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Mitochondrial Efflux of Citrate and Isocitrate Is Fully
Dispensable for Glucose-Stimulated Insulin Secretion
and Pancreatic Islet B-Cell Function
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The defining feature of pancreatic islet 3-cell function is
the precise coordination of changes in blood glucose lev-
els with insulin secretion to regulate systemic glucose
homeostasis. While ATP has long been heralded as a
critical metabolic coupling factor to trigger insulin
release, glucose-derived metabolites have been sug-
gested to further amplify fuel-stimulated insulin secre-
tion. The mitochondrial export of citrate and isocitrate
through the citrate-isocitrate carrier (CIC) has been sug-
gested to initiate a key pathway that amplifies glucose-
stimulated insulin secretion, though the physiological
significance of B-cell CIC-to-glucose homeostasis has
not been established. Here, we generated constitutive
and adult CIC gB-cell knockout (KO) mice and demon-
strate that these animals have normal glucose tolerance,
similar responses to diet-induced obesity, and identical
insulin secretion responses to various fuel secreta-
gogues. Glucose-stimulated NADPH production was
impaired in B-cell CIC KO islets, whereas glutathione
reduction was retained. Furthermore, suppression of the
downstream enzyme cytosolic isocitrate dehydrogenase
(Idh1) inhibited insulin secretion in wild-type islets but
failed to impact B-cell function in B-cell CIC KO islets.
Our data demonstrate that the mitochondrial CIC is not
required for glucose-stimulated insulin secretion and
that additional complexities exist for the role of Idh1 and
NADPH in the regulation of B-cell function.

Pancreatic islet B-cells regulate glucose homeostasis by
coupling glucose metabolism with insulin secretion. Sig-
nals generated from glucose metabolism are thought to
trigger and amplify insulin secretion in two distinct
phases (1,2). The triggering phase is activated by a meta-
bolically driven action potential that begins with an
increase in the ATP:ADP ratio, closure of Karp channels,
plasma membrane depolarization, and opening of voltage-
gated Ca®" channels (3-7). The influx of Ca®" allows for
fusion of plasma membrane-docked insulin granules and
subsequent exocytotic release of granule contents (8). In
addition, glucose provides signals beyond simple mem-
brane depolarization that further amplify insulin release
(1,2,9,10). These signals, or coupling factors, are presum-
ably derived from glucose metabolites that are exchanged
between the mitochondria and cytosol and used to coordi-
nate rates of tricarboxylic acid cycle (TCA) flux with the
amplification of fuel-stimulated insulin secretion (11,12).
Cytosolic NADPH has garnered much attention as a
potential metabolic signal that positively correlates with
glucose-stimulated insulin secretion (GSIS) and can directly
enhance P-cell exocytosis in some contexts (11,13-15);
however, the coordination of TCA flux with NADPH pro-
duction and insulin secretion is not well understood. Cyto-
solic NADPH can be produced following mitochondrial
export of TCA intermediates citrate or isocitrate and subse-
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quent oxidation by the cytosolic enzyme isocitrate dehydro-
genase (Idhl) as part of the pyruvate-isocitrate cycle
(11,12). Support for this pathway comes from studies in rat
islets and insulinoma cells showing that suppression of
Idhl impairs insulin secretion along with reductions in
NADPH levels (16). In addition, decarboxylation of mito-
chondrially derived malate by the cytosolic isoform of malic
enzyme ME1 in the pyruvate-citrate cycle or the pyruvate-
malate shuttle can similarly generate cytosolic NAPDH;
however, genetic knockout (KO) of ME1 has a limited
impact on stimulus-coupled insulin secretion (17). Further
advances have now linked the generation of NADPH by
Idhl to the activation of the deSUMOylating enzyme
SENP1 via glutaredoxin, which in turn amplifies insulin
secretion through an unknown mechanism (15,18). More
recent studies have also added a role for the reductive,
“counterclockwise” TCA, utilizing mitochondrial Idh2 to
regenerate isocitrate from a-ketoglutarate to further propa-
gate the generation of mitochondrially derived isocitrate as
a key substrate in the generation of cytosolic NADPH (19).

