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Abstract

Iron overload (I0) has been associated with glucose metabolism alterations and increased risk of cardiovascular
disease (CVD). Primary IO is associated with mutations in the HFE gene. To which extent HFE gene mutations and
metabolic alterations contribute to the presence of atherogenic lipoprotein modifications in primary 10 remains
undetermined. The present study aimed to assess small, dense low-density lipoprotein (LDL) levels, chemical
composition of LDL and high-density lipoprotein (HDL) particles, and HDL functionality in IO patients. Eighteen male
patients with primary 10 and 16 sex- and age-matched controls were recruited. HFE mutations (C282Y, H63D and
S65C), measures of insulin sensitivity and secretion (calculated from the oral glucose tolerance test), chemical
composition and distribution profile of LDL and HDL subfractions (isolated by gradient density ultracentrifugation)
and HDL functionality (as cholesterol efflux and antioxidative activity) were studied. 10 patients compared with
controls exhibited insulin resistance (HOMA-IR (homoeostasis model assessment-estimated insulin resistance):
+93%, P < 0.001). Metabolic profiles differed across HFE genotypes. C282Y homozygotes (n = 7) presented a
reduced g-cell function and insulin secretion compared with non-C282Y patients (n = 11) (—58% and —73 %,
respectively, P < 0.05). In addition, C282Y homozygotes featured a predominance of large, buoyant LDL particles
(C282Y: 431+ 5; non-C282Y: 25+ 8; controls: 32+ 7 %; P < 0.001), whereas non-C282Y patients presented higher
amounts of small, dense LDL (C282Y: 23+ 5; non-C282Y: 39 + 10; controls: 26 +4%; P < 0.01). HDL particles
were altered in C282Y homozygotes. However, HDL functionality was conserved. In conclusion, metabolic
alterations and HFE gene mutations are involved in the presence of atherogenic lipoprotein modifications in primary
10. To what extent such alterations could account for an increase in CVD risk remains to be determined.
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INTRODUCTION of IO are hereditary conditions in which the expression or the

regulation of iron metabolism-related proteins or hormones is
Tron overload (IO) is defined as an increase in storage iron re- affected [2]. The most common of these conditions is hereditary

gardless of the presence of tissue damage [1]. Primary causes haemochromatosis (HH), an affliction caused by mutations in
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the gene encoding the human haemochromatosis protein (HFE).
The most frequent mutation in the HFE gene leading to HH in the
European population encodes the amino acid substitution C282Y
[3]. However, there are also other HFE variants that are associated
with a similar phenotype, mainly characterized by hepatocellular
10 [4]. In Hispanic and Latin American patients with abnormal
iron biomarkers, the H63D variant of the HFE gene is more fre-
quent than the C282Y [5]. Nonetheless, it has been reported that
the HFE genotype scarcely affects the appearance of hepatic and
some extrahepatic manifestations of 10 [4,6].

10 has been increasingly proposed as a conditioning factor for
the development of atherosclerotic cardiovascular disease (CVD)
[7,8], and patients with primary IO have been reported to present
early signs of atherosclerosis [9]. In this regard, it seems that HFE
mutations can influence CVD risk [10,11]. Recent meta-analyses
have identified a significant association of CVD risk with the
H63D variant but not with the C282Y [10,11]. Such differences
suggest a genotype—phenotype interaction which remains largely
undetermined.

Current insights into atherosclerosis highlight the role of ath-
erogenic lipoprotein alterations that can trigger and/or exacer-
bate the vascular inflammatory response [12]. Such alterations
include increased levels of small, dense low-density lipopro-
tein (LDL), triacylglycerol (TG)-enriched LDL and TG-enriched
high-density lipoprotein (HDL), together with impaired HDL
functionality [13]. Metabolic alterations capable of promoting
atherogenic modifications of circulating lipoproteins have been
previously documented in 10 [14-17].

Previous studies carried out in patients with primary 10
have shown a high prevalence of glucose metabolism alterations
[14,16,17]. Although iron-driven oxidative damage of S-cells
has been associated with these alterations [16,18], insulin res-
istance has equally been observed [14,17]. Insulin resistance is
known to be associated with increased levels of small, dense LDL
particles and dysfunctional HDL [19,20]. In addition, iron levels
have been shown to have a role in lipid metabolism. Indeed, iron
depletion was associated with a reduction in TG levels in 10 pa-
tients [15]. A recent study has revealed that 1O patients feature
low HDL-cholesterol (HDL-C) concentration and increased cho-
lesteryl ester transfer protein (CETP) activity [14], resembling
lipid profiles of patients with metabolic syndrome or Type 2 dia-
betes [21,22]. In this context, the proportion of small, dense LDL
particles and the chemical composition and functionality of HDL
have been scarcely explored in IO.

