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Abstract

Background: To optimize treatment and prevent cardiovascular disease in subjects with type 1
diabetes, it is important to determine how cholesterol metabolism changes with type 1 diabetes.
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Objective: To compare plasma levels of campesterol and p-sitosterol, markers of cholesterol
absorption, as well as lathosterol, a marker of cholesterol synthesis, in youth with and without type
1 diabetes.

Methods: Serum samples were obtained from adolescent subjects with type 1 diabetes [n= 175,
mean age 15.2 years, mean duration of diabetes 8.2 years] and without diabetes [n=74, mean age
15.4 years]. Campesterol, B-sitosterol, and lathosterol, were measured using targeted liquid
chromatography tandem mass spectrometry, normalized to the control serum mean, and expressed
in arbitrary units. The markers were then compared between groups and correlated with the
available cardiometabolic variables.

Results: Campesterol and B-sitosterol levels were 30% higher in subjects with type 1 diabetes
and positively correlated with hemoglobin Alc levels. In contrast, lathosterol levels were 20%
lower in subjects with type 1 diabetes and positively correlated with triglycerides, body mass
index, and systolic blood pressure.

Conclusion: Plasma markers suggest that cholesterol absorption is increased whereas
cholesterol synthesis is decreased in type 1 diabetes. Further studies to address the impact of these
changes on the relative efficacy of cholesterol absorption and synthesis inhibitors in subjects with
type 1 diabetes are urgently needed.

Keywords

cholesterol metabolism; dyslipidemia; cholesterol-lowering therapy; cardiovascular disease risk;
youth; type 1 diabetes

Introduction

The risk of cardiovascular disease (CVD) in subjects with type 1 diabetes (T1D) remains
exceedingly high, up to 30-fold higher than in those without diabetes in some populations?,
despite the numerous recent advancements in therapy?2. Furthermore, lifespan is
compromised by 11-13 years in subjects with T1D compared to non-diabetic subjects, with
CVD as the main cause of this discrepancy34. Therefore, an important goal of treatment for
T1D subjects is the prevention of CVD.

The Diabetes Control and Complications Trial/Epidemiology of Diabetes Interventions and
Complications (DCCT/EDIC) trial showed conclusively that intensive insulin treatment
lowers cardiovascular risk®, and, indeed, subjects with good glycemic control show lipid
profiles comparable to controls®:”. However, most T1D subjects do not achieve their
glycemic target!, and poor control is associated with high rates of dyslipidemia, including
elevated total cholesterol (TC), LDL-cholesterol (LDL-C), non-HDL cholesterol, and ApoB
levels®-12. Thus, lipid-lowering drugs can become very important. Indeed, up to 30% of the
excess cardiovascular death associated with poor control may be secondary to high
cholesterol levels?3,

Cholesterol synthesis inhibitors (statin drugs) have generally been found to be much more
effective in lipid-lowering than cholesterol absorption inhibitors (such as ezetimibe): thus,
statins reduced LDL-C levels by 32-38% in non-diabetic and type 2 diabetic subjects,
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whereas ezetimibe only reduced LDL-C by 15-19%4-16, Similarly, both adults and
adolescents with hypercholesterolemia showed a 35-50% reduction in LDL-C with statins,
but a 19-42% reduction with ezetimibel’-21,

Large studies comparing the effectiveness of statins versus ezetimibe in T1D are lacking.
T1D subjects appeared to respond to statins, as they showed the same reduction in CVD for
a given reduction in LDL as type 2 diabetic subjects?2. However, a direct comparison of the
two drugs in a small cohort of patients showed ezetimibe to be more effective than
atorvastatin in lowering LDL-C in T1D subjects (32% vs 19% reduction, respectively)Z3.

