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Abstract Background and aims: Plasma apolipoprotein C3 (ApoC3) is associated with higher
plasma triglyceride and type 2 diabetes incidence. We evaluated whether body mass index
(BMI) or glucose metabolism were associated with ApoC3 in healthy monozygotic (MZ) twins.
Methods and Results: Forty-seven MZ twin-pairs (20 man, 27 women), aged 23e42 years, were
divided in subgroups according to discordance or concordance for (a) BMI (within-pair difference
(D) in BMI�3.0 or<3.0 kg/m2), or (b) 2-h glucose iAUC, during oral glucose tolerance test (DGlu-
cose iAUC �97.5 or<97.5 mmol � 120 minutes). Within these discordant or concordant sub-
groups, we tested (Wilcoxon signed-rank test) co-twin differences in ApoC3, adiposity
measures, insulin-resistance and beta-cell function indices, and plasma and lipoprotein lipids.

In BMI-Discordant (pZ 0.92) or BMI-Concordant (pZ 0.99) subgroups, ApoC3 did not differ be-
tween leaner and heavier co-twins. In the GlucoseeDiscordant subgroup, ApoC3 was significantly
higher in twins with higher Glucose iAUC than in their co-twins with the lower Glucose iAUC
(10.03 � 0.78 vs. 8.48 � 0.52 mg/dl; M � SE; p Z 0.032). Co-twins with higher Glucose iAUC also
had higher waist circumference, body fat percentage, liver fat content, worse insulin-sensitivity
and beta-cell function and higher cholesterol and triglyceride in plasma VLDL, IDL, and LDL. In
GlucoseeConcordant twin-pairs, no significant differences were observed in the explored variables.
In all twin-pairs, DApoC3 correlated with D in lipids and glucose metabolism variables, the closest
relationship being between DApoC3 and DVLDL triglyceride (rZ 0.74, p < 0.0001).
Conclusions: WhileApoC3wasnot related to acquireddifferences in BMI, it associatedwithearly dys-
regulation of glucose metabolism independently of obesity and genetic background.
ª 2019PublishedbyElsevier B.V. on behalf of The ItalianSocietyofDiabetology, the Italian Society for
the Study of Atherosclerosis, the Italian Society of Human Nutrition, and the Department of Clinical
Medicine and Surgery, Federico II University.
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Introduction

Apolipoprotein C3 (ApoC3) is a key modulator of plasma
triglyceride concentrations and a risk factor for cardio
vascular disease (CVD) [1]. It is well established that ApoC3
is a main regulator of triglyceride rich lipoproteins (TRL)
lipolysis. ApoC3 is an inhibitor of lipoprotein lipase activity
[2] and it may impair hepatic TRLs remnant removal [3]. In
a recent trial [4], the inhibition of ApoC3 synthesis by a
nonsense oligonucleotide dramatically reduced plasma
triglycerides in patients with type 2 diabetes (T2D). This
study confirmed the pivotal role of ApoC3 in triglyceride
metabolism, but, unexpectedly, also showed that ApoC3
inhibition improved insulin resistance and other markers
of glycemic control.

In recent longitudinal studies, increased ApoC3 plasma
levels were associated with a higher incidence of T2D
independently of plasma triglyceride levels and other
confounding factors [5e7].

These data would suggest that the regulation of
ApoC3 expression may be a link in the crosstalk between
glucose and lipid metabolism. Actually, in vitro and ani-
mal studies showed that ApoC3 stimulates pancreatic b-
cell apoptosis [8], and induces islet insulin resistance [9].
Moreover, in rat and human hepatocytes, elevated
glucose levels induce expression of ApoC3 via activation
of carbohydrate response elementebinding protein
(ChREBP) and hepatic nuclear factor-4a (HNF4a) [10]. On
the other hand, insulin downregulates ApoC3 expression
in rat hepatocyte by promoting phosphorylation of the
nuclear transcription factor Forkhead box O1 (FOXO1)
[11]. Thus, glucose and insulin seem to have opposite
actions on ApoC3 expression. However, the balance be-
tween glucose and insulin actions on ApoC3 may be
more complex in insulin resistance and further studies in
humans are needed.

Obesity is associated with disturbances of glucose and
lipid metabolism related to hyperinsulinemia. It should be
recognized that obesity, as well as its associated meta-
bolic derangements, are highly heritable [12e16]. Mono-
zygotic twins (MZ) represent a unique experimental
setting to dissect possible factors influencing lipid meta-
bolism independently of genetic background. Phenotypi-
cally discordant MZ twin pairs are of special interest as
the two persons with extremes of the phenotype do not
differ in their genomic sequence. Therefore, although the
possibility remains of somatic mutations, hypervariable
gene regions or differences in copy-number variations,
the variability in the phenotype is essentially accounted
for by environmental factors or geneeenvironment
interaction.

