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Insulin resistance and � cell dysfunction contribute to the
pathogenesis of type 2 diabetes. Unlike insulin resistance, � cell
dysfunction remains difficult to predict and monitor, because of
the inaccessibility of the endocrine pancreas, the integrated
relationship with insulin sensitivity, and the paracrine effects of
incretins. The goal of our study was to survey the plasma
response to a metabolic challenge in order to identify factors
predictive of � cell dysfunction. To this end, we combined (i) the
power of unbiased iTRAQ (isobaric tag for relative and absolute
quantification) mass spectrometry with (ii) direct sampling of
the portal vein following an intravenous glucose/arginine chal-
lenge (IVGATT) in (iii) mice with a genetic � cell defect. By so
doing, we excluded the effects of peripheral insulin sensitivity as
well as those of incretins on � cells, and focused on the first
phase of insulin secretion to capture the early pathophysiology
of � cell dysfunction. We compared plasma protein profiles with
ex vivo islet secretome and transcriptome analyses. We detected
changes to 418 plasma proteins in vivo, and detected changes to
262 proteins ex vivo. The impairment of insulin secretion was
associated with greater overall changes in the plasma response
to IVGATT, possibly reflecting metabolic instability. Reduced
levels of proteins regulating redox state and neuronal stress
markers, as well as increased levels of coagulation factors, ante-
dated the loss of insulin secretion in diabetic mice. These results
suggest that a reduced complement of antioxidants in response
to a mixed secretagogue challenge is an early correlate of future
� cell failure.

The incidence of diabetes has increased considerably (1).
Type 2 diabetes is characterized by insulin resistance and
impaired � cell function (2). Both abnormalities contribute to
the onset and progression of the disease. However, progression
from pre-diabetes to diabetes is characterized by a steep
decrease of insulin secretory function, whereas insulin resis-
tance remains relatively constant (3, 4). It appears that even
modest elevations of plasma glucose levels are toxic to � cells
(5). In addition, outcome studies have consistently demon-

strated that diabetic patients treated with sulfonylurea-type
secretagogues experience faster therapeutic failure rates that
require the addition of a second medication, when compared
with those treated with insulin sensitizers (6). These facts point
to two conclusions: (i) that there is an intrinsic impairment of �
cell function in diabetes; and (ii) that promoting insulin secre-
tion does not redress the problem.

To develop better therapies and increase the sensitivity of
probing � cell function, it would be desirable to have markers
predictive of � cell failure. Sensitive tests of insulin secretion are
rarely applicable as routine diagnostics, and have limited pre-
dictive value of response to treatment. Given the renewed focus
on durability as a key criterion to develop more efficacious dia-
betes treatments (7), it is essential to evaluate new methods of
assessing and predicting � cell function. A recurring problem in
this regard is that � cell function is linked to insulin sensitivity,
and it is difficult to dissect the effects of impaired � cell function
from those of impaired insulin action (8).

We recently reported that mice lacking the three isoforms of
FoxO transcription factors in pancreatic � cells develop a
MODY-like2 form of diabetes, characterized by impaired insu-
lin response to metabolic challenge and resulting in mild, non-
progressive hyperglycemia (9). These mice maintained normal
insulin sensitivity, thus eliminating the secondary effects of
peripheral insulin resistance on � cell function. Therefore, they
serve as an ideal model to investigate changes associated with
pure � cell dysfunction.

13–20% of the human proteome is composed of secretory
proteins (10). Among them, plasma proteins represent a major
class involved in cell signaling and communication, and can
serve as diagnostic and therapeutic biomarkers. To identify pat-
terns associated with the progression of � cell failure, we per-
formed an unbiased iTRAQ (isobaric tag for relative and abso-
lute quantification)-based survey of plasma proteins released in
response to a mixed arginine/glucose tolerance test, before and
after the onset of hyperglycemia, in FoxO-deficient mice and
their littermate controls.

This experimental setup has several advantages: (i) it is a pure
model of � cell dysfunction, bereft of the confounders of
peripheral insulin resistance; (ii) each mouse serves as its own
control; (iii) by collecting plasma from the portal vein, it allows
enrichment of factors released from the endocrine pancreas
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prior to their hepatic extraction; (iv) intravenous challenge
eliminates incretin effects; and (v) it can be focused on the dis-
tinctive deficit of first phase insulin release of pre- and early
diabetes (11). To distinguish between proteins of pancreatic
provenance and those secreted by other tissues and cell types,
we compared overall plasma protein patterns with ex vivo
secretome analyses of isolated islets and RNA profiling of puri-
fied islets. Surprisingly, our analysis identified abnormalities of
antioxidants, neurodegeneration, and coagulation markers as
early correlates of � cell dysfunction.