These studies point to potential differences in efficacy of different lipid-lowering drugs in
T1D subjects. In this regard, it is important to consider the possibility that subjects with T1D
may have unique changes in cholesterol metabolism that alter the relative effectiveness of
different drugs. Rodent models of T1D show increased cholesterol absorption but decreased
cholesterol synthesis?4-29, Consistent with this, intensive insulin treatment lowers
cholesterol absorption in T1D subjects30. Moreover, several excellent studies have found
increased cholesterol absorption and decreased cholesterol synthesis in T1D patients30-33,
However, limitations in sample size have precluded their generalizability.

Here, we measured markers of cholesterol synthesis and absorption in a large cohort of
adolescent subjects with T1D and similar-aged controls34. The use of an adolescent cohort
enabled us to avoid the confounding effects of lipid-lowering drugs, as this population is
largely drug-naive.

Study Population

As previously described34, the study population consisted of individuals with T1D and
individuals in the Denver area with no chronic disease who participated in a study of
cardiovascular risk factors at the Barbara Davis Center for Childhood Diabetes. All subjects
were 12-20 years of age. Individuals with T1D (diagnosed by the presence of islet cell
antibodies or provider clinical diagnosis), had diabetes duration > 5 years. For the current
study, all subjects (n=252) with plasma samples and data available for fasting metabolic
measurements and lipid parameters were included. Subjects who reported taking statin
medications at the time of the study (n=3) were excluded from the analyses since these
medications have been shown to increase cholesterol synthesis3®. The study was approved
by the Colorado Multiple Institution Review Board, and informed consent and assent (for
subjects <18 years of age) were obtained in all subjects prior to participation in the study.

Anthropometric Measures and Laboratory Assays

Anthropometric measures were obtained during study visits, including height to the nearest
0.1 cm, and weight to the nearest 0.1 kg using a Detecto scale (Detecto, Webb City,
Missouri). Subjects fasted for at least 8 hours prior to the study visit. Hemoglobin Alc
(HbA1c) was measured on the DCA Vantage (Siemens, Princeton, New Jersey) at the
Children’s Hospital Colorado lab. Lipid parameters, including total cholesterol, high-density
lipoprotein cholesterol (HDL-C), and triglycerides (TG), were obtained in the Clinical
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Translational Research Core lab using a Beckman Coulter AU system (Beckman Coulter
Inc, Brea, CA). LDL-C was calculated using the Friedwald formula (no subjects showed TG
>400mg/dL). High-sensitivity C-reactive protein (Hs-CRP) was measured at the Children’s
Hospital Colorado lab using a multiplex assay platform Siemens BNII Nephelometer
(Siemens, Princeton, New Jersey).

Sample preparation and mass spectrometry analysis

Sterols were extracted from serum and derivatized to picolinyl esters as previously
described8. Dried sterol derivatives were reconstituted in acetonitrile and analyzed using a
targeted liquid chromatography tandem mass spectrometry method operated on an Agilent
1290 U-HPLC coupled to Agilent 6495 triple quadrupole mass spectrometer. Briefly,
samples (10 pL) were injected onto a Hypersil GOLD column (150x 2.1 mm, 3um, Thermo
Electron) that was eluted at flow rate of 300 pL/min with acetonitrile/methanol/ water
(40/40/20, viviv) with 0.1% acetic acid (mobile phase A) for 0.5 minutes followed by a
linear gradient to acetonitrile/methanol/water (45/45/10, v/viv) with 0.1% acetic acid
(mobile phase B) over 19.5 minutes and held for 21 minutes. Mass spectra were acquired
using electrospray ionization in the positive ion mode and using dynamic multiple reaction
monitoring scanning. Collision energies and precursor-to-product ion transitions were
determined using derivatized authentic reference standards. Mass spectrometer setting were:
3.5 kV, ionization voltage; 200°C, gas temperature; 14 L/min, gas flow; 40 psi, nebulizer
pressure; 325°C, sheath gas temperature; 11 L/min, sheath gas flow; 0.5kV, nozzle voltage;
150, high pressure RF; 90, low pressure RF. Peak integration was performed using Agilent
MassHunter software (Agilent, G3336AA); the area under the curve was normalized to a
standardized pooled serum sample and values were reported as arbitrary units (A.U.).

