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Cholesterol efflux capacity

Is increased in subjects

with familial hypercholesterolemia
In a retrospective case—control
study
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Familial Hypercholesterolemia (FH) is characterized by an increase in Low-Density Lipoprotein
Cholesterol (LDL-C) and by premature Cardiovascular Disease (CVD). However, it remains to be fully
elucidated if FH impairs cholesterol efflux capacity (CEC), and whether CEC is related to lipoprotein
subfraction distribution. This study aimed at comparing FH patients and age, sex and BMI matched
controls in terms of LDL and HDL subfraction distribution as well as CEC. Forty FH patients and

80 controls, matched for age, sex and BMI, were enrolled in this case-control study. LDL and HDL
subfractions were analyzed using the Quantimetrix Lipoprint System. CEC was evaluated as aq-CEC
and ABCA1-CEC. FH subjects showed a significantly higher concentration of all LDL subfractions,

and a shift from large to small HDL subfraction pattern relative to controls. FH subjects with previous
CVD event had smaller LDL lipoproteins than controls and FH subjects without previous CVD event.
Both aq-CEC and ABCA1-CEC were increased in FH patients with respect to controls. To conclude, FH
subjects had a metabolic profile characterized not only by higher LDL-C but also by shift from large to
small HDL subfraction phenotype. However, FH subjects showed an increase CEC than controls.

Familial hypercholesterolemia (FH) is a common inherited dominant autosomal disorder caused by genetic
mutations in genes that encode for Low Density Lipoprotein (LDL) particles clearance'. FH is characterized by
high levels of Low Density Lipoprotein Cholesterol (LDL-C) and susceptibility to an early onset of Cardiovascu-
lar Disease (CVD)"? Numerous reports have consistently demonstrated a long-linear relationship between the
change in plasma LDL-C concentration and the risk of CVD’. However, besides total LDL-C amount, it seems
that also lipoprotein characteristics could influence atherogenic properties of LDL-C. In particular, concentra-
tion of small-dense LDL (sdLDL) was more closely associated with the incidence of CVD than large buoyant
LDL (IbLDL)*5.

High Density Lipoproteins (HDL), generally considered as atheroprotective particles, are involved in cho-
lesterol transport from peripheral tissues to the liver, a mechanism known as Reverse Cholesterol Transport
(RCT), and also exert antioxidant and anti-inflammatory activities®”. HDL-mediated efflux of cholesterol from
peripheral cells (Cholesterol Efflux Capacity, CEC) is a critical metric of HDL functionality and cardiovascular
protection from atherosclerosis® as well as a valuable target for CVD prevention®!!. Interestingly, HDL particle
size may affect CEC, suggesting that differences in HDL efflux capacity may be due to structural differences
in HDL particles'>!®. A lot of evidence suggests that altered RCT could further increase CVD progression in
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FH subjects'. Some authors have observed a CEC impairment in FH subjects' correlating with CVD in these
patients'.

Although it is well known that FH subjects have a show pronounced CVD risk, it is yet poorly understood
if they present a particular lipoprotein subclasses distribution or if lipoprotein subclasses sizes could influence
CEC and incidence of CVD events in FH subjects.

Hence, we performed a case-control study to compare LDL and HDL subclasses distribution and their
association with CEC in a cohort of FH subjects with or without cardiovascular events compared to controls.

Results
Baseline characteristics. Baseline clinical characteristics of subjects are summarized in Table 1. No sig-
nificant differences with regard to the prevalence of hypertension and obesity were detected between control
and FH group. There was an obvious significant difference between FH and the control group in terms of CVD
history and use of lipid lowering drugs, with both variables being higher in FH group (Table 1).

Lipid profile and lipoprotein subfraction. As expected, serum concentrations of TC, LDL-C and tri-
glycerides were higher in FH subjects compared to the controls. There were no differences in HDL-C between
groups (Fig. 1).

Controls FH P value
Subjects 80 40
Female N (%) 48 (60.0%) 24 (60.0%) 0.580
Hypertension N (%) 32 (40.0%) 16 (40.0%) 1.000
Obesity N (%) 8(10.0%) 6 (15.0%) 0.291
CVD N (%) 0 (0.0%) 11 (27.5%) <0.001
Lipid-lowering drug-treated N (%) | 0 (0.0%) 33 (82.5%) <0.001
Smoker N (%) 39 (49.5%) 11 (22.2%) 0.022

Mean+SD | Median (Q1-Q3) | Mean+SD | Median (Q1-Q3) | P value
Age (years) 5312 54 (43-63) 53+12 54 (42-63) 0.7015
BMI (Kg/m?) 253+3.9 24.6 (22.3-27.9) 259+3.9 26.1 (22.9-27.8) 0.312°
SBP (mmHg) 131+15 130 (122-140) 129+ 16 128 (120-134) 0.137°
DBP (mmHg) 82+12 80 (74-90) 82+9 80 (77-90) 0.345°

Table 1. Clinical characteristics of subjects by group. Bold values indicate statistically significant results. FH
Familial Hypercholesterolemia, CVD CardioVascular Disease, BMI Body Mass Index, SBP Systolic Blood
Pression, DBP Diastolic Blood Pression, SD Standard Deviation. Categorical variables were analyzed with
Fisher Test. Means compared by Student’s t-test, whereas medians from not normally distributed variables,
were compared using the nonparametric Mann Whitney test®.
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Figure 1. Circulating lipid profile in controls and FH subjects. Data are reported as mean + standard deviation.
FH Familial Hypercholesterolemia, Total-C total cholesterol, LDL-C Low Density Lipoprotein Cholesterol,
HDL-C High Density Lipoprotein Cholesterol, TG Triglycerides. Means were compared by Student’s t-test,
whereas the medians of not normally distributed variables (Total-C, LDL-C, TG), were compared using the
nonparametric Mann Whitney test®. $°p <0.01; %°p < 0.001.
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FH subjects showed higher levels of sdLDL and IbLDL relative to controls. However, sdLDL to total LDL ratio
was not different between the two groups, whereas IbLDL percentage showed a trend towards higher values FH
group compared to controls (p=0.055) (Table 2).