Experimental Procedures

Animals—We generated mice lacking the three FoxO iso-
forms in pancreas (TKO) using Tg(Ipf1-cre)1Tuv transgenics to
excise the floxed Foxo1, Foxo3a, and Foxo4 genes. We chose
this Cre line by virtue of its minimal hypothalamic expression
(12). Mice were maintained on a 129J x C57BL/6 background
and then genotyped as described (9). Mice were weaned at 3
weeks of age, fed normal chow diet, and maintained on a 12-h
light-dark cycle (lights on at 7 a.m.). The Columbia University
Institutional Animal Care and Utilization Committee approved
all animal procedures.

Metabolic Analyses—We performed intraperitoneal glucose
tolerance tests (ipGTT) by injecting glucose (2 g/kg) after an
overnight fast, and we performed insulin tolerance tests by
injecting insulin (0.75 units/kg) after a 5-h fast (13). We devel-
oped a method to sample directly pre- and post-challenge por-
tal vein blood by placing needles in the inferior vena cava (IVC)
and portal vein (PV), termed the intravenous glucose/arginine
tolerance test (IVGATT) (see Fig. 2, A–D). On the day of the
experiment, we fasted mice for 3 h, and then performed anes-
thesia with a mixture of ketamine (80 mg/kg) and xylazine (8
mg/kg) administered intraperitoneally. Throughout the proce-
dure, mice were kept on a heating pad to prevent anesthesia-
induced hypothermia and maintain a constant blood flow for
optimal cardiovascular function and to facilitate blood collec-
tion. The abdominal area was opened to expose the PV and IVC
(see Fig. 2A). A catheter was inserted into the PV, and the nee-
dle was removed (see Fig. 2B). A 200-�l pipette tip rinsed with
EDTA was used to draw basal blood. A plastic stopper was used
to prevent blood overflow. A mixture of glucose (1 g/kg) and
arginine (0.25 g/kg) (Sigma A5006) was injected through the
IVC (see Fig. 2C). After 2 min, the plastic stopper was removed
from the catheter, residual blood was cleared, and post-chal-
lenge blood was collected (see Fig. 2D). Samples were centri-
fuged, and plasma insulin levels were determined by ELISA
(Mercodia 10-1247-01). Samples that met quality control crite-
ria were subjected to BSA/IgG depletion, protein reduction and
digestion, iTRAQ labeling, and nanoLC-MS/MS. Raw spectra
were processed using Proteome Discoverer 1.4 (Thermo) and
searched against Mascot Daemon version 2.3.02 (Matrix Sci-
ence). Complete experimental protocols are described in the
supplemental Experimental Procedures.

iTRAQ Labeling—To survey protein levels in an unbiased
fashion, we utilized iTRAQ followed by mass spectrometry
(14). iTRAQ was developed to survey quantitative and qualita-
tive differences in protein levels in a biological system, and it
does not require prior labeling of samples. Digested and

reduced peptides were labeled with iTRAQ reagent (AB SCIEX)
following the manufacturer’s instructions (14). An iTRAQ re-
agent consists of three groups: (i) a reporter group that allows
relative quantification upon MS; (ii) a balance group that main-
tains the isobaric nature of the tags to avoid mass shift in MS
(designated 114, 115, 116, and 117); and (iii) a peptide reactive
group that allows attachment to proteins. For in vivo secre-
tome, iTRAQ 4plex was used, where WT basal, WT post-chal-
lenge, TKO basal, and TKO post-challenge plasma were each
labeled with an isobaric tag, pooled, and analyzed concurrently.

Protein Identification by Mass Spectrometry and Data
Analysis—To reduce the probability of false peptide identifica-
tion, we used a 0.5% false discovery rate and a confidence inter-
val of 95% (p � 0.05) for peptides defined by the Mascot prob-
ability analysis. Intensities of the reporter ions from iTRAQ
tags upon fragmentation were used for quantification, and the
relative quantitation ratios were normalized at the median ratio
for the 4plex. Between-group comparison was carried as
described in the statistical section.

