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BACKGROUND: Abetalipoproteinemia, a recessive disease resulting from deleterious variants in

MTTP (microsomal triglyceride transfer protein), is characterized by undetectable concentrations of

apolipoprotein B, extremely low levels of low-density lipoprotein cholesterol in the plasma, and a total

inability to export apolipoprotein B–containing lipoproteins from both the intestine and the liver.

OBJECTIVE: To study lipid absorption after a fat load and liver function in 7 heterozygous relatives

from 2 abetalipoproteinemic families, 1 previously unreported.

RESULTS: Both patients are compound heterozygotes for p.(Arg540His) and either c.708_709del

p.(His236Glnfs*11) or c.134413_134416del on the MTTP gene. The previously undescribed patient
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Liver steatosis;

Apolipoprotein B
has been followed for 22 years with ultrastructure analyses of both the intestine and the liver. In these 2

families, 5 relatives were heterozygous for p.(Arg540His), 1 for p.(His236Glnfs*11) and 1 for

c.134413_134416del. In 4 heterozygous relatives, the lipid absorption was normal independent of

the MTTP variant. In contrast, in 3 of them, the increase in triglyceride levels after fat load was

abnormal. These subjects were additionally heterozygous carriers of Asp2213 APOB in-frame deletion,

near the cytidine mRNA editing site, which is essential for intestinal apoB48 production. Liver function

appeared to be normal in all the heterozygotes except for one who exhibited liver steatosis for unex-

plained reasons.

CONCLUSION: Our study suggests that a single copy of theMTTP gene may be sufficient for human

normal lipid absorption, except when associated with an additional APOB gene alteration. The hepatic

steatosis reported in 1 patient emphasizes the need for liver function tests in all heterozygotes until the

level of risk is established.

Introduction

Abetalipoproteinemia (ABL; OMIM 200100) is one of

the 2 very rare inherited diseases characterized by very low

or undetectable apolipoprotein (apo) B–containing lipopro-

tein (LpB) levels in blood. ABL has an autosomal recessive

mode of inheritance, which distinguishes it from familial

homozygous hypobetalipoproteinemia (OMIM 107730

commonly named Ho-FHBL) segregating as an autosomal

dominant trait. ABL, as Ho-FHBL, is associated with a

lipid malabsorption syndrome and the inability to secrete

LpB. The similar phenotypes in both disorders arise, in

ABL, from deleterious variants in the large polypeptide

subunit of microsomal triglyceride (TG) transfer protein

(MTP) and, in Ho-FHBL, from deleterious variants in the

APOB gene.

MTP has been shown to be essential for LpB assembly

and secretion as well as for further lipid absorption

processing. MTP-mediated lipid transfer is the limiting

step in the assembly and secretion of LpB: in vitro studies

have demonstrated that apoB secretion is proportional to

MTP activity.1 In mice, partial MTP deficiency reduces TG

absorption and apoB100 levels in plasma, and it increases

the accumulation of cytosolic fat in the liver.2,3 In ABL pa-

tients, the absence of MTP activity disrupts TG-rich LpB

assembly in both the intestine and the liver, which leads

to a complete inability to secrete postprandial chylomicrons

(CMs) and very low density lipoproteins, respectively.

Endoscopy shows a white coating of the small intestine.

The enterocytes are overloaded with large lipid droplets

in the cytoplasm, which appear, at the ultrastructural level,

to be non–membrane-bound. Affected individuals, thus,

develop essentially a lipid malabsorption syndrome with

fat-soluble vitamin deficiency. In most of these patients,

liver function is altered and steatosis may be associated

with elevated transaminases. In some cases, evolution to

fibrosis and cirrhosis has been reported.4–6 Patients with

ABL exhibit profound hypocholesterolemia, hypotriglycer-

idemia, the absence of LpB, and no CMs and apoB48 after

a fat load.6

Heterozygous carriers of MTTP deleterious variants

have not been believed to exhibit clinical or biological

abnormalities, in general, or abnormalities in the lipid pro-

file, in particular.7 Indeed, almost all of the obligate hetero-

zygotes have been reported to have normal lipid levels.6,8,9

However, to our knowledge, there have been no studies of

fat loading.8 The effects of deleterious variants in 1 allele of

MTTP on intestinal absorption and the liver are unknown.