Mitochondrial export of citrate and isocitrate is regu-
lated by a single protein, the citrate-isocitrate carrier
(CIC), which is encoded by the SLC25A1 nuclear gene. CIC
assembles in the inner mitochondrial membrane as a
homodimer and catalyzes the exchange of citrate or isoci-
trate with cytosolic malate and/or phosphoenolpyruvate
(PEP) (20,21). In insulinoma and isolated rat islet models,
functional studies using siRNA suppression or pharmaco-
logical inhibitors have supported a role for CIC in the reg-
ulation of insulin secretion, which is postulated to
provide a key substrate for Idh1 (22). While informative,
the lack of genetic mouse models manipulating expression
of Idhl and CIC in the B-cell have hindered our under-
standing of the physiological significance of these path-
ways to glucose homeostasis. Specific loss-of-function
mutations in human CIC are associated with combined D-
2 and L-2 hydroxyglutaric aciduria, but currently, it is not
known whether individuals with these conditions are pre-
disposed to the development of B-cell dysfunction and
diabetes (23,24). In mouse models of nonalcoholic fatty
liver disease and steatohepatitis, pharmacological inhibi-
tion of CIC reduces and/or reverses pathologies associated
with fatty liver disease, attenuates diet-induced obesity,
and normalizes hyperglycemia and glucose intolerance
(25). This is proposed to occur via reprogramming lipid
metabolism in the liver and is supported by liver-specific
deletion of CIC; however, the physiological impact of
pharmacological inactivation of CIC in the B-cell was not
investigated. In sum, inactivation of CIC has been shown
to be both beneficial and detrimental to glucose homeo-
stasis depending on the context. These unresolved issues
encourage continued investigation into the physiological
significance of CIC and mitochondrial citrate-isocitrate
export in the regulation of glucose sensing in the islet
B-cell.
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In the current study, we generated two conditional CIC
B-cell KO mouse lines using Ins1-Cre to produce constitu-
tive B-cell KO and the tamoxifen-inducible MIP-CreERT to
create adult B-cell KO. Using these approaches, we demon-
strate that B-cell CIC is fully dispensable for glucose
homeostasis. Both constitutive and adult B-cell CIC KO
mice exhibit normal glucose tolerance in both sexes, no
overt phenotype in response to diet-induced obesity, and
similar insulin secretory responses in vivo to glucose chal-
lenge and ex vivo in response to various fuel secretagogues.
Furthermore, the glucose-dependent rise in NADPH/
NADP" was impaired in CIC KO B-cells, yet glutathione
(GSH) reduction was maintained. Using shRNA suppres-
sion, we demonstrate that the dicarboxylate carrier (DIC)
does not compensate for B-cell CIC loss in the regulation
of insulin secretion. In addition, while loss of Idh1 strongly
inhibited insulin secretion in wild-type islets, as previously
shown (16), Idh1 knockdown in B-cell CIC KO islets failed
to impair GSIS. This apparent contradiction suggests that
additional complexities exist for the contribution of Idhl
to the regulation of B-cell function. Together, our data
demonstrate that mechanisms independent of citrate and
isocitrate efflux can be used to amplify fuel-stimulated
insulin secretion in the islet B-cell.

RESEARCH DESIGN AND METHODS

Cell Culture and Reagents

Cell culture reagents were from Thermo Life Technologies
unless specified otherwise. Chemical reagents were from
Sigma-Aldrich unless specified otherwise. Mouse islets
were isolated via collagenase V digestion and purified
using Histopaque 1077 and 1119. Islets were cultured in
RPMI medium supplemented with 10% FBS and 1% peni-
cillin and streptomycin and maintained at 37°C in 5%
CO,. Pools of islets were transduced with ~2 x 107 infec-
tious units/mL adenovirus (multiplicity of infection
~100-200) for 18 h and assayed 72-96 h after treat-
ment. Fatty acid solutions (10 mmol/L) containing palmi-
tate or an oleate/palmitate mixture (2:1) were dissolved
in water at 95°C and cooled to 50°C, and BSA (fatty acid
free) was added to a final concentration of 10%. Solutions
were maintained at 37°C for an additional 1 h.

Animal Studies

Mice containing a conditional, floxed Slc25a1 allele (CICﬂ)
were generated by in vitro fertilization of C57BL6/N
embryos with cryopreserved sperm obtained from KOMP
harboring the SIc25a1™* allele. The SIc25a1™™“ allele
mice were passed through mice expressing optimized Flp
recombinase expressed ubiquitously by the ROSA26 locus
to remove the neomycin-selectable marker producing
Slc25a1t™¢ (foxed allele) mice. Subsequently, CIC? mice
were crossed into the C57BL6/J background. B6.Cg-
Tg(Ins1-cre/ERT)1Lphi/J (MIP-CreERT) mice were pro-
vided by Dr. Louis Phillipson (University of Chicago, Chi-
cago, IL) (26). B6(Cg)-Insl tml.1(cre)Thor/J (Ins1l-Cre)
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mice were purchased from The Jackson Laboratory. CIC
floxed mice were bred with either MIP-CreERT or Insl-
Cre mice to generate heterozygous animals and then
backcrossed for at least eight generations to the CIC
floxed parental line selecting for the C57BL6/J NNT
mutant background. All animals were verified by genotyp-
ing. Cre alleles (MIP-CreERT and Ins1-Cre) were main-
tained as hemizygous in all studies. CIC"®; MIP-CreERT
and CIC"® mice at 8-12 weeks of age were injected with
2-3 mg i.p. tamoxifen dissolved in corn oil containing
5-10% ethanol on 5 consecutive days. Four to six weeks
after tamoxifen treatment, glucose tolerance was mea-
sured in 4-6-h fasted mice given a 1-2 mg/g body wt i.p.
glucose challenge. In some studies, mice (8 weeks of age)
were placed on a Western diet (D12079B; Research Diets)
for up to 12 weeks. Blood glucose was determined using a
OneTouch Ultra 2 glucometer. Plasma insulin was deter-
mined by ultrasensitive rat/mouse ELISA (ALPCO). All
animal protocols were approved by the University of lowa
institutional animal use and care committee.