Since conditions responsible for atherogenic lipoprotein
modifications are present in IO, this study was conducted to
assess the levels of small, dense LDL, the chemical composition
of LDL and HDL particles, and the functionality of HDL in male
patients with IO.

MATERIALS AND METHODS

Patients and study protocol
Adult male patients with IO were recruited from the Hepato-
logy Division of the University Hospital “José de San Martin”

(Buenos Aires, Argentina) between 2010 and 2012 (n = 38).
10 was diagnosed when patients presented transferrin saturation
>45% or ferritin concentration >300 ug/l, and liver histology
compatible with primary iron overload (iron deposition prefer-
entially within hepatocytes in the periportal region of the hepatic
lobule). Patients with previous diagnosis of Type 2 diabetes, hy-
pothyroidism, cirrhosis, viral hepatitis, HIV infection or cancer,
patients under treatment with statins, fibrates and/or antioxidant
supplementation, patients with excessive alcohol consumption
(>20 g ethanol/day) or tobacco abuse (n = 6), and patients who
were in the maintenance phase of an iron-depletion treatment
(ferritin concentration <100 pg/l, n = 14) were excluded from
the study. After a 12-h overnight fast, the patients selected (n =
18) performed a 75 g oral glucose tolerance test (OGTT) and
samples were withdrawn at 0, 30, 60, 90 and 120 min. Sixteen
age-matched male normolipidaemic healthy subjects from a pool
of blood donors without clinical or biochemical signs of 10 and
wild-type for mutations in the HFE gene were also recruited. A
single blood sample from each control subject was drawn from
the antecubital vein after a 12-h overnight fast. Whole blood
was used to determine the complete blood count and an aliquot
was stored at —20°C to perform the HFE gene mutation test-
ing. Serum samples were immediately used for general biochem-
ical determinations and aliquots were stored at —70°C. Baseline
serum samples were used to determine high-sensitivity C-reactive
protein (hsCRP) levels and CETP activity, as well as to subfrac-
tionate lipoproteins by density gradient ultracentrifugation. For
this assay, sucrose (final concentration 0.6 % w/v) was added to
the samples as a cryoprotectant. Each aliquot was thawed only
once before analyses.

The present study was carried out in accordance with the De-
claration of Helsinki. The protocol was approved by the Ethics
Committee of the University Hospital “José de San Martin” and
from the School of Pharmacy and Biochemistry, University of
Buenos Aires. All patients provided informed consent to parti-
cipate in the study.

Anthropometric, analytical and genetic procedures
Height and weight were measured with the subject wearing light
clothes and without shoes. Body mass index (BMI) was calcu-
lated and BMI categories were defined according to the World
Health Organization (WHO) adult definition [23]. Blood pres-
sure was determined with a random-zero sphygmomanometer
after 5 min of rest and the average of two measurements was re-
corded. Hypertension was defined in accordance to international
guidelines [24].

Complete blood count was determined in a Coulter® GEN-
STM autoanalyser (Beckman Coulter). Plasma transferrin, apo-
lipoprotein (apo) A-I and apo B concentrations were measured
by immunonephelometry (IMMAGE®, Beckman Coulter). Fer-
ritin concentration was determined by an electrochemilumin-
escence assay (VITROS® ECiQ, Ortho-Clinical Diagnostics).
Serum levels of iron, glucose, urea, creatinine, uric acid, TG
and total cholesterol (TC) and the activities of alanine amino-
transferase (ALT), aspartate aminotransferase (AST) and alkaline
phosphatase (ALP) were quantified by standardized methods
(Roche Diagnostics) in a COBAS C501 autoanalyser (Roche
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Diagnostics). LDL-cholesterol (LDL-C) and HDL-C concen-
trations were determined by selective precipitation methods.
Very-low-density lipoprotein-cholesterol (VLDL-C) was calcu-
lated. Insulin concentration was measured by radioimmunoassay
(DPC). HsCRP concentration was measured by a high-sensitivity
immunoassay (Roche Diagnostics). CETP activity was measured
by an endogenous assay as previously described [14].

Impaired fasting glucose, altered glucose tolerance and Type 2
diabetes in IO patients were diagnosed in accordance to the Amer-
ican Diabetes Association (ADA) guidelines [25].