Biostatistical analysis

Results

Values are reported as mean + standard deviation (range) or number (% from total). Sterol
values were normalized to the control mean value. Bivariate Spearman correlations were
calculated between cholesterol absorption and synthesis markers and potential covariates
(HbALlc, fasting glucose, C-peptide, BMI, Hs-CRP, TG, TC, LDL-C, HDL-C, systolic and
diastolic blood pressure). Significance was determined using Student’s t-test, Fisher’s exact
test, or two-way ANOVA. P-value lower than 0.05 was considered significant for all
analyses; n=249 total, 74 controls, 175 T1D for all measurements, except for HbAlc (n=246
total, 71 controls), C-peptide and Hs-CRP (n=248 total, 73 controls).

Demographic, anthropometric, and cardiovascular risk factors by study group.

There were no statistically-significant differences by age, sex, BMI, Hs-CRP, and tobacco
use between the groups. As expected, HbAlc (p<0.001) and fasting plasma glucose levels
(p<0.001) were significantly higher, and C-peptide levels were significantly lower (p<0.001)
in T1D subjects. TG levels were similar between controls and T1D subjects. In contrast, TC
(p<0.01), LDL-C (p<0.05), HDL-C (p<0.05), systolic blood pressure (SBP, p<0.001) and
diastolic blood pressure (DBP, p<0.001) were significantly higher in T1D subjects (Table 1).
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Cholesterol absorption and synthesis markers.

The serum levels of campesterol and p-sitosterol (cholesterol absorption markers), were
30% higher in T1D subjects compared to controls (p<0.001, Table 1 and Figure 1). In
contrast, the serum levels of lathosterol (cholesterol synthesis marker) were 20% lower in
T1D subjects compared to controls. These markers also differed significantly when
comparing T1D to controls for male and for female subjects separately (p<0.05), but not
when comparing male and female subjects within the T1D and control groups (p>0.05)
(Supplemental Figure 1).

In the complete cohort, serum levels of campesterol and B-sitosterol correlated positively
with HbAlc and fasting glucose, and negatively with C-peptide. With regard to plasma
lipids, campesterol and p-sitosterol were positively associated with TC, LDL-C, and HDL-
C. Both markers were negatively associated with BMI, while p-sitosterol was negatively
associated with SBP. When the T1D and control subjects were analyzed separately, the
association with HbAlc remained significant in T1D subjects only. However, the
associations with TC, LDL-C, and HDL-C remained significant in both groups. A
significant negative association with Hs-CRP emerged for both campesterol and B-sitosterol
in the control group only (Table 2).

Serum levels of lathosterol correlated negatively with HbAlc and positively with C-peptide.
Lathosterol was positively correlated with Hs-CRP, particularly in the controls; SBP and
BMI in all subjects; and DBP in T1D subjects. For the lipids, lathosterol was not correlated
with HDL-C, but was positively correlated with TG. On the other hand, lathosterol, like
campesterol and p-sitosterol, was positively correlated with TC and LDL-C in all subjects
(Table 3).

Discussion

In a cohort of 175 T1D and 74 control subjects, we find that T1D is associated with higher
campesterol and p-sitosterol and lower lathosterol. While campesterol, B-sitosterol, and
lathosterol are all associated with TC and LDL-C levels in the complete cohort, campesterol
and B-sitosterol are positively correlated with HbAlc and fasting glucose levels, and
lathosterol is positively correlated with C-peptide, TG, BMI, SBP, and DBP. Moreover, Hs-
CRP is negatively associated with campesterol and B-sitosterol in controls, but positively
associated with lathosterol.

