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ARTICLE HIGHLIGHTS

� Why did we undertake this study?
Our previous cross-sectional data showed an inverse association between apolipoprotein C-I (apoC-I) truncation and fasting glucose levels.

� What is the specific question(s) we wanted to answer?
Is apoC-I truncation associated with longitudinal changes in fasting and postprandial glucose levels, insulin resistance, and incident diabetes?

� What did we find?
Higher apoC-I truncation was associated with longitudinal reductions in insulin resistance, fasting and postprandial glucose levels, and reduced
incidence of diabetes.

� What are the implications of our findings?
ApoC-I posttranslational modification may influence glucose metabolism and development of diabetes.
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OBJECTIVE
Higher truncated-to-native apolipoprotein (apo) C-I proteoform ratios (C-I0/C-I) are
associated with favorable cardiometabolic risk profiles, but their relationship with
longitudinal changes in insulin resistance (IR) and incident diabetes is unknown.

RESEARCH DESIGN AND METHODS

Plasma apoC-I proteoforms were measured by mass spectrometry immunoassay at
baseline in 4,742 nondiabetic participants in the Multi-Ethnic Study of Atherosclerosis
(MESA) and 524 participants with prediabetes in the Actos Now for Prevention of Diabe-
tes (ACT NOW) study. The primary outcome was incident diabetes (fasting glucose [FG]
$$7.0mmol/L or hypoglycemicmedication use inMESA; FG$$7.0mmol/L or 2-h glucose
$$11.1 mmol/L in an oral glucose tolerance test [OGTT] in ACT NOW). Secondary out-
comes were changes in FG and HOMA-IR in MESA, and OGTT-glucose area under the
curve (AUCglucose) andMatsuda insulin sensitivity index (ISI) in ACT NOW.

RESULTS

In MESA, a higher C-I0/C-I was associated with lower risk of diabetes (n = 564 events;
HR 0.87 [95% CI 0.79, 0.95] per SD; P = 0.0036; median follow-up, 9 years), and
smaller increases (follow-up adjusted for baseline) in FG (20.5%; P < 0.0001) and
HOMA-IR (22.9%; P = 0.011) after adjusting for baseline clinical and demographic co-
variates, including plasma triglycerides and HDL cholesterol. Total apoC-I concentra-
tions were not associated with changes in FG, HOMA-IR, or incident diabetes. In ACT
NOW, higher C-I0/C-I was associated with smaller increases in AUCglucose (21.8%; P =
0.0052), greater increases in ISI (7.2%; P = 0.0095), and lower risk of diabetes (n = 59
events; 0.66 [95% CI 0.48, 0.91]; P = 0.004; median follow-up, 2.5 years) after adjust-
ing for treatment group and diabetes risk factors, including plasma lipids.

CONCLUSIONS

Our results indicate that apoC-I truncation may contribute to changes in glucose
levels, IR, and risk of diabetes.

Type 2 diabetes (T2D), due to its high prevalence and increased risk for serious
complications, including excess mortality, is a major global public health challenge
(1). Although an extensive body of evidence has demonstrated the multifaceted
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ways in which insulin resistance (IR) and
T2D affect lipid metabolism, contributing
to dyslipidemia and cardiovascular risk
(2,3), it is becoming increasingly evident
that many components of lipid metabo-
lism may, in turn, contribute to IR, in-
creasing risk of and worsening existing
T2D (4–6). Consistent with this, concen-
trations of triglycerides and lipoproteins
such as VLDL, LDL, and HDL have been
directly linked with development of T2D
(7–12). Mendelian randomization stud-
ies, however, showed that increases in
plasma triglyceride levels or declines in
HDL cholesterol (HDL-C) levels alone do
not appear to cause T2D (13–16), indi-
cating that the associations reported in
the observational studies reflected cor-
relation, residual confounding, or other
factors associated with these lipopro-
teins as potential drivers of T2D risk.
The metabolism of lipoproteins de-

pends on apolipoproteins controlling
their assembly and structure, directing
their binding to cell-surface receptors
and regulating enzymes activity. Apolipo-
protein C-I (apoC-I) is a major inhibitor of
triglyceride clearance via suppression of
lipoprotein and hepatic lipases, and apoE-
mediated binding to LDL receptor and
LDL receptor–related protein 1 (17,18).
ApoC-I also modulates HDL metabolism
through inhibition of cholesteryl ester
transport protein (CETP) (19). In vivo ani-
mal models indicate that apoC-I may also
negatively affect insulin action and glu-
cose metabolism (20). In humans, plasma
apoC-I concentrations are increased in
people with T2D (21,22); however, they
have not yet been linked with incident
T2D (23).
In circulation, apoC-I appears as a