All subjects were tested for the three most common mutations
in the HFE gene, encoding H63D, S65C and C282Y, by direct
PCR-RFLP (restriction fragment length polymorphism) in whole
blood without previous DNA extraction [26].

Metrics of insulin sensitivity, insulin secretion and
B-cell function

The Matsuda index was calculated as previously described, us-
ing 0, 30, 60, 90 and 120 min measurements of glycaemia
and insulinaemia [27]. Insulin secretion was estimated by the
Alnsuling 150/ AGlucosey 15 relationship [28]. The hyperbolic
relationship between insulin secretion and sensitivity was tested
by means of the slope of the double logarithmic plot. When the
hyperbolic relationship was confirmed, 8-cell function was estim-
ated by the disposition index calculated as the product between
metrics of insulin sensitivity and insulin secretion.

Lipoprotein isolation

Plasma lipoproteins were isolated from serum by a single step,
isopycnic non-denaturing density gradient ultracentrifugation in
a Beckman SW41 Ti rotor at 40000 rpm for 44 h in a Beck-
man XL70 ultracentrifuge at 15°C by the method of Chapman
et al. [29] modified as previously described [30]. After centrifu-
gation, each gradient was fractionated into 11 fractions corres-
ponding to VLDL + intermediate density lipoprotein (IDL) (d
< 1.019 g/ml), five LDL subfractions (LDL1 to LDL5, d 1.019—
1.063 g/ml) and five HDL subfractions (HDL2b to HDL3c, d
1.063—1.179 g/ml). The validity and reproducibility of this dens-
ity gradient procedure, which facilitates fractionation of lipo-
protein particle subspecies in a non-oxidized native state, have
been extensively documented [29,30]. Lipoproteins were dia-
lysed against phosphate-buffered saline (PBS; pH 7.4) at 4°C in
the dark, stored at 4°C and used within 10 days.

Lipoprotein chemical composition [total proteins (TP), TC,
free cholesterol (FC), phospholipids (PL) and TG] was determ-
ined using commercially available assays. Cholesteryl ester (CE)
concentration was calculated [29,30]. Total lipoprotein mass was
also calculated as the sum of TP, CE, FC, PL and TG. For func-
tionality assays, total HDL from each donor was prepared by
mixing all five HDL subfractions at their equivalent serum con-
centrations.

HDL antioxidative activity

Antioxidative activity of total HDL (final concentration, 0.4 g
total mass/l) was assessed towards reference LDL (0.1 g of
TC/) isolated from one healthy normolipidaemic control sub-
ject[31]. LDL oxidation was performed at 37°C in PBS (pH 7.4)
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in the presence of a water-soluble azo-initiator 2,2'-azobis-(2-
amidinopropane) hydrochloride (AAPH; 1 mM). HDL was ad-
ded to LDL directly before oxidation. The HDL used for this
assay was isolated from serum to ensure PON1 activity, which is
inhibited by EDTA [32]. Accumulation of conjugated dienes was
measured in the samples as the increase in absorbance at 234 nm
[31,33]. The absorbance kinetics were corrected for the absorb-
ance of AAPH itself assayed in parallel as a blank. The kinetics
of diene accumulation revealed two characteristic phases, the lag
and the propagation phases. For each curve, the duration of each
phase, average oxidation rates within each phase and amount
of dienes formed at the end of the propagation phase (maximal
amount of dienes) were calculated.

HDL capacity to promote cellular cholesterol efflux

The capacity of total HDL to promote cellular cholesterol efflux
was characterized using a human THP-1 monocytic cell system
(ATCC, Manassas, VA, U.S.A.) at 15 ng of HDL-PL/1. Total HDL
from each donor was prepared as described above. Assays of cel-
lular cholesterol efflux were performed as previously described,
with minor modifications [34]. Briefly, THP-1 monocytes were
cultured on 24-well tissue culture plates and grown in RPMI
1640 medium with 10 % heat-inactivated foetal bovine serum and
differentiated into macrophage-like cells with 50 ng/ml phorbol
12-myristate 13-acetate (PMA) for 48 h. The cells were washed
and loaded for 24 h with [*H]cholesterol-labelled acetylated LDL
(1 nCi/ml) in serum-free RPMI 1640 supplemented with 50 mM
glucose, 2 mM glutamine, 0.2% (w/v) bovine serum albumin
(RGGB), 100 pg/ml penicillin and 100 ug/ml streptomycin to
allow cell cholesterol pools to equilibrate. The labelling medium
was removed and human macrophages were then equilibrated in
RGGB for an additional 1624 h period. Cellular cholesterol ef-
flux to HDL was assayed in serum-free medium for a 4-h chase
period; culture media were collected and cleared of cellular debris
by a brief centrifugation. Cell radioactivity was determined by
extraction in hexane/propan-2-ol (3:2), evaporation of the solvent
and liquid scintillation counting (Wallac Trilux 1450 Microbeta,
PerkinElmer). The percentage of cholesterol efflux was calculated
as (medium cpm)/(medium cpm + cell cpm) x 100. Specific cho-
lesterol efflux was determined by subtracting non-specific cho-
lesterol efflux occurring in the absence of cholesterol acceptors.