Plasmids and Viruses

A shuttle plasmid containing a U6 promoter, multiple
cloning sites, and a phosphoglycerate kinase (PGK) pro-
moter—-expressing mCherry reporter was generated by
Gibson assembly (Integrated DNA Technologies) and
subcloned into pENTR2b. Primers containing Slc25a10
shRNA target sequences were inserted into pU6-MCS-
PGK-mCherry by restriction digest and subcloned into a
modified pAd-PL/DEST (27) using LR Clonase II. Plasmids
containing a U6 promoter—-driven Idhl shRNA targeting
sequences in an adenoviral backbone were obtained from
VectorBuilder. Nontargeting control (shSAFE) sequence
was provided by the University of lowa Viral Vector Core
Facility. Recombinant adenoviruses were generated in
HEK293 cells and purified by cesium chloride gradient.
Adenovirus-containing rat insulin promoter (RIP) express-
ing Grx1-GFP2 was a gift from A. Linneman (Indiana Uni-
versity School of Medicine, Indianapolis, IN) (28). All
sequences were verified by the Iowa Institute of Human
Genetics, University of Iowa.

GSIS

Insulin secretion using ~40 islets was performed by peri-
fusion in secretion assay buffer using a Biorep Perifusion
System with a flow rate of 100 pL/min at 37°C. Perifusate
was collected at 1-2-min intervals. Following stabilization
of insulin release under basal (2.5 mmol/L) glucose condi-
tions (up to 32 min), islets were stimulated with various
secretagogues, including glucose alone (11.2 mmol/L or
16.7 mmol/L), KCl (35 mmol/L), glucose-diazoxide-KCl
cocktail (11.2 mmol/L glucose + 100 wmol/L diazoxide +
35 mmol/L KCl), amino acid stimulation (10 mmol/L glu-
tamine + 1 mmol/L leucine), glucose plus fatty acid (11.2
mmol/L glucose + 0.5 mmol/L oleate/palmitate 2:1),
pyruvate kinase M2 activator (TEPP46) (10 pwmol/L), or
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1,2,3-benzene tricarboxylate (BTC) (2 mmol/L), where
indicated. Islets were collected from perifusion chambers
and lysed in radioimmunoprecipitation assay buffer for
content determination. Static incubations for insulin
secretion were performed on pools of 10 islets as previ-
ously described using a BSA solution containing free fatty
acid (29). Insulin (secreted and content) was measured by
ELISA, rodent 80-INSMR-CH10 (ALPCO), or AlphaLISA
AL204C (Perkin-Elmer).

Immunoblot Analysis

Clarified cell lysates were resolved on 4-12% NuPAGE gels
and transferred to supported nitrocellulose membranes.
Membranes were probed with diluted antibody raised
against Slc25al (Proteintech) or +y-tubulin. Donkey anti-
mouse and anti-rabbit antibodies coupled to IRDye 680 or
800 (LI-COR) were used to detect primary antibodies. Blots
were developed using an Odyssey CLx instrument (LI-COR).

Quantitative RT-PCR

RNA from mouse islets was harvested using the RNeasy
Microkit (QIAGEN) and c¢DNA synthesized in an iScript
Reaction Mix (Bio-Rad). RNA from human islets was iso-
lated using TRIzol reagent, and cDNA was synthesized in
a SuperScript IV VILO Master Mix. Real-time PCRs were
performed using the ABI 7700 sequence detection system
and software (Applied Biosystems). All primer sequences
are available upon request.

Live-Cell Microscopy

For GSH disulfide (GSSG)/GSH redox measurements, iso-
lated islets treated with AdRIP-Grx1-GFP2 were partially
dispersed into monolayers using Accutase and plated on
HTB9-coated 6-cm glass-bottom dishes (MatTek) 24 h
postinfection, as previously described (29,30). Islets were
cultured in secretion assay buffer containing 2.5 mmol/L
glucose for 20 min and imaged by an SP8 confocal micro-
scope with a 20x objective (HC PL APO CS2, 0.75 NA;
Leica) using sequential excitations at 405 and 488 nm
detected at 530 + 30 nm. Islets were subsequently treated
with 20 mmol/L glucose for 12 min and reimaged fol-
lowed by dithiothreitol (DTT) (5 mmol/L) and diamide
(500 pmol/L) for 12 min each. Fluorescence intensities of
each channel were calculated from masked images (to
remove background) of whole cells using Fiji software
(National Institutes of Health). Ratiometric intensities
(405 nm/488 nm) were normalized by comparing with
DTT (0%)- and diamide (100%)-treated samples using
GraphPad Prism software.

For NADPH/NADP"' measurements, dispersed islets
were cotransduced with recombinant adenovirus express-
ing the Venus-tagged Apollo-NADP™ sensor and adenovi-
rus-expressing mCherry under control of the insulin
promoter to facilitate identification of B-cells. B-Cells
were incubated at 1 mmol/L glucose for 1 h and sequen-
tially treated with 5 mmol/L glucose and 15 mmol/L
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glucose followed by oxidation with diamide. Anisotropy
values were collected 5 min after each treatment was
administered as previously described (31) and normalized
to diamide treatment.

Human Islets

Human islets from donors without diabetes and donors
with type 2 diabetes (T2D) (Supplementary Table 1) were
cultured in CMRL1066 containing 1% human serum albu-
min, 1% penicillin and streptomycin, and 1% L-glutamate
overnight at 37°C and 5% CO, before analyses. The insti-
tutional review board of the University of Iowa deter-
mined this to be a nonhuman study.