Concerning HDL subfractions, FH subjects showed significantly higher levels of s-HDL either if expressed
as absolute values or in percentage, (Table 2). On the contrary, percentage, but not absolute values of -HDL, was
lower in FH subjects than in control group (Table 2).

When FH subjects were stratified according to the presence (FH-CVD+) or absence (FH-CVD-) of CVD
history, there was no difference in lipid profile or LDL and HDL subfraction between FH-CVD- and FH-CVD+,
except for mean LDL size that was smaller in FH-CVD+ than FH-CVD- (Fig. 2 and Table 3).

Considering previous studies'” suggested hypocholesterolemic therapy affecting circulating LDL size, in our
cohort we also performed a subgroup analysis to compare naive versus patients on a lipid lowering therapy. As
expected, lipid-lowering drug-treated patients had lower levels of TC and LDL-C than naive patients (Supple-
mentary Table 1S). This effect was due to a lower absolute concentration of IbLDL, while these groups did not
differ in sdLDL concentration or LDL size (Supplementary Table 2S).

Both groups, naive and lipid-lowering drugs treated patients had similar levels of triglycerides, HDL-C
concentrations or HDL-C subfraction, except for the percentage of m-HDL subfraction that was higher in the
treated versus naive FH patients (Supplementary Tables 1S and 2S).

Cholesterol efflux capacity in controls and FH subjects with or without CVD. The HDL of FH
subjects showed an increased CEC than controls, both via aq-CEC and ABCA1-CEC (Fig. 3). However, when
CEC values were normalized for LDL-C, aq-CEC was significantly higher in the control than the FH group,

Controls FH

Mean+SD | Median (Q1-Q3) Mean+SD | Median (Q1-Q3) P value
sdLDL (%) 55+5.5 3.8(1.9-7.0) 7.5+8.8 4.2 (2.8-7.7) 0.370%
IbLDL (%) 586+6.9 | 59.4(53.3-63.3) 5554104 | 57.7 (52.1-62.0) 0.055
sdLDL (mg/dl) 6.2+6.9 4.5(2.3-7.9) 13.8+19.8 | 7.5(3.9-15.6) 0.002°
IbLDL (mg/dl) 64.6+12.7 | 64.0(57.6-74.1) 98.8+28.1 95.9 (78.4-120.0) <0.001
LDL size (A) 268.4+4.1 269.0 (266.0-271.3) | 267.1+5.3 268.0 (266.0-271.0) 0.330°
-HDL (%) 339462 | 34.6(28.9-38.4) 30.5+11.2 | 31.2(23.8-38.6) 0.037
m-HDL (%) 45.4+3.8 45.5 (43.5-48.1) 46.2+4.4 46.3 (42.6-49.1) 0.355
s-HDL (%) 20.6+4.7 19.6 (17.0-24.2) 23.3+9.1 23.3(17.3-30.9) 0.039
1-HDL (mg/dI) 17.15.0 17.1 (13.4-20.0) 17.2£10.6 | 14.7 (9.0-22.9) 0.974
m-HDL (mg/dl) 22.6+3.4 21.9 (20.1-24.9) 24.5+8.1 24.0 (18.1-28.1) 0.077
s-HDL (mg/dl) 10.2+2.4 10.0 (8.4-11.6) 11.9+4.7 12.1 (9.1-14.7) 0.010

Table 2. LDL and HDL subfraction in controls and FH subjects. Bold values indicate statistically significant
results. FH Familial Hypercholesterolemia, LDL Low Density Lipoprotein, HDL High Density Lipoprotein,
sdLDL small dense LDL, IbLDL large buoyant LDL, I-HDL large HDL, m-HDL medium HDL, s-HDL small
HDL, SD Standard Deviation. Means compared by Student’s t-test, whereas medians from not normally
distributed variables, were compared using the nonparametric Mann Whitney test®.
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Figure 2. Lipid profile in FH subjects without or with a previous CVD event. Data are reported as

mean * standard deviation. FH Familial Hypercholesterolemia, Total-C total cholesterol, LDL-C Low Density
Lipoprotein Cholesterol, HDL-C High Density Lipoprotein Cholesterol, TG Triglycerides, CVD CardioVascular
Disease. The medians of not normally distributed variables (Total-C, LDL-C, HDL-C TG), were compared using
the nonparametric Mann Whitney testS. FH-CVD—, N=29; FH-CVD+, N=11.
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FH-CVD- FH-CVD+