full-length native protein (C-I) and a rel-
atively abundant (�25% of total) post-
translational truncated proteoform (C-I0)
(24). We recently demonstrated in the
Multi-Ethnic Study of Atherosclerosis (MESA)
strong relationships of apoC-I truncation
with various measures of lipid and glu-
cose metabolism that were distinct from
total apoC-I concentrations (25). Specifi-
cally, a higher truncated to native apoC-I
ratio (C-I0/C-I) was associated with lower
fasting glucose (FG) and triglyceride levels
cross-sectionally and with greater reduc-
tion in triglyceride levels during follow-
up. In contrast, total apoC-I levels were
not associated with FG levels or follow-up
changes in triglyceride levels, raising the
possibility that apoC-I proteoforms may

have unique metabolic roles that differ
from that previously assigned to total
apoC-I concentrations.

In this study, using plasma samples
and data from MESA and the Actos Now
for Prevention of Diabetes (ACT NOW)
study, we tested the hypothesis that
apoC-I proteoform composition is associ-
ated with changes in measures of IR, glu-
cose regulation, and incident diabetes.

RESEARCH DESIGN AND METHODS

Data and samples used in this study
were obtained from the MESA (https://
www.mesa-nhlbi.org) administrators in
accordance with their published data ac-
cess policies, including an approved writ-
ten proposal. Samples and data from
ACT NOW were previously approved for
use by investigators.

Study Design and Participants
The MESA is a longitudinal, community-
based study conducted at six field centers
across the U.S. (Supplementary Methods)
with individuals aged 45–84 years who
were of non-HispanicWhite, Black, Hispanic,
and Chinese race and ethnicity and who
were without known cardiovascular disease
at enrollment (26). Institutional review
boards at each study site approved the
study protocol and informed consent was
obtained from all participants.

The present study included data from
clinical exams conducted in 2000–2002
(exam 1), 2002–2004 (exam 2), 2004–2006
(exam 3), 2005–2007 (exam 4), and 2010–
2012 (exam 5). Demographic information,
socioeconomic data, medical history, and
physical exam measures were obtained
through standardized protocols. As de-
scribed previously (27), physical activity
score was defined as quartiles of seden-
tary behavior in reverse order (i.e., 0 be-
ing the most and 3 the least sedentary)
plus quartiles of moderate to vigorous
physical activity (1 being the least and 4
the most physically active), creating a score
ranging from 1 to 7 for each participant.

Blood samples were collected after a
12-h fast, and serum or EDTA-plasma
were collected and stored at �70�C, us-
ing a standardized protocol (26). Blood
biomarkers were measured at the MESA
central laboratory at the University of
Minnesota. Estimated glomerular filtra-
tion rate (eGFR) was determined using
the Chronic Kidney Disease Epidemiol-
ogy Collaboration creatinine-cystatin C

equation. Serum insulin concentrations
were measured by the radioimmunoassay
method (Linco Research, Inc., St. Charles,
MO) in the exam 1 samples and by the
sandwich immunoassay method (Elecsys
2010; Roche Diagnostics, Indianapolis, IN)
in the exam 5 samples.

The ACT NOW study was a prospec-
tive, randomized, double-blind, placebo-
controlled trial to examine the effective-
ness of pioglitazone in prevention of T2D
(28). The study was approved by the in-
stitutional review boards of all study cen-
ters (Supplementary Methods), and all
participants gave written informed con-
sent. Participants included 602 adults
with impaired glucose tolerance and at
least one other risk factor for T2D. At
baseline, participants underwent a 2-h
75-g oral glucose tolerance test (OGTT)
and then were randomly assigned to pio-
glitazone or placebo. Follow-up visits
were at 2, 4, 6, 8, 10, and 12 months dur-
ing the first year and then every 3 months
thereafter until they reached the primary
end point of diabetes, dropped out, were
lost to follow-up, or reached study end at
4 years. FG level was determined at each
follow-up visit. An OGTTwith blood samples
collected every 15 min for measurement of
plasma glucose and insulin concentrations
was performed annually. Plasma insulin
level was assayed by radioimmunoassay (Di-
agnostic Products, Los Angeles, CA). Levels
of plasma total cholesterol, HDL-C, and tri-
glycerides were measured using the cho-
lesterol oxidation—DAOS reagent method
(WAKO, Richmond, VA) and an enzymatic
assay (Stanbio Laboratory, Boerne, TX),
respectively. Plasma aliquots for post
hoc analyses were stored at �80�C until
assayed.