Statistical Analysis

Data are presented as the mean + SEM. For statistical sig-
nificance determinations, unpaired Student t test or two-
way ANOVA (regular or repeated measures for time
courses) with Siddk post hoc analysis for multiple group
comparisons were used (GraphPad Prism).

Data and Resource Availability

The data sets generated and/or analyzed during the cur-
rent study are available from the corresponding author
upon reasonable request.

RESULTS

Constitutive B-Cell Loss of CIC Does Not Impair
Glucose Homeostasis

Previous studies have highlighted a critical role for mito-
chondrial export of citrate/isocitrate to generate coupling
factors necessary to support GSIS in the pancreatic islet
B-cell (11,16,22). Mitochondrial citrate/isocitrate export is
thought to be solely performed by the CIC, which has been
shown through pharmacological and knockdown studies to
regulate insulin secretion (22); however, the physiological
effect of CIC loss on B-cell function is not known. To
explore this, we generated a B-cell specific KO of CIC using
homozygous CIC floxed mice expressing constitutively
active Ins1-Cre (CICﬂ/ﬂ; Ins1-Cre). Using this system, we
achieve ~90% loss of CIC protein expression by immuno-
blot analysis (Fig. 1A and B and Supplementary Fig. 1A and
B) and >80% reduction of mRNA by quantitative RT-PCR
(gRT-PCR) in islets isolated from CICY®; Ins1-Cre mice
compared with cIc® controls (Fig. 1C). In both male and
female B-cell CIC KO mice (CICﬂ/ﬂ; Ins1-Cre), we observed
no change in glucose tolerance compared with CIC* con-
trol mice (Fig. 1D and G) accompanied by normal plasma
insulin responses to a glucose challenge (Fig. 1E and H).
Next, we isolated islets from both male and female CIC™%
control and B-cell CIC KO (CICY®: Ins1-Cre) mice and
examined insulin secretion in response to various secreta-
gogues by perifusion. While we were able to detect robust
increases in insulin release upon stimulation by amino
acids, glucose, and glucose and fatty acids, there was no
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difference between control and B-cell CIC KO mice in
either sex (Fig. 1F and I).

We next examined insulin secretion using static incu-
bations to consider minor effects of B-cell CIC loss that
may not be evident by perifusion. As shown in Fig. 24,
islets from CIC*® control and CIC B-cell KO (crcv4,
Ins1-Cre) mice had identical levels of GSIS. Additional
stimulation via palmitate or oleate/palmitate achieved
similar levels of insulin release (Fig. 2B). This lack of
effect in the B-cell CIC KO is in contrast to direct inhibi-
tion of fatty acid production via triacsin C, which strongly
reduces GSIS (Fig. 20), albeit the effect may be driven, in
part, by a reduction in insulin content (Fig. 2D).

We next examined whether B-cell CIC KO mice would
have an altered B-cell response to diet-induced obesity. To
test this, B-cell CIC KO mice were placed on a Western diet
(40% fat/kcal, 43% carbohydrate/kcal) for 8 weeks. Similar
weight gain (data not shown) and glucose intolerance (Fig.
3A) compared with control (CIC™®Y mice was observed. In
addition, fasting hyperinsulinemia and plasma insulin
response to glucose challenge were similar between (-cell
CIC KO and control mice (Fig. 3B). We isolated islets follow-
ing 8 weeks of diet and observed no difference between
genotypes in GSIS by perifusion (Fig. 3C). We further
extended the dietary intervention to 12 weeks and assessed
glucose homeostasis. We observed a modest improvement
in glucose tolerance in B-cell CIC KO mice compared with
controls (Fig. 3D) but no difference in plasma insulin (Fig.
3E). Furthermore, no change in CIC mRNA expression was
observed in islets isolated from human donors with T2D
compared with control subjects without diabetes (Fig. 3F).

Inducible p-Cell Loss of CIC Does Not Impact p-Cell
Function

Potentially, early B-cell loss of CIC using the constitutive
Ins1-Cre driver may lead to compensatory changes that
maintain normal B-cell function in the absence of CIC. To
test this, we generated an additional mouse line using
homozygous CIC floxed mice expressing the tamoxifen-
inducible MIP-CreERT transgene (CIC"®; MIP-CreERT).
Using this approach, islets isolated from tamoxifen-treated
CIC"%; MIP-CreERT mice had an ~90% loss of CIC protein
expression (Fig. 4A and B and Supplementary Fig. 1C and
D) compared with tamoxifen-treated c1c® control mice,
which is similar to knockdown levels previously used to
examine CIC function in rat islets (22). Similar to our find-
ings with the constitutive $-cell KO of CIC (Fig. 1D and G),
tamoxifen-induced (-cell KO of CIC had no impact on glu-
cose tolerance in either male or female mice compared
with control mice (Fig. 4C and F). While no difference in
plasma insulin levels in response to glucose challenge was
seen in male B-cell CIC KO mice using the inducible Cre
model (Fig. 4D), female B-cell CIC KO mice showed a mod-
est reduction in circulating insulin (Fig. 4G) following glu-
cose injection. Note that we did not observe any effects of
the MIP-CreERT transgene compared with wild-type mice
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Figure 1—Constitutive B-cell-specific deletion of CIC does not impair -cell function. Islets isolated from CIC™; Ins1-Cre vs. CIC"" mice
were analyzed for protein expression by immunoblot (A), quantified (B) (n = 5), and analyzed for mRNA expression by gRT-PCR (C) (n = 6).
CIC expression was first normalized to tubulin (immunoblot) or peptidylpropyl isomerase B (QRT-PCR) and expressed as percent relative
to CIC" control. Four- to 6-h fasted CIC"™; Ins1-Cre vs. CIC" male (D and E) (n = 8-12) and female (G and H) (n = 10-12) mice (10-14
weeks of age) were injected with glucose 1.5 mg/g body wt i.p. Blood glucose (D and G) and plasma insulin (E and H) were recorded at the
indicated times. Isolated islets from male (F) (n = 6) and female (/) (n = 3) CIC"™; Ins1-Cre vs. CIC"" mice (10-14 weeks of age) were peri-
fused for 32 min at basal (2.5 mmol/L) glucose stimulated with amino acids glutamine (GIn) (10 mmol/L) and leucine (Leu) (1 mmol/L) for 16
min, returned to basal (2.5 mmol/L) glucose for 16 min, and stimulated with glucose alone (11.2 mmol/L) for 16 min followed by glucose
(11.2 mmol/L) and oleate/palmitate (OP) (0.5 mmol/L, 2:1) for 16 min. Data are mean + SEM. *P < 0.05 by two-tailed unpaired t test (B and

