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OBJECTIVE

We tested whether an elevation in the serum proinsulin–to–C-peptide ratio
(PI:C), a biomarker ofb-cell endoplasmic reticulum (ER) dysfunction, was associated
with progression to type 1 diabetes.

RESEARCH DESIGN AND METHODS

Fasting total PI and C levels were measured in banked serum samples obtained
from TrialNet Pathway to Prevention (PTP) participants, a cohort of autoantibody-
positive relatives without diabetes of individuals with type 1 diabetes. Samples
were obtained∼12 months before diabetes onset from PTP progressors in whom
diabetes developed (n = 60), and were compared with age-, sex-, and BMI-
matched nonprogressors who remained normoglycemic (n = 58). PI:C ratios were
calculated as molar ratios and were multiplied by 100% to obtain PI levels as a
percentage of C levels.

RESULTS

Although absolute PI levels did not differ between groups, PI:C ratios were sig-
nificantly increased in antibody-positive subjects in whom there was progression
to diabetes compared with nonprogressors (median 1.81% vs. 1.17%, P = 0.03).
The difference between groups was most pronounced in subjects who were £10
years old, where the median progressor PI:C ratio was nearly triple that of non-
progressors; 90.0% of subjects in this age group within the upper PI:C quartile
progressed to the development of diabetes. Logistic regression analysis, adjusted
for age and BMI, demonstrated increased odds of progression for higher natural
log PI:C ratio values (odds ratio 1.44, 95% CI 1.02, 2.05).

CONCLUSIONS

These data suggest that b-cell ER dysfunction precedes type 1 diabetes onset,
especially in younger children. Elevations in the serum PI:C ratio may have utility
in predicting the onset of type 1 diabetes in the presymptomatic phase.

Type 1 diabetes is defined classically as autoimmune-mediated destruction of the
insulin-producing b-cells. However, recent rodent and human studies (1,2) have
identified an increasing role for pathways intrinsic to the b-cell during the devel-
opment of type 1 diabetes. These data suggest that processes such as b-cell calcium
dyshomeostasis, altered protein folding, and oxidative stress become activated early
in the evolution of type 1 diabetes and may act to augment autoimmune-mediated
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b-cell death, in part, via the triggering of
b-cell endoplasmic reticulum (ER) dys-
function and ER stress (1).
As a highly secretory endocrine cell,

the b-cell requires a robust and func-
tional ER to ensure that proteins, includ-
ing insulin, are efficiently produced and
properly folded. Under conditions that
impair ER health, insulin demand may
exceed the ability of the ER to process
newly translated proteins, a transition
referred to as ER stress (3). Whereas un-
checked ER stress ultimately leads to
b-cell death, noninvasive identification
of this processmay also provide ameans
to monitor disease evolution and iden-
tify individuals at risk for developing
type 1 diabetes at time points prior to
the onset of massive b-cell destruction
(3). A hallmark ofb-cell ER dysfunction is
the accumulation and secretion of inad-
equately processed proinsulin (PI) mol-
ecules (3). Therefore, b-cell ER stress
may be detectable noninvasively via
measurement of the serum PI-to-serum
C-peptide (PI:C) ratio, the latter of which
is released in a 1:1 molar ratio with ma-
ture and fully processed insulin (4,5).
We and others have previously demon-
strated (5–9) elevations in the PI:C ratio
around the time of clinical onset of
type 1 diabetes in murine models and
humans, suggesting that b-cell ER dys-
function is a feature of the autoimmune
process.We hypothesized that an eleva-
tion in the PI:C ratio may also exist in
high-risk subjects, even before the onset
of clinically significant hyperglycemia,
and serve to predict type 1 diabetes de-
velopment. Elevations in random PI:C
ratios were previously shown to predict
subsequent type 1 diabetes in a Belgian
cohort at varying times before diabetes
development (10). However, we en-
deavored to test this relationship in a
large cohort of genetically diverse indi-
viduals, using newer PI and C assays
and in fasting samples to avoid variabil-
ity related to varying degrees of nutri-
ent stimulation in randomly collected
samples.
To this end, banked serum samples

were obtained from the TrialNet Path-
way to Prevention (PTP) cohort, a longi-
tudinal study of well-characterized
autoantibody-positive individuals with-
out diabetes who are observed for
the development of dysglycemia and di-
abetes. Fasting serum PI:C ratios were
measured in TrialNet “progressors”