These findings extend previous studies to a larger, younger cohort3°, and confirm a positive
correlation between markers of cholesterol synthesis with TG, BMI, SBP, and DBP33:37:38,
In addition, they document a positive correlation between markers of cholesterol absorption
and HbA1c not observed in previous studies3940, perhaps because of the inclusion of
subjects treated with medications that could interfere with cholesterol absorption#1:42,

An important limitation of the present study is the use of serum markers of cholesterol
synthesis and absorption rather than direct measurements with isotope tracers. Increases in
dietary plant sterol content or reduced biliary sterol secretion could increase plasma f-
sitosterol and campesterol levels, independently of intestinal absorption. In addition, p-
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sitosterol and campesterol are associated with HDL3; therefore, their increased abundance
in T1D subjects could be due, to some degree, to their increased HDL levels. Nonetheless,
serum markers correlate well with direct synthesis and absorption measurements#3-47, which
were not practical in a cohort of this size.

These data raise the possibility that drugs that reduce cholesterol absorption may be
relatively more effective in T1D subjects than non-diabetic and T2D subjects4-16. Thus,
additional, large-scale studies in T1D subjects, comparing the effectiveness of cholesterol
absorption inhibitors versus cholesterol synthesis inhibitors in lowering TC and LDL-C, as
well as CVD risk, are urgently needed?8.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. Cholesterol absorption markers are increased in type 1 diabetes
. Cholesterol synthesis markers are decreased in type 1 diabetes
. Cholesterol absorption markers correlate with HbAl1c in type 1 diabetes

. Cholesterol synthesis markers correlate with BMI, TG, and BP in type 1
diabetes
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Figure 1.

Abundance of markers of cholesterol absorption (A, B) and synthesis (C) in T1D subjects
and non-diabetic controls. Values are presented as mean + SD; *p-value based on t-tests.
A.U., arbitrary units.
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Demographics and clinical parameters of subjects with T1D and non-diabetic controls. Values are presented as
mean + SD (range) or n (%).

Control (n=74) T1D (n=175) p-value®
Age (yrs) 15.4 + 2.2 (12.0 - 20.0) 15.2 +2.2 (12.0 - 19.4) 0.547
Sex (%female) 42 F/ 32 M (56.8%) 99 F/ 76 M (56.6%) 1.000
Tobacco Use Now 6 (8.1%) 12 (6.9%) 0.790
HbAlc (%) 53+0.3(4.6-5.9) 9.0+1.6 (5.8-14.0) <0.001
Fasting glucose (mg/dL) 82+7(64 - 99) 185 + 80 (40 - 451) <0.001
C-peptide (ng/mL) 1.7+06(0.1-3.3) 0.1+01(0.1-13) <0.001
BMI (kg/m?) 21.8+4.2(13.8-33.5) 22.4+3.4 (153 -35.3) 0.259
Hs-CRP (mg/dL) 0.9 +1.4 (0.0 - 6.4) 1.3+2.3(0.1-22.0) 0.084
TG (mg/dL) 83.5+41.5(34.0-235.0) | 86.8+50.5(28.0-333.0) 0.586
TC (mg/dL) 147.7 +28.0 (96.0 - 235.0) | 159.4 +34.8 (89.0 -347.0) | 0.006
LDL-C (mg/dL) 82.4 22,9 (43.0 - 168.0) | 89.9 +27.8 (42.0 - 250.0) 0.028
HDL-C (mg/dL) 48.6 +9.3 (28.0 - 74.0) 52.1 +10.6 (30.0 - 81.0) 0.010
SBP (mmHg) 109.0 +8.5 (89.0 - 129.0) | 113.1+8.5(93.0-137.0) | <0.001
DBP (mmHg) 64.3 + 6.1 (49.0 - 79.0) 69.0 + 6.5 (50.0 — 89.0) <0.001
Campesterol (A.U.) 1.00 +0.35 (0.41 - 1.95) 1.31+0.41 (0.47 - 2.60) <0.001
B-Sitosterol (A.U.) 1.00 + 0.36 (0.39 — 2.25) 1.29 + 0.44 (0.50 - 2.72) <0.001
Lathosterol (A.U.) 1.00 +0.51 (0.32 - 2.52) 0.79£0.38 (0.26 — 2.77) 0.001

*
p-value based on t-tests or Fisher’s exact test. Boldface type highlights statistical significance with p<0.05.
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Table 2.