C) or repeated-measures two-way ANOVA (D-/). Glc, glucose; RQ, relative quantification.

with respect to glucose tolerance and plasma insulin levels
in our lines (Supplementary Fig. 2) in accordance with pre-
vious observations (32). We next examined GSIS ex vivo in
isolated islets by perifusion from tamoxifen-treated CIC"%;
MIP-CreERT and CIC™® control mice. Consistent with our
data using the constitutive Insl-Cre KO model (Fig. 1),
adult (tamoxifen-induced) B-cell KO of CIC had no direct
effect on GSIS in either male or female mice (Fig. 4E and
H). Finally, we also assessed the specificity of the CIC
inhibitor BTC previously used to examine the contribution
of CIC to B-cell function (22). We demonstrated that both
control (CIC"®) and B-cell CIC KO (CIC¥®; MIP-CreERT)
mice were equally sensitive to BTC-mediated inhibition of
GSIS (Supplementary Fig. 3), suggesting that the actions of
BTC on P-cell function operate independently of CIC, as
previously suggested (33). Overall, our data, using two

different Cre lines, demonstrate that CIC is not required
for islet B-cell function.

Glucose Amplification of Insulin Secretion Is
Maintained in B-Cell CIC KO Islets

Insulin secretion can be divided between the Kjrp-
dependent triggering phase and the Karp-independent
amplifying phase (1,2,10). Mitochondrial citrate/isoci-
trate export is largely thought to amplify insulin secre-
tion during the Karp-independent phase of glucose
stimulation (11,12). To first test the contribution of
CIC to the Kprp-dependent phase of insulin secretion,
we simulated ATP-mediated suppression of Kprp chan-
nels via direct membrane depolarization using a train
of KCl stimulations at basal glucose followed by rest
periods (12 min) of basal glucose alone. As shown in
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Figure 2— Static GSIS in B-cell CIC KO islets is indistinguishable from control islets. A and B: Islets were isolated from CIC""; Ins1-Cre vs.
CIC"™ mice (10-20 weeks of age, n = 3-5 per genotype). Islets were incubated at basal (2.5 mmol/L) glucose followed by stimulation with
glucose (12 mmol/L) alone, glucose and palmitate (0.5 mmol/L), or glucose and oleate/palmitate (1 mmol/L, 2:1) for 1 h each as indicated.

C and D: Islets isolated from C57BL6/J mice (10-20 weeks of age, n =

3) were treated with triacsin C (10 pmol/L) for 72 h (C). Islets were

sequentially incubated at basal (2.5 mmol/L) glucose followed by stimulatory (12 mmol/L) glucose for 1 h each as indicated (D). Insulin
content was derived from whole-cell lysates. Data are mean + SEM. *P < 0.05 by two-way ANOVA (A and B) or two-tailed unpaired t test

(C and D). Glc, glucose.

Fig. 5A, no difference was observed in response to three
consecutive KCl challenges in islets isolated from adult
B-cell CIC KO animals (c1c8. MIP-CreERT) compared
with controls (CICﬂ/ %) To examine insulin release inde-
pendent of the Kppp channel, we used diazoxide to
prevent Karp channel closure in the presence of stimu-
latory glucose and elevated KCl. In these studies, we
also observed no difference in stimulated insulin
release between adult B-cell CIC KO (CICﬁ/ﬂ; MIP-
CreERT) and control (CIC"®) islets (Fig. 5B). We next
examined whether augmenting metabolic activity via
activation of pyruvate kinase M2 using TEPP46 (34)
could unveil differences in insulin secretion in CIC KO
animals. As shown in Fig. 5C, TEPP46 enhanced GSIS
to similar levels in islets from inducible B-cell CIC KO
and control mice.