;12 months before the onset of type 1
diabetes, and were compared with age-,
sex-, and BMI-matched nonprogressors,
who remained normoglycemic while be-
ing observed in the study for a compara-
ble time period. Our results confirm
higher PI:C ratios in progressors a year
before diabetes onset, suggesting that
there is a role for altered b-cell ER func-
tion during evolving type 1 diabetes and a
utility for the PI:C ratio as a biomarker of
diabetes risk.

RESEARCH DESIGN AND METHODS

Biobanked Samples
Type 1 Diabetes TrialNet is an ongoing
clinical trial with centers located in the
U.S., Canada, the U.K., Germany, Italy,
Australia, and New Zealand. In the TrialNet
PTP study (TN01; Clinical trial reg. no.
NCT00097292, clinicaltrials.gov), first-,
second-, or third-degree blood rela-
tives without diabetes of individuals
with type 1 diabetes, who are confirmed
to be positive for at least one pancreatic
autoantibody, are observed longitudi-
nally for changes in antibody status, dys-
glycemia, and diabetes (11).

Banked fasting serum samples from
60 autoantibody-positive PTP partici-
pants without diabetes who progressed
to type 1 diabetes were obtained ;12
months prior to diabetes onset (median
12.4 months, interquartile range [IQR]
11.1, 14.0 months). Diabetes was defined
according to American Diabetes Associa-
tion criteria (12). To approximate prepu-
bertal, peripubertal, and postpubertal
age groups, progressors were equally
chosen from three age ranges (#10,
11–18, and .18 years of age). Fasting
serum samples were also obtained from
nonprogressors in the PTP who were
matched for age, sex, and BMI z score,
and in whom diabetes did not develop
while being observed for a comparable
time period. Sample size determination
was based on data from the study by
Snorgaard et al. (13), in whichmedian dif-
ferences in PI:C between subjects with
recent-onset diabetes and control sub-
jects of 2.5% and 0.7%, respectively,
were seen (common SD 1.5 [estimated
from the percentiles given]). For normally
distributed data, a two-sided two-sample
test with a 0.05 level of significance has
80% power to detect this difference with
n = 12 per group. We conservatively en-
rolled 20 subjects per age and progres-
sor/nonprogressor group to account for

non-normality and differences in PI and
C assays, and since our time point was
12 months prior to disease onset (14).
At the time of unblinding, nonprogressors
had been observed for a range of 19–
109 months (median 46.5 months). Two
subjects originally classified as nonprog-
ressors when samples were received
were excluded from analysis because
their conditions progressed to diabetes
between the time of sample distribution
and unblinding.

Other metabolic variables previously
linked to diabetes development were
also analyzed. C and glucose values
were obtained from an oral glucose tol-
erance test performed at the samemon-
itoring visit as the PI analysis. Glucose
sum was calculated as the sum of the
post–glucose challenge time points
(30–120 min). Early insulin response
was calculated as the Dinsulin 0–
30 min/Dglucose 0–30 min, and the
oral disposition index was calculated as
the product of 1/fasting insulin 3
(Dinsulin 0–30/Dglucose 0–30) (15,16).
Index60 was calculated as follows:
0.3695(log fasting C) + 0.0165(60 min
glucose) 2 0.3644(60 min C) (17). Dia-
betes Prevention Trial–Type 1 Risk
Scores (DPTRSs) were calculated as
previously described (18). The HOMA
model of b-cell function (HOMA%B)
was calculated using the University of
Oxford HOMA calculator (19). HOMA-
insulin resistance (IR) was calculated as
follows: fasting insulin (milliunits/L) 3
fasting glucose (mmol/L)/22.5 (20).

