
The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

4 1 6 5jci.org   Volume 129   Number 10   October 2019

Introduction
Atherosclerotic cardiovascular disease (CVD) is a major cause of 
morbidity and mortality in subjects with type 1 diabetes mellitus 
(T1DM) (1). Although some results suggest that CVD risk associated 
with diabetes is declining in parallel with the reduced rate of CVD 
in the general population (2), the overall CVD risk remains higher 
in T1DM patients, especially in premenopausal women, in subjects 
with suboptimally controlled blood glucose levels, and in subjects 
with features of insulin resistance and metabolic syndrome (3).

The Diabetes Control and Complications Trial (DCCT), a pro-
spective study with a mean follow-up of 6.5 years for microvascular 
and macrovascular disease in patients with T1DM, and its observa-
tional follow-up study, the Epidemiology of Diabetes Interventions 
and Complications (EDIC) study arm, demonstrated that improved 
glycemic control by intensive insulin therapy is associated with long-

term reductions in mortality and cardiovascular events (4–6). More-
over, improved plasma lipids and lipoproteins appeared to mediate 
a substantial proportion of the protective effect of more stringent  
glucose control through intense insulin therapy over time (7).

Lowering LDL cholesterol (LDL-C) with statins is the best 
strategy documented to date for decreasing CVD risk in T1DM, 
but substantial residual risk remains. The increased risk is often 
attributed to hyperglycemia, fluctuating glucose levels, or glucose- 
mediated metabolic memory (8, 9). However, several lines of 
evidence suggest that glucose does not directly account for the 
increased CVD risk in patients with diabetes, or at least is not the 
only risk factor (7, 10, 11). It is likely that relative insulin deficiency  
or insulin resistance could explain at least some of the residual 
CVD risk associated with T1DM.

Accordingly, insulin has been shown to suppress gene expres-
sion of apolipoprotein C3 (APOC3) (12, 13), an abundant apolipo-
protein that increases triglyceride-rich lipoproteins (TRLs) and 
their remnants in the circulation by blocking their catabolism and 
clearance (14). Studies in humans have convincingly demonstrated  
that APOC3 loss-of-function mutations lower TRL levels and 
offer cardioprotection (15–20). APOC3 was long believed to ele-
vate plasma TRL levels by inhibiting lipoprotein lipase (14, 21), 
but a human antisense oligonucleotide (ASO) therapeutic against 
APOC3 markedly reduced triglyceride (TG) levels in lipoprotein 
lipase–deficient humans with severe hypertriglyceridemia (22). 
Recent studies in mice and humans indicate that APOC3 regulates 
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quantified by targeted mass spectrometry (MS). 
The clinical characteristics of the case and 
cohort groups are shown in Table 1. Although 
the cohort’s median plasma TG levels were in 
the normal range, scatterplot analyses showed 
a positive correlation between serum APOC3 
levels and TG levels (r2 = 0.33; P < 0.0001). We 
observed no significant correlations between 
APOC3 and LDL-C or HDL-C (P = 0.23 and P = 
0.27, respectively).

TG levels predicted incident CAD risk with 
a HR of 1.50 (95% CI: 1.18–1.90; P = 0.001; Fig-
ure 1). However, serum APOC3 was a stronger 
predictor, with a HR of 1.84 (95% CI: 1.40–2.40; 
P < 0.0001). In 3 different models — model 1, 
a logistic regression model (Figure 1) adjusted 
for age, sex, and diabetes duration; model 2, in 
which model 1 was further adjusted for nonlipid 
factors (hemoglobin A1c [HbA1c], blood pres-
sure, and current smoking status); and model 3, 
in which model 1 was further adjusted for lipid 
factors (LDL-C and HDL-C) — each SD increase 
in serum APOC3 levels remained associated 
with a highly significant 1.8- to 2.0-fold risk for 
CAD (Figure 1). Thus, serum APOC3 predicted 
CAD events in subjects with T1DM and median  
TGs in the normal range, independently of 
LDL-C and HDL-C levels. When model 1 was 
adjusted for log TG levels (model 4 in Figure 1), 

the HR was 1.45 (P = 0.11). Therefore, the effects of APOC3 and 
TGs on CAD in adults with T1DM are not independent.

To further investigate the relationship between APOC3 and 
TGs, we determined whether adding TGs to a model already  
adjusted for APOC3 levels, age, sex, and diabetes duration 
improved the fit of the model, based on the change in the –2 log  
likelihood (–2LL). The addition of TGs did not significantly  
improve the model fit that included APOC3 (change in –2LL = 2.368, 
P = 0.12). In contrast, addition of APOC3 to a model that includ-
ed TGs, age, sex, and diabetes duration significantly improved the  
model fit (change in –2LL = 3.941, P = 0.047). This approach indicates 
that APOC3 is a stronger predictor of CAD than are TG levels in a 
model adjusted for age, sex, and diabetes duration.

Relative insulin deficiency increases APOC3 levels in mouse models 
of T1DM. To determine mechanisms through which APOC3 might 
be increased in T1DM, we used 2 independent mouse models of 
T1DM: (a) destruction of β cells mediated by CD8+ T cells induced 
by a virus (27, 28) and (b) β cell injury induced by streptozotocin 
(STZ) (29). All the mice were deficient in the LDL receptor (Ldlr–/–) 
to mimic a more human-like lipoprotein profile and were fed a low-
fat semipurified diet to avoid marked hypercholesterolemia (27).

Plasma APOC3 levels correlated with plasma TG levels in both 
diabetic mice (r2 = 0.37, P < 0.0001, n = 53) and nondiabetic mice 
(r2 = 0.07, P = 0.04, n = 59). In the virally induced T1DM model, dia-
betes resulted in a higher ratio of plasma APOC3 to TG levels. The 
APOC3/TG ratio was 3.4 ± 0.3 (mean ± SEM, n = 42) in nondiabetic 
mice versus 4.8 ± 0.5 in diabetic mice (P = 0.009; n = 36). Accord-
ingly, at any given TG level within the range of 96–460 mg/dL,  

multiple steps in TRL metabolism, including inhibition of hepatic 
uptake of TRLs, slowing the conversion of TRLs to LDL, and inhi-
bition of tissue lipoprotein lipase activity (23–25).

Little is known about the role APOC3 in CVD in patients 
with T1DM, in part because T1DM is not usually associated with 
dyslipidemia (26), but is still associated with an increase in CVD 
risk. We therefore tested the hypothesis that APOC3 is a coronary 
artery disease (CAD) risk factor in T1DM subjects enrolled in the 
Coronary Artery Calcification in Type 1 Diabetes (CACTI) study, 
a prospective evaluation of individuals with T1DM. Our observa-
tions indicated that serum levels of APOC3 predict incident CAD 
in that cohort of patients who had normal plasma TGs. We further 
demonstrated that APOC3 levels are elevated in mouse models 
of T1DM and that intensive insulin therapy lowers them. More-
over, we found that lowering APOC3 levels prevented athero-
sclerosis in a mouse model of T1DM-accelerated atherosclerosis, 
raising the possibility that APOC3 could be a therapeutic target in 
patients with T1DM.