Statistical analyses

Counts of categorical variables were compared by the x? test ap-
plying Bonferroni’s method to correct for multiple comparisons.
The x? test was also used to evaluate associations between allele
presence and atherogenic lipoprotein alterations in 10 patients.
For these analyses, increased proportion of LDL4 and LDLS5
particles was defined as above the third quartile. The Shapiro—
Wilks method was used to assess data distribution. Normally dis-
tributed variables were expressed as means + S.D. and skewed-
distributed variables as median (interquartile range [IQR]). Dif-
ferences were analysed by ANOVA using Tukey’s post-hoc test or
by Kruskal-Wallis and paired comparison post-hoc test accord-
ing to normal or skewed data distribution, respectively. Different
letters over the mean or the median indicate significantly dissim-
ilar groups. Correlations in the IO group were analysed by the
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Table 1 Clinical and biochemical characteristics of 10 patients and control subjects
Results are expressed as means + S.D. or medians (Q1-Q3) for normal or skewed data, respectively. Shown P values were
obtained using parametric or non-parametric ANOVA tests as appropriate. Different letters indicate significantly dissimilar

groups.
C282Y patients (n = 7) Non-C282Y patients (n = 11) Control subjects (n = 16) P
Age (years) 48+18 47+13 47+15 0.991
BMI (kg/m?) 28+2 28+2 26+3 0.150
Overweight (n) 4 7 9 0.862
Obese (n) 2 2 2 0.730
Hypertension (n) 1 2 0 0.891
Hb (g/1) 148+20 149+8 146+10 0.845
White blood cell count (10° cells/I) 58+1.9 7.31+1.4 6.3+1.6 0.121
Platelet count (10° cells/I) 168 + 782 220+ 53% 237+ 36° 0.036
Transferrin saturation (%) 93 (72-98)2 47 (34-54)° 25 (23-29)° <0.001
Ferritin (ug/1) 2120 (456-2440)2 444 (246-616)° 124 (102-162)° <0.001
Total bilirubin (tmol/1) 17.1 (15.4-27.4)? 13.7 (12.0-17.1)2 8.6 (5.1-10.3)° <0.001
AST (1U/1) 41 (26-75)° 29 (23-32)° 20 (18-22)° <0.001
ALT (1U/1) 47 (27-57)? 44 (28-48)2 13 (9-21)° <0.001
ALP (1U/1) 102 (75-172) 74 (59-101) 56 (53-61) 0.213
hsCRP (mg/1) 1.4 (1.0-1.4) 1.9 (0.7-2.5) 0.9 (0.6-1.3) 0.052
Glucose (mmol/I) 5.4+0.5% 5.7+0.7° 5.0+0.4° 0.016
Insulin (mU/1) 12 (11-18)7 14 (10-18)7 7 (4-8)° 0.008
HOMA-IR 2.8 (2.6-4.6)7 3.4 (2.0-4.8)7 1.5 (0.9-1.7)° 0.006

Pearson or Spearman test in agreement with data distribution.
Significance was defined as P < 0.05 in the two-tail tests. For
all statistical analyses, the software INFOSTAT (Grupo Infostat,
Universidad Nacional de Cérdoba, Argentina) was used.

RESULTS

Genotypic and phenotypic characterization

Seven out of the 18 10 patients were homozygous for the HFE
C282Y mutation and were therefore diagnosed with HH. Of the
remaining 11 patients (non-C282Y homozygous), two were com-
pound C282Y/H63D heterozygous, one was H63D homozygous,
four were H63D heterozygous and four presented none of the
HFE mutations screened. Four of the 18 patients (22 %) presented
mild hepatic steatosis. Eleven of the 18 patients were overweight
and three were obese. The clinical and biochemical character-
istics of the 10 patients, according to C282Y homozygosis, and
healthy controls are shown in Table 1. There were no differences
in age, BMI and the prevalence of overweight/obesity among all
the groups studied. As expected, both groups of 10 patients ex-
hibited elevated transferrin saturation and increased levels of fer-
ritin, total bilirubin, AST and ALT, reflecting IO and iron-induced
liver injury. C282Y homozygous patients were characterized by
the highest levels of transferrin saturation among the groups.