Assays
Total serum PI levels weremeasured in a
blinded fashion using a capture ELISA
(ALPCO). This assay detected PI levels
in the range of 2.5–180 pmol/L, with a
reported sensitivity of 1.25 pmol/L,
and a cross-reactivity of ,0.01% with
human C and 0.1% with human insulin.
For samples with a serum PI level below
the assay lower limit of detection (n = 11
progressors and 12 nonprogressors), a
value of one-half the lower limit of de-
tection was assigned. Autoantibodies
against GAD65 or GAD65H, microinsulin
antibodies (mIAAs), islet cell antibodies
(ICAs [ICA512]), or IA-2H were measured
using procedures outlined by the Diabe-
tes Antibody Standardization Program
and described in detail in previous publi-
cations (11). Because TrialNet transitioned
from GAD65 and ICA512 to GAD65H and

1520 Elevated PI:C Ratio Precedes Type 1 Diabetes Diabetes Care Volume 39, September 2016



IA-2H assays in 2010, subjects with posi-
tive results for either assay were consid-
ered to be GAD or ICA positive. Zinc
transporter 8 antibody status was not in-
cluded because results were only avail-
able for a small subset of our population
(n = 11). The TrialNet central laboratory
measured C and insulin levels using Tosoh
immunoassays (21,22). PI:C ratios were
calculated as a molar ratio multiplied by
100% to obtain PI as a percentage of C.

Statistical Analyses
Because all patient variables except nat-
ural log (Ln) PI:C ratio (LnPI:C) and In-
dex60 were not normally distributed,
medians (IQRs) were calculated and
compared between progressors and
nonprogressors using Wilcoxon rank
sum tests. Fisher exact tests were used
for categorical variables. Kruskal-Wallis
tests with Dunn multiple-comparison
tests were used to compare PI:C ratios
for progressors and nonprogressors,
and the months between blood draw
and diagnosis for progressors across
age groups. Spearman correlations
were used to measure monotonic rela-
tionships between LnPI:C and key subject
variables. Cochran-Mantel-Haenszel x2

tests were used to assess increasing per-
centages of progression by PI:C ratio
quartile. Logistic regression was per-
formed to determine the effect of Lnfast-
ing C, Lnfasting PI, and LnPI:C on the
progression to diabetes adjusted for age
group and BMI. For bivariate plots and
logistic regression analysis, LnPI:C, PI,
and fasting C were used to adjust for
skewness. SAS version 9.4 (SAS Inc.,
Cary, NC) and GraphPad Prism version
6.00 (GraphPad Software, La Jolla, CA)
were used for statistical analyses. For all
analyses, a P value of #0.05 was consid-
ered to be significant.

RESULTS

Baseline characteristics for 60 progres-
sor and 58 nonprogressor subjects are
shown in Table 1. No differences in age,
sex, or BMI z scores existed between
groups. As expected, the fasting C and
peak C levels were lower in progressors
compared with nonprogressors (P =
0.04 and P , 0.001, respectively),
whereas fasting glucose levels and glu-
cose sums were significantly higher (P =
0.05 and P , 0.001, respectively).
Consistent with this, DPTRSs were
higher in progressors compared with

nonprogressors (median 7.69 vs. 6.23,
P , 0.001) (Table 1).

Although no significant difference in
absolute PI values was observed be-
tween groups, themedian (IQR) PI:C ratio
was significantly increased in progressors
compared with nonprogressors (1.81%
[IQR 0.81%, 3.09%] vs. 1.17% [IQR
0.46%, 1.76%], P = 0.03). The distribution
of PI andPI:C ratios in nonprogressors and
progressors is presented graphically in
Fig. 1A and B. Comparison of PI:C ratios
in male and female subjects revealed no
differences between sexes in either the
progressor (P = 0.30) or nonprogressor
groups (P = 0.41) (Supplementary Fig. 1).