Furthermore, common variants in the MTTP gene have

been reported to predispose to non-alcoholic steatohepatitis

in the general population including in heterozygous sub-

jects.10,11 These observations raise the question of a poten-

tial risk of fat malabsorption and hepatic complications in

heterozygous carriers of deleterious MTTP variants.

In this article, we evaluated the impact, in 7 heterozy-

gous relatives from 2 ABL families, of MTTP single dele-

terious allele variants on hepatic function and lipid

absorption after a fat load.

Material and methods

Subjects

Members from 2 unrelated French families were eval-

uated (Fig. 1). The proband from family A (A.III.2) has not

been reported, whereas the 1 from family B (II.1) has been

partially described previously.6,12

Blood samples and intestinal and hepatic biopsies were

collected from family A’s proband and normal control

subjects (for intestinal biopsies) using the procedures and

the experimental methods approved by INSERM (RBM

0256) and by a bioethics committee (Comit�e Consultatif de

Protection des Personnes dans la Recherche Biom�edicale

de Paris Bichat-Claude Bernard, Paris, France, CCPPRB

Bichat-C. Bernard-2003/05). Informed written consent was

obtained from all participants or from their legal guardians.

Genetic analysis

After the extraction of genomic DNA from the blood,

encoding regions and the flanking intronic junctions of the

MTTP, APOB, PCSK9, LDLR (only exon 7), ANGPTL3,

SAR1B, FABP1, and SAR1A genes were amplified by
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polymerase chain reaction. The amplicons were directly

sequenced on an ABI PRISM DNA sequencer (Applied

Biosystems) as previously described.6,13,14

Analysis of intestinal and hepatic biopsies

Histological and ultrastructural analyses of both intesti-

nal and liver biopsies from the patient from family A were

performed after a 12- to 15-hour fast and treated as

described previously.4

Analysis of lipids and lipoproteins after a fast or
an oral fat load

Venous blood samples were drawn after a 12-hour fast

and after a lipid load. The lipid load for the young

proband of family A (A.III.2) was performed as previ-

ously described.15 For all the relatives, a 4520-kJ meal

was given at T0 immediately after drawing the fasting

blood samples. The meal contained 74% lipids with

72% saturated, 25% monounsaturated, and 3% polyunsat-

urated fatty acids. Typically, it was composed of 200 mL

of unskimmed milk with sweetener, 80 g of bread with

60 g of butter, and 100 g of cream with sweetener. The

effect of the fat load on plasma TG concentration, which

reflects lipid absorption ability, is expressed as the per-

centage of maximal increase in TG concentration, during

at least 5 hours, except for III.2 (90 minute) and II.3

(190 minute). We evaluated quantitatively the absorption

by calculating the total area under the curve from TG con-

centrations, using the trapezoidal rule.16 However, the area

under the curves (corrected or not for the basal TG value)

was difficult to interpret. Indeed, oral fat loads were

performed at different periods in the heterozygous sub-

jects, with different times of follow-up, even if the fat

load was always the same. To surmount these difficulties,

we decided to use the maximal percentage increase in TG

concentration taking into account the absolute TG concen-

trations (basal and during the fat load). In the same way,

this process of calculation decreased the variability due to

the different methods of TG determination throughout the

22-year follow-up.

Results

Abetalipoproteinemic patients

The pedigrees of the 2 families are shown in Figure 1.

The clinical and biological description of the unreported

proband and updated information for the previously

described case6,12 are provided in Tables 1 and 2,

respectively.