Mean+SD | Median (Q1-Q3) Mean+SD | Median (Q1-Q3) P value
sdLDL (%) 6.2+6.4 3.7 (2.8-7.6) 10.7+13.1 | 4.9 (2.7-16.5) 0.637$
IbLDL (%) 56.1+9.6 57.8 (51.6-60.9) 54.1+£12.5 54.4 (52.2-62.9) 1.000
sdLDL (mg/dl) 10,7+9,6 7.1 (4.4-15.5) 22.0+34.2 8.5(3.8-25.6) 0.644$
IbLDL (mg/dl) 101,1£29,1 |103.9 (79.0-120.3) 92.6+25.2 87.1(69.8-110.1) 0.640
LDL size (A) 267.8+4.3 269.0 (266.0-271.0) |265.4+7.4 |267.0 (261.0-271.0) | 0.046§
I-HDL (%) 31.3+10.2 33.2 (24.4-39.1) 284+13.9 |26.6(14.9-38.9) 0.891
m-HDL (%) 46.1+4.3 46.4 (42.5-48.8) 46.3+4.6 45.0 (42.5-50.1) 0.999
s-HDL (%) 225£87  |22.9(16.4-28.7) 253+10.0 | 23.4(18.9-33.9) 0.807
1-HDL (mg/dl) 17.9+10.4 16.3 (10.8-19.8) 153+11.2 17.9+10.4 0.883
m-HDL (mg/dl) 25.3+8.8 24.1(18.2-29.7) 22.1+5.8 25.3+8.8 0.466
s-HDL (mg/d]) 12.1+£5.1 11.9 (9.2-16.1) 11.2+3.5 12.1+£5.1 0.884

Table 3. Lipid profile in FH subjects without or with a previous CVD event. Bold values indicate statistically
significant results. FH Familial Hypercholesterolemia, LDL Low Density Lipoprotein, HDL High Density
Lipoprotein, sdLDL small dense LDL, [bLDL large buoyant LDL, I-HDL large HDL, m-HDL medium HDL,
s-HDL small HDL, CVD CardioVascular Disease, SD Standard Deviation. Means compared by Student’s t-test,
whereas medians from not normally distributed variables, were compared using the nonparametric Mann
Whitney test’. FH-CVD—, N=29; FH-CVD+, N=11.
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Figure 3. Cholesterol Efflux Capacity in controls and FH subjects. Data are reported as mean + standard
deviation. (A) % CEC, (B) LDL-normalized CEC. FH Familial Hypercholesterolemia, ag-CEC aqueous diffusion
Cholesterol Efflux Capacity, ABCA1-CEC ATP Binding Cassette Cholesterol Efflux Capacity, LDL-C normalized
aq-CEC Low Density Lipoprotein normalized aqueous diffusion Cholesterol Efflux Capacity, LDL-C normalized
ABCAI-CEC Low Density Lipoprotein normalized ATP Binding Cassette Cholesterol Efflux Capacity. Means
were compared by Student’s t-test. **p <0.01; ***p < 0.001.

while there were no differences in LDL-C normalized ABCA1-mediated CEC between the groups (Fig. 3). CVD

status nor the normalization for LDL affected CEC or LDL-C normalized CEC (Fig. 4).

Analysis of CEC did not showed differences between naive or lipid-lowering drug-treated patients, except
for LDL-C normalized aq-CEC that was lower in naive patients (Supplementary Table 3S).

Analyzing the overall population, aq-CEC positively correlated with TC, triglycerides, LDL-C, sdLDL-C
and IbLDL-C and was inversely associated with LDL particle size. There was no relationship between HDL-C or
HDL subclasses and aq-CEC. ABCA1-CEC, on the other hand, was positively correlated with TC, LDL-C and
IbLDL-C, while there were no association between ABCA1-CEC and triglycerides, sdLDL-C, LDL size, HDL-C
or HDL subclasses (Table 4).

When focusing in particular on FH subjects, aqg-CEC was only directly associated with TC and triglycerides;
there were no associations between aq-CEC or ABCA1-CEC and lipid profile or lipoprotein subfractions (Sup-
plementary Table 4S).

Discussion

The results of this case-control study provided further evidence in support the impaired cardiometabolic profile
of FH subjects. Indeed, these individuals showed higher levels of TC, LDL-C, sdLDL-C, IbLDL-C, s-HDL-C and
lower levels of -HDL-C compared to controls.

As expected, FH subjects presented higher level of TC and LDL-C than controls, with a parallel increase in
both sdLDL-C and IbLDL-C without significant differences in their percentage distribution. So, the CVD risk
characteristic of the FH condition, appears to be related to the total amount of LDL-C rather than to an increase
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Figure 4. Cholesterol Efflux Capacity in FH subjects without or with a previous CVD event. Data are reported
as mean + standard deviation FH Familial Hypercholesterolemia, ag-CEC Aqueous diffusion Cholesterol Efflux
Capacity, ABCA1 ATP Binding Cassette A1, CEC Cholesterol Efflux Capacity, CVD CardioVascular Disease, SD
Standard Deviation. Means compared by Student’s t-test. FH-CVD—, N=29; FH-CVD+, N=11.

aq-CEC (%) ABCA1-CEC (%)

Pearson’s r P value Pearson’s r P value
Total-C (mg/dl) 0.376 <0.001 0.317 0.001
LDL-C (mg/dl) 0.346 <0.001 0.298 0.002
HDL-C (mg/dl) - 0.005 0.959 0.102 0.300
TG (mg/dl) 0.335 <0.001 0.133 0.175
sdLDL (mg/dl) 0.229 0.020 0.120 0.231
IbLDL (mg/dl) 0.206 0.037 0.247 0.012
LDL size (A) -0.243 0.013 —-0.081 0.411
1-HDL (mg/dl) —-0.025 0.801 0.038 0.697
m-HDL (mg/dl) 0.035 0.721 0.103 0.297
s-HDL (mg/dl) —-0.021 0.829 0.138 0.160

Table 4. Correlation analysis between Cholesterol Efflux Capacity and lipidomic parameters from all subjects.
Bold values indicate statistically significant results. aqg-CEC Aqueous diffusion Cholesterol Efflux Capacity,
Total-C total cholesterol, LDL-C Low Density Lipoprotein Cholesterol, HDL-C High Density Lipoprotein
Cholesterol, TG Triglycerides, sdLDL small dense LDL, IbLDL large buoyant LDL, [-HDL large HDL, m-HDL
medium HDL, s-HDL small HDL, Pearson’s r Pearson correlation coefficient.

in a particular atherogenic LDL subfraction. However, when expressed as absolute figures, both IbLDL and sdLDL
are significantly higher in FH group compared to the controls, suggesting that an increase in LDL-C in individuals
affects by FH is paralleled by an increase in both subfractions, in agreement with literature where other authors
found an association between CHD and both sdLDL-C and IbLDL-C subfractions'®. Lipid-lowering therapy
appears to be associated with lower levels of the IbLDL subfration and lower, albeit not statistically significant,
levels of sdLDL in treated versus naive FH patients'®.