Analysis of PI:C ratios by age group
and progressor/nonprogressor group
revealed significant differences (Kruskal-
Wallis test, P = 0.02). Median PI:C
ratios by age category for nonprogres-
sors were as follow: 0.8% (IQR 0.3, 1.4)
in subjects#10 years of age, 1.6% (IQR
1.0, 2.5) in subjects 11–18 years of age,
and 0.9% (IQR 0.5, 1.8) in subjects.18
years of age. For progressors, the me-
dian PI:C ratios were as follows: 2.4%
(IQR 0.6, 3.9) in subjects #10 years
of age, 2.0% (IQR 1.5, 2.9) in subjects
11–18 years of age, and 1.1% (0.7,
2.0) in subjects .18 years of age. In-
terestingly, the median PI:C ratio was
nearly triple in progressors compared
with nonprogressors in the youngest
age group of subjects #10 years of
age (Fig. 1C). Using Dunn multiple-
comparison tests, progressors were
significantly different from nonprog-
ressors only in the group of subjects
#10 years of age. Among nonprogres-
sors, PI:C ratios tended to be increased
in the group of adolescents 11–18 years
of age, but this difference did not reach
statistical significance (P = 0.09). Fur-
thermore, although no correlation
with age was detected in nonprogres-
sors, a trend toward a significant neg-
ative correlation existed between age
and LnPI:C in progressors (rs = 20.22,
P = 0.09) (Supplementary Fig. 1). No sig-
nificant difference in the time from blood
draw to diabetes diagnosis was present
between age groups (Supplementary
Fig. 1).

To evaluate a possible link between
PI:C ratio and islet autoimmunity, the
relationships of PI:C ratio with autoanti-
body positivity were assessed. Among
the entire population, 62 subjects with
multiple antibody positivities (two or

more) had higher PI:C ratios (median
1.77%, IQR 0.78, 3.01) compared with
56 subjects who reverted to antibody-
negative status or had one positive au-
toantibody at the time of analysis (median
1.18%, IQR 0.51, 1.78, P = 0.049) (Fig.
2A). This relationship was no longer
significant when analyzed within pro-
gressor and nonprogressor subgroups.
Analysis of PI:C ratios with respect to
individual autoantibody positivity re-
vealed that mIAA+ progressors (n = 22)
had higher PI:C ratios than mIAA2 pro-
gressors (n = 38) (median 2.60% [IQR
1.187, 3.60] vs. 1.41% [IQR 0.575,
2.31], P = 0.02) (Fig. 2B). No relationship
between mIAA and PI:C ratio was de-
tected in nonprogressors, andno significant
relationships with other autoantibodies
were detected.

Correlations of LnPI:C with BMI and
other metabolic parameters were eval-
uated. No significant correlation was
seen with the BMI-for-age z score in ei-
ther the nonprogressor or the progres-
sor group (Supplementary Fig. 1). In
progressors, a trend toward correlation
between LnPI:C and Index60 findings
was observed (Fig. 3A) (rs = 0.25,
P = 0.06), although a significant correla-
tion with DPTRS was present (Fig. 3B)
(rs = 0.33, P = 0.01). No correlations
with C peak, Lnfasting C, fasting insulin
level, the 30-min C difference, C area
under the curve, C or glucose level at
any individual time point, hemoglobin
A1c level, early insulin response, oral dis-
position index, HOMA%B, or HOMA-IR
were present in either group.

The percentage of subjects whose
conditions progressed to type 1 diabe-
tes as determined by PI:C ratio quartile
was calculated (Fig. 4A) and revealed a
progressively increased likelihood of
progression to diabetes with increasing
PI:C quartile overall (P = 0.02). Specifi-
cally, 66.7% of subjects with ratios in
quartile 4 progressed to diabetes com-
pared with 40.0% in quartile 1. Analysis
by age group again demonstrated that
this phenomenonwasmost pronounced
in the group of subjects #10 years of
age, in which 90.0% of those with PI:C
ratios in quartile 4 progressed to diabe-
tes compared with only 35.7% of those
with ratios in quartile 1 (P = 0.02) (Fig.
4B). This association was not significant
in the groups of subjects 11–18 years
of age (P = 0.10) or .18 years of age
(P = 0.91). Finally, logistic regression with
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adjustment for age group and BMI was
performed to determine whether eleva-
tions in the PI:C ratio were associated
with progression to type 1 diabetes. In-
deed, increased LnPI:C significantly
increased the odds of diabetes progres-
sion (odds ratio [OR] 1.44 [95% CI 1.02,
2.05], P = 0.04). Increased LnPI alone did
not predict diabetes development (OR
1.19 [95% CI 0.87, 1.64], P = 0.28), but
reductions in Lnfasting C levels were also
significantly associated with diabetes
progression (OR 0.18 [95% CI 0.05,
0.59], P = 0.005).