Family A

The proband (A.III.2) is a boy born on November 01,

1993 after an uneventful pregnancy. He was the second of

3 boys of unrelated healthy Caucasian parents. From

normal French curves, the birth weight and height of the

patient were, respectively, 4100 g (11 SD), and 52 cm

(11 SD). He was breastfed during the first 6 weeks of

life. The child presented with regurgitations and vomiting

followed by loose stools in the first week of life. At

6 months of age, the height was below the normal French

curves (63 cm, 21.5 SD) and weight average for height

(6.5 kg). He was followed during 22 years. All along these

years, he exhibited the usual previously described clinical

and biochemical features of ABL except for an unusual

hypertonicity at 7 months (Table 1). Serum TG, total

cholesterol, and low-density lipoprotein cholesterol

(LDL-C) levels were very low as were the fat-soluble vi-

tamins. These vitamin deficiencies persisted throughout

the 22-year follow-up. There was poor compliance to a

low-fat diet and to vitamin E supplementation (Table 2).

Acanthocytosis was present. Cardiac and ophthalmic

investigations were normal as was psychomotor

development.

Gastrointestinal endoscopies were performed in 1995,

1996, and 2006, all after a 12-hour fast. A typical white

stippling-like hoar frosting covering the mucosal surface of

the duodenojejunal part of the intestine was observed on

each occasion. Histologically, whenever obtained, all the

biopsies exhibited a mucosa with a normal thickness and

villi of normal height. The enterocytes were always dis-

tended with a cytoplasm clarified due to the presence of

numerous vacuoles that predominated in the upper two-

thirds of the villi, often on 1 side, as previously described

(data not shown).
15 Electron microscopy always showed

non–membrane-bound lipid droplets in the cytoplasm

Figure 1 Pedigrees of the families. Symbols divided in halves

indicate heterozygous carriers of variants: light gray symbols indi-

cate the MTTP c.1619G.A p.(Arg540His), black symbols the

MTTP c.708_709del or p.(His236Glnfs*11), dark gray symbols

the MTTP c.134413_134416del, and hatched symbols represent

the APOB c.6639_6641del. For each subject, after the unique

identification number and the age (years) are indicated, 1 below

the other, lipid absorption and comorbidities at the time of fat

load. NA, not available.
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(Fig. 2A and B). No CM-like structures were observed in

the basolateral spaces (Fig. 2A). The Golgi cisternae in

the enterocytes from the proband were dilated but empty

(Fig. 2B) in contrast with the flat Golgi apparatus in enter-

ocytes from normal fasted individuals (Fig. 2C).

Liver biopsies were performed in 1996 and 2006 to

follow up the steatosis severity. In 1996, there was hepatic

macrovacuolar steatosis up to 90% of the parenchymal

tissue, associated with portal and centrolobular fibrosis. No

cirrhosis was observed (data not shown). Electron micro-

scopy showed hepatocytes with marked accumulation of

lipid droplets, which were not membrane bound (Fig. 2D).

In 2006, the same massive centrolobular macrovacuolar

steatosis and microvacuolar steatosis were present although

in a decreased amount (15%) and fibrosis had disappeared

(Fig. 2E).

Based on the clinical aspects, the laboratory data, the

typical aspect of the intestinal and hepatic biopsies as well

as the normolipidemic parents, the patient was suspected to

have ABL at about 1 year of age and further confirmed by

MTTP gene sequencing (see below). A low-fat diet and In-

tralipid infusions were thus prescribed from then up to age

13 years and orally thereafter. During this period, an oral

complementation of liposoluble vitamins was prescribed

(TOCO 500, 2–4 g/d). Lipid infusions were reintroduced

every month in March 2016 with 1 g of vitamin E,

50,000 IU of vitamin A, 10 mg of vitamin K in 250 mL

of 20% Smoflipid (containing soybean oil, medium-chain

TG, olive oil, and fish oil).

At age 24 years, despite a poor compliance to vitamin E

supplementation and permanently low vitamin E levels

(,3.5 mmol/L), neurological examination was normal:

symmetrical and unusually brisk tendon reflexes without

ataxia (Tables 1 and 2). Indeed, throughout the 22-year

follow-up, the only striking clinical feature was the con-

stant hypertonicity. To our knowledge, this is the first report

of such a remarkable absence of neurological complications

in a typical ABL patient.