In terms of the lipid profile, no differences were detected with regard to TC, LDL-C and LDL subfractions
when FH patients were stratified according to their CVD history. The lack of differences may be dependent on
the fact that patients with previous CVD events should adhere to a more aggressive hypolipidemic therapy than
FH-CHD- subjects. This may have prevented differences between these two groups from becoming manifest.
Nevertheless, LDL mean size was lower in FH-CVD+ than in control and FH-CVD—, underling a more athero-
genic lipid profile in those who experienced a CVD event?**..

In our study, FH subjects and controls did not significantly differ in terms of HDL-C, while other authors
reported lower levels of HDL-C in FH subjects**~2*. Despite this, we observed differences relatively to HDL-C
subfractions, supporting the paradigm that HDL quality and not only quantity is a key discriminant in dictating
the beneficial effects of these lipoproteins on cardiovascular health?. Indeed, FH subjects presented lower levels
of I-HDL-C and higher levels of s-HDL-C, which is in line with previously published data**-2¢. While l-HDL
has been associated with the cardioprotective effect, s-HDL subfractions, instead, have a controversial role in
CVD risk, with some reports suggesting a detrimental effect?** while others advocating a protective role against
CVD?®?. Nevertheless in most cases, an inverse relationship between HDL size and CVD risk has been reported,
whereas, some evidence suggest a possible role of s-HDL particle in dampening RCT observed in FH subjects®.

CEC is an in vitro surrogate assay of the first step of RCT. Some authors have detected lower CEC in FH sub-
jects relative to controls®*. Instead, in our study, FH subjects, independently of their therapy or CVD history,
showed a higher CEC (both aq-CEC and ABCA1-CEC) than controls. Versmissan et al. observed an increase
of CEC, in FH-CHD- subjects compared with control subjects, but not between FH-CHD+ and their healthy
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counterparts®. Asztalos et al., have described higher total CEC in CVD patients versus controls due to an increase
of ABCA1-mediated CEC and pre-f1-HDL*. In fact, we found a clear rise in s-HDL and ABCA1-CEC in FH
subjects relative to controls. However, these parameters were not correlated, which is in agreement with some
studies®**, instead Bellanger et al., observed an association between HDL subfractions and CEC as well as RCT
in FH patients with a low HDL-C*. Thus, CEC in FH subjects remains a matter of contention, with conflictual
results being reported in the literature. These discrepancies may be due to multiple factors which include the
cell model used to assess CEC (J774, THP.1 and monocyte among others) and the pathway tested (aqueous dif-
fusion, ABCA1- ABGCI-, or SR-BI-mediated CEC). Finally, the age and sex of the subjects whose HDL CEC
was investigated, represent other variables able to influence CEC***.

It can be speculated that, aq-CEC and ABCA1-CEC are increased in FH subjects as an attempt to counter-
balance hypercholesterolemia®®. However, the existence of this compensatory mechanism remains to be proven
along with its ability to compensate for the impaired lipid profile of FH subjects. Nevertheless, according to the
data presented herein, this compensatory response is unlikely to suffice in order to mitigate the deleterious effect
of the circulating lipid profile of FH individuals. Indeed, after normalizing for LDL-C, aq-CEC was similar for
both groups, and LDL-C normalized ABCA1-CEC was even significantly lower in FH versus control group.

Of note, it has been reported that also other pathways of CEC are impaired in FH subjects, such as SR-BI or
ABCGI cholesterol efflux®%, as well as other steps of RCT including cholesterol ester exchanges between HDL
and apoliprotein B-containing lipoproteins as well as hepatic HDL-C uptake®!. Moreover, a dysfunctional LDL
receptor, with a consequent reduction of LDL clearance, is the most common cause of FH2. LDL-LDL receptor
interaction and LDL clearance has been demonstrated to be a fundamental pathway of RCT? indicating that
independently of the increase in HDL mediated CEC RCT in FH patients remains defective due to LDL recep-
tor dysfunction.

Despite its novelty and potential contribution to the field, this study has some limitations. First this is a
retrospective study that include patients both on lipid lowering therapy as well as naive and has a small sample
size. Nevertheless, our results did not show statistical differences between these groups, which however may
be due to the low number of naive patients therefore we cannot exclude a role of hypocholesterolemic drugs
in influencing the results. The same may hold true when comparing FH-CVD+ and FH-CVD-, with the use
of beta-adrenergic blocking agents by the former group potentially influencing lipid metabolism. Secondly, we
were unable to evaluate SR-BI and ABCG1-mediated CEC to measure total CEC. The contribution of SR-B1 is
small, instead ABCG1 could contribute to about 20% of the total CEC*.