Data Analysis—We analyzed changes to plasma protein pat-
terns using a 2 � 2 � 2 design, with IVGATT, age, and genotype
as the variables. We compared pre- and post-IVGATT data
within genotypes and at the two time points of our study, and
compared genotypes at different ages. Regression analyses
showed strong correlation between two ratios of post- to pre-
IVGATT from different iTRAQ-labeled single sets of WT
plasma samples (114- and 115-labeled basal plasma and 116-
and 117-labeled post-challenge plasma), which indicates repro-
ducible labeling efficiency (see Fig. 2E). Following mass spec-
trometry, we set an arbitrary threshold of 2-fold to declare
differences.

Islet Isolation and Secretome Analysis—Collagenase-puri-
fied, size-matched islets (�200 �m) were isolated and hand-
picked as described (15). 20 islets were allowed to recover for
1 h at 37 °C, and then incubated for the same length of time in
0.1 ml of fresh Krebs buffer supplemented with 2.8 mM glucose.
This medium was collected to determine basal protein patterns.
Thereafter, islets were incubated in 0.1 ml of fresh Krebs buffer
supplemented with glucose (16.8 mM) and L-arginine (10 mM)
for 30 min at 37 °C. This sample was collected to determine
post-challenge protein patterns. Insulin content was deter-
mined by ELISA, and total protein content was determined by
colorimetric assay (Pierce 23225). For secretome analysis, sam-
ples were subjected to BSA/IgG depletion, in-gel trypsin diges-
tion and extraction, nanoLC-MS/MS, and MaxQuant-based
label free quantification and protein identification. The false
discovery rate was set to �1%. Up to two missing cleavage
points were allowed. Protein quantitation was performed using
unique peptides and razor peptides. Complete experimental
protocols are described in the supplemental Experimental
Procedures.

RNA Profiling—We performed GeneChip mouse exon arrays
(Affymetrix) and analyzed the data with the Partek Genomics
Suite (Partek, Inc.) and Ingenuity Pathway Analysis (Ingenuity
System, Inc.). We used a threshold of p � 0.05 and �1.3-fold
change to determine significance. Each array was performed
with pooled islets from three mice per genotype.
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Statistical Analysis—We analyzed the data with two-tailed
Student’s t test or one-way ANOVA using the Prism GraphPad
software. Error bars represent S.E., and statistical significance
was declared when p � 0.05.

Results

Pan-pancreatic Ablation of FoxO1, FoxO3a, and FoxO4
Impairs Insulin Secretion—We have shown that ablating the
three FoxO isoforms in terminally differentiated � cells results
in MODY-like diabetes (9). We observed a similar metabolic
phenotype in mice carrying an embryonic deletion of FoxO1 in
the pancreas (16), as these mice displayed fasting hyperglyce-
mia, age-dependent glucose intolerance, and compromised
arginine-stimulated insulin secretion. The difference between
the two models is the developmental stage at which FoxO1 is
inactivated (� cell versus pancreatic progenitor) (17), and the
presence of FoxO3a and FoxO4. As we have shown previously,
single ablation of FoxO1 results in a compensatory increase of
FoxO3a and FoxO4, which may partly mask the full range of
FoxO functions in � cells (18).

For this study, we generated triple FoxO knock-outs at the
pancreatic progenitor stage by mating Tg(Ipf1-cre)1Tuv trans-
genics with mice bearing Foxo1, Foxo3a, and Foxo4 floxed
alleles (henceforth, TKO). TKO mice recapitulated the meta-
bolic features of pan-pancreatic single FoxO1 knock-outs (16),
displaying normal glucose tolerance at 12 weeks (Fig. 1A) and
frank glucose intolerance at 30 weeks of age (Fig. 1B). Although
TKO mice showed elevated fed glucose levels at both ages, insu-
lin tolerance was normal, indicated by similar slope of insulin
tolerance test and area under the curve, and the end-point glu-
cose levels (Fig. 1, C and D).

Next, we evaluated insulin secretion by sampling the portal
vein following an IVGATT (see “Experimental Procedures” and
Fig. 2). 12-week-old WT and TKO mice showed similar basal
and post-challenge insulin levels (Fig. 1E). In contrast, 30-week-
old TKO mice showed decreased basal insulin, as well as
severely blunted response to challenge (Fig. 1F). These results
show that portal collection during IVGATT is a sensitive
approach to detect pancreatic endocrine secretion and that
TKO mice are a model of impaired insulin secretion.