Family B

The clinical features of the proband of family B

(subject B.II.1, boy born on November 22, 1987) were

previously described by Wetterau et al. and Rheberg et al.

and have been summarized and updated (to 26 years of

age) by Di Filippo et al.
6,12 Infusion of Intralipid every

3 weeks (with 45 mg of vitamin K, 500 mg of vitamin

E, and 50,000 UI of vitamin A) has been prescribed be-

tween 6 months of age and until 2011. In 2011, infusions

of Intralipid (soya oil) were replaced by ClinOleic infu-

sions (olive oil: 160 mg/mL, soy oil: 40 mg/mL). Despite

a low-fat diet and liposoluble vitamin substitution, deep

tendon reflexes were absent. At 28 years of age, the bio-

logical data were essentially unchanged except for a slight

increase of liver cytolysis (1.4 and 1.5 times the upper

limit of normal for aspartate aminotransferase and alanine

aminotransferase, respectively) with diffuse moderate stea-

tosis (Tables 1 and 2).
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Genetic diagnosis of abetalipoproteinemia

Family A

Family A’s proband (subject A.III.2, Fig. 1) is an unre-

ported case of ABL who exhibits compound heterozygous

deleterious variants in the MTTP gene. The first variant is

a previously described substitution in exon 13,

NM_000253.3(MTTP):c.1619G.A or p.(Arg540His). The

frequency of this allele (rs199422220) is 0.0014% in the gno-

mAD database (frequencies in Americans: 0.0014% and in

non-Finnish Europeans: 0.0024%). This variantwas inherited

from the patient’s father (Fig. 1). The proband’s 2 healthy

Figure 2 Typical aspect of intestinal biopsies from family A’s proband (subject A.III.2) (A and B) and from a normal subject (C).

Typical aspect of hepatic biopsies from family A’s proband (D and E). Electron microscopy of the intestinal biopsy exhibits the accu-

mulation within the cytoplasm of numerous lipid droplets, free in the cytoplasm and which have diameters from 0.3 to 7 mm (Fig. 2A

and B, labeled L, 1995). The Golgi apparatus (Fig. 2B, labeled G, 1995) is distended but without lipoprotein-like material inside. This is

in contrast to the flattened Golgi in fasted enterocytes of a normal subject (Fig. 2C, labeled G). Ultrastructural (Fig. 2D and E, 1996) and

histological (Fig. 2E, 2006) analysis of the liver showed that it was always engorged with numerous free cytoplasmic lipid droplets

(Fig. 2D and E, labeled L), with diameters up to 8 mm. In 1996, intercellular spaces were enlarged, with fibrous tracts extending

into the hepatic parenchyma, reflecting the fibrosis (Fig. 2D, dark arrows). In 2006, fibrosis disappeared (Fig. 2E, labeled L). The bars repre-

sent 1 mm.
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brothers, one of his uncles and his grandmother (Fig. 1), are

heterozygous for this variant.6,12,17 The second deleterious

variant is a 2 bp deletion in exon 7, NM_000253.3

(MTTP):c.708_709del or p.(His236Glnfs*11), which leads

to a frame shift and a premature stop codon. This variant is

not described in the gnomAD database (allele frequency

below 1/270,000) and was reported once in ABL in the Clin-

Var database. This variant is inherited from his mother and is

absent in the rest of the family (Fig. 1).

Because loss of function variants in PCSK9 have been

reported to be associated with hypocholesterolemia,18 we

sequenced the gene in this patient. No causative variants

were observed in this gene nor in exon 7 of the LDLR

gene, which encodes the PCSK9-interacting domain.19

Family B
Family B’s proband (subject B.II.1, Fig. 1) was previously

shown, using cDNA from intestinal biopsies, to be a com-

pound heterozygote for an in-frame deletion of exon 11

(new nomenclature) and p.(Arg540His).12Direct sequencing

of the genomic DNA from this family was, thus, directed to

exons 11 and 13. The p.(Arg540His) mutation is inherited

from his father (Fig. 1). The second mutation, a new variant,

which is not described in the gnomAD database or in Clin-

Var, was inherited from his mother, and is a 4 bp deletion:

NM_000253.3(MTTP):c.134413_134416del downstream

from the donor site (Fig. 1). An effect on splicing is pre-

dicted, in silico, for this variant with a decreased score for

the exon 11’s donor site ranging from 224% for Human

Splicing Finder to a complete abolition for MaxEntScan

and NNSplice software.