Conclusions

In this study, FH subjects showed a worse metabolic profile compared to controls, characterized by a hyper-
cholesterolemia with a shift from large to small HDL subclasses. Subjects with FH presented increased CEC
compared with control subjects, which was negated after normalizing for LDL-C. LDL mean size was lower in
FH subjects with a CVD history than in the controls and FH subjects without previous event. In consideration
of this, monitoring the mean size of LDL and HDL subfractions could be useful to identify patients with higher
CVD risk and potentially help the diagnosis of FH which still remains underdiagnosed*!.

In light on these results, future investigations should assess the functionality of s-HDL isolated by the lipo-
print system and evaluate whether the increase in CEC observed in FH patients leads to an actual increase in
RTC. These findings, in turn, will shed the light on whether s-HDL and CEC may represent potential therapeutic
targets for FH.

Materials and methods

The study was conducted in accordance with the Declaration of Helsinki for studies involving humans and
approved by the Ethics Committee of Ferrara (protocol code number 080392)”. Informed consent was obtained
from all subjects involved in the study.

Study design. We evaluated a cohort of adult FH subjects, stratified for presence or absence of prior CVD
events, in comparison to normolipidemic subjects matched for age, sex and BML

FH patients and controls underwent clinical and anthropometric examination and blood testing. This study
complied with the Declaration of Helsinki and was approved by the Local Ethics Committee. All subjects pro-
vided written informed consent and no personal information was available to Authors (blinding).

FH group. Among the subjects attending the Metabolic Unit at the University Hospital of Ferrara, 60 FH
patients were identified. After a presumptive diagnosis established through Dutch Lipid Clinic Network Criteria
score > 6%, genetic analysis of LDL-receptor, ApoB and PCSK9 genes was performed and 40 positive subjects
not treated with hypocholesterolemic drugs or on stable treatment for at least 6 months (naive, N =7 and lipid-
lowering drug-treated patients, N =33, respectively) were recruited for the study. FH patients with previous
CVD events (FH-CVD+, N=11) were taking: lipid-lowering, beta-adrenergic blocking agents and antiplatelet
drugs. Genetic mutations of FH patients are described in Supplementary Table 5S.

Control group. 80 subjects were matched by sex, age and BMI to FH patients (2:1). All subjects were in good
health, none had concomitants diseases (diabetes, renal failure or cardiovascular disease) and were not taking
obesity medications.

Exclusion criteria were the presence of clinically relevant secondary dyslipidemias, cancer, autoimmune or
inflammatory diseases, severe psychiatric disorders, hypothyroidism, pregnancy, alcohol consumption>10 g
daily, and hormone replacement therapy.
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Biochemical analysis. Blood samples were collected after an overnight fasting. Serum or EDTA-plasma
were aliquoted and stored at—80 °C until use. Total cholesterol (Total-C), HDL-Cholesterol HDL-C), triglyc-
erides (TG) and glucose were assayed by standard enzymatic-colorimetric methods; LDL-Cholesterol (LDL-C)
was calculated according to the Friedewald formula.

Quantification of lipoprotein subfractions. Lipoprotein subfraction analysis was performed in serum
using the Lipoprint System (Quantimetrix Corporation, Redondo Beach, CA, USA) according to the manufac-
ture’s manual. Briefly, lipoprotein subfractions were separated on the basis of size by electrophoresis on poly-
acrylamide gel. After the subfraction separations, gels were analyzed with Lipoware, a software that calculates
the levels of cholesterol in 10 or 7 varieties for HDL or LDL Kkit, respectively. LDL Lipoprint kit is approved by
FDA. According to the particle size, LDL particles larger than 268 A was classified as IbLDL, while LDL particles
smaller than 268 A was referred to as sdLDL. HDL kit can quantify 10 subfractions (HDL1-HDL10) which were
classified as large: 1-3 types (I-HDL); intermediate: 4-7 types (Medium HDL); small: 8-10 (s-HDL).

Serum HDL cholesterol efflux capacity. Two pathways of cholesterol efflux were evaluated: aqueous
diffusion (aq-CEC), a passive and spontaneous process and the efflux mediated by the cholesterol transporter
ATP-binding cassette A1 (ABCA1) (ABCA1-CEC). Briefly, ]774 mouse macrophages, cultured in DMEM con-
taining 10% FCS, and 1% penicillin-streptomycin (Thermo Fisher Scientific, Carlsbad, CA) were labeled with
[1,2-°H]-cholesterol in the presence of a cholesterol esterification inhibitor acyl-CoA enzyme (2 pg/ml, San-
doz 58035; Sigma-Aldrich, Milano, Italy). For ABCA1-CEC, cells were treated with 0.3 mM cAMP analogue
(cpt-AMP; Sigma-Aldrich, Milan, Italy) in 0.2% BSA for 18 h to upregulate ABCA1. After washing, J774 cells
were incubated with DMEM containing HDL previously isolated from serum using polyethylene glycol. CEC
was expressed as a percentage of the radioactivity released to the medium after 4 h of incubation over the total
radioactivity incorporated by cells. The experiments were performed in triplicate*’. aq-CEC was detected under
basal conditions, while ABCA1-CEC was the difference between values obtained with cAMP-pretreated ]774
and under basal conditions. In each experiment, a reference standard containing a pool of serum was analyzed
to normalize the CEC values.

Statistical analysis. Continuous variables were expressed as mean + standard deviation (SD) and Median
(Quartile 1-Quartile 3) and analyzed for normal distribution using the Kolmogorov-Smirnov tests. Means were
compared by T-test or one-way ANOVA followed by Bonferroni test or Dunnett T3 post hoc tests, whereas
medians from not normally distributed variables, were compared using the nonparametric Mann Whitney or
Kruskal-Wallis test. Categorical variables were expressed as the number (percentage) and analyzed with Fisher
or Pearson Chi-Square Tests. Statistical analysis was performed using SPSS 22.0 software (SPSS, Chicago, IL) and
a p<0.05 was considered statistically significant.