Spearman correlation coefficients (p-value) for the markers of cholesterol absorption and clinical parameters
in subjects with T1D and non-diabetic controls. Boldface type highlights statistical significance with p<0.05;
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asterisk indicates statistically-significant difference between controls and T1D subjects.

Campesterol B-Sitosterol

All (n=249) Control (n=74) | T1D (n=175) All (n=249) Control (n=74) | T1D (n=175)
HbA1c (%) 0.41 (<0.001) 0.11(0.379) | 0.25 (0.001)* 0.35 (<0.001) 0.06 (0.636) | 0.20 (0.007)*
Fasting glucose (mg/dL) | 0.2 (0.002) -0.04(0.742) | -0.03 (0.668) 0.18 (0.005) -0.14 (0.233) | -0.03 (0.680)
C-peptide (ng/mL) -0.35(<0.001) | -0.21(0.080) | 0.06 (0.414) -0.32(<0.001) | -0.24 (0.040)* | 0.01(0.889)
BMI (kg/m?) -0.18 (0.005) | -0.36(0.002) | -0.15 (0.049) -0.22 (<0.001) | -0.41(<0.001) | -0.18 (0.020)
Hs-CRP (mg/dL) -0.04 (0.539) | -0.24(0.044)* | -0.04 (0.582) -0.05 (0.420) | -0.26 (0.026)* | -0.04 (0.628)
TG (mg/dL) -0.004 (0.951) | -0.12(0.294) | 0.06 (0.467) 0.01 (0.831) -0.11(0.329) | 0.07 (0.363)
TC (mg/dL) 0.37 (<0.001) 0.33(0.004) | 0.33(<0.001) 0.38 (<0.001) 0.31(0.007) | 0.36 (<0.001)
LDL-C (mg/dL) 0.33 (<0.001) 0.37 (0.001) | 0.28 (<0.001) 0.33 (<0.001) 0.31(0.007) | 0.30 (<0.001)
HDL-C (mg/dL) 0.26 (<0.001) 0.26 (0.023) 0.2 (0.008) 0.28 (<0.001) 0.28 (0.014) 0.24 (0.002)
SBP (mmHg) -0.11(0.085) | -0.23(0.050) | -0.17 (0.022) -0.14 (0.022) | -0.30(0.009) | -0.19(0.014)
DBP (mmHg) 0.08 (0.184) -0.10 (0.404) | 0.01(0.847) 0.04 (0.549) -0.14 (0.232) | -0.02 (0.760)
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Spearman correlation coefficients (p-value) for the marker of cholesterol synthesis and clinical parameters in
subjects with T1D and non-diabetic controls. Boldface type highlights statistical significance with p<0.05;

asterisk indicates statistically-significant difference between controls and T1D subjects.

Lathosterol

All (n=249) Control (n=74) | T1D (n=175)
HbALc (%) -0.13(0.046) | -0.17(0.149) | 0.10(0.188)
Fasting glucose (mg/dL) | —0.04 (0.581) 0.16 (0.162) 0.11 (0.143)
C-peptide (ng/mL) 0.22 (<0.001) | 0.34(0.003)* | -0.03 (0.666)
BMI (kg/m?) 0.36 (<0.001) | 0.58(<0.001) | 0.31(<0.001)
Hs-CRP (mg/dL) 0.18 (0.004) | 0.61(<0.001)* | 0.05 (0.525)
TG (mg/dL) 0.39 (<0.001) | 0.56 (<0.001) | 0.35(<0.001)
TC (mg/dL) 0.28 (<0.001) | 0.46 (<0.001) | 0.29 (<0.001)
LDL-C (mg/dL) 0.23(<0.001) | 0.30(0.008) | 0.27 (<0.001)
HDL-C (mg/dL) -0.03(0.608) | 0.08(0.492) | -0.04 (0.630)
SBP (mmHg) 0.25(<0.001) | 0.34(0.003) | 0.30(<0.001)
DBP (mmHg) 0.12 (0.057) 0.21 (0.077) 0.21 (0.006)
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