Fasting and postprandial lipid analyses

Probands

In the fasting state, at diagnosis and during the follow-

up, both probands exhibited a marked fasting hypocholes-

terolemia, with a dramatic decrease in LDL-C and apoB

concentrations but a high-density lipoprotein cholesterol

level within the normal range (Table 2). Serum lipid elec-

trophoresis showed the absence of CMs, undetectable

beta and prebeta lipoproteins and normal alpha lipoproteins

(data not shown).

In the postprandial state (30 and 90 minute after fat

load), in both probands, serum TG did not increase and

CMs were undetectable. Serum lipid electrophoresis was

unaltered as compared to the fasting state (data not shown).

Fasting and postprandial lipid analyses of the hetero-

zygous relatives in families A and B

Fasting lipid values were interpreted using reference

values for the laboratory (see Tables).

Fasting TG values of the heterozygous members of both

families were in the normal range for 5 subjects (A.II.4,

A.III.1, A.III.3, B.I.1, and B.I.2), increased in 1 subject

(A.II.3) and decreased in subject A.II.5. Total cholesterol

was within the normal range for all subjects (see Table 3).
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After a fat load, analysis of the TGvalueswas based on the

kinetics reported for normal individuals by Nakajima et al.20

Two groups of relatives were identified (Fig. 3): in 1 group,

the father (subject A.II.4), brother (subject A.III.1), and un-

cle (subject A.II.3) in family A and TG levels clearly rose af-

ter intake of a fat meal, and CMs clearly appeared upon

serum electrophoresis. The percentages of maximal increase

in TG concentrations appeared after 210 and 180minutes for

A.II.4 and A.III.1, respectively, with respective values of

173% and 263%. This increase was of the same order of

magnitude as that observed by Nakajima et al.20 for control

subjects, which reflects normal lipid absorption. For the fa-

ther of familyB (subject B.I.1), the 123% increase in TG con-

centration after 300 minutes closer to normal values was

considered as normal. The kinetics observed for A.II.3 re-

sulted in only a 66% increase after 90 minutes, but the initial

TG concentration was high (2.5 mmol/L). The results clearly

indicate lipid absorption.

In contrast, another group, the mother and the brother in

family A (subjects A.II.5 and A.III.3), as well as the mother

in family B (subject B.I.2), exhibited an opalescent serum

with slightly increased TG levels. However, CMs were not

detectable upon serum electrophoresis. Furthermore, it is

important to note that abdominal pain associated with

diarrhea was reported quickly after the fat load, which is

consistent with lipid malabsorption syndrome. The

maximal increases in TG concentrations were clearly lower

for B.I.2 and A.III.3 than those observed by Nakajima

et al.20 because they were only 69 and 84%, after 300 and

270 minute, respectively. For A.II.5, the apparent normal

increase in value (143% after 270 minute) needs to be inter-

preted in light of the constant very low TG concentrations,

always lower than 0.85 mmol/L.

Exploration of genes involved in chylomicron
metabolism

In an attempt to understand the origin of the decreased

fat loading response of 3 of the 7 heterozygous carriers of

deleterious variants in the MTTP gene, we sequenced the

APOB, ANGPTL3, MTTP, SAR1B, FABP1, and SAR1A

genes (known to be involved in LpB processing) in these

individuals. It is important to note that each of these 7 het-

erozygotes shared different MTTP variants.

Subjects A.II.5 and A.III.3 in family A and subjects

B.I.2 and B.II.1 from family B were heterozygous for the

NM_000384.2(APOB):c.6639_6641del, an in-frame dele-

tion in the APOB gene, which leads to the absence of res-

idue 2213, the p.(Asp2213del). This in-frame variant has

been described previously as rs541497967 in gnomAD

with a minor allele frequency of 0.52% and of 0.61% in

the non-Finnish European population. This deletion was

found to be deleterious in silico (Provean score 29.8) (Pro-

vean http://sift.jcvi.org/).