Results
Serum APOC3 predicts future cardiovascular events in T1DM subjects. 
We tested the hypothesis that APOC3 levels predict incident CAD 
in a case-cohort study of 181 T1DM subjects enrolled in CACTI, a 
prospective study that included several measures, including CAD 
outcomes (myocardial infarction, coronary artery bypass grafting, 
angioplasty, or CAD death as reported in the patient’s medical 
record). All subjects were apparently healthy and without known 
CAD when the samples were collected. Serum APOC3 levels were 

Table 1. Clinical characteristics of subjects in CACTI selected for the present study

Covariate T1DM cohort T1DM CAD cases HR (95% CI) P value
No. of subjects 145 47
Age (yr) 37.0 (9.0) 43.6 (7.9) 1.10 (1.06, 1.15) <0.0001
Sex (female) 79 (54.5%) 21 (44.7%) 0.67 (0.35, 1.29) 0.23
Duration (yr) 23.4 (8.2) 30.6 (7.7) 1.13 (1.08, 1.19) <0.0001
SBP (mmHg) 118.5 (15.6) 126.3 (15.0) 1.03 (1.02, 1.05) 0.0002
DBP (mmHg) 77.7 (9.1) 81.1 (9.4) 1.05 (1.02,1.08) 0.001
BMI (kg/m2) 26.3 (4.4) 27.3 (5.2) 1.05 (0.98, 1.13) 0.17
Total cholesterol (mg/dL) 170.5 (337) 185.7 (30.7) 1.1 (1.01, 1.02) 0.002
TGs (mg/dL)A 75 (58–103) 99 (72–132) 2.26 (1.40, 3.65) 0.0009
HDL-C (mg/dL) 55.0 (16.0) 57.0 (19.2) 1.01 (0.98, 1.03) 0.53
LDL-C (mg/dL) 96.5 (28.2) 105.7 (29.7) 1.01 (1.00, 1.03) 0.03
HbA1c (%) 7.7 (1.2) 8.4 (1.1) 1.42 (1.15, 1.75) 0.001
Insulin dose per BW (U/kg/d) 0.65 (0.29) 0.62 (0.30) 0.74 (0.16, 3.40) 0.70
CRP (μg/mL)A 1.2 (0.9–2.0) 1.4 (0.9–2.6) 1.43 (0.89, 2.28) 0.14
eGFR (mL/min/1.73m2) 104.5 (25.2) 79.6 (34.6) 0.97 (0.96, 0.98) <0.0001
Current smoker 17 (11.8%) 14 (29.8%) 3.40 (1.54, 7.48) 0.002
Medications
ACE inhibitor 52 (35.9%) 27 (57.4%) 2.58 (1.34, 4.97) 0.005
Angiotensin II receptor blocker 6 (4.1%) 4 (8.5%) 2.35 (0.62, 8.96) 0.21
Antihypertensive 60 (41.4%) 35 (74.5%) 4.6 (2.3, 9.5) <0.0001
Statin 24 (16.6%) 24 (51.1%) 5.3 (2.7, 10.5) <0.0001

Values are shown as the mean (SD) or as the number of patients (percentage). The total number 
of subjects included was 181 (11 CAD cases were included in the cohort group consisting of 145 
subjects). AMedian and IQR. ACE, angiotensin-converting enzyme; eGFR, estimated glomerular 
filtration rate.
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lin therapy did not alter plasma cholesterol or TG levels (Figure 
2, G–H). Nuclear exclusion of the transcription factor FoxO1 has 
been proposed to mediate the suppressive effects of insulin on 
Apoc3 expression (31). To determine whether Apoc3 is regulated by 
FoxO transcription factors, we measured Apoc3 mRNA expression 
in mice with liver-targeted deletions of FoxO1, FoxO3, and FoxO4 
(Supplemental Figure 1A), using a previously described model 
(32). Contrary to experiments based on forced overexpression of 
FoxO1 (31), we found that hepatocyte deletion of FoxOs did not 
alter Apoc3 mRNA levels in mice fasted for 4 hours during the dark 
cycle (Supplemental Figure 1B). Consistent with this observation, 
injecting adult FoxO triple–floxed mice with an adeno-associated 
virus (AAV-Tbg-Cre) to induce hepatic FoxO deletion success-
fully decreased Foxo1 mRNA expression in the liver by 86% (P = 
0.009), but did not affect Apoc3 mRNA expression (1.00 ± 0.14 vs. 
1.05 ± 0.08, P = 0.77).

To further address whether insulin acts by suppressing the 
transcription of hepatic Apoc3, we took advantage of a new micro-
plate-based ChIP platform to analyze livers from nondiabetic mice, 
diabetic mice, and diabetic mice treated with the intense insulin 
regimen or an acute injection of insulin. We analyzed polymerase 
II (pol II) binding to the Apoc3 promoter and enhancer and histone 
H3 modifications associated with active and inactive chroma-
tin. Insulin injections reduced blood glucose levels and induced 
phosphorylation of Akt and GSK3β in the livers of diabetic mice, 
as would be expected (Supplemental Figure 2A and B). See com-
plete unedited blots in the supplemental material. Furthermore, 
insulin resulted in increased pol II binding to the glucokinase (Gck) 
promoter, a known hepatic target of physiological insulin levels in 
vivo (ref. 33 and Supplemental Figure 2, C and D). However, insulin 
did not alter the binding of pol II or modified histones to the Apoc3 
promoter or enhancer (Supplemental Figure 2, C and D) after an 
acute insulin injection (30 min) or in the intense insulin treatment 
experiment, in which a marked reduction of plasma APOC3 was 
observed (Figure 2I). The suppressive effect of insulin on plasma 
APOC3 levels had a much slower onset than did the rapid blood 
glucose–lowering effect of insulin (Supplemental Figure 2, E and 
F), consistent with the reported half-life of plasma APOC3 (34).

Collectively, these experiments support the conclusion that 
transcriptional regulation of Apoc3 constitutes a minor pathway for 
its regulation by diabetes and insulin and that plasma APOC3 lev-
els are elevated in T1DM primarily because of insulin deficiency  
rather than because blood glucose levels are elevated.

Apoc3 ASO treatment reduces APOC3 and TRL levels in diabetic  
mice. To explore the contribution of elevated levels of APOC3 to  
accelerated atherosclerosis in our virus-induced mouse model of 
T1DM (27), we used a mouse-specific Apoc3 ASO that has been shown 
to significantly reduce APOC3 and TG levels in multiple ro dent 
models (23, 35). Our 4 groups of mice included (a) non diabetic con-
trol mice treated with a control ASO (cASO); (b) non diabetic control 
mice treated with the Apoc3 ASO; (c) diabetic littermate mice treated  
with the cASO; and (d) diabetic littermate mice treated with the 
Apoc3 ASO. The mice received the ASO i.p. twice weekly for 12 weeks,  
starting 2 days after the onset of diabetes (glucose >250 mg/dL).

Plasma glucose levels were similarly elevated in the diabetic  
mice treated with cASO or Apoc3 ASO (Figure 3A). Apoc3 ASO 
treatment lowered plasma cholesterol levels in both the nondiabetic  

plasma APOC3 levels were 1.75- to 1.95-fold higher in diabetic  
mice as compared with levels in their nondiabetic littermates, 
independent of blood glucose (Figure 2A). Although we did not 
directly measure APOC3 production or clearance rates, these 
observations strongly suggest that APOC3 levels are higher in 
the mouse model of T1DM than in nondiabetic mice and that the 
increased APOC3 levels did not simply reflect increased TG levels.

Studies of isolated hepatocytes suggest that hyperglycemia 
can increase APOC3 production (30). We therefore determined 
whether dapagliflozin, an inhibitor of sodium glucose transport-
er 2 (SGLT2), affected APOC3 and lipid levels in mice with STZ- 
induced diabetes. This model was used because STZ-induced dia-
betic mice retain some endogenous insulin production. Dapagli-
flozin reduces blood glucose through insulin-independent renal 
excretion of glucose. It lowered blood glucose levels without sig-
nificantly affecting plasma TGs, cholesterol, or plasma APOC3 
(Figure 2, B–E).