Distinct Effects of B-Cell CIC KO on NADPH
Production and GSH Redox

Previous studies have demonstrated a correlation between
GSIS and increased levels of cytosolic NADPH/NADP*
(13-16). Mitochondrial export of citrate/isocitrate is
thought to be necessary for this process via serving as a
substrate for the NADPH-generating cytosolic enzyme
Idh1 (11,16,22). We first examined whether 3-cell loss of
CIC was accompanied by changes in expression of genes
that control NADPH production and consumption but
observed no differences in islets isolated from B-cell
CIC KO (CIC™®; Ins1-Cre) versus control (CIC™®) mice
(Fig. 5D). Next, we examined changes in NADPH/NADP™*

levels in response to glucose stimulation by fluorescent
anisotropy using the Venus-tagged Apollo sensor previ-
ously demonstrated to measure glucose-dependent NADPH
flux in situ (31). In our studies, isolated islets were
cotreated with recombinant adenoviruses expressing cyto-
megalovirus-driven Apollo sensor and insulin promoter—
driven mCherry to specifically identify B-cells. B-Cells were
sequentially treated with increasing glucose concentrations
followed by oxidation with diamide for normalization. As
shown in Fig. 5E, islet B-cells from control (€1c®) mice
demonstrated a strong glucose-dependent increase in
NADPH/NADP™, whereas B-cells from the constitutive
B-cell CIC KO (CIC"®. Ins1-Cre) mice failed to elevate
NADPH in response to glucose treatment, consistent with
a previous report (22).

The glucose-dependent increase in NADPH/NADP™ is
thought to be necessary for GSH reduction via the
NADPH-dependent enzyme glutathione reductase (GR)
(13-15). On the basis of this, we examined the redox levels
of GSSG/GSH in islet B-cells using a recombinant adenovi-
rus expressing the ratiometric Grx1-roGFP2 biosensor
under control of a B-cell specific promoter, RIP (15,28,35).
In these studies, islet B-cells were sequentially treated with
increasing glucose concentrations as indicated followed by
reduction with DTT and oxidation with diamide to establish
minimum and maximum GSSG/GSH levels, respectively. As
shown in Fig. 5F, we observed a rapid glucose-dependent
fall in the GSSG/GSH ratio, consistent with a rise in the
level of reduced GSH (13,15,28), to similar levels in both
control and B-cell CIC KO B-cells. These data suggest that
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Figure 3— Constitutive B-cell-specific deletion of CIC does not alter B-cell response to diet-induced obesity. Male CIC¥"; Ins1-Cre vs.
CIC"™ mice were maintained on a Western diet (40% fat/kcal, 43% carbohydrate) for up to 12 weeks. A and B: Following 8 weeks of diet,
4-6-h fasted mice were injected with glucose 1 mg/g body wt i.p. (n = 11-16). Blood glucose (A) and plasma insulin (B) were recorded at
the indicated times. C: Following 8 weeks of diet, isolated islets were perifused for 32 min at basal (2.5 mmol/L) glucose and then stimula-
tory glucose (11.2 mmol/L) for the indicated times (n = 6). D and E: Following 12 weeks of Western diet, 4-6-h fasted mice were injected
with glucose 1 mg/g body wt i.p. (n = 5-7). Blood glucose (D) and plasma insulin (E) were recorded at the indicated times. F: CIC mRNA
expression was determined by gRT-PCR in human islets derived from cadaveric donors (n = 7) classified as nondiabetic (ND) or diabetic
(T2D). Data are mean + SEM. *P < 0.05 by repeated-measures two-way ANOVA. glc, glucose.

citrate/isocitrate export is not required for the change in
GSH redox status in response to glucose stimulation but
may be necessary for the observed increase in NADPH/
NADP™ levels.

Idh1 Suppression of Insulin Secretion Requires -Cell CIC
Loss of Idhl has been shown to impair GSIS and is
accompanied by decreased NADPH production and dimin-
ished effects on GSH redox status (15,16). Our data indi-
cate that mitochondrial export of the Idhl substrate
isocitrate is not required for GSIS or glucose-dependent
changes in GSH redox status. We therefore reasoned that
in the absence of CIC, Idh1l may not be required for GSIS.
To test this, we generated a recombinant adenovirus
expressing an shRNA targeting Idh1 and treated islets iso-
lated from control (CICH/ ) and B-cell CIC KO (CICﬂ/ i,
Ins1-Cre) mice. Consistent with previous reports (16), a
65% suppression of Idh1 in control islets (expressing CIC)
impaired GSIS compared with islets treated with virus
expressing a nontargeting shRNA control, shSAFE (Fig.
6A and (). In contrast, islet Idh1l knockdown in the B-cell
CIC KO background had no discernible effect on GSIS,
with secretion levels comparable to shSAFE controls
(Fig. 6B and C). We further explored whether DIC could
compensate for CIC loss as an alternative pathway for the
efflux of TCA intermediates. As shown in Fig. 6D-F, a
60% shRNA suppression of DIC in either control or (3-cell
CIC KO islets had no effect on GSIS. Together, these data

demonstrate that CIC is not required for insulin secretion
and highlight additional complexity in the role of Idh1 in
the regulation of 3-cell function.