CONCLUSIONS

In this case-control analysis of data col-
lected from the TrialNet PTP Study, we

demonstrate that an elevation in the
PI:C ratio, a reported marker of b-cell
ER dysfunction, precedes the develop-
ment of type 1 diabetes in high-risk
subjects at least 12 months before di-
abetes onset. We also found that ele-
vations in the PI:C ratio were greatest
in children#10 years of age. However,
even after adjustment for age and BMI,
an elevated PI:C ratio was associated
with diabetes development.

A growing number of preclinical stud-
ies suggest that cell intrinsic stress path-
ways that lead to b-cell ER stress
contribute to the pathogenesis of
type 1 diabetes. In this regard, elevated
PI-to-insulin ratios and islet ER dysfunc-
tion have been identified in the NOD

mouse model of type 1 diabetes prior to
the onset of hyperglycemia (5,7). Further-
more, activation of ER stress signaling has
been observed in islets from the virus-
inducible BioBreeding diabetes resistant
(BBDR) rat model of autoimmune diabe-
tes as early as 4 days after virus injection.
These changes preceded the devel-
opment of insulitis, which occurred
11 days after viral stress induction (23).
In two murine models of type 1 diabetes,
treatment with a chemical chaperone to
reduce ER stress in the prediabetic period
subsequently reduced lymphocytic infil-
tration of islets and the development of
diabetes (7). Importantly, similar findings
have been shown in human disease,
where immunostaining of islets from

Table 1—Baseline characteristics of study population

Variable Nonprogressors Progressors P value

Age (years) 12.1 (8.1, 25.0) 11.6 (7.8, 26.2) 0.84

Male sex (%) 48.28 48.33 1.00

BMI (kg/m2) 20.21 (16.54, 26.15) 19.80 (16.56, 25.07) 0.89

BMI-for-age (z score) 0.75 (0.04, 1.30) 0.68 (20.12, 1.40) 0.84

Multiple antibody positive (%) 32.76 71.67 <0.001

Fasting PI (pmol/L) 6.91 (1.69, 10.91) 7.49 (4.25, 13.76) 0.24

Fasting C (pmol/L) 532.95 (409.20, 712.80) 427.35 (288.75, 617.10) 0.04

Fasting insulin (pmol/L) 52.43 (34.03, 71.53) 38.89 (23.13, 56.95) 0.02

PI:C ratio (%) 1.17 (0.46, 1.76) 1.81 (0.81, 3.09) 0.03

LnPI:C 24.45 (25.38, 24.04) 24.01 (24.81, 23.48) 0.03

30-min C difference 1,338.15 (1,034.55, 1,626.90) 693.00 (452.10, 1,075.80) <0.001

Peak C 2,636.70 (1,950.30, 3,260.40) 1,775.40 (1,364.55, 2,412.30) <0.001

Total C AUC 713.95 (577.10, 880.15) 490.65 (374.55, 622.25) <0.001

Peak C after 30 min (%) 96.55 98.33 0.62

Peak C after 60 min (%) 75.86 93.33 0.01

Peak C after 90 min (%) 48.28 83.33 <0.001

Peak C after 120 min (%) 31.03 33.33 0.85

Hemoglobin A1c, %; mmol/mol 5.0 (4.8, 5.2); 31 (29, 33) 5.4 (5.2, 5.6); 36 (33, 38) <0.001