RNA Profiling of TKO Islets—To understand the pathogene-
sis of the secretory abnormality in TKO mice, we surveyed islet
transcriptomes in 12-week-old mice, prior to the onset of glu-
cose intolerance (supplemental Table S1). The transcriptional
profile of TKO islets closely resembled that of the recently
reported � cell-specific triple FoxO knock-outs generated via
insulin-Cre-mediated recombination (9). Specifically, three
MODY genes, Hnf4�, Hnf1�, and Pdx1, topped the list of
altered transcription networks. In addition, we detected al-
terations of the glucocorticoid receptor (Nr3c1) and Mist1
(Bhlha15) networks (Table 1). Interestingly, Ingenuity Pathway
Analysis identified the “neurological disease” pathway as the
most pronounced alteration among disease pathways. Similar
to � cell-specific triple FoxO knock-outs, there were alterations
in metabolic pathways related to mitochondrial dysfunction
and oxidation, as well as branched-chain amino acid degrada-
tion. Unlike � cell-specific triple FoxO knock-outs, we detected
a profound decrease in genes involved in glucose uptake and

metabolism (Table 1). This finding suggests that the main
developmental stage-specific role of FoxO in pancreatic pro-
genitors is to regulate acquisition of glucose-sensing capabili-
ties by the � cell. These findings help explain the secretory
defect seen in IVGATT.

Plasma Protein Profiles before and after Onset of � Cell
Dysfunction—Next, we carried out iTRAQ analyses of plasma
samples obtained following IVGATT. First, we analyzed differ-
ences as a function of genotype at 12 weeks (Fig. 3A). We
detected 85 changes in WT and 166 changes in TKO; of these,
54 were common to both genotypes (overlap). Surprisingly, all
shared proteins changed in opposite directions in WT versus
TKO mice: 19 were enriched in the latter, and 35 were enriched
in the former (supplemental Table S2).

In 30-week-old animals, the number of changes detected
decreased to 59 in WT but increased to 321 in TKO (Fig. 3B).
Interestingly, 14 of 18 proteins unique to WT rose post-chal-
lenge, whereas 270 of 280 decreased in TKO. There were 41
common proteins, of which 18 changed in a similar fashion, 6
had different magnitudes, and 17 changed in opposite direc-
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tions (supplemental Table S2). The conclusion from these data
is that the impairment of insulin secretion in TKO is associated
with greater overall changes in the plasma response to
IVGATT, possibly reflecting metabolic instability in TKO
mice. Moreover, differences between WT and TKO mice
increased with age, resulting in a lower percentage of shared
changes. Finally, although WT mice tended to show fewer
changes at older ages, TKO mice showed more.

Next, we compared changes to post-IVGATT plasma pro-
files at 12 versus 30 weeks to identify factors associated with the
progression of � cell dysfunction in TKO mice (Fig. 3C). In WT
controls, we found that 23 proteins changed at both ages, 62
changed only at 12 weeks, and 36 changed only at 30 weeks.
Proteins with overlapping patterns changed in the same direc-
tion and with similar magnitude, providing an important qual-

ity control (supplemental Table S3). In TKO mice, 72 proteins
changed only at 12 weeks, 227 changed only at 30 weeks, and
94 changed at both ages (Fig. 3D). Among the latter, 12 proteins
changed in opposite directions and 3 changed in the same
direction, but with different magnitude (supplemental Table
S3).

Analyses of Selected Proteins—We performed a four-way
comparison among animals of different genotype and age (Fig.
4A and supplemental Table S4). We found 79 proteins that
changed in 12-week-old WT versus TKO mice, 221 that
changed only in 30-week-old animals, and 118 that changed at
both ages. We focused subsequent detailed candidate gene
analyses on the latter.