DISCUSSION

Glucose-derived coupling signals in the form of TCA
metabolite exchange between the mitochondria and cyto-
sol and are thought to directly translate rates of TCA flux
into amplifying signals for insulin secretion (1,2,9,10).
Mitochondrial export of citrate and isocitrate has become
a prominent mechanism proposed to provide substrate
for either Idhl, which generates cytosolic NADPH, or
ATP-citrate lyase, which funnels carbons into de novo
lipogenesis, both of which are suggested to support -cell
function (11,12). To date, a single carrier, CIC, regulates
mitochondrial citrate and isocitrate export in mammalian
tissues. Previous studies using shRNA-mediated suppres-
sion and pharmacological inhibition in isolated rat islets
and insulinoma cells suggested that CIC played a support-
ing role in insulin secretion (22). In contrast, administra-
tion of a newly developed pharmacological inhibitor of CIC
reduces hyperglycemia and improves glucose tolerance in
models of diet-induced obesity and fatty liver disease (25).
These conflicting observations highlight the need for
genetic animal models to better examine the physiological
contribution of CIC to islet B-cell function. Our studies

using two different B-cell CIC KO mouse lines,
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Figure 4—Adult-inducible B-cell-specific deletion of CIC does not impair B-cell function. CIC"™: MIP-CreERT vs. CIC"" mice were ana-
lyzed 4-6 weeks after tamoxifen (i.p. injection). A: Isolated islets were analyzed for protein expression by immunoblot. B: CIC protein
expression was normalized to tubulin and expressed as percent relative to CIC"" controls (n = 4). Four- to 6-h fasted male (C and D) (n =
16) and female (F and G) (n = 16) mice (12-16 weeks of age) were injected with glucose 1.5 mg/g body wt i.p. Blood glucose (C and F) and
plasma insulin (D and G) were recorded at the indicated times. Isolated islets from male (E) (n = 8) and female (H) (n = 9) mice were peri-
fused for 32 min at basal (2.5 mmol/L) glucose followed by stimulatory glucose (11.2 mmol/L). Data are mean + SEM. *P < 0.05 by two-
tailed unpaired t test (B) or repeated-measures two-way ANOVA (C-H). glc, glucose.

constitutive and inducible, demonstrate that (-cell CIC
loss fails to negatively impact glucose homeostasis,
response to diet-induced obesity, or GSIS in vivo or ex
vivo. In sum, our data strongly argue against a significant
role for CIC in the regulation of islet B-cell function; how-
ever, it should be noted that due to incompleteness of the
KO model, remaining CIC expression, albeit low, could be
sufficient for the maintenance of B-cell function. Regard-
ing the discrepancies between previously published results
using shRNA suppression of CIC (22) and our data pre-
sented here using genetic KO models, it is possible that
adenoviral effects and/or species-dependent differences
(rat vs. mouse models) are contributing factors; however,
we note that the inhibitor BTC, which was used in prior
studies (22), suppresses insulin secretion independent of
B-cell CIC KO, potentially acting on other citrate-regulated
metabolic enzymes as previously suggested (33). Taken
together, our studies underscore the need for additional
physiological examination of potential B-cell amplification
pathways emanating from mitochondrial citrate and isoci-
trate export.

Mouse B-cells typically have significantly lower second
phase insulin secretion compared with rat or human

B-cells (36-38) and thus may not have a sufficient second
phase response to facilitate detection of a CIC-dependent
effect on GSIS. To address this, we directly examined
Karp-independent insulin secretion and show that the full
amplification of glucose-driven insulin secretion can occur
in the absence of mitochondrial citrate/isocitrate export.
Moreover, additional activation of glucose metabolism via
the pyruvate kinase M2 activator, which led to increased
insulin secretion, was unable to dissociate control and
B-cell CIC KO islets. As a further test, we used diet-induced
obesity, which is a well-established model to induce a
hyperinsulinemic response from B-cells due to hyperglyce-
mia and underlying insulin resistance. Here again, control
and B-cell CIC KO mice had similar phenotypes with
respect to glucose tolerance, plasma insulin levels, and ex
vivo B-cell function. These data are consistent with the
lack of change in CIC expression in human T2D islets; how-
ever, the role of CIC in human islets was not examined in
our study. Moreover, increased expression of CIC has been
observed in INS-1 cells in response to glucolipotoxic stress,
indicating that CIC may be negatively associated with
B-cell function (39). In support of this, longer duration of
diet exposure was less severe in B-cell CIC KO mice, which
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maintained better glycemic control and trended toward
higher plasma insulin levels compared with control ani-
mals. Potentially, 3-cell CIC KO may be partially protected
from the deleterious effects of diet-induced obesity by lim-
iting NADPH production and, thereby, limiting reactive
oxygen species generation by NOX2, which is negatively
correlated with B-cell function (40).

Increased NADPH production has been correlated with
insulin secretion by multiple studies (11,13,15,16) and
directly augments B-cell exocytosis under some circumstan-
ces (14,15). Cytosolic Idhl has been suggested to convey
rates of TCA flux via generation of cytosolic NADPH using
mitochondrially derived isocitrate to amplify insulin secre-
tion (16) (Fig. 6). While a causal relationship between
NADPH and insulin secretion is not well established, the
generation of GSH reducing equivalents by the NADPH-
dependent enzyme GR has been proposed as a key