The APOC3 promoter contains an insulin response element 
(13), and high doses of insulin have been shown to suppress hepatic  
Apoc3 gene expression in STZ-induced diabetic mice  (12). To test 
whether the elevation in plasma APOC3 we observed in diabetic  
mice was driven by insulin deficiency, we quantified levels of 
APOC3, lipids, and glucose in mice with virus-induced diabetes 
that were either conventionally treated with insulin (sufficient to 
prevent extensive weight loss and ketonuria) or with an intense 
insulin regimen to normalize blood glucose. Blood glucose levels 
were significantly lower in the diabetic mice on intense insulin 
therapy than in the conventionally treated diabetic mice (Figure 
2, F and I, and Supplemental Figure 2, E and F; supplemental 
material available online with this article; https://doi.org/10.1172/
JCI127308DS1). The mice on intense insulin therapy also had sig-
nificantly lower plasma APOC3 levels. In contrast, intense insu-

Figure 1. Plasma APOC3 is a strong predictor of CAD events in subjects 
with T1DM and is independent of traditional CAD risk factors. HRs for 
CAD events per 1 SD increase in log fasting plasma TGs or log serum 
APOC3, as calculated by Cox proportional hazards models (47 subjects 
with events; 181 total subjects). Also shown are 95% CIs and P values. A 
total of 47 participants had a primary endpoint CAD event, defined as a 
first nonfatal myocardial infarction, coronary revascularization, or death 
from CAD. Model 1 is a model adjusted for age, sex, and diabetes duration. 
Model 2 is model 1 further adjusted for nonlipid risk factors: HbA1c, systolic 
and diastolic blood pressure, and current smoking status. Model 3 is model 
1 further adjusted for lipid risk factors: LDL-C and HDL-C. Model 4 is model 1 
further adjusted for log fasting TGs.
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3D), consistent with increased APOC3 production, although plasma 
levels of APOC3 were increased to a much greater extent by diabe-
tes. The Apoc3 ASO markedly suppressed hepatic Apoc3 mRNA lev-
els in both nondiabetic and diabetic mice (Figure 3D). We observed 
no significant effects of diabetes or the Apoc3 ASO on intestinal lev-

and diabetic mice (Figure 3B), and it also lowered plasma TG levels 
in the diabetic mice (Figure 3C). At the end of the study, we mea-
sured hepatic and intestinal Apoc3 mRNA levels in the 4 mouse 
groups. We found that the diabetic mice had modestly higher levels 
of hepatic Apoc3 mRNA than did the nondiabetic controls (Figure 

Figure 2. Diabetes increases APOC3 levels relative to plasma TG levels through a lack of sufficient insulin. (A) Female Ldlr–/– GpTg mice were rendered 
diabetic using LCMV. Saline was used as a control in nondiabetic littermates. At the onset of diabetes, the mice were switched to a low-fat, semipurified 
diet and maintained on the diet for 4 weeks. Plasma TGs were compared with plasma APOC3 levels measured by ELISA using data from 3 separate cohorts 
of mice (n = 42–43). Ranges and averages of TG levels and blood glucose (mg/dL) in diabetic and nondiabetic mice are listed below the graph. (B–E) 
Diabetes was induced by STZ treatment in male Ldlr–/– GpTg mice. Following induction of diabetes, half of the diabetic cohort received the SGLT2 inhibitor 
dapagliflozin in their drinking water for 4 weeks. n = 6–8. (B) Blood glucose levels at the end of the study. (C) Plasma cholesterol levels. (D) Plasma TGs. 
(E) Plasma APOC3 levels. Diabetes was induced using LCMV in Ldlr–/– GpTg mice. (F–I) Following development of diabetes, half of the diabetic cohort was 
subjected to intense insulin therapy with the goal of normalizing blood glucose, whereas the other half was maintained on traditional insulin therapy. n = 
5–6. (F) Blood glucose at the end of the study. (G) Plasma cholesterol. (H) Plasma TGs. (I) Plasma APOC3. ND, nondiabetic mice; D, diabetic mice. D + int. 
ins., diabetes plus intense insulin therapy. *P < 0.05, **P < 0.01, and ***P < 0.001, by 2-tailed, unpaired Student’s t test (A) or 1-way ANOVA followed by 
Tukey’s multiple comparisons tests (B–I).
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Plasma lipoprotein profiles showed that Apoc3 ASO primarily 
suppressed the increased levels of VLDL cholesterol and VLDL TGs 
(TRLs), with a smaller effect on IDL/LDL cholesterol (Figure 3, E 
and F). Analysis of plasma APOC3 levels by ELISA and targeted MS 
studies confirmed that diabetes was associated with a significant 
increase in plasma APOC3 levels and that the Apoc3 ASO markedly  
suppressed plasma APOC3 levels in both nondiabetic and diabetic 
mice (Figure 3, G and H, and Supplemental Figure 4A).

els of Apoc3 mRNA (Supplemental Figure 3A), as in previous studies 
that found a less pronounced effect of Apoc3 ASO in the intestine 
than in the liver (35). These findings are most likely explained by the 
lower distribution of ASO to the intestine. The Apoc3 ASO did not 
alter hepatic TG levels or plasma alanine aminotransferase (ALT) 
levels (Supplemental Figure 3, B and C), indicating that this ASO is 
well tolerated. These results are consistent with those of previous 
human and animal studies (35).

Figure 3. Reducing APOC3 expression with an ASO normalizes TRL levels in diabetic mice. Female Ldlr–/– GpTg mice were rendered diabetic using LCMV. 
Saline was used as a control in nondiabetic mice. The mice were maintained for 12 weeks. At the onset of diabetes, the animals were switched to a low-
fat, semipurified diet. The mice were treated twice weekly with 25 mg/kg (i.p. injections) Apoc3 ASO or cASO starting 2 days after the onset of diabetes. 
Doses were adjusted every 2 weeks on the basis of body weight. Animals were bled every 4 weeks for glucose and lipid measurements. (A) Blood glucose 
levels. (B) Plasma cholesterol levels. Note that time point 0 is before animals were initiated on the low-fat, semipurified diet but after they had developed 
diabetes. (C) Plasma TGs (A–C; n = 16–20). (D) Hepatic mRNA was isolated, and Apoc3 mRNA was measured by real-time PCR (n = 6–18). (E and F) At the 
end of the study, cholesterol and TG lipoprotein profiles were analyzed in a subset (n = 4) of mice. (G) Plasma levels of APOC3, measured by ELISA (n = 
12–16) at the end of the study. (H) The APOC3 ELISA was validated by targeted MS (n = 5–6). *P < 0.05, and ***P < 0.001, unless otherwise indicated, by 
1-way ANOVA followed by Tukey’s multiple comparisons test (D, G, and H) or 2-way ANOVA followed by Bonferroni’s multiple comparisons test (E and F). 
#P < 0.01 compared with D cASO and §P < 0.01 compared with ND cASO, by 2-way ANOVA followed by Bonferroni’s multiple comparisons test (B and C).
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To get a fuller picture of how diabetes and Apoc3 ASO alter 
lipid metabolism, we measured several other plasma apolipopro-
teins by targeted MS. Diabetes increased plasma APOE levels by 
more than 2-fold over those in nondiabetic mice (Figure 4A and 
Supplemental Figure 4B), an effect that Apoc3 ASO completely 
prevented. Previous studies have shown that Apoc3 ASO treat-
ment lowers APOE-rich TRLs in nondiabetic human subjects (20), 
suggesting that diabetes increases the levels of APOE-containing 
TRLs and their remnants that are normalized by the Apoc3 ASO. 
Interestingly, the effect of diabetes on APOB plasma levels was 
much less pronounced: the difference reached statistical signifi-
cance only when a peptide present in both APOB100 and APOB48 
was quantified (Figure 4, B and C). This suggests that diabetes did 
not significantly increase the number of APOB100-containing 
lipoprotein particles and that the Apoc3 ASO did not lower these 
particles, also consistent with data in nondiabetic human subjects 
(20). The effects of diabetes on plasma APOA1 (the major protein 
of HDL) were modest (Figure 4D). We also observed no effect of 
diabetes or Apoc3 ASO on HDL levels and function that could 
explain the atheroprotective effects of Apoc3 ASO (see below), 
despite an almost complete loss of APOC3 associated with HDL 
in Apoc3 ASO–treated mice (Supplemental Figure 5). Consistent 
with an insignificant role for HDL relative to TRLs in mediating 
the effect of APOC3, HDL-associated APOC3 was a much weaker 

CAD risk predictor than was serum APOC3 in the human CACTI 
cohort, with a nonsignificant HR of 1.38 (95% CI: 0.93–2.05, P = 
0.11) in the model adjusted for age, diabetes duration, and sex.