The aim of our study was to evaluate the role of ac-
quired obesity and associated glucose derangement in
lipid metabolism with a specific focus on ApoC3 expres-
sion. We utilized a MZ twin pair design, excluding those
with diabetes, as a method to exclude the impact of ge-
netic background.
Please cite this article as: Bozzetto L et al., A higher glycemic respons
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Methods

Subjects

This study consisted of 47 MZ twin pairs (20 male 27 fe-
male), aged 23e42 years, recruited from population-based
FinnTwin16 and FinnTwin12 cohorts (n Z 5147) [17]. All
pairs were Europeans of Finnish ancestry. All subjects were
healthy and did not take any regularmedications. The study
protocols were approved by the ethical committees of the
Hospital District of Helsinki and Uusimaa, Finland. Written
informed consent was obtained for all participants.

BMI discordant and concordant pairs

Within-pair differences (D) in BMI were calculated by sub-
tracting the leaner cotwin’s value from the heavier cotwin’s
value. Thirty twin pairs were defined as discordant for BMI
as DBMI was �3 kg/m2, while the remaining 17 pairs were
concordant (DBMI < 3 kg/m2), as previously described [18].

Glucose iAUC discordant and concordant pairs

DGlucose iAUC was calculated by subtracting the value of
twinwith the lowerGlucose iAUC from the value of the twin
with the higher Glucose iAUC (see below the measurement
of Glucose iAUC). Based on the median DGlucose iAUC cut-
off, 24 twin pairs were defined as discordant (DGlucose
iAUC � 97.5 mmol� 120 min) and 23 pairs were defined as
concordant (DGlucose iAUC<97.5 mmol � 120 min) for 2-h
glucose iAUC during OGTT.

Dietary habits

Habitual dietary intake was assessed from 3-day food re-
cords and analyzed by the Diet32 program (Aivo), based on
a national Finnish database for food composition (Fineli,
www.fineli.fi, National Institute for Health and Welfare,
Nutrition Unit, Helsinki, Finland). Food records were
available for 30 twin pairs.

Body composition

Body weight, height, whole-body fat (dual-energy X-ray
absorptiometry), abdominal, subcutaneous, and intra-
abdominal fat (magnetic resonance imaging) and liver fat
(magnetic resonance spectroscopy) were measured as
described previously [19]. The magnetic resonance imag-
ing/magnetic resonance spectroscopy measurements were
performed in a subsample of 34 twin pairs (24 BMI-
Discordant and 10 BMI-Concordant pairs; 17 Glucose
iAUC-Discordant and 17 Glucose iAUC-Concordant pairs).

Glucose and insulin during the OGTT

The 75-g OGTT was performed after a 12-h overnight fast
with measurements of plasma glucose, serum insulin, and
e to oral glucose is associated with higher plasma apolipoprotein
abolism & Cardiovascular Diseases, https://doi.org/10.1016/
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serum C-peptide at 0, 30, 60, and 120 min. Plasma glucose,
serum insulin and serum C-peptide were measured as
previously described [20].

Indices of insulin resistance were: HOmeostatic Model
Assessment (HOMA-IR) [21]; Matsuda index [22]; Hepatic
Insulin Resistance Index (HIRI) [23]; fasting beta-cell
function: Beta Cell Function (BCF) [24]; early phase dy-
namic beta-cell function: Insulin Sensitivity Index from C-
peptide (ISIc); Insulin Sensitivity Index from insulin
(ISIIns); and insulin secretion adjusted for prevailing in-
sulin resistance: the Oral Disposition Index (ODI) [25] was
calculated (ESM) using C-peptide, glucose and insulin
measurements from the OGTT measurements. The iAUC
after the glucose load (Glucose iAUC) was calculated by the
trapezoidal method.

Lipids and apolipoproteins

For lipid measurements, venous blood samples were
drawn after a 12-h overnight fast. Serum and lipoproteins
concentrations of cholesterol and triglycerides were
determined using an automated Konelab 60i analyzer
(Thermo Fisher Scientific Oy) by enzymatic methods (Refs.
981812 and 981301). Serum concentrations of apolipo-
protein A1 (ApoA1) and apolipoprotein B (ApoB) were
measured by immunoturbidometric methods (for ApoA1,
Wako Chemicals GmbH and for ApoB, Orion Diagnostica,
Espoo, Finland). Serum ApoC3 concentration was
measured immunoturbidometrically (Kamiya Biomedical
company, Seattle,WA).

Fasting serum lipoproteins (very low-density lipopro-
teins [VLDL], intermediate-density lipoproteins [IDL] and
low density lipoproteins [LDL]) for measurement of
detailed lipoprotein particle compositions were separated
from fresh blood by sequential flotation ultracentrifuga-
tion using a modification of the method of Havel et al. [26].

