

In conclusion, on a WGS-confirmed BL/6J background,
the lack of NNT activity in isolated islets significantly alters
their regulation of NADPH autofluorescence and mitochon-
drial Egspy by glucose and FCCP. However, it only contributes
to a minor extent (by ~15% in females to ~30% in males) to
the alteration of glucose tolerance during an IPGTT, while it
has little impact on GSIS in isolated islets from female mice.
Therefore, although testing for Nnt"” expression in BL/6 mice
with unknown or complex history of BL/6J and BL/6N
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Table 1 AUC during IPGTT in

the six types of mice tested in this Mouse type Sex IPGTT AUC One-way ANOVA IPGTT AUC
study (mmol/I x 120 min) Post hoc analysis p value (relative to BL/6N)
mean £ SD (n) mean £ SD (n)

BL/6N F 284+80 (9) p<0.0001 vs all others 1.00+0.28 (9)
BL/6J F 1283498 (5) 4.52+0.35 (5)
N5-WT F 1025+218 (12) p=0.046 vs BL/6J 3.62+0.77 (12)
N5-Tr F 1192+191 (8) p=0.928 vs BL/6] 4.20+0.67 (8)
N5-WT M 1024+77 (7) p>0.999 vs N5-WT F 3.61+0.27 (7)
N5-Tr M 1441£274 (7) p=0.051 vs N5-Tr F 5.07+0.96 (7)

Data from different series of BL/6N and N5-WT female mice were pooled

A one-way ANOVA was done for analysis of differences in AUC (mmol/l x 120 min) between the four female
groups, and another ANOVA was done for the analysis of differences between the male and female N5-WT and

N5-Tr mice

Post hoc comparisons were only done between groups that had not been tested in parallel on the same day (see

Figs 3b, d, j and 4b)

intercrossing is important to assess their regulation of mito-
chondrial NADPH and Eggy, it will not guarantee that their
glucose tolerance is as good as in BL/6N mice (if they express
Nnt"™T), or as bad as in BL/6J mice (if they express Nnt™).

Supplementary Information The online version of this article (https://doi.
org/10.1007/s00125-021-05548-7) contains peer-reviewed but unedited
supplementary material.
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