Glucose metabolism

Fasting glucose concentration was significantly higher in non-
C282Y homozygous patients than in controls (Table 1). In ad-
dition, a 2-fold increase in fasting insulin and HOMA-IR (ho-
moeostasis model assessment-estimated insulin resistance) was
consistently observed in both groups of IO patients in comparison
with controls (Table 1).

Half of the IO patients presented alterations in glucose meta-
bolism: 7/18 exhibited impaired fasting glucose, one had im-
paired glucose tolerance and one was diagnosed with Type 2
diabetes. No significant differences were evidenced in the pre-
valence of such alterations between genotype categories (P >
0.05). Nonetheless, patients with impaired glucose tolerance and
diabetes belonged to the C282Y homozygous group.

Metrics of insulin sensitivity and secretion and of -cell func-
tionality derived from the OGTT are shown in Figure 1. Insulin
sensitivity was similar in both groups of 10 patients, but a signi-
ficant decrease in insulin secretion was detected in C282Y homo-
zygotes. Such modified insulin response was the leading cause
of a significant reduction in B-cell functionality in this group
(Figure 1).

Lipoprotein metabolism

Data regarding lipoprotein metabolism from C282Y and non-
C282Y homozygous patients and controls are shown in Table 2.
Both groups of 10 patients presented significantly increased TG
levels and TG/HDL-C ratio (Table 2). Furthermore, C282Y ho-
mozygous patients showed significantly lower HDL-C concen-
tration and higher CETP activity than controls.

Figure 2 shows total plasma lipoprotein mass of the five
LDL subfractions from the large, buoyant LDL1 to the small,
dense LDLS5 in 10 patients and controls. Different LDL distribu-
tion profiles were observed between the genotype categories of
10 patients. C282Y homozygous patients presented significantly
higher LDL2 and lower small, dense LDL4 mass than non-C282Y
homozygotes. In addition, they showed lower LDL3 levels than
healthy controls (Figure 2).

The sum of all five LDL subfractions, equivalent to total LDL
mass in the circulation, was decreased in C282Y homozygous

612

© The Authors Journal compilation © 2015 Biochemical Society



Metabolic alterations in iron overload patients Original Paper
Table 2 Lipid and lipoprotein profile of 10 patients and control subjects
Results are expressed as means + S.D. or medians (Q1-Q3) for normal or skewed data, respectively. Shown P values were
obtained using parametric or non-parametric ANOVA tests. Different letters indicate significantly dissimilar groups.
C282Y patients (n = 7) Non-C282Y patients (n = 11) Control subjects (n = 16) P
TG (mmol/1) 1.15 (0.85-1.93)? 1.37 (0.71-1.65)? 0.85 (0.55-0.93)° 0.024
TC (mmol/I) 3.94+09 45+1.0 4.84+0.6 0.230
VLDL-C (mmol/1) 0.454+0.29 0.51+0.21 0.39+0.21 0.244
LDL-C (mmol/1) 2.6+0.7 2.8+0.9 3.1+0.7 0.410
HDL-C (mmol/I) 1.10 (0.95-1.20)? 1.15 (0.97-1.38)® 1.35 (1.17-1.66)° 0.031
TG/HDL-C 2.6 (1.5-3.7)2 2.3 (1.2-3.7)7 1.3 (0.8-1.8)° 0.011
ApoB (g/1) 0.8+0.2 0.8+0.2 0.8+0.2 0.733
ApoA-l (g/1) 1.24+0.2 1.4+0.2 1.5+0.2 0.072
CETP activity (%-ml~1.h=1) 160+40? 157+50% 128+36° 0.034
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Figure1 Metrics of insulin sensitivity, insulin secretion and S-cell function in 10 patients
Surrogate markers of insulin sensitivity, insulin secretion and g-cell functionality in C282Y (n = 7) and non-C282Y
homozygous patients (n = 11). Insulin sensitivity was estimated as the Matsuda index and insulin secretion as the ratio

between Alnsuling_100 and AGlucoseg_129. *P < 0.05.