Furthermore, in diabetic mice, we observed a modest increase 
in APOA4 and a marked increase in plasma APOC2, a potent acti-
vator of lipoprotein lipase. Antisense inhibition of APOC3 sup-
pressed the increase in APOC2 in the diabetic mice (Figure 4, E 
and F), which was also consistent with human data on nondiabetic 
individuals (20).

Together, these results support the idea that diabetes primarily  
affects TRL metabolism, rather than other lipoproteins, and that 
the impact of Apoc3 ASO on TG levels is mediated in large part by 
reduced levels of APOE-containing TRLs and their remnants in dia-
betic mice, which is consistent with other mouse and human stud-
ies (20, 24, 36). In contrast, HDL containing APOA1 and LDL con-
taining APOB100 were not markedly affected by diabetes or Apoc3 
ASO treatment in our mouse model. The inability of Apoc3 ASO to 
increase HDL might be due to the lack of cholesteryl ester transfer 
protein in rodents (37), as antisense inhibition of APOC3 increases 
HDL levels concomitantly with TG lowering in humans (38, 39).

Apoc3 ASO prevents diabetes-accelerated lesion initiation and 
macrophage accumulation in artery walls. In order to investigate 
whether the effects of Apoc3 ASO on lipids translate to reduced 
atherosclerosis, we quantified atherosclerosis at 2 vascular sites in 

Figure 4. Diabetes results in increased plasma levels of APOE, which are normalized by Apoc3 ASO treatment. Diabetes was induced in female Ldlr–/– GpTg 
mice using LCMV. Saline was used as a control in nondiabetic mice. The mice were maintained for 12 weeks and treated with cASO or Apoc3 ASO. At the end 
of the study, plasma levels of APOE (A), APOB100 (B), APOB48 plus APOB100 (C), APOA1 (D), APOA4 (E), and APOC2 (F) were measured by targeted MS. The 
results are expressed as AU. n = 4–5. *P < 0.05, **P < 0.01, and ***P < 0.001, by 1-way ANOVA followed by Tukey’s multiple comparisons tests.
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Figure 5. Diabetes-accelerated atherosclerosis is prevented by Apoc3 ASO treatment. Female Ldlr–/– GpTg mice were rendered diabetic using LCMV. Saline 
was used as a control in nondiabetic mice. The mice were maintained for 12 weeks. At the onset of diabetes, the mice were switched to a low-fat, semi-
purified diet. Animals were treated twice weekly with 25 mg/kg (i.p. injections) of Apoc3 ASO or cASO starting 2 days after the onset of diabetes. (A and 
D) En face aortic atherosclerosis (n = 15–19). (B and C) Examples of early lesions in the BCA. Inset in B shows Mac-2 staining at magnified 2-fold from the 
image above. The internal elastic lamina is indicated by arrows. (E) Quantification of the maximal lesion area in the BCA (n = 9–11). (F) Mac-2+ lesion area in 
BCA cross sections (n = 7–11). (G) Quantification of APOC3 immunoreactivity in the BCA (n = 3–8). (H) Quantification of APOE immunoreactivity in the BCA 
(n = 6–11). (I) Quantification of APOB immunoreactivity in the BCA (n = 7–11) *P < 0.05, **P < 0.01, and ***P < 0.001, by 1-way ANOVA followed by Tukey’s 
multiple comparisons test. Scale bar: 0.5 cm (A) and 100 μm (B and C).
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SAA1 and SAA2 are prominent acute-phase proteins in mice, 
which have very low levels of C-reactive protein (CRP), the major 
human acute-phase protein (46). Apoc3 ASO modestly increased 
SAA levels in our diabetic mice (Supplemental Figure 6F). We also 
found that peritoneal macrophages from the diabetic mice had 
increased inflammatory activation, consistent with our previous 
studies (40). However, Apoc3 ASO did not significantly lower Tnfa 
or Il1b mRNA levels in peritoneal macrophages of the diabetic mice 
(Supplemental Figure 6, G and H).

Together, these results suggest that the proatherosclerotic 
effects of APOC3 in diabetic mice reflect increased macrophage 
accumulation in the artery wall rather than altered levels of circu-
lating myeloid cells or systemic inflammation.

Apoc3 ASO treatment prevents the accumulation of APOC3, 
APOE, and APOB in artery walls and macrophage foam cell forma-
tion in diabetic mice. Deposition of proatherogenic lipoproteins in 
the artery wall is a key step in atherogenesis (47). We therefore 
asked whether arterial accumulation of APOC3-containing lipo-
proteins is enhanced in diabetic mice. Immunostaining of athero-
sclerotic lesions, using an antibody against APOC3 (Supplemental 
Figure 7), revealed larger amounts of APOC3 in the BCA of dia-
betic mice and complete reversal of this pathology by Apoc3 ASO 
treatment (Figure 5, C and G). Interestingly, APOC3 was detected 
in the arterial media, just below the internal elastic lamina and 
sites of accumulated macrophages, and around macrophages in 
the intima (Figure 5C). Furthermore, immunohistological stain-
ing of adjacent cross sections revealed similar patterns for APOE 
and APOB (Figure 5, C and G–I). Importantly, diabetes resulted in 
increased APOB in the artery wall, without significantly affecting 

all 4 groups of mice (nondiabetic and diabetic mice injected with 
the cASO and nondiabetic and diabetic littermates injected with 
the Apoc3 ASO). Lesions in the aorta, from the arch to the iliac 
artery bifurcation, were analyzed en face and identified as areas 
positive for the lipophilic stain Sudan IV (Figure 5A). Diabetic 
mice had larger lesions in the aorta, as demonstrated previously 
(27, 40). Administration of the Apoc3 ASO completely prevented 
the increase in lesion area in the diabetic mice (Figure 5B). We 
analyzed the lesions in the brachiocephalic artery (BCA) by seri-
al sectioning of the entire BCA and measuring the cross-sectional 
lesion area at the site of maximal extent (27, 41). Like in the aorta, 
we observed that diabetes promoted atherosclerosis in the BCA 
and that this effect was prevented by the Apoc3 ASO (Figure 5, 
C–E). The BCA lesions were early fatty streak lesions consisting 
primarily of macrophages. Diabetes increased macrophage lesion 
areas (measured by Mac-2 IHC), and Apoc3 ASO prevented this 
increase (Figure 5F).

Monocytosis can promote atherosclerosis in nondiabetic and 
diabetic hypercholesterolemic mice (42–44). We therefore quantified 
the levels of circulating leukocyte populations by flow cytometry to 
determine whether the Apoc3 ASO suppressed blood monocyte lev-
els. Neither diabetes nor the Apoc3 ASO altered the numbers of WBC, 
monocytes, Ly6Chi monocytes, or neutrophils (Supplemental Figure 6, 
A–D). Diabetic mice had elevated platelet levels, as re ported in recent 
studies (45), but administration of the Apoc3 ASO had no significant 
effect on platelets in our animals (Supplemental Figure 6E). Altered 
levels of circulating monocytes are therefore unlikely to explain  
the effect of Apoc3 ASO on lesional macrophage accumulation and  
atherosclerosis in this mouse model of diabetes.

Figure 6. Diabetes increases APOC3 levels 
in interstitial fluid concomitant with 
macrophage cholesteryl ester accumula-
tion, both of which are prevented by Apoc3 
ASO. Female Ldlr–/– GpTg mice were rendered 
diabetic using LCMV. Saline was used as a 
control in nondiabetic mice. The mice were 
maintained for 4 weeks. At the onset of 
diabetes, the animals were switched to a 
low-fat, semipurified diet. The mice were 
treated twice weekly with 25 mg/kg (i.p. 
injections) of Apoc3 ASO or cASO starting 2 
days after the onset of diabetes. At the end 
of the study, resident macrophages were 
isolated by peritoneal lavage, and intersti-
tial peritoneal fluid was collected. (A) Total 
cholesterol in macrophages. (B) Cholesteryl 
ester (CE) in macrophages. (C) Cholesterol 
levels in peritoneal fluid. (D) APOC3 levels in 
peritoneal fluid. n = 10–14 (A–D) (2 statistical 
outliers were removed from B: 1 in the ND 
Apoc3 ASO group and 1 in the D cASO group). 
*P < 0.05, **P < 0.01, and ***P < 0.001, by 
1-way ANOVA followed by Tukey’s multiple 
comparisons test.
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(Fig ure 6, A and B). The accumulation of cholesteryl ester in macro-
phages from the diabetic mice probably resulted from increased lev-
els of lipoproteins and remnants containing cholesterol and APOC3 
in the animals’ peritoneal interstitial fluid. These levels decreased 
markedly after Apoc3 ASO treatment (Figure 6, C and D).