Fasting blood glucose 91 (86, 96) 95 (89, 103.5) 0.05

Blood glucose, 30 min 144.5 (130, 164.5) 162 (145, 182) <0.001

Blood glucose, 60 min 136 (114.5, 172) 180 (155, 215) <0.001

Blood glucose, 90 min 120 (104, 150.5) 178 (156, 202) <0.001

Blood glucose, 120 min 120.5 (99.5, 135.5) 154 (128, 182) <0.001

Glucose sum 506.5 (470, 642) 667 (592, 772) <0.001

Early insulin response 1.00 (0.68, 1.58) 0.30 (0.20, 0.63) <0.001

Oral disposition index 0.12 (0.09, 0.19) 0.06 (0.03, 0.09) <0.001

HOMA%B 90.8 (74.7, 114.70) 69.45 (56.25, 84.55) <0.001

HOMA-IR 1.72 (1.12, 2.52) 1.38 (0.91, 2.04) 0.08

Index60 0.10 (20.77, 0.55) 1.46 (0.59, 1.99) <0.001

DPTRS 6.23 (5.50, 6.74) 7.69 (6.85, 8.59) <0.001

Values are reported as the median (IQR), unless otherwise indicated. n = 58 for nonprogressors and n = 60 for progressors for all variables except the
following: fasting insulin level (n = 50 for nonprogressors and n = 48 for progressors); 30-min C difference (n = 56 for nonprogressors and n = 59
for progressors); total C AUC (n = 54 for nonprogressors and n = 55 for progressors); glucose level during oral glucose tolerance test time points
(n = 56 for nonprogressors and n = 59 for progressors); early insulin response (n = 46 for nonprogressors and n = 46 for progressors); oral disposition
index (n = 46 for nonprogressors and n = 46 for progressors); HOMA%B (n = 50 for nonprogressors and n = 48 for progressors); HOMA-IR
(n = 50 for nonprogressors and n = 48 for progressors); Index60 (n = 56 for nonprogressors and n = 59 for progressors); and DPTRS (n = 58 for
nonprogressors and n = 59 for progressors). AUC, area under the curve. Boldface type indicates P # 0.05.
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individuals with type 1 diabetes revealed
abnormal expression ofmultiple ER stress
markers (6,7). In combination with stud-
ies focusing on the activation of alterna-
tive b-cell stress pathways, these works
collectively support the idea that intrinsic
b-cell dysfunction plays an important role
in type 1 diabetes pathogenesis (24,25).
In human subjects, elevations in the

PI:C ratio are present in those with
type 1 and type 2 diabetes (8,26). More-
over, reductions in the PI:C ratio have
been associated with improved b-cell
function in both disorders. In subjects
with new-onset type 1 diabetes, cyclo-
sporine increased the rates of noninsulin

requiring remission and prevented an in-
crease in the PI:C ratio observed with di-
abetes progression in placebo-treated
control subjects (13). Interleukin-1 recep-
tor antagonist treatment in subjects with
type2diabetes improved insulin secretion
and similarly led to reduced PI-to-insulin
ratios (26). Finally, in a cohort of obese
adolescents who underwent laparoscopic
Roux-en-Y gastric bypass, reductions in PI:
C ratios were observed concomitant with
marked weight loss and improvements in
the glucose disposition index (27).

A small number of previous studies
have examined PI:C ratios in subjects
at risk for type 1 diabetes. In Finland,

an increased PI:C ratio was observed in
11 antibody-positive siblings of persons
with type 1 diabetes who exhibited re-
duced first-phase insulin responses dur-
ing an intravenous glucose tolerance
test (9). Fasting PI-immunoreactive ma-
terial increased during the 6 months
prior to diabetes onset in seven of nine
siblings of type 1 diabetes probands
who were monitored longitudinally for
type 1 diabetes development (28). An el-
evated randomPI:C ratiowas also present
in Belgian autoantibody positive first-
degree relatives in whom type 1 diabetes
developed within 11–50 months (10).