patients (C282Y: 2.2 4-0.2%; non-C282Y: 2.8 + 0.6®; controls:
3.0+ 0.4 g/l, P < 0.005). Thus, proportions of the different LDL
subfractions were calculated and compared among the groups.
C282Y homozygous patients exhibited the highest proportion of
large buoyant LDL1+2 particles (C282Y: 43 £ 5%; non-C282Y:
254 8; controls: 324 7°%, P < 0.001), whereas non-C282Y
homozygous patients were characterized by the predominance of
small, dense LDL4+-5 subfractions (C282Y: 23 + 5%; non-C282Y
homozygotes: 39 + 10°; controls: 26 +4%*%, P < 0.05).

Moreover, LDL3, LDL4 and LDLS5 particles from C282Y
homozygous patients were significantly enriched in TG when
compared with their counterparts from controls (Supplementary
Table S1). Similarly, LDL subfractions from non-C282Y patients
presented a mild increase in TG content which did not reach
statistical significance (Supplementary Table S1).

Plasma levels of HDL subfractions in 1O patients and controls
are shown in Figure 3. C282Y homozygous patients presented a
decrease in the concentration of small, dense HDL3b and HDL3c

subfractions when compared with controls (Figure 3), whereas
non-C282Y patients featured discrete reductions in plasma con-
centrations of all HDL subfractions, which did not reach stat-
istical significance relative to controls. Chemical composition
analysis revealed that HDL subfractions from IO patients were
enriched in TG and depleted in CE (Supplementary Table S2).
In particular, non-C282Y homozygous patients featured mild al-
terations in HDL chemical composition, whereas C282Y homo-
zygotes exhibited more profound alterations in HDL chemical
composition than controls (Supplementary Table S2).

HDL functionality

No difference was observed in the antioxidative activity of HDL
between 10 patients and controls (Supplementary Table S3). Sim-
ilarly, no significant difference was detected in the capacity of
HDL to promote cholesterol efflux from differentiated THP-1
cells between IO patients and controls (Supplementary Table S3).
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Figure 2 Plasma total lipoprotein mass of LDL subfractions in 10 patients and controls
Distribution of total mass of plasma LDL subfractions from homozygous C282Y (n = 7) and non-C282Y patients (n = 11)
and control subjects (n = 16). Total lipoprotein mass was calculated as the sum of its major chemical components (CE,
FC, PL, TG and TP); *P < 0.005; **P < 0.01. Different letters indicate significantly dissimilar groups.
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Figure 3 Plasma total lipoprotein mass of HDL subfractions in 10 patients and controls

Distribution of total mass of plasma HDL subfractions from homozygous C282Y (n = 7) and non-C282Y patients (n = 11)
and control subjects (n = 16). Total lipoprotein mass was calculated as the sum of its major chemical components (CE,
FC, PL, TG and TP); *P < 0.005; **P < 0.01. Different letters indicate significantly dissimilar groups.

Interactions between iron levels, HFE mutations
and metabolic characteristics

Regarding iron metabolism, ferritin concentration was poorly
correlated with glucose metabolism markers and lipoprotein
measurements within IO patients (Table 3). In contrast, transfer-
rin saturation was correlated with the decline of insulin secretion
and B-cell function, as well as with quantitative modifications in
small, dense HDL levels (Table 3). Strikingly, insulin secretion

and B-cell function were positively correlated with the proportion
of small dense LDL4+-5 subfractions (r = 0.70, P < 0.01 andr =
0.77, P < 0.005, respectively).

The presence of the H63D allele in 1O patients was positively
associated with an increased proportion of the small, dense LDL5
(x* = 4.38, P < 0.05). In contrast, the presence of the C282Y
allele was negatively associated with increased proportions of
LDL4 (x> =4.67, P < 0.05)and LDL5 (x? = 7.78, P < 0.005).
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Table 3 Correlations between iron metabolism markers and
selected metabolic characteristics in 10 patients (n = 18)
Insulin secretion was estimated as the ratio between Alnsuling_120 and
AGlucoseq_120. Total lipoprotein mass was calculated as the sum of its
major chemical components (CE, FC, PL, TG and TP).