Subjects B.I.2 and B.II.1 from family B were found to be

homozygous and heterozygous carriers, respectively, for

Figure 3 Changes in the serum concentration of triglycerides (TG) after the oral fat load. The TG kinetics from the proband (A.III.2, gray

diamond), father (A.II.4, diagonal hatched square), mother (A.II.5, black round), uncle, (A.II.3, white square), and brothers (A.III.1, gray

square and A.III.3, black square) of family A’s proband, and the mother (B.I.2, black triangle) and father (B.I.1, gray square with black

cross) of the family B’s proband are shown. Squares represent heterozygous carriers of the c.1619G.A p.(Arg540His) variant, the round

symbol is a carrier of the c.708_709del or p.(His236Glnfs*11) variant, and the triangle is the carrier of the c.134413_134416del variant on

MTTP. Black symbols represent carriers of the APOB c.6639_6641del. The TG kinetics reported by Nakajima et al.20 after an oral fat load

in normal individuals appear in gray area (mean 6 SEM).
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the NM_001443.2:c.280A.G, a common missense variant,

p.(Thr94Ala) in the FABP1 gene. This variant was previ-

ously described as rs2241883 in gnomAD with an minor

allele frequency of 30.5%. This variant affects a moderately

conserved residue and the Grantham distance is low. It is

considered as tolerated in silico using SIFT (score 0.15)

and PolyPhen-2 (score 0).

In the 3 heterozygous carriers of deleterious MTTP var-

iants (subjects A.II.5 and A.III.3 from family A, and subject

B.I.2 from family B), no other point deleterious variant was

found in these other genes.

Liver function in the heterozygous relatives of
the 2 families

In family A, as shown in Table 3, the mother (subject

A.II.5), the 2 brothers, (subjects A.III.1 and A.III.3), and

the uncle (subject B.II.3) exhibited normal serum liver func-

tion tests. Furthermore, on ultrasound examination, the

mother (subject A.II.5), the uncle (subject A.II.3), and a

brother (subject A.III.3) showed normal liver echogenicity.

In contrast, the father (subject A.II.4), considered as

healthy, neither diabetic nor obese nor an alcohol con-

sumer, died suddenly from cardiac arrest in 2000. His liver

was taken for transplantation. Pretransplant ultrasound of

the liver showed a homogeneous hyperechogenic hypertro-

phic right lobe. Serum liver function tests were normal for

alanine aminotransferase, GGT, alkaline phosphatase.

Aminotransferase activity was slightly elevated (68 vs 35

IU/L for the normal value). A liver biopsy obtained during

the transplantation exhibited a mixed microvesicular and

macrovesicular steatosis in 70% of the hepatocytes in the

centrolobular and periportal areas, without fibrosis. In

addition, scattered polynuclear neutrophils were observed

throughout the hepatic sinusoid. This liver steatosis was not

correlated with major increased transaminase levels but was

suggested by its hyperechogenicity and was confirmed by

the biopsy reflecting precisely the liver fat load as in other

contexts.21

In family B, the father (subject B.I.1) and the mother

(subject B.I.2) had normal serum liver function tests. Upon

ultrasound examination, both showed normal liver

echogenicity.

Discussion

We report in this article lipid absorption and liver

function analyses in 7 heterozygous relatives from 2

different ABL families, 1 previously described for which

we completed the molecular diagnosis6,12 and another 1

previously undescribed. This patient described here has

been followed for 22 years. The most striking clinical event

is the constant hypertonicity, despite poor compliance to

vitamin E supplementation.

Because, to our knowledge, no information is available

in the literature concerning lipid absorption in heterozygous

carriers of deleterious MTTP variants, we investigated this

point in these 2 families, which include 5 carriers of the

same MTTP variant. Indeed, in contrast to Hz-FHBL, it is

believed that obligate heterozygotes for ABL, as expected

from an autosomal recessive transmission, exhibit no clin-

ical or laboratory abnormalities and, particularly, no plasma

lipid abnormalities.7 We, thus, evaluated the impact of the

MTTP mutation on 1 allele by studying fat loading and he-

patic function in the 7 heterozygous relatives of these ABL

patients.