downstream effect (14,15). In support of this, loss of Idhl
negatively impacts insulin secretion, NADPH production,
and GSH redox status in response to glucose (16). In the
current study, we show that CIC KO B-cells failed to mount
a glucose-dependent increase in NADPH/NADP ", confirm-
ing that the incremental rise in NADPH upon glucose stim-
ulation likely depends on citrate/isocitrate export and Idhl
activity as previously suggested (11,16,22); however, our
data also dissociate a direct role for glucose-stimulated
NADPH production as a stimulus for the generation of
GSH reducing equivalents and in the amplification of insu-
lin secretion, which were both normal in B-cell CIC KO
islets. Consistent with our data, previous observations
examining loss of the a-ketoglutarate carrier (2-oxogluta-
rate carrier [OGC]) showed similar discordance between
lack of NADPH production and normal insulin secretion in
response to amino acid stimulation (41); however, OGC
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Figure 6—Idh1 suppression of insulin secretion requires B-cell CIC. Islets were isolated from CIC"™ Ins1-Cre vs. CIC"™ mice (10-20 weeks
of age, n = 3-6) and treated with recombinant adenovirus expressing a nontargeting control shRNA (shSAFE), Idh1 shRNA, or DIC shRNA as
indicated. A, B, D, and E: Insulin secretion profiles of perifused islets stimulated with 16.7 mmol/L glucose are shown. C and F: gRT-PCR
analysis of gene expression is shown. Data are mean + SEM. from n = 4 mice per group. *P < 0.05 by two-way ANOVA. Gic, glucose.

expression was unaltered in our CIC B-cell KO lines. Poten-
tially, NADPH production may be limited in our B-cell CIC
KO islets, but above a threshold level, such that rapid con-
sumption by GR precludes our ability to detect a surplus of
NADPH (15,16,22).

Upon examination of events downstream of CIC,
we confirm that Idh1 loss negatively impacts B-cell func-
tion as previously described (16); however, our data dem-
onstrate that this phenotype is context dependent
(Fig. 7). In the absence of CIC, and presumably the

Glycolysis

/
|

pyruvate

malate
oxaloacetate

malate

I

fumarate

N

ME1

citrate

succinate succinyl-CoA

de novo
lipogenesis

citrate

!

isocitrate

ldhlL’NADPH

a-KG

isocitrate

a-KG

Figure 7—3-Cell model of mitochondrial metabolism. This model shows the export of TCA-derived citrate and isocitrate via CIC, which
has been proposed to regulate insulin secretion following generation of NADPH by Idh1. Our data indicate that CIC is required for NADPH
production but not insulin secretion. Furthermore, we suggest that Idh1 conversion of isocitrate to a-ketoglutarate («-KG) is necessary to
prevent a negative feedback of glycolytic flux by (iso)citrate that suppresses insulin secretion. AcCoA, acetyl CoA; ACLY, ATP-citrate

lyase; MPC, mitochondrial pyruvate carrier.



diabetes.diabetesjournals.org

mitochondrially derived Idhl substrate isocitrate, Idhl
suppression no longer impacts GSIS. On the basis of these
data, we propose that Idhl functions to relieve citrate/
isocitrate-mediated inhibition of a glycolytic enzyme to
maintain steady rates of glucose metabolic flux rather
than Idh1 acting as a direct positive regulator of GSIS as
previously suggested (16). Citrate is well established to
allosterically inhibit phosphofructokinase-1 (42,43), the
rate-limiting step in glycolysis (particularly in the context
of increased ATP levels) as well as pyruvate kinase
(44,45), which are critical to carbon flow into the mito-
chondria. Considering that the essential function of the
islet B-cell is to rapidly coordinate dose-dependent
changes in blood glucose levels with insulin secretion, lim-
iting substrate-dependent allosteric inhibition of glycoly-
sis at two key regulatory nodes would seem to be a
critical evolutionary advantage to ensure 3-cell responsiv-
ity within the full range of physiological glucose levels.

The larger question remaining in the field is the identifi-
cation of glucose-derived amplification signals in the (-cell
that sustain insulin secretion. Our data using shRNA sup-
pression and previous studies from ME1 KO mice (17) dem-
onstrate that DIC and decarboxylation by ME1 are unlikely
to contribute to GSIS either directly or as a compensatory
pathway in the absence of CIC. Furthermore, our data sup-
port the notion that de novo lipogenesis is necessary for
B-cell function and is dearly distinct from CIC loss. The pre-
cise details of how de novo lipogenic pathways contribute to
B-cell function remain controversial (46), but on the basis of
our data and published work using a pharmacological inhibi-
tor (25), these pathways can operate in the absence, or with
very limited, CIC function. The glutamate carrier OGC has
also been suggested to regulate GSIS (41,47). While the pre-
cise mechanism remains elusive, mitochondrial glutamate
export may represent an additional or compensatory path-
way operating independently of CIC to supply TCA inter-
mediates for GSIS. Recent studies have highlighted a novel
amplifying pathway that is independent of citrate export
and NADPH production, termed ADP privation, involving
pyruvate kinase and mitochondrial PEP cycling (34,48,49).
In this emerging pathway, mitochondria oscillate between
an anaplerotic state to generate PEP from malate via mito-
chondrial PEP carboxykinase and an oxidative phosphoryla-
tion state to produce ATP. Key to this pathway is the
mitochondrial export of PEP to sustain pyruvate kinase
activity. Our data indicate that if the PEP cycle is central to
the operative amplification pathway, mitochondrial PEP
export into the cytosol does not require either CIC or DIC.
These emerging questions highlight the need for continued
dissection of key molecular players coordinating glucose
sensing and insulin secretion.
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