Surprisingly, in WT mice, we found a significant induction of
antioxidant enzymes that was greatly blunted in TKO at both
30 and 12 weeks of age. These included catalase (Cat), superox-
ide dismutase 1 (Sod1), thioredoxin (Txn), peroxiredoxins
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TABLE 1
Summary of pathway analysis of transcriptome data
BCAA, branched-chain amino acid; TOR, target of rapamycin; PPAR, peroxisome
proliferator-activated receptor; RXR, retinoid X receptor.

p value

Transcriptional regulator
Hnf4� 1.15 � 10�14

Hnf1� 2.11 � 10�8

Nr3c1 5.47 � 10�6

Pdx1 8.05 � 10�5

Bhlha15 2.99 � 10�4

Diseases and disorders
Neurological disease 3.97 � 10�6 to 2.90 � 10�2

Skeletal and muscular disorders 6.97 � 10�6 to 1.88 � 10�2

Gastrointestinal disease 2.46 � 10�5 to 2.40 � 10�2

Genetic disorder 2.46 � 10�5 to 2.32 � 10�2

Inflammatory disease 2.46 � 10�5 to 1.57 � 10�2

Molecular functions
Cellular assembly and organization 4.69 � 10�6 to 2.90 � 10�2

Lipid metabolism 9.90 � 10�6 to 2.76 � 10�2

Small molecule biochemistry 9.90 � 10�6 to 2.76 � 10�2

Carbohydrate metabolism 2.00 � 10�5 to 2.71 � 10�2

Free radical scavenging 3.36 � 10�5 to 2.25 � 10�2

Top canonical pathways
Mitochondrial dysfunction 9.05 � 10�7

BCAA degradation 3.44 � 10�6

FFA mitochondrial oxidation 6.64 � 10�6

TOR signaling 2.62 � 10�5

Glycerolipid metabolism 6.11 � 10�5

“Toxic” list
Mitochondrial dysfunction 1.71 � 10�6

PPAR� regulation 4.03 � 10�3

PPAR�/RXR� activation 1.28 � 10�2

Renal necrosis/cell death 1.85 � 10�2

Liver proliferation 2.24 � 10�2

WT post/pre

TKO post/pre
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FIGURE 3. Venn diagrams summarizing the ratios of plasma proteins
detected by iTRAQ. A, 12-week-old mice: proteins showing a post-IVGATT/
basal ratio �2 in WT and TKO mice. B, 30-week-old mice: proteins showing a
post-IVGATT/basal ratio �2 in WT and TKO mice. C, WT mice: proteins show-
ing a post-IVGATT/basal ratio �2 at 12 and 30 weeks of age. D, TKO mice:
proteins showing a post-IVGATT/basal ratio �2 at 12 and 30 weeks of age. p �
0.05 by ANOVA in all experiments.
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(Prdx) 1 and 6, glutathione peroxidase 1 (Gpx1), glutathione
S-transferase Mu1 (Gstm1), as well as two additional proteins
required to metabolize glutathione, lactoylglutathione lyase
(Glo1) and mitochondrial hydroxyacylglutathione hydrolase
(Hagh) (Fig. 4B). It is unclear how these enzymes are released
into the circulation, as they are unlikely to follow the conven-
tional secretory pathway, but they are all present in human
plasma (19). The blunted induction of oxidative enzymes in
TKO mice appears to precede the onset of � cell dysfunction.

Among proteins over-represented in TKO mice, we found
coagulation factors including fibrinogen precursor � (Fga), �

(Fgb), and � (Fgg) chains, coagulation factor XIII A1 (F13A1)
and B (F13B), as well as Von Willebrand factor (Vwf) (Fig. 4C),
whereas Thbs1 was decreased when compared with WT (Fig.
4C). These factors may be released in response to the venipunc-
ture, and their decrease may reflect the effect of lower insulin
levels on the coagulation response.

Pancreatic secretory products secretogranin1/chromogra-
nin B (Chgb) precursor (supplemental Table S4), amylase
(Amy2), and carbonic anhydrase 1 and 2 (Car1–2) increased
post-IVGATT in WT, but not TKO mice (Fig. 4D). Interest-
ingly, genetic ablation of Chgb results in widespread endocrine
cell abnormities (20).

Complement component C1q functions as a pattern recog-
nition molecule and binds to proteases C1r and C1s to activate
the complement cascade (21). Complement component C3a
has been implicated in stimulating insulin secretion (22). Inter-
estingly, levels of C1q subunits a, b, and c in 12-week-old TKO
were lower than WT but became higher at 30 weeks of age. This
was not due to changes in their WT levels, which were compa-
rable at both ages (Fig. 4E). Plasma transthyretin (Ttr) is a trans-
porter for thyroxine and retinol with retinol-binding protein. It
has been shown to regulate circulating retinol-binding protein
4 (RBP4) levels, and through this function, it may contribute to
glucose homeostasis (23). Ttr levels decreased in WT from 12
to 30 weeks, whereas they increased in TKO mice (Fig. 4E).