Ethics declarations. The study was conducted in accordance with the Declaration of Helsinki for studies
involving humans and approved by the Ethics Committee of Ferrara (protocol code number 080392)”. Informed
consent was obtained from all subjects involved in the study.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.

Received: 9 March 2023; Accepted: 17 May 2023
Published online: 24 May 2023

References
1. Marduel, M. et al. Molecular spectrum of autosomal dominant hypercholesterolemia in France. Hum. Mutat. 31, E1811-1824.
https://doi.org/10.1002/humu.21348 (2010).
2. Rubba, P. et al. Causative mutations and premature cardiovascular disease in patients with heterozygous familial hypercholester-
olaemia. Eur. J. Prev. Cardiol. 24, 1051-1059. https://doi.org/10.1177/2047487317702040 (2017).
3. Silverman, M. G. et al. Association between lowering LDL-C and cardiovascular risk reduction among different therapeutic
interventions: A systematic review and meta-analysis. JAMA 316, 1289-1297. https://doi.org/10.1001/jama.2016.13985 (2016).
4. Baldassarre, S. et al. Beneficial effects of atorvastatin on sd LDL and LDL phenotype B in statin-naive patients and patients previ-
ously treated with simvastatin or pravastatin. Int ] Cardiol 104, 338-345. https://doi.org/10.1016/j.ijcard.2005.01.006 (2005).
5. Ivanova, E. A., Myasoedova, V. A., Melnichenko, A. A., Grechko, A. V. & Orekhov, A. N. Small dense low-density lipoprotein as
biomarker for atherosclerotic diseases. Oxid. Med. Cell Longev. 2017, 1273042. https://doi.org/10.1155/2017/1273042 (2017).
6. Sviridov, D. & Nestel, P. Dynamics of reverse cholesterol transport: Protection against atherosclerosis. Atherosclerosis 161, 245-254.
https://doi.org/10.1016/s0021-9150(01)00677-3 (2002).
7. Diab, A., Valenzuela Ripoll, C., Guo, Z. & Javaheri, A. HDL composition, heart failure, and its comorbidities. Front. Cardiovasc.
Med. 9, 846990. https://doi.org/10.3389/fcvm.2022.846990 (2022).
8. Favari, E. et al. Cholesterol efflux and reverse cholesterol transport. Handb. Exp. Pharmacol. 224, 181-206. https://doi.org/10.1007/
978-3-319-09665-0_4 (2015).
9. Rohatgi, A. et al. HDL cholesterol efflux capacity and incident cardiovascular events. N. Engl. J. Med. 371, 2383-2393. https://doi.
0rg/10.1056/NEJMo0a1409065 (2014).
10. Cahill, L. E., Sacks, E M., Rimm, E. B. & Jensen, M. K. Cholesterol efflux capacity, HDL cholesterol, and risk of coronary heart
disease: a nested case-control study in men. J. Lipid. Res. 60, 1457-1464. https://doi.org/10.1194/jlr.P093823 (2019).
11. Silvain, ], Kerneis, M., Guerin, M. & Montalescot, G. Modulation of cholesterol efflux capacity in patients with myocardial infarc-
tion. Curr. Opin. Cardiol. 34, 714-720. https://doi.org/10.1097/HCO.0000000000000677 (2019).

Scientific Reports |

(2023) 13:8415 | https://doi.org/10.1038/s41598-023-35357-4 nature portfolio


https://doi.org/10.1002/humu.21348
https://doi.org/10.1177/2047487317702040
https://doi.org/10.1001/jama.2016.13985
https://doi.org/10.1016/j.ijcard.2005.01.006
https://doi.org/10.1155/2017/1273042
https://doi.org/10.1016/s0021-9150(01)00677-3
https://doi.org/10.3389/fcvm.2022.846990
https://doi.org/10.1007/978-3-319-09665-0_4
https://doi.org/10.1007/978-3-319-09665-0_4
https://doi.org/10.1056/NEJMoa1409065
https://doi.org/10.1056/NEJMoa1409065
https://doi.org/10.1194/jlr.P093823
https://doi.org/10.1097/HCO.0000000000000677

www.nature.com/scientificreports/

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Talbot, C. P. ], Plat, J., Ritsch, A. & Mensink, R. P. Determinants of cholesterol efflux capacity in humans. Prog. Lipid. Res. 69,
21-32. https://doi.org/10.1016/j.plipres.2017.12.001 (2018).

Jomard, A. & Osto, E. High density lipoproteins: Metabolism, function, and therapeutic potential. Front. Cardiovasc. Med. 7, 39.
https://doi.org/10.3389/fcvm.2020.00039 (2020).

Escola-Gil, J. C., Rotllan, N, Julve, J. & Blanco-Vaca, F. Reverse cholesterol transport dysfunction is a feature of familial hyper-
cholesterolemia. Curr. Atheroscler. Rep. 23, 29. https://doi.org/10.1007/s11883-021-00928-1 (2021).

Nenseter, M. S. et al. Cholesterol efflux mediators in homozygous familial hypercholesterolemia patients on low-density lipoprotein
apheresis. J. Clin. Lipidol. 7, 109-116. https://doi.org/10.1016/j.jacl.2012.08.001 (2013).