High density lipoproteins (HDL) was separated and
isolated by ultracentrifugation from 0.5 ml serum [27].
Mean HDL particle size was calculated by multiplying the
mean size of each HDL subclass by its relative area under
the densitometric scan [28].

Statistical analyses

Statistical analyses were performed with Stata/MP statis-
tical software (release 15.0; Stata Corp., College Station, TX,
USA). Results are expressed as mean � SE unless otherwise
specified. Intraclass correlation coefficients (ICCs) were
computed as a measure of familial influence on the trait.
Comparisons between the co-twins in the BMI or Glucose
iAUC groups were made by matched-pairs Wilcoxon
signed-rank tests Sex distributions between the groups
were tested by c2 test. Pearson’s correlations were calcu-
lated to examine the relation between DApoC3 and Dme-
tabolic variables. In these analyses, the D was generated by
subtracting the value of the twin with the lower Glucose
iAUC from the value of the twin with the higher Glucose
iAUC for each of the parameters.
Please cite this article as: Bozzetto L et al., A higher glycemic respons
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Results

Intra-pair similarity in ApoC3, adiposity, and glucose and
lipid metabolism and dietary habits in the whole cohort

Clinical characteristics and habitual dietary intake of the
individuals in the whole cohort are shown in Table 1.

Intra-pair similarity was first determined by ICC in the
whole cohort of all twins to assess familial and probably
genetic control over ApoC3, adiposity measures and other
metabolic variables (Table 2). ApoC3 levels had a moderate
resemblance within the pairs (ICC Z 0.46, 95% confidence
interval (CI) 0.21 to 0.66, p < 0.001). ICC ranged from 0.49
to 0.63 (all p < 0.001) for BMI, waist circumference, sub-
cutaneous fat and percent body fat, while there was no
within-pair similarity in liver fat and intra-abdominal fat.
For glucose metabolism, ICC analysis revealed moderate
within-pair similarity in Glucose iAUC (0.52, 95% CI 0.28 to
0.70, p < 0.001), Insulin iAUC (0.42, 95% CI 0.15 to 0.64,
pZ 0.008), HOMA (0.36, p Z 0.005, HIRI (0.34, pZ 0.009)
and BCF (0.57, p < 0.001), but not for Matsuda index (0.21,
95% CI -0.08 to 0.47) and ISIc (0.14, 95% CI -0.18 to 0.43).
ICC ranged from 0.49 to 0.60 for plasma, LDL and HDL
cholesterol (all p < 0.001). VLDL triglyceride and plasma
triglyceride showed, respectively, very low or no similarity.

As for dietary intake, carbohydrate (percent dietary
intake of total energy (%TE)) (0.68, CI 0.15 to 0.32
p Z 0.002), protein (%TE) (0.52, CI 0.20 to 0.77 p Z 0.03),
total fat (%TE) (0.54, CI 0.07 to 0.78 p Z 0.02), mono-
unsaturated fat (%TE) (0.59, CI 0.14 to 0.81 p Z 0.01),
polyunsaturated n-3 fat (%TE) (0.69, CI 0.34 to 0.85
p Z 0.001, and fibre (g/die) (0.69, CI 0.34 to 0.85
p Z 0.001) showed moderate within-pair similarity, while
no similarity was shown for total energy intake (kcal), total
polyunsaturated fat and n-6 polyunsaturated fat (Table 1).

Intra-pair similarity for ApoC3 and other metabolic
variables was similar in GlucoseeDiscordant or
GlucoseeConcordant pairs (Table 3). The only exceptions
were indices of insulin sensitivity and beta-cell function
showing a significant intra-pair similarity in GlucoseeDis
cordant but not in GlucoseeConcordant pairs (Table 3).

Intra-pair similarity for carbohydrate, total, saturated,
monounsaturated, and polyunsaturated n-3 fat was signifi-
cant in GlucoseeConcordant but not in GlucoseeDiscordant
pairs (ESM Table 2).

Intra-pair similarity for protein and n-3 poly-
unsaturated fat was significant in GlucoseeConcordant but
not in GlucoseeDiscordant pairs ESM Table 2).
Effects of acquired obesity on glucose and lipid
metabolism

Next, we analysed the effects of BMI on glucose and lipid
metabolism in the BMI-Discordant group. In the BMI-
Discordant pairs (Table 1), the heavier co-twins expectedly
differed greatly from the leaner for body fat and its distribu-
tion. Theyweighed on average 18 kgmore and had 28%more
total fat,130%more intra-abdominal fat, and 400%more liver
e to oral glucose is associated with higher plasma apolipoprotein
abolism & Cardiovascular Diseases, https://doi.org/10.1016/



Table 1 Clinical characteristics and dietary habits of the individuals in the whole cohort of monozygotic twins and in BMI-Discordant pairs.