Transferrin saturation Ferritin
Insulin secretion [r (P)] —0.67 (0.007) —0.02 (0.867)
B-Cell function [r (P)] —0.68 (0.007) —0.20 (0.481)
HDL3a-mass [r (P)] —0.64 (0.008) —0.31 (0.229)
HDL3b-mass [r (P)] —0.58 (0.019) —0.30 (0.250)
HDL3c-mass [r (P)] —0.63 (0.008) —0.47 (0.066)

Table 4 Correlations between TG/HDL-C ratio and
compositional lipoprotein characteristics in 10 patients (n = 18)

r P
CETP activity 0.83 0.001
LDL3-TG 0.63 0.008
LDL5-TG 0.57 0.040
HDL3a-TG 0.68 0.007
HDL3a-CE -0.71 0.006
HDL3b-TG 0.54 0.046
HDL3b-CE —0.59 0.027
HDL3c-TG 0.54 0.046
HDL3c-CE -0.64 0.008

Regarding the lipid profile, the TG/HDL-C ratio was cor-
related with CETP activity and with compositional changes in
the LDL and HDL subfractions (Table 4). Finally, CETP activ-
ity was significantly correlated with all the changes observed in
the chemical composition of HDL subfractions from IO patients
(Supplementary Table S4).

DISCUSSION

The present study documents atherogenic lipoprotein alterations,
which have been associated with high CVD risk [35-37], in
male patients with primary IO. These alterations varied accord-
ing to the presence of HFE mutations. Notably, C282Y homozy-
gous patients exhibited diminished insulin secretion, reduced
levels of small, dense HDL subfractions, and LDL and HDL
particles with increased TG content. On the other hand, non-
C282Y homozygous patients presented an atherogenic LDL sub-
fraction profile characterized by an increased proportion of small,
dense LDL, as well as mild alterations in their LDL and HDL
chemical composition. IO patients also showed insulin resistance,
dyslipidaemia and increased CETP activity, confirming previous
results [14].

The impaired insulin secretion and S-cell function observed
in C282Y homozygous patients is in agreement with the results
of previous studies, in which the frequently sampled intraven-
ous glucose tolerance test (IVGTT) was used [16]. Furthermore,
impaired glucose tolerance and Type 2 diabetes, which are condi-
tions primarily characterized by B-cell dysfunction, were exclus-
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ively present in C282Y homozygotes. In a mouse model analog-
ous to human HFE C282Y homozygosis, such impaired insulin
secretion was attributed to apoptosis due to iron-driven oxidative
damage of S-cells [18]. In contrast, by using several surrogate
markers calculated from the OGTT in a group of patients with
10, Hatunic et al. [17] found no defect in insulin secretion. This
difference could be partly attributed to the fact that, in the latter
study [17], the group of 1O patients was heterogeneous in terms
of the genotype (72% of C282Y homozygotes and 28 % with
other genotypes). Thus, C282Y homozygous patients could have
been at higher risk of declined B-cell function compared with
non-homozygous ones. To achieve iron accumulation in the pan-
creas, previous hepatic iron loading is needed [38]. Then, as an
increased hepatic iron concentration was found in C282Y homo-
zygotes [39], amore aggressive 10 progression could be expected
in these subjects. Together, these pieces of evidence suggest that
C282Y homozygous patients present not only insulin resistance,
which is common in primary IO, but also distinct pathophysiolo-
gical characteristics leading to alterations in glucose metabolism.

Regarding lipoprotein metabolism, important differences
were observed between the genotypes. Consistent with the results
of the ARIC population study [40], C282Y homozygous patients
presented the lowest LDL mass, even lower than normolipidaemic
controls. Most interestingly, this low mass was attributed to the
relatively small and dense LDL3 and LDL4 subfractions. Such
LDL distribution profile can be considered as less atherogenic
than that exhibited by non-C282Y patients. Indeed, the LDL dis-
tribution profile of non-C282Y patients, 64 % of whom bore the
H63D mutation, was characterized by the predominance of small,
dense LDL4+5 subfractions. Importantly, we identified a signi-
ficant association between a high proportion of the small, dense
LDLS5 and the H63D allele. Such association might contribute
to the higher CVD risk estimates associated with the H63D al-
lele [10,11,41,42]. Conversely, the C282Y allele was negatively
associated with the proportion of small dense LDL4 and LDL5
subfractions and could partially explain the comparable CVD risk
estimates observed between patients with C282Y homozygosis
and wild-type HFE controls.