Ogura, M., Hori, M. & Harada-Shiba, M. Association between cholesterol efflux capacity and atherosclerotic cardiovascular disease
in patients with familial hypercholesterolemia. Arterioscler. Thromb. Vasc. Biol. 36, 181-188. https://doi.org/10.1161/ATVBAHA.
115.306665 (2016).

Choi, C. U. et al. Statins do not decrease small, dense low-density lipoprotein. Tex Heart Inst. J. 37, 421-428 (2010).

Rizvi, A. A,, Stoian, A. P, Janez, A. & Rizzo, M. Lipoproteins and cardiovascular disease: An update on the clinical significance
of atherogenic small, dense LDL and new therapeutical options. Biomedicines 9, 1579. https://doi.org/10.3390/biomedicines911
1579 (2021).

van der Graaf, A. et al. Atherogenic lipoprotein particle size and concentrations and the effect of pravastatin in children with
familial hypercholesterolemia. J. Pediatr. 152, 873-878. https://doi.org/10.1016/j.jpeds.2007.11.043 (2008).

Tkezaki, H. et al. Small dense low-density lipoprotein cholesterol is the most atherogenic lipoprotein parameter in the prospective
framingham offspring study. J. Am. Heart Assoc. 10, €019140. https://doi.org/10.1161/JAHA.120.019140 (2021).
Soedamah-Muthu, S. S., Chang, Y. E, Otvos, J., Evans, R. W. & Orchard, T. J. Lipoprotein subclass measurements by nuclear mag-
netic resonance spectroscopy improve the prediction of coronary artery disease in Type 1 diabetes: A prospective report from the
Pittsburgh Epidemiology of Diabetes Complications Study. Diabetologia 46, 674-682. https://doi.org/10.1007/s00125-003-1094-8
(2003).

Jansen, A. C. et al. The contribution of classical risk factors to cardiovascular disease in familial hypercholesterolaemia: data in
2400 patients. J. Intern. Med. 256, 482-490. https://doi.org/10.1111/j.1365-2796.2004.01405.x (2004).

van Aalst-Cohen, E. S. et al. Genetic determinants of plasma HDL-cholesterol levels in familial hypercholesterolemia. Eur. J. Hum.
Genet. 13, 1137-1142. https://doi.org/10.1038/sj.ejhg.5201467 (2005).

Pedro-Botet, J., Climent, E. & Benaiges, D. Familial hypercholesterolemia: Do HDL play a role?. Biomedicines 9, 810. https://doi.
org/10.3390/biomedicines9070810 (2021).

Cho, K. H. The current status of research on high-density lipoproteins (HDL): A paradigm shift from HDL quantity to HDL quality
and HDL functionality. Int. J. Mol. Sci. 23, 3967. https://doi.org/10.3390/ijms23073967 (2022).

Hogue, J. C. et al. Association of heterozygous familial hypercholesterolemia with smaller HDL particle size. Atherosclerosis 190,
429-435. https://doi.org/10.1016/j.atherosclerosis.2006.02.023 (2007).

Juhasz, L. et al. Sphingosine 1-phosphate and apolipoprotein M levels and their correlations with inflammatory biomarkers in
patients with untreated familial hypercholesterolemia. Int. J. Mol. Sci. 23, 14062. https://doi.org/10.3390/ijms232214065 (2022).
Nadro, B. et al. Determination of serum progranulin in patients with untreated familial hypercholesterolemia. Biomedicines 10,
771. https://doi.org/10.3390/biomedicines10040771 (2022).

Teis, A. et al. Particle size and cholesterol content of circulating HDL correlate with cardiovascular death in chronic heart failure.
Sci. Rep. 11, 3141. https://doi.org/10.1038/s41598-021-82861-6 (2021).

Wang, X. et al. Small HDL subclass is associated with coronary plaque stability: An optical coherence tomography study in patients
with coronary artery disease. J. Clin. Lipidol. 13, 326-334. https://doi.org/10.1016/j.jacl.2018.12.002 (2019).

Bellanger, N. et al. Atheroprotective reverse cholesterol transport pathway is defective in familial hypercholesterolemia. Arterioscler.
Thromb. Vasc. Biol. 31, 1675-1681. https://doi.org/10.1161/ATVBAHA.111.227181 (2011).

May-Zhang, L. S. et al. Modified sites and functional consequences of 4-oxo-2-nonenal adducts in HDL that are elevated in familial
hypercholesterolemia. J. Biol. Chem. 294, 19022-19033. https://doi.org/10.1074/jbc. RA119.009424 (2019).

Versmissen, J. et al. Familial hypercholesterolaemia: Cholesterol efflux and coronary disease. Eur. J. Clin. Invest. 46, 643-650.
https://doi.org/10.1111/eci.12643 (2016).

Asztalos, B. F, Horvath, K. V. & Schaefer, E. ]. High-density lipoprotein particles, cell-cholesterol efflux, and coronary heart disease
risk. Arterioscler. Thromb. Vasc. Biol. 38, 2007-2015. https://doi.org/10.1161/ATVBAHA.118.311117 (2018).

Guerin, M. Reverse cholesterol transport in familial hypercholesterolemia. Curr. Opin. Lipidol. 23, 377-385. https://doi.org/10.
1097/MOL.0b013e328353ef07 (2012).

Catalano, G. et al. Torcetrapib differentially modulates the biological activities of HDL2 and HDL3 particles in the reverse cho-
lesterol transport pathway. Arterioscler. Thromb. Vasc. Biol. 29, 268-275. https://doi.org/10.1161/ATVBAHA.108.179416 (2009).
Berrougui, H., Isabelle, M., Cloutier, M., Grenier, G. & Khalil, A. Age-related impairment of HDL-mediated cholesterol efflux. J.
Lipid Res. 48, 328-336. https://doi.org/10.1194/jlr.M600167-JLR200 (2007).