Genetic analysis of the MTTP gene in these families

showed that ABL is caused by 3 different deleterious variants.

The first missense variant is the previously described p.(Ar-

g540His) variant6,12,17, which leads, in vitro, to an absence

of dimerization with protein disulphide isomerase and to the

absence of MTP activity and, in vivo, to an absence of LpB

secretion.12,22Moreover, a significant reduction ofMTPactiv-

ity was observed for other missense variants occurring on the

same residue, which lead to the loss of positive charge and

change in hydrophobicity.23This information supports the hy-

pothesis that this residue, which is supposed to form a salt

bridgewith protein disulphide isomerase, constitutes a critical

domain for lipid-transfer activity.22–24This finding of 2 appar-

ently unrelated families carrying the samemissense variant, in

addition to a family from Ontario of Northern European

ancestry,25 raises the question of a founder variation, as shown

for p.(G865X) in the Ashkenazi Jewish population.26The sec-

ond variant is a 2 bp deletion leading to a frame shift and a pre-

mature termination of the protein (p.His236Glnfs*11).

Therefore, this variant is likely to be functionally defective.

The third variant is a 4 bp deletion: c.134413_134416 del

downstream from the donor site. In silico algorithms predicted

an effect on splicing. The perfect in-frame deletion of exon 11

described by Rehberg et al12 on cDNA extracted from intesti-

nal biopsies of this patient confirmed the effect of this variant

on splicing.

In heterozygous relatives in these families, as previously

reported in the literature, fasted lipid levels were found to

be normal except for a slight decrease of TG in 1 subject

(family A, subject A.II.5) and an increase in subject A.II.3

from family A.6,7,14,27–35 However, in some articles, about

17% and 14% (see supplemental material) of heterozygotes

have been reported to have, respectively, elevated27,36 or

low plasma triglycerides, total or LDL-C levels,28,31–33

but there is no information about the coexistence of other

genetic or environmental factors, which could influence

lipid levels.

Because, to our knowledge, no evaluation of fat loading

in heterozygous carriers of deleterious MTTP variants have

been reported to date, oral fat loads were performed in all

the 7 ABL heterozygotes. We show here that 4 heterozy-

gous carriers of the MTTP p.(Arg540His) mutation in fam-

ily A (subjects A.II.3 and A.II.4, and subject A.III.1,

Fig. 1), and subject B.I.1 in family B, exhibit a normal

response to a fat load.

Taken together, these data suggest that there is an

adaptation in the heterozygous state with an increase in
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the synthesis of MTP by the normal allele or that MTP

activity is present in excess in the normal state, with a

single allele being able to provide a sufficient level of

activity.7,8,37 In contrast, 3 other heterozygous carriers of

deleterious MTTP variants (subjects A.II.5 and A.III.3 in

family A and subject B.I.2 in family B) exhibited decreased

postprandial TG responses. To explain these different re-

sponses, we additionally sequenced 6 other major genes

known to be involved in the different steps of LpB assem-

bly and secretion. We thus identified an additional in-frame

deletion, the c.6639_6641del p.(Asp2213del) variant, in

APOB. This variant, previously found in patients exhibiting

hypocholesterolemia, mixed hyperlipidemia, hypercholes-

terolemia as well as in control subjects, was consequently

considered as nondeleterious by Alves et al.38,39 However,

these nucleotides 6639 to 6641 are located near the « 6666

» cytidine mRNA editing site known to be crucial for the

production of the normally occurring apoB48 in the intes-

tine (nucleotide number 6538 in the new nomenclature).40

Thus, perhaps this variant might, therefore, disturb

mRNA editing, blocking intestinal LpB secretion. Unfortu-

nately, the apoB48 levels could not be measured after the

fat load in this study. Further studies, such as evaluation

of the response to a fat load in other carriers of only this

APOB variant as well as in vitro experiments, such as pulse

chase studies of apoB secretion in cells stably expressing

wild-type or mutant forms of human apoB48, would be use-

ful to evaluate the precise role of this APOB variant in hu-

man apoB48 secretion.