Together, these results suggest that the beneficial effects of 
Apoc3 ASO on atherosclerosis in the setting of diabetes are due 
to reduced levels of APOC3-, APOE-, and APOB-containing lipo-
proteins and remnants within the artery wall and a subsequent 
reduction in macrophage foam cells.

plasma APOB100 levels (Figure 4B). These observations suggest 
that APOC3 promotes the trapping of atherogenic lipoproteins — 
probably remnant particles containing APOC3, APOE and APOB 
— in the artery wall.

To further investigate the role of foam cell formation in diabetic  
mice, we harvested peritoneal macrophages and quantified cho-
lesterol and cholesteryl ester levels. Macrophages from the diabetic 
mice had elevated levels of cholesteryl ester, but not total choles-
terol, and cholesteryl ester levels were normalized in macro phages 
har vested from the diabetic mice we treated with the Apoc3 ASO  

Figure 7. Apoc3 ASO treatment reduces necrotic cores in preexisting lesions in diabetic mice. 
Female Ldlr–/– GpTg mice were fed a high-fat diet containing 1.25% cholesterol for 12 weeks, 
switched to chow for 2 weeks, and then injected with LCMV to induce diabetes (D) or with saline 
(ND). Once diabetic, the mice were maintained for 4 weeks on a low-fat, semipurified diet. The 
mice were treated twice weekly with 25 mg/kg (i.p. injections) Apoc3 ASO or cASO starting 2 
days after the onset of diabetes. (A) Blood glucose. (B) Plasma cholesterol. (C) Plasma TGs. (D) 
Plasma APOC3. (E) IHC images of aortic sinus lesions stained with Movat’s pentachrome, Mac-2, 
and APOC3. Arrow indicates the necrotic core. Scale bar: 100 μm. (F) Quantification of aortic 
sinus lesion size at +180 μm (largest lesion) after the appearance of all 3 aortic valve leaflets. 
There were no differences in lesion size at 0 or +90 μm. (G) Quantification of aortic lesion Mac-2 
staining at +180 μm. (H and I) Quantification of APOC3 IHC staining at +180 μm. (J and K) Quan-
tification of aortic lesion necrotic cores at +180 μm. Similar results were observed at +90 μm.  
n = 9–10. *P < 0.05, and ***P < 0.001, by 2-tailed, unpaired Student’s t test.
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gression of lesions into more advanced lesions characterized by 
larger necrotic cores.

Discussion
Our observations indicate that serum levels of APOC3 predict 
incident CAD risk in a cohort of T1DM patients with median TG 
levels in the normal range (<150 mg/dL) independently of LDL-C, 
HDL-C, and multiple other nonlipid risk factors, including diabe-
tes duration and HbA1c. When we adjusted the model for TGs, 
APOC3 was no longer a significant predictor of CAD, probably 
reflecting the strong links between APOC3 and TGs. However, 
adding APOC3 to an analysis that adjusted for TGs, age, sex, and 
diabetes duration significantly improved the fit of the model to the 
data (P value = 0.047). In contrast, adding TGs to an analysis that 
adjusted for APOC3 did not improve the fit of the model. Taken 
together, these observations support the proposal that elevated 
levels of APOC3 are a risk factor for CAD in patients with T1DM 
and that, although APOC3 and TGs are not independent predic-
tors, APOC3 is a stronger predictor of CAD than are TGs in this 
cohort of subjects with T1DM.

Importantly, our mouse studies demonstrated that diabetes 
increases plasma levels of APOC3. Moreover, lowering APOC3 
levels with an ASO against APOC3 markedly reduced athero-
sclerosis in diabetic mice, likely by reducing levels of atherogenic 
lipoproteins containing APOC3, APOE, and APOB. These findings 
raise the possibility that APOC3 could be a therapeutic target in 
humans with T1DM.

What could explain a heightened importance of APOC3 as a 
CAD risk factor in T1DM? Previous mouse studies have failed to 
demonstrate a beneficial effect of APOC3 deficiency on athero-
sclerosis in nondiabetic mice fed an atherogenic diet (48). Our 
findings that plasma APOC3 levels were approximately 2-fold 
higher in diabetic mice than in control mice over a wide range of 
TG levels and that hepatic Apoc3 expression was likewise increased 
in diabetic mice shed light on this question. These results suggest 
that plasma APOC3 levels are elevated not simply because of 
increased retention of TRLs in plasma, but through a mechanism 
tied to the T1DM condition. Hepatic Apoc3 transcription has been 
shown to be increased by elevated glucose levels through the tran-
scription factors HNF-4α and ChREBP in cultured cells (12, 30). 
However, hyperglycemia was not responsible for the elevated 
plasma APOC3 levels in our diabetic mouse models, as we used 
an SGLT2 inhibitor to normalize blood glucose levels and found 
no significant reduction in APOC3 levels. Instead, we found that 
intensive insulin therapy normalized plasma levels of APOC3.

Forced overexpression of FoxO1 has been demonstrated to 
induce hepatic Apoc3 expression (31), and FoxO1 is believed to 
mediate the effects of insulin on Apoc3 expression. However, our 
data using mice deficient in all FoxOs in the liver suggest that 
neither FoxO1, FoxO3, or FoxO4 is required for hepatic Apoc3 
expression. Furthermore, PIXUL-ChIP (49) analyses of Apoc3 
transcriptional regulation in diabetic and insulin-treated diabetic  
mice failed to reveal significant transcriptional regulation of 
Apoc3. Together, these results indicate that the marked increase in 
plasma APOC3 in diabetic mice and the normalization by intense 
insulin treatment are probably mediated by posttranscriptional 
effects and by altered kinetics of plasma APOC3. One possibility 

Apoc3 ASO treatment reduces necrotic core size in diabetic mice 
with preexisting lesions. To investigate whether APOC3 accumula-
tion is also increased in more complex lesions under diabetic con-
ditions, we initiated lesion formation by fat-feeding for 12 weeks 
prior to induction of diabetes (Supplemental Figure 8A). Diabe-
tes was subsequently induced, and the mice were maintained 
on a low-fat diet for an additional 4 weeks (Supplemental Figure 
8A). Diabetes resulted in hyperglycemia and a modest increase 
in plasma cholesterol levels (Supplemental Figure 8, B and C). 
Consistent with our other results, plasma TG levels were 108 ± 11 
mg/dL in nondiabetic mice and 402 ± 87 mg/dL in diabetic mice 
(mean ± SEM; n = 9–10; P = 0.0056), and plasma APOC3 levels 
were 454 ± 37 μg/mL in nondiabetic mice and 1531 ± 162 μg/mL 
in diabetic mice (mean ± SEM; P = 9–10; P < 0.00001). The short 
duration of diabetes did not alter the atherosclerotic lesion size of 
preexisting lesions in the aortic sinus (Supplemental Figure 8, D 
and E). We have previously demonstrated that diabetes results in a 
more severe lesion phenotype of preexisting lesions (28), and con-
sistently, after only 4 weeks of diabetes, the mice had increased 
necrotic core sizes (Supplemental Figure 8, D and G). This lesion 
phenotype was associated with a dramatic increase in lesional 
APOC3 accumulation (Supplemental Figure 8, D and H).