Measurement of apoC-I Proteoforms
and Total Plasma Concentrations
ApoC-I proteoforms were measured in
baseline plasma samples from both stud-
ies by mass spectrometry immunoassay
(MSIA), as described previously (25).
Mean intra- and interassay coefficients
of variation were 4.6% and 5.5% for C-I0,
and 1.5% and 1.8% for C-I, respectively.
Within-person temporal variability of
C-I0/C-I was 3.9% short term (25–
30 days) and 10.9% long term (�10 years)
(Supplementary Methods). Total apoC-I
concentrations were measured by sand-
wich ELISA in a subset of MESA partici-
pants. Both MSIA and ELISA used identical
detection antibodies (Academy Biomedical
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Co., Houston, TX) and are detailed in the
SupplementaryMethods.

Study Outcomes
The primary outcomewas first occurrence
of diabetes, defined as FG $7.0 mmol/L
(126 mg/dL) or self-reported use of hy-
poglycemic drugs at follow-up examina-
tions (exams 2–5) in MESA, and as FG
$7.0 mmol/L or 2-h OGTT glucose
$11.1 mmol/L (200 mg/dL), confirmed
by an OGTT test, in ACT NOW. Second-
ary outcomes in MESA were longitudi-
nal changes in FG and the HOMA-IR (FG
[mmol/L] × fasting insulin [mU/L]/22.5).
Participants receiving hypoglycemic medi-
cations at follow-up exams were excluded
because of modulating effects of these
drugs on both FG and insulin levels. In
ACT NOW, secondary outcomes included
longitudinal changes in glucose response,
calculated as glucose area under the curve
(AUCglucose) during OGTT by trapezoidal
rule, and inMatsuda index of insulin sensi-
tivity (ISI), derived from plasma glucose
and insulin measurements obtained dur-
ing the OGTT (29). Follow-up time was
ended at the last OGTT at or prior to dia-
betes conversion, study end, study drop-
out, or loss to follow-up.

Statistical Analyses
Statistical analyses were conducted us-
ing SAS, version 9.4 (SAS Institute, Cary,
NC). P values <0.05 were considered
statistically significant. All nonnormally
distributed continuous variables (includ-
ing apoC-I measures) were natural log-
transformed to approximate normality.
All continuous variables were scaled to
a mean of 0 and an SD of 1 to allow di-
rect comparison of effects in the regres-
sion models. The differences in baseline
characteristics across quartiles of C-I0/C-I
were tested by one-way ANOVA for con-
tinuous variables and by Fisher exact test
for categories. Baseline characteristics
between the groups who did and who
did not develop diabetes were compared
using Student’s t test for continuous vari-
ables and by x2 or Fisher tests for cate-
gorical variables.

Cox proportional hazards regression
models were used to assess the associa-
tion between baseline apoC-I measures
and incident diabetes. Proportional haz-
ards assumptions were assessed by in-
specting Kaplan-Meier curves for quartiles
of apoC-I measures and formally tested by

cumulative sums of Martingale residuals
with P values of Kolmogorov-type su-
premum test. Linearity of the relationship
of apoC-I measures with diabetes risk was
tested by the likelihood ratio test compar-
ing the models with the linear term only
with the model including both linear and
cubic spline terms. The covariate selection
for statistical models was based on previ-
ous results in MESA and ACT NOW, and
univariate associations of available covari-
ates with C-I0/C-I and incident diabetes in
the present study.

In MESA, person-time was calculated
as years from exam 1 to the midpoint be-
tween the last available examination
without diabetes and the examination at
which diabetes was first identified, or to
the examination at which censoring oc-
curred due to loss to follow-up, death, or
the end of follow-up at exam 5. All mod-
els were first run unadjusted and then
adjusted for study site, age, sex, and race
and ethnicity (model 1); then model 1
variables plus income, education, alcohol
use, physical activity score, BMI, systolic
BP (BP), eGFR, antihypertensive and statin
drug use, and without and with further
adjustment for FG (model 2); and then
model 2 variables plus plasma triglyceride
and HDL-C levels to test whether these lip-
ids explain the association of apoC-I pro-
teoform measures with incident diabetes
(model 3). Potential heterogeneity be-
tween the race and ethnicity groups was
assessed by including an interaction term
in the models. Separate sensitivity analyses
were conducted by 1) defining diabetes
cases as reporting diabetes medications
only to limit potential diabetes misclassifi-
cation due to a transient increase in FG;
2) excluding participants developing diabe-
tes by exam 2 to reduce potential for re-
verse causality; and including participants
3) completing exam 5 to evaluate potential
attrition bias; 4) with normal FG at baseline
(<5.6mmol/L) to test whether the associa-
tions were present early in the diabetes
trajectory; and 5) who were not taking sta-
tins, to avoid interference of these medica-
tions with apoC-I measures and diabetes
risk.