Although our data are consistent with
those of previous studies, our work also
provides several novel contributions to
the field. It is the first study to describe
fasting PI:C ratios in a relatively large
and well-characterized high-risk multi-
national cohort of subjects whose con-
ditions progressed to type 1 diabetes.
We examined the PI:C ratio 12 months
prior to type 1 diabetes onset, whereas
other studies have focused on baseline
PI:C ratios relative to variable times until
diabetes development, which likely has
effects on the degree of PI:C ratio eleva-
tion. Furthermore, several important
differences that likely increase assay
specificity exist between current PI de-
tection kits and ELISAs that were previ-
ously used (10). These include the
following: 1) a capture antibody that
specifically binds to PI; 2) a directly la-
beled detecting antibody; and 3) lack of
requirement for serum dilution and pro-
longed incubations or washing steps
(29). Perhaps most importantly, our
study was designed to evaluate prepu-
bertal, peripubertal, and postpubertal
age groups, allowing for the observation
that elevated PI:C ratios were most pro-
nounced in children #10 years of age.

The pronounced increase in PI:C ratios
in younger at-risk children could bedue to
multiple etiologies. As no significant dif-
ference in the time from serum collection
until diagnosis existed among age groups
(Fig. 1D), this phenomenon is unlikely to
be related to proximity to diabetes devel-
opment. This age group has consistently
demonstrated a more fulminant form of
type 1 diabetes, with faster rates of C de-
cline postdiagnosis (30). Therefore, in-
creased PI:C ratios could reflect more
severe autoimmune-mediated inflamma-
tion. In support of this, we found that in-
creased autoantibody positivity in the

Figure 1—PI:C ratios in nonprogressors and progressors. A: Scatterplot of absolute PI values for all
nonprogressor and progressor subjects. A Wilcoxon rank sum test revealed no significant differ-
ences between groups. B: Scatterplot of PI:C ratios for all nonprogressors and progressor subjects.
Wilcoxon rank sum test demonstrated higher PI:C values in progressors (P = 0.03). For both PI and
PI:C ratios, n = 58 for nonprogressors and n = 60 for progressors. C: PI:C ratios by age categories, as
follows:#10 years old (n = 38), 11–18 years of age (n = 41), and.18 years of age (n = 39). Kruskal-
Wallis test demonstrated significant differences between groups (P = 0.02). Dunn multiple-
comparisons test revealed that only differences between nonprogressors and progressors in
the group of subjects #10 years of age reached statistical significance (P , 0.05). *P # 0.05.
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entire cohort was associated with higher
PI:C values.
Alternatively, subjects with a higher

PI:C ratio may also have inherited a
predisposition toward increased b-cell
inflammation, altered insulin process-
ing, specific autoimmune targeting of

insulin-processing enzymes, or in-
creased ER dysfunction, each of which
may result in more rapid b-cell failure
in the face of immune activation. This
idea of a susceptible b-cell is supported
by recent data identifying variations in
the Xrcc4 and Glis3 genes within the

NOD mouse model. These variations
alter the b-cell response to ER dysfunc-
tion, leading to apoptosis and senes-
cence in situations of increased cellular
stress, and therefore to increased sus-
ceptibility to b-cell failure in the con-
text of autoimmune inflammation (31).
Similarly, a human type 1 diabetes kin-
dred was found to express a mutated
form of the histone deacetylase SIRT1,
which was thought to lead to amplified
production of inducible nitric oxide syn-
thase in theb-cell in response to cytokine
signaling (32).

Because PI is metabolized by the liver,
higher circulating PI levels could reflect re-
duced insulin clearance in progressors (33).
This seems unlikely, because simi-
lar HOMA-IR values between groups
point away from differences in insulin
sensitivity. In fact, HOMA-IR values
tended to be higher in nonprogressors.
Furthermore, if hepatic metabolism was
impaired in progressors, decreased clear-
ance of insulin would also be expected
(34). To the contrary, the magnitude of
reduction in fasting insulin and C levels
among progressors was similar (26% and
20%, respectively; shown in Table 1).

The predictive value of PI:C ratios
could be driven, in part, by significant
reductions in C among progressors, as
absolute PI levels were not significantly
different between groups. Along these
lines, LnPI alone was not associated with
diabetes development, whereas both
Lnfasting C and LnPI:C were significant
predictors. However, if our findings
merely reflected a global insulin secre-
tory defect, progressors should exhibit
decreased absolute PI levels in addition
to decreased C. Because PI secretion is
maintained and, more importantly, rela-
tive PI secretion is increased even in the
setting of decreased secretion of C and
insulin, we maintain that PI:C ratios offer
valuable insight into the state of b-cell
health in presymptomatic type 1 diabe-
tes progressors. Along these lines, we
previously reported elevated PI:C ratios
at the time of type 1 diabetes diagnosis,
which persisted during the honeymoon
period, despite increased C production.
Here, PI:C ratios yielded additional in-
sight into continued b-cell stress that
was not evident based on the evalua-
tion of C levels alone (8).