Ying, Q. et al. Effect of a PCSK9 inhibitor and a statin on cholesterol efflux capacity: A limitation of current cholesterol-lowering
treatments?. Eur. J. Clin. Invest. 52, e13766. https://doi.org/10.1111/eci.13766 (2022).

Cedo, L. et al. LDL receptor regulates the reverse transport of macrophage-derived unesterified cholesterol via concerted action
of the HDL-LDL axis: Insight from mouse models. Circ. Res. 127, 778-792. https://doi.org/10.1161/CIRCRESAHA.119.316424
(2020).

Adorni, M. P. et al. The roles of different pathways in the release of cholesterol from macrophages. J. Lipid Res. 48, 2453-2462.
https://doi.org/10.1194/jlr.M700274-JLR200 (2007).

Tokgozoglu, L. & Kayikcioglu, M. Familial hypercholesterolemia: Global burden and approaches. Curr. Cardiol. Rep. 23, 151.
https://doi.org/10.1007/s11886-021-01565-5 (2021).

Nordestgaard, B. G. et al. Familial hypercholesterolaemia is underdiagnosed and undertreated in the general population: guidance
for clinicians to prevent coronary heart disease: consensus statement of the European Atherosclerosis Society. Eur. Heart . 34,
3478-3490a. https://doi.org/10.1093/eurheartj/eht273 (2013).

Favari, E., Thomas, M. J. & Sorci-Thomas, M. G. High-density lipoprotein functionality as a new pharmacological target on cardio-
vascular disease: unifying mechanism that explains high-density lipoprotein protection toward the progression of atherosclerosis.
J. Cardiovasc. Pharmacol. 71, 325-331. https://doi.org/10.1097/FJC.0000000000000573 (2018).

Acknowledgements

The authors would like to thank all the researchers of the DiAL-ER/ADSL group who contributed to the collection
of clinical data and biological samples. This research was funded by Regional Health Trust-University Program
from Emilia-Romagna, DiAL-ER/ADSL Grant.

Scientific Reports |

(2023) 13:8415 | https://doi.org/10.1038/s41598-023-35357-4 nature portfolio


https://doi.org/10.1016/j.plipres.2017.12.001
https://doi.org/10.3389/fcvm.2020.00039
https://doi.org/10.1007/s11883-021-00928-1
https://doi.org/10.1016/j.jacl.2012.08.001
https://doi.org/10.1161/ATVBAHA.115.306665
https://doi.org/10.1161/ATVBAHA.115.306665
https://doi.org/10.3390/biomedicines9111579
https://doi.org/10.3390/biomedicines9111579
https://doi.org/10.1016/j.jpeds.2007.11.043
https://doi.org/10.1161/JAHA.120.019140
https://doi.org/10.1007/s00125-003-1094-8
https://doi.org/10.1111/j.1365-2796.2004.01405.x
https://doi.org/10.1038/sj.ejhg.5201467
https://doi.org/10.3390/biomedicines9070810
https://doi.org/10.3390/biomedicines9070810
https://doi.org/10.3390/ijms23073967
https://doi.org/10.1016/j.atherosclerosis.2006.02.023
https://doi.org/10.3390/ijms232214065
https://doi.org/10.3390/biomedicines10040771
https://doi.org/10.1038/s41598-021-82861-6
https://doi.org/10.1016/j.jacl.2018.12.002
https://doi.org/10.1161/ATVBAHA.111.227181
https://doi.org/10.1074/jbc.RA119.009424
https://doi.org/10.1111/eci.12643
https://doi.org/10.1161/ATVBAHA.118.311117
https://doi.org/10.1097/MOL.0b013e328353ef07
https://doi.org/10.1097/MOL.0b013e328353ef07
https://doi.org/10.1161/ATVBAHA.108.179416
https://doi.org/10.1194/jlr.M600167-JLR200
https://doi.org/10.1111/eci.13766
https://doi.org/10.1161/CIRCRESAHA.119.316424
https://doi.org/10.1194/jlr.M700274-JLR200
https://doi.org/10.1007/s11886-021-01565-5
https://doi.org/10.1093/eurheartj/eht273
https://doi.org/10.1097/FJC.0000000000000573

www.nature.com/scientificreports/

Author contributions

Design of the study: ].M.S., G.V. and A.P; data acquisition: ].M.S., V.E, E.E; data analysis: ].M.S.; data interpreta-
tion: J.M.S., A.D.A,, E.F and A.P; drafting of the article: A.D.A., ].M.S.; funding acquisition: G.V;; critical revision:
E.E,D.S., S.A,ED.N,,G.Z., and A.P. All authors have read and agreed to the published version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-023-35357-4.

Correspondence and requests for materials should be addressed to E.D.N. or A.P.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:8415 | https://doi.org/10.1038/s41598-023-35357-4 nature portfolio


https://doi.org/10.1038/s41598-023-35357-4
https://doi.org/10.1038/s41598-023-35357-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Cholesterol efflux capacity is increased in subjects with familial hypercholesterolemia in a retrospective case–control study
	Results
	Baseline characteristics. 
	Lipid profile and lipoprotein subfraction. 
	Cholesterol efflux capacity in controls and FH subjects with or without CVD. 

	Discussion
	Conclusions
	Materials and methods
	Study design. 
	FH group. 

	Control group. 
	Biochemical analysis. 
	Quantification of lipoprotein subfractions. 
	Serum HDL cholesterol efflux capacity. 
	Statistical analysis. 
	Ethics declarations. 

	References
	Acknowledgements