In a subset of participants with available
total apoC-I measurements, we tested the
association of incident diabetes with indi-
vidual apoC-I proteoform concentrations
calculated as product of their relative
amounts and total apoC-I concentrations
(both proteoforms included in the model)

to directly compare these two apoC-I
measures.

In ACT NOW, all models were first ad-
justed only for treatment group (pioglita-
zone or placebo) to reflect the strong
effect of pioglitazone on glucose regula-
tion and lipid levels, then adjusted for
study site, age, sex, race and ethnicity
(model 1), then for BMI and FG (model
2), and then for baseline HDL and trigly-
cerides levels (model 3). Model 3 was fur-
ther adjusted for ISI to explore whether
the association of C-I0/C-I with T2D is in-
dependent of insulin sensitivity level.

The association between baseline
apoC-I measures and longitudinal changes
in continuous variables (follow-up values
adjusted for baseline values and time of
follow-up) was tested by mixed linear re-
gression for repeated measures with ran-
dom intercept. Models were run before
and after adjusting for baseline covariates
as indicated above for each study (models
1, 2, and 3), except for FG (already in-
cluded as baseline measure or in outcome
calculation). In ACT NOW, the associations
were also run stratified by treatment
group. Potential heterogeneity between
the treatment groups was assessed by in-
cluding interaction term in the models.

RESULTS

A total of 4,742 MESA participants with-
out diabetes at baseline and available
follow-up data for diabetes status were
included in the analyses (see study flow
in Supplementary Fig. 1). In ACT NOW,
baseline plasma samples for apoC-I pro-
teoform measurement were available
from 524 of 602 original participants.

Association of apoC-I Proteoforms
With Characteristics at Baseline
The amount of C-I0 ranged from 13 to
41.5% in MESA (Table 1) and from 13.3
to 37.1% in ACT NOW (Supplementary
Table 1). Consistent with our previous
report in MESA including participants
with prevalent diabetes (25), in those
with higher C-I0/C-I, average age was
slightly higher as was the percentage of
male participants, of Chinese descent,
and of White and Black races (Table 1).
Higher C-I0/C-I was also associated with
lower BMI; lower systolic and diastolic
BPs; FG, insulin, and triglyceride levels;
and HOMA-IR; and with higher physical
activity score and HDL-C and total apoC-I
levels (available in 3,427 participants).
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In ACT NOW, participants with higher
C-I0/C-I were also older, more frequently
male, and had lower BMI and fasting triglyc-
eride levels (Supplementary Table 1). There
was no association of C-I0/C-I with family
history of diabetes, FG, or hemoglobin A1c.

Association of apoC-I Proteoforms
with Incident Diabetes
In MESA, diabetes developed in 580 par-
ticipants over a median follow-up time
of 9.0 years. As shown in Supplementary
Table 2, those who developed diabetes
were, on average, younger; more likely
men; of Black or Hispanic race and eth-
nicity; had a smaller proportion of those
with a bachelor’s degree as well as
higher annual income; and higher BMI,

BP, eGFR, and levels of FG, insulin, and
triglycerides; and lower HDL-C levels.

Comparison of Kaplan-Meier curves
showed that higher C-I0/C-I quartiles were
associated with longer diabetes-free sur-
vival, and this relationship appeared
stronger than for total apoC-I (Fig. 1A
and B). Accordingly, risk of diabetes was
lower with higher C-I0/C-I (hazard ratio
[HR] 0.79 [95% CI 0.72, 0.86] per SD) and
C-I0 concentrations (0.64; 95% CI 0.53,
0.77), but increasedwith higher C-I concen-
trations (1.45; 95% CI 1.20, 1.74) after ad-
justment for demographic, socioeconomic,
and cardiometabolic (without FG) covari-
ates (P < 0.0001 for all; Fig. 1C). The in-
verse associations of C-I0/C-I and C-I0

concentrations with incident diabetes were

attenuated but still statistically significant
after further adjustment for baseline FG
(0.84 [95% CI 0.76, 0.92], P = 0.0002; 0.72
[95% CI 0.59, 0.87], P = 0.0006, respec-
tively), and additional adjustment for HDL-
C and triglyceride levels (0.87 [95% CI 0.79,
0.96], P = 0.0051; 0.79 [95% CI 0.65, 0.96],
P = 0.016, respectively) (Fig. 1C). The asso-
ciation of total apoC-I concentrations with
diabetes risk was present only in the unad-
justed model (0.84 [95% CI 0.78, 0.90];
P < 0.0001) and was abolished after ad-
justment for demographic, socioeconomic,
and cardiometabolic covariates (0.95 [95%
CI 0.86, 1.06]; P = 0.36) (Fig. 1C).