Although PI:C ratios were significantly
associated with progression to type 1 di-
abetes in the entire cohort, considerable

Figure 3—Correlations of PI:C with type 1 diabetes risk prediction scores. Spearman correlation
coefficients were generated to test correlation of LnPI:C with Index60 (A) and DPTRS (B) (for
Index60 n = 56 for nonprogressors and n = 59 for progressors, and for DPTRS n = 58 for non-
progressors and n = 59 for progressors).

Figure 2—Relationship of PI:C ratios with islet autoimmunity. A: Comparison of PI:C ratios
among subjects testing positive for 0–1 islet autoantibody (Ab) (n = 56) vs. testing positive for
multiple Abs (n = 62). Wilcoxon rank sum test demonstrated increased PI:C ratios in multiple
Ab-positive subjects (P = 0.049). B: PI:C ratios of subjects by mIAA status and progressor status.
Wilcoxon rank sum test revealed significantly higher PI:C ratios in progressors with mIAA positivity
(n = 22) than those negative for mIAA (n = 38). No difference was detected in mIAA+ and mIAA2

nonprogressors (n = 16 and n = 42, respectively). *P # 0.05.
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overlap existed between progressors and
nonprogressors, even among the group
of subjects #10 years of age. Although
we studied a fairly robust number of pro-
gressors (n = 60), only 20 subjects were
available for each age cohort, a number
that may have limited our power to study
correlations of PI:C ratios within different
age categories and to model the predic-
tive ability of this biomarker by age cate-
gory. Future studies will use increased
numbers within younger age groups to
better ascertain predictive accuracy.
Moreover, because our analysis was per-
formed on a single time point, no defini-
tive conclusions can be drawn regarding

longitudinal changes in PI:C ratios over
time prior to the development of diabe-
tes. Studies following the natural history of
changes in PI:C ratios in at-risk progressors
as well as normal control subjects, with
more subjects#10 years old, are indicated
tobetter understand the timingandpoten-
tial contribution of b-cell dysfunction and
deathduring type1diabetes development.

Increased PI:C ratios were also seen in
nonprogressor adolescent subjects. Pre-
sumably, based on the distribution of
age groups, this could reflect an effect of
puberty and could be related to increased
IR during this time period (35). Although
this increase in nonprogressor adolescents
reduces the predictive value of the PI:C
ratio in this age group, these data could
have important implications for the under-
lying pathophysiology of incident diabetes
around the onset of puberty and deserves
further study (36). Therefore, prospective
studies in normal control subjects, without
any islet autoimmunity, using Tanner Stag-
ing and biochemical measures of puberty
will also be important to understand the
relationship between PI:C ratio and puber-
tal development.

In conclusion, our findings confirm the
relevance of b-cell ER dysfunction as a
potential contributor to the development
of type 1 diabetes in humans. Regardless
of the etiology of the observed increases
in the PI:C ratio, monitoring this index as
an indicator of b-cell stress may prove
useful as a surrogate or intermediate out-
come measure in treatment trials, signi-
fying the need to escalate or change
therapy. Moreover, the PI:C ratio may
have additional use in dissecting the het-
erogeneity observed in type 1 diabetes
cohorts, identifying subjects who would
benefit from novel therapeutic ap-
proaches, including those that target
b-cell ER stress and dysfunction in combi-
nationwith immunomodulation (30). Our
results also suggest that biomarkers of
intrinsic b-cell stress may be useful in
the evaluation of type 1 diabetes risk.
Future studies will evaluate PI:C ratios,
in combination with other novel bio-
markers of developing diabetes, and
as a component of a composite risk score
of diabetes progression, similar to the
DPTRS, which includes a combination of
C measures and BMI (18).
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