Whole cohort (n Z 94 individuals) BMI-Discordant (DBMI �3 kg/m2)
(n Z 30 pairs)

Leaner Heavier

BMI (kg/m2) 28.7 � 0.6 (19.7e44.7) 25.8 � 0.9 32.3 � 1.1***
Waist circumference (cm) 93.4 � 1.6 (65.2e137.3) 86.1 � 2.6 102 � 2.9***
Body fat (%) 35.1 � 1.0 (10.3e54.3) 31.9 � 1.8 41.0 � 1.4***
Subcutaneous fat (dm3) 4.5 � 3.3 (1.1e1.5) 3.7 � 0.5 6.3 � 0.6***
Intra-abdominal fat (dm3) 1.0 � 0.9 (0.1e3.1) 0.60 � 0.08 1.4 � 0.2***
Liver fat (%) 2.4 � 0.5 (0.1e22.4) 0.89 � 0.19 4.8 � 1.1**
ApoC3 (mg/dl) 9.1 � 0.3 (2.7e17.4) 8.9 � 0.5 9.4 � 0.6
ApoA1 (mg/dl) 138 � 2.8 (87e221) 143 � 4.9 134 � 4.5*
ApoB (mg/dl) 81 � 22 (33e171) 74 � 2.8 86 � 4.6*
Plasma Triglyceride (mmol/l) 1.3 � 0.1 (0.42e3.22) 0.94 � 0.06 1.2 � 1.0*
Plasma Cholesterol (mmol/l) 4.8 � 0.1 (2.79e7.27) 4.6 � 0.1 4.9 � 0.2*
VLDL-Cholesterol (mmol/l) 0.25 � 0.02 (0.01e1.24) 0.21 � 0.02 0.32 � 0.04*
LDL-Cholesterol (mmol/l) 3.0 � 0.1 (1.2e5.3) 2.8 � 0.1 3.1 � 0.1*
HDL-Cholesterol (mmol/l) 1.4 � 0.04 (0.6e3.1) 1.5 � 0.08 1.3 � 0.07***
VLDL-Triglyceride (mmol/l) 0.6 � 0.04 (0.1e2.6) 0.5 � 0.05 0.8 � 0.09*
HbA1c (%) 5.3 � 0.03 (4.6e6.2) 5.2 � 0.06 5.3 � 0.06**
HIRI 30.2 � 0.1 (12e59) 28.5 � 1.3 32.4 � 1.7*
Matsuda 7.9 � 0.5 (0.73e22) 9.0 � 0.9 6.1 � 0.7*
HOMA-IR 1.6 � 0.1 (0.3e6.3) 1.2 � 0.2 1.9 � 0.2**
Energy (kcal/day)a 2115 � 72 (963e3380) 2044 � 114 2206 � 130
Carbohydrate (%TE) a 42.5 � 1.0 (29e68) 43.4 � 0.7 41.7 � 0.6
Protein (%TE) a 17.5 � 0.6 (7e35) 16.5 � 1.5 16.6 � 1.5
Fat (%TE) a 34.6 � 0.9 (20e53) 34.9 � 0.7 35.9 � 0.6
Saturated (%TE)a 13.4 � 0.4 (6e22) 14.4 � 0.6 13.2 � 0.6
Monounsaturated (%TE)a 10.8 � 0.3 (6e17) 10.5 � 0.3 11.4 � 0.3
Polyunsaturated (%TE)a 4.7 � 0.2 (1.7e8) 4.5 � 0.1 5.2 � 0.1*
n-3 (%TE)a 1.0 � 0.07 (0.26e2.7) 1.0 � 0.5 1.1 � 0.6
n-6 (%TE)a 3.8 � 0.2 (1.5e6.3) 3.6 � 0.2 4.1 � 0.2

Fibre (g/die) a 18.0 � 1.2 (2.4e58) 18.1 � 2.1 17.6 � 1.4

Data are mean � SE (range) *P < 0.05, **P < 0.01, ***P < 0.001 vs. Leaner by matched-pairs Wilcoxon rank sum tests; D Z heavier minus leaner
BMI; VLDL: Very Low Density Lipoprotein; LDL: Low Density Lipoprotein; HDL: High Density Lipoprotein; HOMA-IR Homeostatic model
assessment Insulin Resistance; HIRI: Hepatic Insulin Resistance Index; TE Total Energy.
a Data available for 30 twin pairs including 21 BMI-Discordant pairs.
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fat than their leaner counterparts. In addition, heavier twins
were more insulin resistant, as indicated by higher values of
HOMA-IR and lower Matsuda indices, had slightly higher
levels of HbA1c and glucose and insulin responses during
OGTT than leaner twins (ESM Fig. 1). As for lipidmetabolism,
heavier twins had significantly higher VLDL and LDL choles-
terol, plasmaandVLDL triglycerides andApoBand lowerHDL
concentrations than their leaner co-twins. Notably, ApoC3
concentrationswere comparable between leaner andheavier
co-twins, despite robust differences in the body composition
and triglyceride levels (Table 1).