The relationship of C-I0/C-I with incident
diabetes showed no statistically significant
heterogeneity with race and ethnicity

Table 1—Baseline clinical and demographic characteristics by quartiles of C-I0/C-I in MESA

Variable

Quartile

1st 2nd 3rd 4th P value

apoC-I0 range (%) 13.0–23.9 23.9–26.5 26.5–28.9 28.9–41.5 —

C-I0/C-I 0.28 ± 0.03 0.34 ± 0.01 0.38 ± 0.01 0.46 ± 0.04 —

Age (years) 61.9 ± 9.8 61.5 ± 10 62 ± 10.3 62.9 ± 10.8 0.035

Female sex 547 (46) 579 (49) 596 (50) 531 (45) 0.033

Race and ethnicity

White 490 (41) 453 (38) 450 (38) 540 (46) 0.0003
Black 268 (23) 322 (27) 328 (28) 358 (30) 0.0004
Hispanic/Latino 231 (20) 262 (22) 259 (22) 216 (18) 0.053
Chinese 196 (17) 149 (13) 149 (13) 71 (6) <0.0001

Current tobacco use 157 (13) 161 (14) 147 (12) 126 (11) 0.12

Current alcohol use 688 (58) 682 (58) 683 (58) 689 (58) 0.98

Bachelor’s degree 447 (38) 443 (37) 417 (35) 475 (40) 0.092

Income $$50,000/year 461 (40) 486 (42) 476 (41) 481 (43) 0.65

Physical activity score (n = 4,676) 3.86 ± 1.66 4.02 ± 1.63 4.05 ± 1.60 4.14 ± 1.62 <0.0001

BMI (kg/m2) 28.9 ± 5.4 28.4 ± 5.4 27.8 ± 5.2 26.8 ± 4.8 <0.0001

Antihypertensive drug use 438 (37) 424 (36) 384 (32) 340 (29) <0.0001

Statin use 161 (14) 174 (15) 178 (15) 146 (12) 0.22

Systolic BP (mmHg) 127 ± 20 126 ± 21 126 ± 22 124 ± 22 <0.0001

Diastolic BP (mmHg) 72 ± 10 72 ± 10 72 ± 10 71 ± 10 0.021

FG (mmol/L) 5.08 ± 0.62 5.05 ± 0.61 4.97 ± 0.57 4.86 ± 0.51 <0.0001

Fasting insulin (pmol/L) (n = 4,735) 67 ± 38 59 ± 32 56 ± 33 45 ± 24 <0.0001

HOMA-IR (n = 4,735) 2.60 ± 1.63 2.25 ± 1.38 2.10 ± 1.41 1.64 ± 1.00 <0.0001

Triglycerides (mmol/L) 1.77 ± 1.13 1.45 ± 0.77 1.36 ± 0.77 1.13 ± 0.62 <0.0001

Total cholesterol (mmol/L) 4.97 ± 0.92 5.06 ± 0.90 5.08 ± 0.91 5.07 ± 0.88 0.0013

HDL cholesterol (mmol/L) 1.30 ± 0.38 1.32 ± 0.37 1.33 ± 0.40 1.41 ± 0.41 <0.0001

eGFR (mL/min/1.73 m2) 91 ± 16 90 ± 16 89 ± 17 88 ± 17 <0.0001

Total apoC-I (mg/dL) (n = 3,427) 8.9 ± 3.0 9.1 ± 2.9 9.3 ± 3.0 9.8 ± 3.1 <0.0001

Data are reported as mean ± SD or n (%). Statistical differences were tested by one-way ANOVA for continuous variables and x2 test for cate-
gories. Continuous data were natural log-transformed to approximate normal distribution.
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(P = 0.32 for interaction), and was largely
unchanged with diabetes defined as new
use of diabetes medications, after exclud-
ing those who developed diabetes by
exam 2, or when restricted to participants
completing exam 5, those with normal FG,
or those without statin use at baseline (HR
0.83–0.90; Supplementary Table 3).