Next, to test whether Apoc3 ASO treatment could prevent 
the progression of advanced lesions characterized by increased 
necrotic cores in diabetic mice, we induced preestablished 
lesions by fat feeding for 12 weeks, followed by induction of dia-
betes and treatment with Apoc3 ASO or cASO. As shown in Fig-
ure 7, A–D, Apoc3 ASO treatment did not alter blood glucose lev-
els, but modestly suppressed plasma cholesterol and markedly  
suppressed TG and plasma APOC3 levels, similar to the results 
of the lesion initiation study (Figure 3). Apoc3 ASO treatment 
did not reduce total lesion size or macrophage accumulation 
as assessed by Mac-2 staining in preexisting lesions (Figures 7, 
E–G). Strikingly, Apoc3 ASO treatment significantly reduced 
lesional APOC3 accumulation and necrotic core size (Figure 7, E 
and H–K), suggesting that inhibition of APOC3 prevents the pro-

Figure 8. Schematic model. Suboptimally controlled diabetes associated 
with relative insulin deficiency increases hepatic APOC3 production and, 
to a larger extent, plasma APOC3 levels. The increased levels of APOC3 pre-
vent clearance of plasma TLRs and their remnant lipoproteins (RLPs). As a 
result, lipoproteins containing APOC3, APOE, and APOB accumulate in the 
artery wall and accelerate macrophage accumulation, foam cell formation, 
atherogenesis, and CAD risk.
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and Tabas (47), which suggests that retention of cholesterol-rich 
lipoproteins in the artery wall provokes a cascade of responses 
that initiate and advance atherosclerosis. Our data further suggest 
that increased arterial retention of APOC3-, APOE-, and APOB- 
containing lipoproteins is responsible for the increased athero-
sclerosis initiation and progression in the setting of diabetes.

Collectively, our observations raise the possibility that 
APOC3 is an important risk factor for atherosclerotic CVD 
in T1DM patients with normal TG levels and that lowering of 
APOC3 levels might reduce the excess risk for CVD observed in 
those individuals.

Methods
CACTI study participants and clinical measurements. The CACTI study 
has been described previously (56). Briefly, 1416 participants (652 
patients with T1DM and 764 nondiabetic subjects), 19–56 years of age, 
have been followed prospectively at the University of Colorado for a 
variety of endpoints, including calcium artery score and CVD events. 
None of the subjects had a known history of CVD, including angina, 
coronary artery bypass grafting, and coronary angioplasty, and all 
patients with T1DM had been diagnosed with T1DM before age 30 or 
had positive autoantibodies or a clinical course consistent with T1DM 
and had been treated with insulin within 1 year of diagnosis. The mean 
duration of diabetes was 23 years at enrollment, and the minimum 
duration was 4 years. After an overnight fast, blood was collected and 
centrifuged, and separated plasma and serum were stored at 4°C until 
the assay. Total cholesterol and TG levels were measured using stan-
dard enzymatic methods. HDL-C was separated using dextran sulfate, 
and LDL-C was calculated using the Friedewald formula. HPLC was 
used to measure HbA1c (Bio-Rad variant).

We designed a case cohort study to test the prespecified hypoth-
esis that elevated serum APOC3 predicts CAD events in subjects with 
T1DM. CAD events were defined as myocardial infarction, coronary 
artery bypass grafting, angioplasty, or CAD death, as reported in the 
patient’s medical record. Events were ascertained through annual sur-
veillance questionnaires sent to all study participants, through med-
ical history questionnaires assessed at all in-person visits, through 
reports of events made by study participants, family members, and 
physicians, and through death records. Death record searches were 
conducted through the Colorado Department of Public Health Vital 
Records Department and the National Death Index (NDI) database. 
Medical records were requested for all events that occurred at a medi-
cal facility. Adjudication of events was performed by blinded analysis 
of those records by a morbidity and mortality committee composed of 
3 physicians. The subcohort consisted of 145 subjects with T1DM ran-
domly selected from the overall CACTI cohort, which included 11 of 
the CAD cases. The cases included 47 subjects with CAD events that 
occurred after baseline blood collection. All T1DM subjects enrolled in 
CACTI who had an adjudicated CAD event were included in the anal-
ysis. All the subjects were free of known CAD at the time of blood col-
lection. One subject of the 181 was on TG-lowering medication (gem-
fibrozil). The clinical characteristics of the 2 groups are listed in Table 
1. The risk for a CAD event was modeled using weighted Cox propor-
tional hazards linear regression. Strata were analyzed for each CAD 
event, with subcohort subjects serving as controls for each stratum 
CAD event that occurred while the subcohort member remained at 
risk for a CAD event (e.g., prior to experiencing a CAD event and pri-

is that insulin reduces plasma APOC3 levels by increasing hepatic 
uptake of remnant lipoproteins through translocation of LDLR- 
related protein 1 (50), a protein involved in APOC3 clearance (23). 
The exact mechanism of insulin suppression of APOC3 in the set-
ting of diabetes will be an interesting area for future studies. We 
have previously shown that intensive insulin therapy prevents  
atherosclerosis in a virus-induced mouse model of T1DM-acceler-
ated atherosclerosis (27), a finding consistent with a role for rela-
tive insulin deficiency in promoting atherosclerosis in T1DM.

Volanesorsen, a human APOC3 antisense drug, effectively 
lowers plasma TG levels in humans with markedly elevated TG 
levels due to lipoprotein lipase deficiency, without lowering LDL 
cholesterol (22). This antisense therapeutic agent also reduces TG 
levels in subjects with T2DM and in subjects with hypertriglycer-
idemia and dyslipidemia (38, 39). A pilot study suggested that 
volanesorsen is also effective in individuals with normal TG levels 
(35). Our findings suggest that elevated levels of APOC3 at least 
partly explains the increased risk of CAD in T1DM patients with 
normal TGs and that an APOC3 ASO might significantly reduce 
APOC3 levels — and perhaps CVD risk — in these patients. In 
future studies, it will be important to investigate the relationship 
between glycemic control, insulin sensitivity, and APOC3 levels in 
both T1DM and T2DM subjects.

What is the mechanism by which increased APOC3 acceler-
ates atherosclerosis in diabetes? We found elevated levels of APOE 
in proteolytic digests of plasma proteins from our diabetic mice, 
strongly suggesting that elevated levels of APOC3 increase levels 
of atherogenic TRL remnant lipoproteins rich in APOE and APOB. 
Consistent with this idea, we found that the elevated APOE levels 
in diabetic mice were normalized by treatment with Apoc3 ASO. 
Previous mechanistic studies demonstrated that APOC3 blocks 
clearance by the liver of lipoproteins containing APOE, perhaps 
by interfering with APOE-mediated hepatic uptake of those lipo-
proteins (51–53). In contrast, we found no evidence that APOC3 
promotes systemic inflammation, nor did we find any evidence of 
increased circulating levels of monocytes in diabetic mice.

Instead, elevated APOC3 likely acts in diabetes by promoting 
the accumulation of atherogenic lipoproteins containing APOC3, 
APOE, and APOB in the artery wall. An attractive hypothesis is 
that lipoprotein remnants containing APOC3, APOE, and APOB 
are trapped in the artery wall, which would in turn increase mono-
cyte recruitment and the accumulation of macrophage foam cells 
in lesions. Our demonstration that APOC3 accumulates in macro-
phage-rich regions of both early and advanced atherosclerotic 
lesions and in medial areas below lesions is consistent with this 
proposal (Figure 8). It is possible that APOC3 enhances the bind-
ing of APOB-containing lipoproteins to extracellular matrix (54, 
55), or that the increased presence of atherogenic lipoprotein rem-
nants in the artery wall is responsible for accelerated atheroscle-
rosis. More research is needed to address whether the atherogenic 
effects are due to direct effects of APOC3 or to atherogenic effects 
of a particular APOC3-containing lipoprotein particle. We also 
found that APOC3 levels increased in the interstitial peritoneal 
fluid of diabetic mice and that peritoneal macrophages of diabetic  
mice had increased levels of cholesteryl ester, the biochemical 
hallmark of macrophage foam cells. Our observations are con-
sistent with the “response-to-retention” hypothesis of Williams 
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At the end of the subsets of experiments, we isolated macrophages 
from the peritoneal cavity using ice-cold PBS plus 5 mM EDTA. The 
macrophages were allowed to adhere for 1 hour before they were har-
vested for either RNA isolation (Nucleospin RNA Plus, Macherey-Nagel) 
or measurements of total cholesterol, free cholesterol, and cholesteryl 
esters (Amplex Red Cholesterol Assay; Thermo Fisher Scientific).