Co-twins in BMI-Concordant pairs did not differ for any
of the metabolic (glucose- or lipid-related) variables (data
not shown).

Relationship between dysregulation of glucose
metabolism and features of lipid metabolism

Next, we analyzed the effects of acquired differences in 2 h
glucose responses on lipid metabolism in the
GlucoseeDiscordant and Concordant groups (Table 4).
Twin pairs discordant or concordant for Glucose iAUC were
similar for age (32.9 � 1.2 vs. 32.5 � 1.2 years; p Z 0.84
and sex distribution (11M/13F vs. 9M/14 F; p Z 0.64).
Please cite this article as: Bozzetto L et al., A higher glycemic respons
C3 independently of BMI in healthy twins, Nutrition, Met
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Among GlucoseeDiscordant pairs 8 were BMI-Concordant
and 16 were BMI-Discordant.

In the GlucoseeDiscordant pairs, twins with higher
glucose response did not have higher BMI, intra-
abdominal or subcutaneous fat. However, they had
higher liver fat content and waist circumference. Twins
with higher glucose response also had significantly worse
whole body insulin sensitivity than their co-twins as
indicated by higher HOMA and lower Matsuda index
values, as well as worse hepatic insulin sensitivity, as
indicated by higher values of HIRI and BCF. Twins with
higher glucose response showed signs of impaired beta-
cell function as indicated by lower values of ISIc (Table 4)
and higher blood glucose levels 30 and 60 min after
glucose load (ESM Fig. 2).

Interestingly, co-twins with higher glucose response
had significantly higher ApoC3 and ApoB levels (Table 5).
They also had significantly higher triglyceride and
cholesterol concentrations in plasma, VLDL, IDL and LDL
lipoproteins (Table 5).

Dietary pattern did not differ between co-twins in the
GlucoseeDiscordant group (ESM Table3).

In theGlucoseeConcordantpairs, co-twinswithhigheror
lower Glucose iAUC did not differ for any adiposity, glucose
e to oral glucose is associated with higher plasma apolipoprotein
abolism & Cardiovascular Diseases, https://doi.org/10.1016/



Table 2 Intraclass correlation (ICC) and 95% interval confidence
(IC) in whole cohort of 47 monozygotic twin pairs for ApoC3, main
measures of glucose and lipid metabolism, and body fat
distribution.

ICC 95% IC p

ApoC3 (mg/dl) 0.46 0.21e0.66 <0.001
Triglyceride (mmol/l) 0.11 �0.18e0.38 0.233
VLDL-TG (mmol/l) 0.25 �0.03e0.50 0.040
LDL-C (mmol/l) 0.58 0.35e0.74 <0.001
HDL-C (mmol/l) 0.57 0.35e0.74 <0.001
BMI (kg/m2) 0.51 0.27e0.70 <0.001
Waist circumference (cm) 0.51 0.26e0.70 <0.001
Body fat (%) 0.63 0.43e0.78 <0.001
Subcutaneous fat (dm3) 0.45 0.18e0.72 <0.001
Intra-abdominal fat (dm3) 0.20 �0.16e0.51 0.135
Glucose iAUC (mmol/lx120min) 0.52 0.27e0.70 <0.001
Insulin iAUC (mU/mlx120min) 0.42 0.15e0.64 0.008
Liver fat (%) �0.67 �0.39e0.28 0.648
HOMA-IR 0.36 0.08e0.58 <0.001
Matsuda 0.21 �0.08e0.47 0.077
BCF 0.58 0.32e0.75 <0.001
ISIc 0.14 �0.18e0.43 0.228
HIRI 0.34 0.06e0.58 0.009

VLDL: Very Low Density Lipoprotein; LDL: Low Density Lipoprotein;
HDL: High Density Lipoprotein; HOMA-IR Homeostatic model
assessment Insulin Resistance; BCF: Beta Cell Function; ISIc: InSu-
linogenic Index, C-peptide; HIRI: Hepatic Insulin Resistance Index.
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and lipid metabolism and dietary variables (Table 5, ESM
Table3).