In ACT NOW, T2D developed in 59 par-
ticipants during median follow-up of 2.5
years. Baseline C-I0/C-I was inversely asso-
ciated with risk of T2D after adjusting for

cardiometabolic risk factors (0.72 [95% CI
0.53, 0.99] per SD; P = 0.040) and further
adjustments for plasma lipids (0.66 [95%
CI 0.48, 0.91]; P = 0.012) (Fig. 1C) and
baseline ISI (HR 0.62 [95% CI 0.45, 0.85;
P = 0.003; not shown in figure).

Association of Baseline apoC-I
Proteoforms With Longitudinal
Changes in Blood Glucose Levels and
Estimates of IR and Insulin Sensitivity
In MESA, FG levels increased over time
and were higher at follow-up compared

with baseline (Fig. 2A). Baseline C-I0/C-I
and C-I0 concentrations were inversely
associated with changes in FG (exams
2–5 adjusted for baseline) (estimated
differences per SD difference in apoC
measures: �0.51% [95% CI �0.76, �0.25],
P = 0.0001; and �1.4% [95% CI �1.9,
�0.81], P < 0.0001, respectively), whereas
C-I concentrations were positively associ-
ated with changes in FG (1.4% [95% CI
0.81, 2.0]; P < 0.0001) (Fig. 2B). Similarly,
both C-I0/C-I and C-I0 concentrations

Figure 1—Association of baseline C-I0/C-I and total apoC-I with incident diabetes. A and B) Kaplan-Meier curves for quartiles of C-I0/C-I and total
apoC-I concentrations in MESA. C) Cox proportional hazards risk models of diabetes risk in MESA and ACT NOW. In MESA, the models were unad-
justed and then adjusted for study site, age, sex and race and ethnicity (model 1); model 1 variables plus education and income levels, physical ac-
tivity score, BMI, systolic BP, eGFR, use of antihypertensive and statin drugs, and without (w/o) and with (w/) FG (model 2); and model 2 variables
(with FG) plus fasting triglycerides and HDL-C levels (model 3). C-I0 and C-I proteoform concentrations were tested in the same models as indicated
by the bracket. In ACT NOW, the models were adjusted for treatment group and then further adjusted for study site, age, sex, and race and ethnic-
ity (model 1); and model 1 variables plus BMI and FG (model 2); and model 2 variables plus triglycerides and HDL-C (model 3).
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were inversely associated with change in
HOMA-IR (exam 5 adjusted for baseline)
(�2.9% [95% CI �5.1, �0.70], P = 0.011;
and �5.6% [95% CI �9.4, �1.6], P =

0.0069, respectively), whereas C-I con-
centrations were positively associated
with change in HOMA-IR (7.1% [95% CI
2.4, 12]; P = 0.0029) (Fig. 2C). There was

no association between baseline total
apoC-I concentrations and follow-up
changes in FG and HOMA-IR.

In ACT NOW, C-I0/C-I was inversely as-
sociated with change in AUCglucose and
positively associated with change in ISI
after adjustment for diabetes risk fac-
tors, including HDL-C and triglyceride
levels (�1.8% [95% CI �3.1, �0.6], P =
0.0052; and 7.2% [95% CI 1.7, 13], P =
0.0095, respectively) (Table 2). The as-
sociations of C-I0/C-I with changes in
AUCglucose and ISI were similar in the
two treatment groups.

CONCLUSIONS

Our results suggest a role for post-
translational modification of apoC-I in
regulating glucose metabolism. Increased
apoC-I truncation was associated with
lower risk of future diabetes and smaller
increases in fasting and postprandial IR
during follow-up. The associations were
observed in two independent cohorts,
including a general nondiabetic popula-
tion as well as cohort at high risk of T2D,
and appeared only partially accounted
for by variation in plasma lipid levels. In
contrast, our data in MESA showed that
total apoC-I levels were not associated
with changes in IR or incident diabetes
upon adjusting for typical diabetes risk
factors.

In a few cross-sectional studies, total
apoC-I levels in plasma were higher in
individuals with T2D (21,22). In our pre-
vious analysis in MESA that included par-
ticipants with and without diabetes,
total apoC-I levels were positively associ-
ated with FG in univariate models; how-
ever, the association was absent upon
adjustment for demographic characteris-
tics (25). Similarly, in the present study,
the association of total apoC-I with dia-
betes risk disappeared after adjusting for
diabetes risk factors, confirming a previ-
ous observation from individuals with
prediabetes (23). Overall, these results
indicate that total apoC-I may associate
with diabetes risk indirectly through its
relationships with standard clinical and
demographic risk factors. Consistent with
this, rodent models using genetic overex-
pression of human APOC1, leading to in-
creased total apoC-I concentrations, also
have not demonstrated a clear relation-
ship with risk of diabetes (20,30). In con-
trast, our results showed very different
relationships of the native and truncated