We next analyzed proteins that increased exclusively in
12-week-old TKO mice, and may therefore represent biomark-
ers of � cell strain. This list included proteins of diverse func-
tion, such as MHC components and carbohydrate-binding pro-
teins, but none that could easily be identified as � cell-specific
(Fig. 4F). Finally, we list proteins elevated in 12-week WT but
reduced in 12-week TKO mice. The top protein is platelet basic
protein precursor (Ppbp), also known as chemokine (CXC
motif) ligand 7 and variously associated pancreatic cancer and
chronic pancreatitis (Fig. 4G) (24).

In Vivo Plasma Profiles Versus ex Vivo Islet Secretome—Next,
we asked which plasma proteins detected by iTRAQ derived
from endocrine islets. First, we demonstrated that islets iso-
lated from 40-week-old TKO mice had reduced insulin re-
sponse to arginine (Fig. 5A), glucose (Fig. 5B), or both, following
a mixed glucose and arginine challenge in vitro (Fig. 5C). Due to
interference from the albumin in the culture medium, we could
not use iTRAQ to determine quantitative differences between
basal and post-challenge secretomes. We used a label-free
approach that provided a list of islet-secreted proteins in
response to metabolic challenge.

We detected changes to 418 proteins using iTRAQ analysis
in vivo, and detected changes to 262 proteins using label-free
mass spectrometry ex vivo. 54 proteins were common between
the two approaches, indicating potential islet-derived proteins
(Fig. 5D and supplemental Fig. S5). We then queried the iTRAQ
database for differences in their expression according to age
and genotype. Interestingly, antioxidant enzymes topped the
list of proteins altered at both time points, indicating that at
least part of their variation may reflect islet cell-intrinsic
changes (Fig. 5E). In addition, a separate list of proteins that
changed only after the onset of islet dysfunction included
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macrophage migration inhibitory factor (Mif) (Fig. 5F), a pro-
tein co-secreted with insulin (25, 26).

In Vivo Secretome Versus Transcriptome—As an alternative
approach to find islet-specific proteins, we queried islet RNA
profiles (supplemental Table S1) from 12-week-old mice for
transcripts encoding proteins that changed post-IVGATT. We
found 985 genes displaying a significant �1.4-fold change that
were altered in TKO mice. Of them, 29 encoded proteins that
were also detected in vivo (Fig. 6A and supplemental Table S6),
and 6 of 29 proteins increased at least at one age following
IVGATT in WT or TKO (Fig. 6B). Interestingly, this group
included �-synuclein (Snca) and Park7 (DJ-1), two markers of
Parkinson disease (Fig. 6, B and C). This result echoes the tran-
scriptome data, in which neurological disease topped the pre-
dicted disease pathways (Table 1).

Discussion

By cross-comparisons of in vivo and ex vivo secretomes with
transcriptomes of pan-pancreatic triple FoxO knock-out mice
and littermate controls, we found three surprising abnormali-

ties of the plasma response to an acute IVGATT that antedate
the onset of insulin secretory failure: decreased oxidoreducta-
ses, increased markers of neuronal damage, and increased clot-
ting factors. Although the first two classes of proteins have been
linked to � cell activity, our study suggests that they are also
plasma markers of evolving � cell dysfunction. We cannot
determine the contribution of the � cell itself to the amount of
protein detected in the plasma, even among proteins that we
detected in isolated islets. It could be, for example, that a pro-
tein is released from multiple sources including � cells, but its
main source lies elsewhere. Nonetheless, given the absence of
additional defects (e.g. insulin resistance), the portal vein sam-
pling, and the use of ex vivo and in vivo analyses, our approach
tried to enrich the plasma samples for � cell-released proteins.

A first consideration emerging from our analysis is that TKO
mice display a much broader pattern of changes to plasma pro-
tein profiles following IVGATT. This is especially evident after
the onset of � cell dysfunction, and may reflect the metabolic
instability of TKO mice in response to a metabolic challenge.
This metabolic instability is associated with decreased insulin
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release, rather than insulin resistance, and probably reflects the
tissue homeostatic effect of insulin, independent of its meta-
bolic effects on nutrient utilization, because it occurs within
minutes of glucose/arginine injection.