Correlations between ApoC3 and other parameters of
glucose and lipid metabolism

To examine the relationship between ApoC3 and glucose
and lipid metabolism, we focused on correlations between
Table 3 Intraclass correlation (ICC) and 95% Interval Confidence (IC) for
distribution by concordance and discordance for glucose iAUC during OGT

GlucoseeDiscordant Pairs
(D Glucose iAUC �97.5 mmol/lx12
(n Z 24)

ICC 95% IC

ApoC3 (mg/dl) 0.49 0.11e0.74
Triglyceride (mmol/l) 0.15 �0.26e0.55
VLDL-TG (mmol/l) 0.35 �0.05e0.66
LDL-C (mmol/l) 0.63 0.31e0.82
HDL-C (mmol/l) 0.55 0.20e0.78
BMI (kg/m2) 0.57 0.22e0.79
Waist circumference (cm) 0.53 0.17e0.76
Body fat (%) 0.73 0.46e0.87
Subcutaneous fat (dm3) 0.51 0.02e0.80
Intra-abdominal fat (dm3) 0.10 �0.42e0.57
Liver fat (%) 0.03 �0.47e 0.47
Glucose iAUC (mmol/lx120min) 0.89 0.77e0.95
Insulin iAUC (mU/mlx120min) 0.42 0.02e0.70
HOMA-IR 0.52 0.16e0.76
Matsuda 0.50 0.12e0.75
BCF 0.65 0.31e0.85
ISIc 0.16 �0.31e0.56
HIRI 0.33 �0.08e0.65

VLDL: Very Low Density Lipoprotein; LDL: Low Density Lipoprotein; HDL:
Insulin Resistance; BCF: Beta Cell Function; ISIc: InSulinogenic Index, C-p

Please cite this article as: Bozzetto L et al., A higher glycemic respons
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the Ds of ApoC3 and glucose and lipid metabolism across
the whole cohort (n Z 47 pairs) (Fig. 1).

Interestingly, within-pair DApoC3 concentrations
were positively correlated with within-pair Dglucose
(r Z 0.30, p Z 0.038), and Dinsulin (r Z 0.41, p Z 0.005)
iAUC, and DHIRI (r Z 0.34, p Z 0.020), while they were
inversely associated with within-pair differences in
Matsuda index (r Z �0.40, p Z 0.001). There was a
borderline relationship also between within-pair differ-
ence in ApoC3 and liver fat content (r Z 0.34, p Z 0.05).
As expected, DApoC3 was strongly and positively related
to DVLDL (r Z 0.74, p < 0.001) and DLDL triglyceride
(r Z 0.48, p Z 0.004).

Discussion

We report here that in a cohort of young and healthy
monozygotic twins, within-pair discordance of obesity
parameters or glucose response is associated with
impaired insulin resistance and robust atherogenic
changes in lipid parameters. Interestingly, plasma lipids
were associated with higher ApoC3 levels in face of no
substantial differences in BMI and subcutaneous/intra-
abdominal fat depots. However, percent body fat, waist
circumference and liver fat were higher in twins with
higher OGTT glucose response. Remarkably, the higher
levels of ApoC3 were apparent already in these non-
diabetic “healthy twins” at a very early phase of glyce-
mic derangement.

Our data also showed that ApoC3 levels are moderately
similar in MZ twins, even in pairs selected for discordance
in BMI. This suggests that familial, probably genetic back-
ground is a major determinant of circulating ApoC3.
Therefore, the observed within-pair differences in ApoC3
ApoC3, main measures of glucose and lipid metabolism and body fat
T.

0min)
GlucoseeConcordant Pairs
(D Glucose iAUC <97.5 mmol/lx120min)
(n Z 23)

p ICC 95% IC p

0.007 0.48 0.09e0.74 0.009
0.234 0.16 �0.26e0.53 0.227
0.043 0.17 �0.25e0.54 0.208
<0.001 0.55 0.19e0.78 0.003
0.002 0.56 0.20e0.78 0.002
0.002 0.51 0.13e0.76 0.005
0.003 0.56 0.19e0.79 0.003
<0.001 0.57 0.21e0.79 0.002
0.021 0.45 �0.04e0.77 0.034
0.357 0.34 �0.17e0.71 0.089
0.495 �0.39 �0.51e 0.45 0.559
<0.001 0.97 0.93e0.99 <0.001
0.021 0.55 0.17e0.79 0.004
0.004 0.19 �0.24e0.56 0.195
0.006 0.06 �0.36e 0.46 0.398
0.001 0.07 �0.37e0.50 0.377
0.254 0.20 �0.26 e 0.58 0.194
0.056 0.53 0.15e0.78 0.005

High Density Lipoprotein; HOMA-IR Homeostatic model assessment
eptide; HIRI: Hepatic Insulin Resistance Index.
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Table 4 Glucose metabolism and adiposity measures of monozygotic twins pairs by concordance and discordance for glucose iAUC during OGTT.