Figure 2—Relationship of baseline apoC-I measures with longitudinal changes in FG and
HOMA-IR in MESA. A) FG from exam 1 (baseline) to exam 5 in the entire cohort. Data are re-
ported as median (interquartile range) and P value is for overall trend. B and C) Relationships of
baseline apoC-I measures with changes in FG (exams 2–5 adjusted for baseline and time of
follow-up) and HOMA-IR (exam 5 value adjusted for baseline). Mixed linear regression models
for repeated measures were run unadjusted and then adjusted for study site, age, sex and race
and ethnicity (model 1); model 1 variables plus family income and education levels, physical ac-
tivity score, BMI, systolic BP, use of antihypertensive and statin drugs, and eGFR (model 2); and
model 2 variables plus fasting triglycerides and HDL-C levels (model 3). C-I0 and C-I proteoform
concentrations were tested together in the same models (indicated by the bracket).
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apoC-I proteoforms with various meas-
ures of glucose metabolism, indicating
that measurement of total apoC-I may
obscure the very different physiologic
roles of its proteoforms and the level of
metabolic risk for individuals.

Truncation of apoC-I is catalyzed by di-
peptidyl peptidase 4 (DPP-4) (31). In hu-
mans, increased DPP-4 activity is associated
with the onset of IR, prediabetes, and T2D
(32). Pharmacologic inhibition of DPP-4 re-
duces glycemia, primarily through inhibiting
cleavage of endogenous incretins (33). The
inverse association of apoC-I truncation
with IR and risk of diabetes thus appears to
counter the effects of the enzyme responsi-
ble for its formation and suggests that
apoC-I truncation is influencing glucose
metabolism bymechanisms that are inde-
pendent of, and perhaps overcoming, the
deleterious effects of increased DPP-4 on
glucose metabolism. It also raises the pos-
sibility that reduced apoC-I truncation
may offset, at least in part, benefits of
DPP-4 inhibitors on lipid and glucose me-
tabolism and may help explain their neu-
tral effect on cardiovascular risk (34).

Partial attenuation of inverse relation-
ships of C-I0/C-I or C-I0 concentrations
with incident diabetes after adjusting for
plasma lipids supports changes in lipid
metabolism as one potential link between
apoC-I truncation and diabetes risk.
ApoC-I reduces triglyceride clearance
mainly via inhibition of lipoprotein lipase
(LPL). LPL deficiency in humans is charac-
terized by severe hypertriglyceridemia,
IR, and diabetes despite a lean pheno-
type (35). In contrast, global or adipose
tissue–specific overexpression of LPL
ameliorated IR and hyperglycemia in ani-
mal models of obesity (36,37). It is plau-
sible that greater relative abundance of
C-I0, through its less potent inhibition of
LPL, may improve triglyceride clearance

in adipose tissue and reduce harmful
flux of triglycerides and their metabolites
into skeletal muscle and liver (4,5). In
contrast, the positive associations of C-I
with incident diabetes and prospective
worsening of fasting glycemia and IR are
very similar to those previously observed
for apoC-III, a potent inhibitor of triglycer-
ide clearance (38). Inhibition of apoC-III
with antisense oligonucleotides amelio-
rated IR and improved glycemic control in
individuals with T2D (39). Thus, reducing
levels of apolipoproteins or their specific
proteoforms that inhibit triglyceride clear-
ance may be a potential strategy to im-
prove glycemic control and reduce diabetes
risk. Besides inhibiting triglyceride clear-
ance, apoC-I increases HDL-C levels through
CETP inhibition (19). Consistent with this ef-
fect, our previous analyses showed positive
associations of total and native apoC-I
levels with HDL-C (25). In contrast, nei-
ther C-I0/C-I nor C-I0 was associated with
changes in HDL-C in adjusted models
(25). Studies in humans showed inverse
association between HDL-C and risk of
T2D (7,11). The increase in HDL-C level
may counteract the diabetogenic effect of
increased triglycerides and thus explain the
lack of association between total apoC-I
and diabetes risk. The independent rela-
tionship of apoC-I proteoform composition
with diabetes risk could be further ex-
plained by factors related to lipid metabo-
lism that are not fully reflected by changes
in plasma lipids, such as changes in VLDL or
LDL particle size (12), and potential nonlipid
factors such as modifying proinflammatory
action of apoC-I (40).