Apoc3 ASO treatment. The mouse-specific Apoc3 ASO 
(5′-CCAGCTTTATTAGGGACAGC-3′) and a cASO (CCTTCCCT-
GAAGGTTCCTCC) were 20-nt 5-10-5 2′-O-methoxyethyl (MOE) 
gapmers, with underlining indicating 2′MOE modified bases, pro-
duced by Ionis Pharmaceuticals (35). The ASOs (25 mg/kg) were 
injected i.p. twice weekly, starting 2 days after the onset of diabetes. 
ASO doses were adjusted every 2 weeks on the basis of body weight. 
The ASOs were well tolerated in the mice.

Analysis of glucose and lipid metabolism. Blood glucose was mea-
sured in saphenous vein blood by stick tests (OneTouch Ultra; Life-
Scan). As the glucometer does not go beyond 600 mg/dL, values 
above that were set to 600 mg/dL. Plasma cholesterol levels were 
determined using the Cholesterol E Kit (Wako Diagnostics), and 
plasma and liver TGs were determined with a colorimetric kit from 
MilliporeSigma. Plasma lipoprotein profiles were analyzed by fast 
protein liquid chromatography (FPLC), as described previously (27). 
Cholesterol and TGs were measured in each fraction. HDL functional 
assays and analysis of HDL particle concentrations were performed 
as described in the Supplemental Methods. To test for hepatotoxicity, 
we measured plasma levels of the liver enzyme ALT with a kit from 
MilliporeSigma (MAK052-1KT). Plasma APOC3 levels were measured 
using an APOC3 ELISA from Abcam (ab217777) and verified using tar-
geted MS (see below).

Quantification of atherosclerosis. The aorta was dissected after in 
situ perfusion with PBS and then fixed in 10% phosphate-buffered for-
malin (MilliporeSigma). Aortae were opened longitudinally (from the 
heart to the iliac bifurcation), and an investigator blinded to the treat-
ment groups quantified the extent of atherosclerosis en face after Sudan 
IV staining, as previously described (27, 40). BCAs and aortic sinuses 
were cross-sectioned and stained with the Movat’s pentachrome stain 
to visualize lesion morphology. The aortic sinus was analyzed at 3 sep-
arate sites beginning at the appearance of all 3 aortic valve leaflets (57). 
Lesional macrophages were visualized by Mac-2 IHC, using a monoclo-
nal rat anti–mouse Mac-2 antibody (1 μg/mL CL8942AP, Cedarlane) 
(28). APOC3 IHC was performed with a rabbit polyclonal APOC3 gen-
erated by Ionis Pharmaceuticals (1:1000 dilution). APOB IHC was per-
formed using a biotinylated goat anti-APOB antibody (BAF3556, R&D 
Systems; at 1:50), and APOE IHC was carried out using a rabbit mono-
clonal antibody (ab183597, Abcam; at 1:2000). Negative isotype con-
trols (or serum controls) of the same concentrations or dilutions were 
used as controls (Supplemental Figure 7).

Flow cytometric analysis of blood leukocytes. Mice were bled from 
the retro-orbital plexus under isoflurane sedation after 12 weeks of 
diabetes. EDTA was used as the anticoagulant. Total leukocytes were 
measured using an automated cell counter for mouse blood samples 
(HEMAVET, Drew Scientific). For flow cytometric analysis, erythro-
cytes were lysed with an ammonium-chloride-potassium buffer and 
discarded, and leukocytes were stained using a fixable viability dye, 
CD45, CD115, and GR1 (clones 30-F11, AFS98, and RB6-8C5, respec-
tively; eBioscience, Thermo Fisher Scientific). Monocytes were iden-
tified as CD115+ cells, and neutrophils were identified as CD115– GR1hi 

or to censoring). The log likelihood ratio test was used to determine a 
change in model fit when TGs and APOC3 were added to the adjusted  
models. The strength of the association was evaluated using HRs.

Mouse models of T1DM-accelerated atherosclerosis. The T cell–
induced LDL receptor–deficient (Ldlr–/–) GpTg mouse model of 
T1DM-accelerated atherosclerosis has been described previously 
(27). These mice express the lymphocytic choriomeningitis virus 
(LCMV) glycoprotein (GP) under control of the insulin promoter, 
allowing reliable induction of diabetes due to CD8+ T cell–mediated 
β cell destruction following LCMV injection. In the current study, 10- 
to 14-week-old female Ldlr–/– GpTg mice on a C57BL/6J background 
were injected with LCMV. Nondiabetic littermates were injected with 
saline. At the onset of diabetes (defined as blood glucose levels >250 
mg/dL) 10 days after LCMV injection, the nondiabetic and diabetic 
mice were fed a low-fat, semipurified diet without added cholesterol, 
as previously described (27). The diabetic mice received s.c. insulin 
pellets (LinShin Canada Inc.) to provide baseline insulin and were 
treated as needed with insulin glargine (Lantus; Sanofi) to prevent 
weight loss and ketonuria. The second mouse model of diabetes- 
accelerated atherosclerosis used in this study was the STZ-treated  
Ldlr–/– model, also described previously (29). Diabetes was induced 
in male Ldlr–/– GpTg mice by i.p. injection of STZ (mixed anomers no. 
S0130, 50 mg/kg; MilliporeSigma) dissolved in freshly made 0.1 M 
sodium citrate buffer (pH 4.5) for 5 consecutive days. Control mice 
were injected with vehicle citrate buffer. Diabetes was defined in 
these mice as described above, and the animals were treated with 
insulin glargine as needed to prevent significant weight loss and 
ketonuria. A subset of the STZ-treated diabetic mice were treated  
with the SGLT2 inhibitor dapagliflozin at 25 mg/kg/day in the 
drinking water to reduce blood glucose levels, based on the method  
described by Nagareddy et al. (42). Water intake was measured ini-
tially to verify dosing. To test the effect of an intense insulin regimen 
on plasma APOC3 levels, we injected female Ldlr–/– GpTg mice with 
LCMV to induce diabetes. At the onset of diabetes, the mice were 
allocated to either the conventional treatment (see above) or to an 
intense insulin treatment group. For intense treatment, the mice 
received insulin via pellets as well as 3 daily injections (7–10 hours 
apart) of insulin glargine, with the goal of keeping the mice normo-
glycemic (<200 mg/dL) for 9 days. The mice were euthanized in the 
morning, 10 hours after their last insulin injection. Another group of 
mice were rendered diabetic with LCMV and maintained for 10 days, 
and a subset of mice received an acute injection of insulin 30 min-
utes prior to euthanasia (0.2–0.3 U/ mouse). Prior to the acute injec-
tion, blood glucose and plasma APOC3 levels were similar between 
the 2 diabetic groups and were elevated compared with the levels in 
the nondiabetic mice. For both the SGLT2 inhibitor administration 
and intense insulin experiment, mice were randomized to treatment 
groups according to similarities of initial blood glucose levels.