GlucoseeDiscordant Pairs
(D Glucose iAUC �97.5 mmol/lx120min)
(n Z 24)

GlucoseeConcordant Pairs
(D Glucose iAUC <97.5 mmol/lx120min)
(n Z 23)

Twin with Lower
Glucose iAUC

Twin with Higher
Glucose iAUC

Twin with Lower
Glucose iAUC

Twin with Higher
Glucose iAUC

Glucose iAUC (mmol/lx120min) 122 � 23 302 � 24*** 153 � 21 199 � 21***
BMI (kg/m2) 28.6 � 1.1 30.0 � 1.1 29.2 � 1.2 28.0 � 1.0
Waist Circumference (cm) 92.1 � 3.2 98.1 � 3.3* 92.7 � 2.9 90.1 � 2.7
Body fat (%) 33.2 � 2.1 36.5 � 2.0* 35.3 � 2.1 35.3 � 1.9
Subcutaneous fat (dm3) 4.3 � 0.9 4.6 � 0.6 4.6 � 0.7 4.4 � 0.5
Intra-abdominal fat (dm3) 0.09 � 0.02 1.2 � 0.2 0.9 � 0.01 1.1 � 0.2
Liver fat (%) 1.3 � 0.4 4.7 � 1.5* 1.6 � 0.5 2.1 � 0.7
HbA1c (%) 5.2 � 0.05 5.3 � 0.05 5.26 � 0.07 5.23 � 0.08
HOMA-IR 1.4 � 0.2 2.1 � 0.3** 1.5 � 0.2 1.40 � 0.2
Matsuda 9.4 � 1.1 5.9 � 0.8*** 8.1 � 0.9 8.3 � 0.9
BCF 0.10 � 0.01 0.14 � 0.01*** 0.13 � 0.02 0.10 � 0.01
ISIc 1.6 � 0.7 0.55 � 0.08** 0.73 � 0.09 0.70 � 0.11
ISIIns 262 � 89 124 � 16 172 � 26 126 � 16
ODI 275 � 108 89 � 27*** 121 � 13 131 � 26
HIRI 29 � 1.7 34 � 2.3* 30 � 1.9 28 � 1.4

Data are mean � SE *P < 0.05, **P < 0.01, ***P < 0.001 vs.Twin with Lower Glucose_iAUC; D Z Twin with Higher Glucose_iAUC minus Twin with
Lower Glucose_iAUC. HOMA-IR Homeostatic model assessment Insulin Resistance; BCF: Beta Cell Function; ISIc: InSulinogenic Index, C-peptide;
ISIIns: InSulinogenic Index, Insulin; ODI: Oral Disposition Index; HIRI: Hepatic Insulin Resistance Index.

Table 5 Lipid metabolism in monozygotic twins pairs by concordance and discordance for glucose iAUC during OGTT.

GlucoseeDiscordant Pairs
(D Glucose iAUC �97.5 mmol/lx120min)
(n Z 24)

GlucoseeConcordant Pairs
(D Glucose iAUC <97.5 mmol/lx120min)
(n Z 23)

Twin with Lower
Glucose iAUC

Twin with Higher
Glucose iAUC

Twin with Lower
Glucose iAUC

Twin with Higher
Glucose iAUC

Triglyceride (mmol/l) 0.94 � 0.08 1.3 � 0.1** 0.98 � 0.06 1.0 � 0.09
Total Cholesterol (mmol/l) 4.5 � 0.1 4.9 � 0.2** 4.8 � 0.1 4.9 � 0.2
VLDL-Cholesterol (mmol/l) 0.24 � 0.03 0.35 � 0.06* 0.23 � 0.02 0.24 � 0.03
LDL-Cholesterol (mmol/l) 2.8 � 0.1 3.2 � 0.1** 3.0 � 0.1 3.1 � 0.2
IDL-Cholesterol (mmol/l) 0.10 � 0.01 0.15 � 0.02*** 0.11 � 0.008 0.13 � 0.013
HDL-Cholesterol (mmol/l) 1.3 � 0.06 1.3 � 0.06 1.5 � 0.1 1.4 � 0.1
VLDL-Triglyceride (mmol/l) 0.56 � 0.07 0.85 � 0.13* 0.57 � 0.05 0.58 � 0.08
LDL-Triglyceride (mmol/l) 0.18 � 0.01 0.22 � 0.01*** 0.20 � 0.01 0.21 � 0.02
IDL-Triglyceride (mmol/l) 0.077 � 0.004 0.092 � 0.006** 0.08 � 0.005 0.09 � 0.007
HDL-Triglyceride (mmol/l) 0.12 � 0.01 0.13 � 0.01 0.13 � 0.01 0.14 � 0.02
HDL size (nm) 9.3 � 0.09 9.4 � 0.07 9.4 � 0.1 9.5 � 0.08
ApoA1 (mg/dl) 134 � 3.6 136 � 4.2 141 � 6.8 142 � 6.7
ApoB (mg/dl) 79 � 3.2 88 � 5.1* 77 � 3 83 � 5
ApoC3 (mg/dl) 8.5 � 0.5 10.0 � 0.8* 9.5 � 0.7 9.1 � 0.7

Data are mean � SE *P < 0.05, **P < 0.01, ***P < 0.001. D Z Twin with Higher Glucose_iAUC minus Twin with Lower Glucose_iAUC; VLDL: Very
Low Density Lipoprotein; IDL: Intermediate Density Lipoprotein, LDL: Low Density Lipoprotein; HDL: High Density Lipoprotein; ApoA1: Apoli-
poprotein A1; ApoB: Apolipoprotein B; ApoC3: Apolipoprotein C3.
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are probably associated with acquired factors that, inde-
pendently of obesity, genetic background and shared
environmental factors, also interfere with glucose ho-
meostasis. Our report is in line with previous studies in
Japanese MZ twins showing an ICC for ApoC3 of 0.597 in
men and 0.477 in women [29,30]. In addition, APOC3
polymorphisms have been associated with plasma ApoC3,
triglyceride metabolism and related cardiovascular risk
[31e33].