A liver biopsy, the gold standard for the evaluation of liver

function and a biopsy was obtained in the context of

transplanted liver for one of the 7 heterozygous adult carriers

of 1 deleteriousMTTP variant, the proband’s father (subject

A.II.4). To date, the causal link between this MTTP variant

and liver steatosis has not been firmly established despite

literature data reporting that common SNPs in the MTTP

gene predispose to non-alcoholic steatohepatitis in the gen-

eral population by impairing TG-rich lipoprotein export

due to a lower transcriptional activity of MTP.10,11,41 Simi-

larly, a cross-sectional study reported an association of the

p.(Gln297His) in MTTP with a reduced serum cholesterol

but an increased risk of nonalcoholic fatty liver disease.42

The observation of a clinically and biologically silent steato-

sis in subject A.II.2 suggests that liver steatosis and fibrosis

should be monitored in heterozygous carriers of deleterious

MTTP variants. Liver biopsy being proscribed for ethical

reasons, the noninvasive approach (FibroTest and Fibro-

Scan), could be recommended.

In the present study, we, thus, have investigated 7

heterozygous carriers of MTTP deleterious gene variants.

In the literature, a great deal of information about the func-

tions of MTP and its role in LpB assembly and secretion

has derived from the study of mouse models. However,

only a few of them have investigated the consequences of

a partial decrease in activity of MTP.2,43–45 Furthermore,

extrapolation to humans has been found to be difficult

because MTP expression and, consequently, hepatic TG

secretion depends on the animal model.46 Due to the key

role of MTP in LpB secretion, MTP inhibitors have been

developed to block the assembly of metabolic precursors

of LDL particles. Thus, studies of Lomitapide have shown

that efficient titration of this inhibitor decreases LDL-C

50% to 90%.47,48 However, side effects have been noted

such as diarrhea, decreased vitamin E and fatty acid levels,

and increased fat liver content as assessed by nuclear mag-

netic resonance spectroscopy and liver biopsy.47–49 A case

of progression of steatohepatitis to fibrosis also has been re-

ported in a patient with pancreatitis who exhibited fatty

liver before treatment.50 Unfortunately, due to ethical con-

siderations, MTP mRNA, protein or activity levels in liver

and intestine have not been measured. Thus, these data are

not available in our study.

The limited number of patients and relatives is an

evident limitation for our conclusion. This is due to the

extreme rarity of the disorder. The incidence of the ABL

disease is reported as less than 1 in 1,000,000.51 To our

knowledge, fewer than 65 families have been described

worldwide.6 However, the study of these 2 families has pro-

vided additional knowledge, which contributes to a better

understanding of these rare diseases. Indeed, we report

here 1 previously undescribed patient who exhibited a

negative fat load test, as described in 4 typical ABL cases

with known MTTP mutations6,36,52 and the first description

of fat load tests in heterozygous carriers of MTTP delete-

rious variants.

Despite this limitation, we report first that 4/7 hetero-

zygous carriers of deleterious MTTP variants have normal

lipid absorption without known additional risks. Second,

and perhaps more important, some heterozygotes, despite

normal fasting lipid levels and without clinical abnormal-

ities, do not absorb normally. In these heterozygous carriers

of MTTP variants, other deleterious variants of genes

involved in the LpB secretory mechanism, such as apoB re-

ported here, or environmental factors should be evaluated.

Furthermore, 1 subject was found with a clinically and bio-

logically silent steatosis. The results of this study suggest

that in ABL families, there should be (1) an obligatory

cascade screening to identify all heterozygous carriers,

(2) an evaluation of fasting lipid status with additional fat

load lipid absorption studies of heterozygotes, and (3) liver

monitoring using noninvasive tests in all heterozygotes.

Additional subjects need to be investigated to confirm our

results, ascertain the level of risk, and definitively establish

appropriate treatment and screening.
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