To study atherosclerotic lesion initiation, mice were rendered dia-
betic and maintained for 12 weeks on a low-fat, semipurified diet (27, 
40). For studies of preexisting lesions, mice were first fed a high-fat, 
semipurified diet (40% calories from fat, 1.25% cholesterol) (27, 28) 
for 12 weeks and were then switched to normal mouse chow (to reduce 
plasma cholesterol) and then injected with LCMV to induce diabetes. 
Once diabetes had developed, the mice were fed the low-fat, semi-
purified diet and maintained on this regimen for an additional 4 weeks 
(Supplemental Figure 8A).
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dried peptide digests were reconstituted in 0.1% formic acid, serum 
peptide digests (equivalent to 0.2 μg protein) were desalted on a C18 
trap column (0.1 × 40 mm) packed in-house with Magic C-18 reverse-
phase resin (5 μm; 100 Å; Michrom Bioresources) for 8 minutes at 2.5 
μL/min in 99% solvent A, and then separated using a C-18 analytical 
column (0.1 × 150 mm) packed in-house with Magic C-18 reverse-
phase resin (5 μm; 100 Å; Michrom Bioresources) with uncoated 
SilicaTip Emitters (20 μm ID, 10-μm tip ID; New Objective). The 
column was kept at 50°C and the peptides were eluted from the trap 
column onto the analytical column at a flow rate of 0.6 μL/min and 
separated using the following multistep gradient: 1%–7% solvent B 
in 1 minute; 7%–25% solvent B in 27 minutes; and 25%–35% solvent 
B in 8 minutes. The column was subsequently washed for 3 minutes 
at 80% solvent B and reequilibrated at 99% solvent A for 12 minutes. 
Peptide digests were analyzed with an ultra–high-resolution accurate 
mass Orbitrap Fusion Lumos Tribrid Mass Spectrometer (Thermo  
Fisher Scientific). The mass spectrometer was operated in data- 
independent acquisition PRM mode. A full-scan MS survey (from 
m/z 350–1800) was acquired in the Orbitrap at a resolution of 
120,000 at 400 m/z. A targeted list of precursor ions with charge 
state 2 or 3 were isolated and fragmented using higher-energy  
collisional dissociation fragmentation with 30% collision energy 
with a stepped collision energy of 5%, and detected at a mass resolu-
tion of 15,000 at 400 m/z with a maximum injection time of 20 ms 
and an automated gain control target of 10,000.

Targeted proteomics data analysis of human serum. Two peptides 
of APOC3 were selected for quantitative analysis by PRM (59). The 
MS data were analyzed with the open-source program Skyline (60) to 
determine the total peak area of all the transitions detected for each 
peptide. The relative levels of each peptide were calculated by the ratio 
of the total peak area of all the transitions for each peptide to the total 
peak area of all the transitions for [15N]THLAPYSDELR (the internal 
standard peptide derived from [15N]APOA1) (59). To calculate the rel-
ative levels of the peptide between the cohort and CAD groups, we set 
the average ratio of the peptide in control subjects to an arbitrary unit 
of 1. To obtain the relative levels of APOC3, the relative levels of the 2 
peptides from the protein were averaged.

Mouse plasma targeted proteomics analysis. The abundance of 
the selected mouse plasma proteins was quantified by MS using 
targeted proteomics. Recombinant mouse APOC3 was used as a 
standard for mouse APOC3 plasma analysis. Tryptic digests were 
desalted on a C18 trapping column (Reprosil-Pur 120 C18-AQ, 5 
μm, 0.1 × 40 mm, Dr. Maisch HPLC GmbH) (trapping flow rate: 
4 μL/min) and separated on a capillary analytical column (Repro-
sil-Pur 120 C18-AQ, 5 μm, 250 × 0.075 mm, Dr. Maisch HPLC 
GmbH) with a 30-minute linear gradient of acetonitrile and 0.1% 
formic acid (7%–35%) in 0.1% formic acid in water at a flow rate 
of 0.4 μL/min using a nanoACQUITY UPLC (Waters). Analysis 
by MS was done on either a Thermo TSQ Vantage (Thermo Fisher 
Scientific) triple-quadrupole mass spectrometer in SRM mode or a 
Thermo Orbitrap Fusion in PRM mode. For the SRM analysis, the 
instrument was operated with a 10-ms dwell time, and the selected  
transitions for the peptide of interest were monitored with col-
lision energies optimized to maximize the signal. For the PRM 
analysis, the instrument was operated in the targeted mode with 
2 Thompson (Th) precursor selection in the quadrupole analyzer 
and in MS/MS mode with higher-energy collisional dissociation 

cells. All analyses were performed with live, single, CD45+ cells. The 
monocytes were further divided into GRhi (Ly6Chi) and GR1lo (Ly6Clo)  
subpopulations. The cells were analyzed on a BD FACS RUO Flow 
Cytometer (BD Biosciences). Flow cytometric analysis was normal-
ized to total WBC counts and expressed as cells/mL blood, with the 
assumption that all WBC were CD45+.

Real-time PCR. Gene expression in liver, intestine, and resident 
peritoneal macrophages was quantified by real-time PCR. RNA iso-
lation and the real-time PCR protocol were performed as described 
previously (40). Briefly, RNA was isolated using QIAGEN RNeasy or 
Macherey-Nagel Nucleospin RNA kits according to the manufactur-
ers’ protocols. RNA samples were treated with DNase1 (1 μg/sample; 
Thermo Fisher Scientific) to remove traces of DNA. Real-time PCR 
was performed using the SYBR Green 1 detection method (Thermo 
Fisher Scientific). Ct values were normalized to Rn18s and presented 
as the fold change versus the control. Primer sequences are available 
in the supplemental materials.

Analysis by liquid chromatography–electrospray ionization tandem 
MS of serum, plasma, and HDL-associated proteins. Liquid chromatog-
raphy–electrospray ionization targeted tandem MS (LC-ESI–MS/MS) 
analysis was used to determine selected proteins in human serum, 
mouse plasma, and human and mouse HDL, as described below and 
in the Supplemental Methods.

Digestion of human serum. In a digestion plate, 5 μL serum was  
diluted in 245 μL of 25 mM NH4HCO3. An aliquot of 10 μL diluted 
serum (equivalent to 0.2 μL serum and ~14 μg protein) was placed into 
a new digestion plate. Following the addition of freshly prepared methi-
onine (5 mM final concentration) in 20% acetonitrile and 100 mM 
NH4HCO3, serum proteins (~14 μg) were reduced with dithiothreitol 
and then alkylated with iodoacetamide. After adding 0.2 μg isotope- 
labeled [15N]APOA1 (as the internal standard), the serum was incu-
bated at 37°C with 50:1 (w/w, proteins/enzyme) of sequencing-grade 
modified trypsin (Promega) for 4 hours. A second aliquot of trypsin 
(1:25 final, w/w, enzyme/proteins) was added, and the samples were 
incubated overnight at 37°C. Digestion was halted by acidifying the 
reaction mixture (pH 2–3) with trifluoroacetic acid, and the samples 
were dried and stored at –80°C until MS analysis.

Mouse plasma digestion. Plasma digestion was performed as fol-
lows: 3 μL plasma was diluted 20 times in 100 mM NH4HCO3, and 
10 μL diluted plasma was diluted to 50 μL with 0.625% sodium 
deoxycholate (SDC) in 100 mM NH4HCO3 and spiked with 0.05 μg 
15N-APOA1, followed by reduction with DTT (30 minutes at 60°C) 
and then alkylation with iodoacetamide (IAA) (45 minutes at room 
temperature in the dark). Excess IAA was quenched with additional 
DTT, and the sample was digested with 3 μg sequencing-grade tryp-
sin (Promega; ~1:10 w/w to plasma proteins). SDC was precipitated by 
addition of 5 μL 20% trifluoroacetic acid, and the precipitates were 
spun down. Sixty microliters was transferred into a PCR plate and fro-
zen at –20°C until analysis.

Quantification of human serum APOC3 by parallel reaction moni-
toring with 15N-labeled APOA1. To quantitatively measure the relative 
levels of APOC3 in serum, we used targeted proteomics with paral-
lel reaction monitoring (PRM), which quantifies multiple proteins as 
accurately as selected reaction monitoring (SRM) and biochemical 
approaches (58). A nanoACQUITY UPLC (Waters) was used for the 
separation, with a linear gradient of 0.1% formic acid in water (sol-
vent A) and 0.1% formic acid in acetonitrile (solvent B). After the 
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significance after adjusting for multiple testing of the many bio-
markers analyzed (61).
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