Strengths of this study include the
large sample size, follow-up duration up
to 12 years, the diverse racial and eth-
nic background of the cohort, and abil-
ity to precisely measure proteoforms of
apoC-I. We thereby were able to analyze

regression models including a variety of
key covariates. Importantly, we confirmed
the inverse association between C-I0/C-I
and development of diabetes in a smaller
ACT NOW cohort, which required rigor-
ous adjudication of T2D, and provide vali-
dation of our findings in MESA.

Limitations of our study include its
observational design limiting inference
regarding causality and relying on the
schedule of MESA exams to determine
the diabetes outcome. The enrollment of
individuals without cardiovascular disease
might have led to selection of relatively
healthy individuals, which could reduce
the cohort’s risk for diabetes, especially
in the older participants. Lack of a strict
diabetes adjudication protocol (i.e., reli-
ance on single FG measurement from
each visit) might have led to diabetes
misclassification due to transient hypergly-
cemia. Although our findings were similar
when diabetes diagnosis was based on ini-
tiation of diabetes medication, we cannot
exclude a self-report bias in the later analy-
sis. We were unable to distinguish type of
diabetes in MESA, but incident type 1 dia-
betes is relatively uncommon in middle-
aged or older adults, so we assume a pre-
dominance of T2D. Finally, the availability
of follow-up data on serum insulin levels
at only exam 5 might have led to attrition
bias in assessment of the relationship
between apoC-I measures and HOMA-IR.
Nevertheless, these associations were
consistent with those found for inci-
dent diabetes in the study and with
the role of IR in T2D pathophysiology.
Importantly, we observed very similar
and consistent relationships between
C-I0/C-I with incident T2D and longitudi-
nal changes in the ISI in the ACT NOW
cohort. Because of smaller size and rel-
atively low number of T2D events in
ACT NOW, we were unable to match the

Table 2—Relationship of baseline C-I0 to C-I with longitudinal changes in AUCglucose and Matsuda ISI in ACT NOW

Outcome Group n Adjusted for treatment or unadjusted Model 1* Model 2† Model 3‡

AUCglucose All 417 �1.8 (�2.9, �0.6) �2.0 (�3.1, �0.8) �1.9 (�3.1, �0.7) �1.8 (�3.1, �0.6)
PIO 211 �2.0 (�3.6, �0.4) �2.3 (�3.9, �0.7) �2.2 (�3.8, �0.5) �1.6 (�3.3, 0.2)
PBO 206 �1.5 (�3.2, 0.2) �1.5 (�3.3, 0.3) �1.4 (�3.3, 0.4) �1.8 (�3.7, 0.1)

ISI All 417 9.1 (3.9, 15) 9.3 (4.0, 15) 8.6 (3.3, 14) 7.2 (1.7, 13)

PIO 211 7.9 (0.7, 16) 8.7 (1.4, 17) 8.3 (0.9, 16) 6.3 (�1.2, 15)
PBO 206 11 (3.4, 19) 12 (3.9, 21) 11 (3.4, 20) 10 (2.3, 19)

The associations of C-I0/C-I with changes (follow-up value adjusted for baseline value and time of follow-up) in AUCglucose and ISI were tested
by mixed linear regression for repeated measures with random intercept and are expressed as % difference (95% CI) per 1 SD increase in
C-I0/C-I. Adjusted for treatment group (All) or unadjusted (stratified analyses). PBO, placebo; PIO, pioglitazone. *Further adjusted for study
site, age, sex, and race and ethnicity. †Model 1 variables plus BMI. ‡Model 2 variables plus triglycerides and HDL-C.
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robustness of models in MESA. Finally, as
indicated in our previous analyses (25),
apoC-I proteoform composition changes
with increasing age. Whether this change
modulates propensity for diabetes is
unknown.
Despite consistent results in two different

cohorts, our findings remain hypothesis-
generating. Studies are necessary to es-
tablish whether apoC-I truncation is caus-
ally related or indirectly reflects other
contributing mechanisms to diabetes risk.
Mendelian randomization studies of genetic
variants associated with apoC-I truncation
and outcomes such as T2D, hyperglycemia,
and IRmay be useful initial steps.
In conclusion, the findings of this study

indicate posttranslational modification of
apoC-I may contribute to risk of diabetes.
Specifically, higher C-I0 and lower C-I con-
centrations, but not total apoC-I concen-
tration, were independent predictors of
incident diabetes and were related to
future changes in plasma glucose and
measures of whole-body IR. Identifying
the underlying mechanisms of these asso-
ciations will undoubtedly provide novel
insights into our understanding how dis-
turbances in lipid metabolism contribute
to impairment of glucose regulation.
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