The positive correlation between the LDL4+5 proportion and
B-cell function suggests that the differences observed between
the groups of 10 patients might be associated with the impact
of low insulin secretion on LDL metabolism. Insulin is known
to regulate LDL catabolism by hepatic lipase, which has been
shown to contribute to small dense LDL formation [43,44]. Thus,
in C282Y homozygotes, reduced hepatic lipase activity due to
defects in insulin secretion could account for their particular
LDL subfraction profile. Future studies of this association are
needed. Regarding LDL chemical composition, IO patients with
C282Y homozygosis presented a TG-enrichment in almost all
LDL particle subpopulations. Importantly, some evidence has
attributed a pro-atherogenic role to a TG-enrichment in LDL
particles as it renders them more susceptible to oxidation and
more injurious to the vascular endothelium [45,46]. It remains
to be shown to what extent such lipoprotein modifications are
relevant in the metabolic context of 1O.

Noteworthily, alterations in the HDL subfraction profile
observed in C282Y homozygous patients were independently
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associated with CVD risk [37,47]. However, HDL functionality
was not affected in C282Y homozygotes, in spite of the lower
circulating levels of HDL3c, an HDL subfraction that displays po-
tent anti-atherogenic properties [48]. Furthermore, although TG
enrichment and CE depletion of HDL particles have been associ-
ated with altered HDL activities under other metabolic conditions
[19,22], these alterations were not sufficient to impair HDL func-
tionality. Thus, in spite of quantitative and compositional altera-
tions, other factors might be contributing to the preservation of
HDL functionality in IO. As previously suggested, the observed
modifications in HDL would be preferentially associated with
insulin resistance and increased CETP activity than with 1O [14].

The present results have several points of clinical importance.
High fasting glucose and insulin concentrations are common in
primary IO patients and, therefore, the use of the OGTT seems
to be adequate in this clinical setting. As the decrease in S-cell
function represents the main pathway leading to impaired gluc-
ose tolerance and diabetes [49], the OGTT evaluation could be
useful to understand the complex metabolic alterations that occur
in IO. In this context, since insulin secretion could be already im-
paired in C282Y homozygous patients, it might be cost-effective
to draw attention into factors that may compromise insulin sens-
itivity, such as obesity. On the other hand, lipid metabolism is not
typically evaluated in 1O patients and the presence of atherogenic
lipoprotein modifications often remains unknown. Knowledge of
the presence of atherogenic dyslipidaemia, including increased
proportion of small, dense LDL, might be of importance to pre-
vent future cardiovascular complications in 1O patients. In this
aspect, the TG/HDL-C ratio was the parameter that best reflected
the multiple lipoprotein alterations observed. Thus, determining
this parameter might be helpful to evaluate lipoprotein metabol-
ism in 1O patients.

In the present study, the use of surrogate metrics of insulin
sensitivity and secretion, instead of the clamp technique, could
be a source of bias. Also, the relatively small number of subjects
could have limited the detection of subtle differences between
the genotypes. Finally, our data do not allow inferral that carriers
of HFE mutations, who do not display 10, will feature the
metabolic alterations herein described. Nonetheless, the present
results highlight the importance of early identification and
treatment of patients with IO. Indeed, iron-depletion therapy has
been proposed as an alternative to curb metabolic abnormalities
associated with IO [15,50]. As a consequence, reductions in iron
levels are now being considered as a therapeutic alternative not
only for patients with overt IO but also for patients with other
conditions [51].

In conclusion, our study reveals that metabolic alterations and
HFE gene mutations are involved in the presence of atherogenic
lipoprotein modifications in male patients with primary 10. It
remains to be determined to what extent such alterations can
account for increased CVD risk in this disorder.

CLINICAL PERSPECTIVES

® The associations between HFE gene mutations, iron overload
(I0) and lipoprotein metabolism have been poorly studied.

Insulin resistance and 10 might promote the appearance of
atherogenic lipoprotein alterations in patients with primary
I0.

® We found that insulin resistance was common in IO patients
and that HFE C282Y homozygous patients presented a sig-
nificant reduction in S-cell function. In addition, C282Y pa-
tients presented a less atherogenic LDL subfraction distri-
bution, whereas non-C282Y homozygotes displayed an in-
creased proportion of circulating small, dense LDL. Finally,
HDL particles from IO patients presented quantitative and
qualitative alterations.

® Importantly, reduced B-cell function, TG-enrichment of LDL
and HDL and an increased proportion of small, dense LDL
were observed in IO patients as a function of HFE geno-
type. Thus, evaluation of glucose and lipoprotein metabolism
should be included in the management of patients with primary
I10O. It remains to be determined whether iron depletion therapy
can curb such atherogenic alterations and to which extent they
contribute to increased cardiovascular risk.
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