The higher ApoC3 plasma levels that we observed in co-
twins with higher glucose response to OGTT may be
Please cite this article as: Bozzetto L et al., A higher glycemic respons
C3 independently of BMI in healthy twins, Nutrition, Met
j.numecd.2019.10.005
related to a direct effect of hyperglycemia on ApoC3
secretion. In vitro evidence shows that glucose induces
ApoC3 transcription in the hepatocytes through the acti-
vation of Hepatocyte Nuclear Factor 4 Alpha and
Carbohydrate-response element-binding protein (ChREBP)
[10]. Interestingly, through the same ChREBP pathway,
plasma glucose activates de novo lipogenesis (DNL) and
promotes hepatic triglyceride synthesis [34]. This suggests
that ApoC3 transcription is activated in parallel with lip-
ogenetic pathways induced by glucose overload. Increased
DNL may shift the balance of lipid metabolism favoring
e to oral glucose is associated with higher plasma apolipoprotein
abolism & Cardiovascular Diseases, https://doi.org/10.1016/



Figure 1 Correlations between within-pair differences (D) in serum
ApoC3 and plasma glucose and lipid metabolism variables in the whole
cohort (n Z 47 pairs) according to glucose tolerance status. D was
generated by subtracting the value of the twin with the higher Glucose
iAUC from the value of the twin with the lower Glucose iAUC for each of
the parameters. Color of the cell denotes the strength and direction of
correlations (blue, negative; red, positive) and asterisks mark their
significance (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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storage of lipids in hepatocytes. If ApoC3 regulates the flux
of remnants of triglyceride rich lipoprotein by inhibiting
their hepatic reuptake this would aggravate the elevation
of circulating triglyceride rich lipoproteins [1,3]. This is in
line with our finding that within-pair difference in ApoC3
is strongly correlated with corresponding difference in
triglyceride concentrations in VLDL.

Another possibility is that ApoC3 may influence b-cell
function, as suggested by emerging evidence from animal
and some human studies. In rats, an increase in islet ApoC3
concentrations promoted a local inflammatory milieu,
with consequent beta-cell failure [9]. In humans, ApoC3
has been related to a higher susceptibility to type1diabetes
[35]. In vitro studies also show that insulin inhibits ApoC3
hepatic transcription [11]. However, so far no evidence
shows that low insulin concentrations associate with low
ApoC3 levels. It should be recognized that glucose and
insulin levels usually increase in parallel in presence of
insulin resistance. In our study, co-twins with higher
plasma ApoC3 levels also had a significantly increased
insulin response to oral glucose as a consequence of lower
insulin sensitivity. If insulin-mediated suppression of
ApoC3 is impaired and coupled with concomitant stimu-
lation by glycemia, this will enhance ApoC3 expression
leading to elevation of triglyceride levels.

In our study, co-twins with increased glycemic response
to OGTT also showed higher HOMA-IR and lower Matsuda
indices, indicating whole body insulin resistance, as well as
higher indexes of hepatic insulin resistance and beta cell
function, indicating hepatic and islet insulin resistance. This
suggests that, in our glucose “normo-tolerant” young peo-
ple, both insulin resistance and impaired insulin secretion
may contribute to glucose response during OGTT. The dif-
ferences in peripheral insulin resistance could be related to
the observed differences in body fat composition and
Please cite this article as: Bozzetto L et al., A higher glycemic respons
C3 independently of BMI in healthy twins, Nutrition, Met
j.numecd.2019.10.005
distribution. These, in turn, could induce a higher free fatty
acids flux to the liver and stimulate triglyceride synthesis
and excess fat deposition in hepatocytes. In our study, the
higher hepatic insulin resistance observed in twins with
high ApoC3 levels was correlated with more hepatic fat
content and VLDL production.

In summary, we speculate that based on our analysis of
MZ discordant pairs, environmental factors contribute to
hepatic insulin resistance and/or liver fat accumulation
and visceral obesity deteriorating glycemic homeostasis.
Our data suggest that even minor increases of glucose
concentrations are associated with increases of ApoC3
plasma levels. Importantly, this action seems to be inde-
pendent of obesity and genetic and shared environmental
background.
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