The first major finding of our work is that plasma levels of
proteins regulating the oxidoreductive state (Cat, Sod1, Txn1,
Prdx1, Prdx2, and Prdx6, Gpx1, Gstm1, Glo1, and Hagh) in-
crease after glucose and arginine challenge in healthy animals,
while failing to do so in TKO mice. These changes are seem-
ingly independent of insulin levels, peripheral insulin sensitiv-
ity, and incretin effect. These proteins have been detected in
a high-confidence human plasma proteome reference set, ob-
tained from 91 high-quality LC-MS/MS datasets that yielded
1929 highly non-redundant protein sequences with an esti-
mated false discovery rate of 1% (supplemental Table S7), lend-
ing support to our findings (19).

Impaired oxidoreductase activity is detrimental to � cell
function, possibly because of the low basal levels of these
enzymes in � cells when compared with other tissues (27). The
redox state of � cells correlates with their secretory function
(28), NADPH levels (29), and exocytosis of insulin granules
(30). Low antioxidant activity might suppress NADPH levels
and decrease insulin secretion. Whether changes in plasma
antioxidant levels can be explained entirely by secretion of
these proteins from � cells, and what triggers the release of
these enzymes, remains to be clarified.

In humans, genetic defects of catalase are associated with
diabetes (31), and low levels of catalase activity have been
reported in diabetics (32). Acatalasemic mice are more sensitive
to alloxan-induced diabetes and pancreatic cell apoptosis (33).
Moreover, Sod1 null mice display decreased plasma insulin,
increased glucose, and blunted insulin response to glucose,
associated with decreased Pdx1 and FoxA2 (34). Sod1 and Gpx1
knock-out mice show decreased � cell mass with impaired glu-
cose-stimulated insulin secretion from isolated islets (34). Con-
versely, overexpression of Gpx1 in � cells of db/db mice lowers
glucose levels and prevents loss of � cell transcription factor
MafA (35).

The second striking finding of our work is the induction of
markers of neuronal stress, Snca and Park7, by IVGATT, and its
failure in TKO mice. Pancreatic � cells share several features
with neurons (36), including mechanisms of membrane depo-

larization-induced insulin secretion (37). Park7 is an antioxi-
dant protein with neuroprotective functions that maintains
mitochondrial integrity (38, 39). Its mutations have been linked
to familial forms of Parkinson disease (40, 41). Park7 expression
is reduced in pancreatic islets of type 2 diabetic patients, where
it may be required for mitochondrial function and glucose-
stimulated insulin secretion (42). Cerebrospinal, but not
plasma, Park7 levels have been proposed as a biomarker of Par-
kinson disease (43, 44), whereas 4-hydroxy-2-nonenal-modi-
fied Park7 could be a plasma biomarker of late-stage Parkinson
(45).

Snca expression has been found in transcriptomic and pro-
teomic analyses of pancreatic islets (46). Snca gain of function
in � cells of transgenic mice decreases glucose-stimulated insu-
lin secretion and glucose tolerance, suggesting that elevated
levels of Snca in � cells negatively affect insulin secretion (47).
Mechanistically, Snca has been shown to interact with KATP
channels and to localize to insulin secretory granules (48). Fur-
thermore, low plasma Snca levels are associated with insulin
resistance (49). Whether islet-secreted Snca is a marker of
inappropriate or impaired insulin secretion requires further
investigation.

The third key finding of our work is the elevation of plasma
levels of several clotting factors, including Fga, Fgb, Fgg, F13A1,
F13B, and Vwf in 12- and/or 30-week-old TKO mice. Notably,
five of these six factors increased prior to the onset of insulin
secretory abnormalities. Diabetes is a hypercoagulable state.
Our data appear to indicate that an impairment of insulin secre-
tion can also adversely affect the clotting profile, possibly pav-
ing the way for the cardiovascular complications of this disease
(50).

In summary, we report a new method to probe � cell secre-
tory function in genetically altered rodents that should prove
helpful to detect and optimize biomarkers of the progression of
� cell failure. The findings of our work, implicating oxidoreduc-
tive enzymes and neuronal damage markers as readouts of
impaired insulin secretion, are surprisingly and not easily
imputable to known mechanisms of � cell function. Validation
of these proteins as biomarkers will require more extensive
investigations in humans than we are able to currently perform.
Moreover, it will be essential to understand the cell biology
underpinning of the release of these proteins in the blood-
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stream. The data provide a testable hypothesis for the onset of �
cell dysfunction and its mechanism that we will pursue in sub-
sequent studies.
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