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mitochondrial respiratory chain dysfunction ( 1–4 ). It 
results from loss-of-function mutations of the tafazzin 
( TAZ ) gene ( 5 ). 

 The major consequence of this loss-of-function is the 
defi cient remodeling of the mitochondrial phospho-
lipid cardiolipin (CL), a process that normally leads to 
the mature acyl composition ( 6, 7 ). CL is the signature 
lipid of mitochondria, where it is an important constitu-
ent of the inner membrane, essential for supercomplex 
formation, oxidative phosphorylation (i.e., mitochondrial 
energy metabolism), and protein import, and is capable 
of triggering mitophagy and mitochondria-mediated 
apoptosis ( 8–16 ). Because the remodeling of CL is defi -
cient in BTHS, biochemical abnormalities in patients in-
clude a decreased level of mature CL (CLm), an increased 
level of monolysocardiolipin (MLCL), and altered CL 
acyl composition [i.e., the presence of immature CL 
(CLi) species]. 

 Historically, the diagnosis of BTHS has relied on identi-
fi cation of the clinical symptoms accompanied by neutro-
penia and 3-MGCA and has then been confi rmed by 
the fi nding of  TAZ  mutations. More recently, assays of CL 
alone or of the ratio of CL to MLCL have been used in 
Europe. However, each of these diagnostic approaches has 
problems. There are multiple reports of false-negative dis-
ease detection by urinary organic acid screening ( 4 ).  TAZ  
sequencing is relatively slow and expensive, and CL analy-
sis involves many steps including extraction of lipids and 
isolation of CL molecular species by complex chromato-
graphic techniques. Consequently, although measurement 
of CL/MLCL ratio has 100% diagnostic sensitivity and 
specifi city, it is only available in a few clinical laboratories 
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 Barth syndrome (BTHS) is a rare, life-threatening, 
X-linked recessive metabolic disease characterized by infan-
tile or childhood onset of cardiomyopathy, skeletal myopa-
thy, growth delay, neutropenia, 3-methylglutaconic aciduria 
(3-MGCA), abnormal mitochondrial structure, and variable 
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healthy donors were obtained with classical blood withdrawal 
according to institutional guidelines and anonymization, at the 
Blood Bank of the Policlinic Hospital of Bari. Samples of BTHS 
patients were obtained during routine venesection for clinical 
monitoring in patients seen for annual review by the National 
Health Service national United Kingdom BTHS clinic at Bristol 
Royal Hospital for Children. Written informed consent of healthy 
donors, parents, and patients (where appropriate) and approvals 
by the respective ethical committees were obtained. 

 Isolation of white blood cells 
 Red blood cells (RBCs) were sedimented with the dextran 

polymer (molecular mass   >100 kDa), then hypotonic lysis was ap-
plied to eliminate residual RBCs. Dextran sedimentation was per-
formed as follows: 0.111 ml of 20% dextran solution (molecular 
mass >100 kDa, in 0.9% NaCl) was added to 1 ml of whole blood 
in a 1.5 ml tube. The suspension was pipetted and dispersed gen-
tly 20 times with an automatic pipette avoiding air bubbles, which 
retain RBCs at the top of the tube. RBCs were sedimented for 1 
hour at room temperature. Then the yellow supernatant was col-
lected with a syringe, transferred to a 15 ml tube, and then cen-
trifuged at 400  g  for 15 min at room temperature (no brake, 
swing-bucket rotor). 

 Hypotonic lysis of residual RBCs was performed as follows: af-
ter the last centrifugation, the supernatant was discarded, and 
the pellet obtained was resuspended in 0.6 ml of iced bi-distilled 
water (ddH 2 O)  . After 10–15 s, 0.2 ml of 0.6 M KCl was added to 
the cell suspension to restore the correct osmolarity, and then 
the fi nal volume was adjusted to 2.5 ml with PBS, containing 
137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM K 2 HPO 4 , 
pH 7.4. The suspension was then centrifuged at 400  g  for 15 min 
at room temperature (no brake, swing-bucket rotor). The super-
natant was sucked and discarded. The remaining leukocyte pellet 
was washed again with 2.5 ml PBS, recollected, resuspended in 
200  � l of ddH 2 O, and immediately frozen at  � 80°C (see  Fig. 1 ). 
Unless otherwise specifi ed, lipid analyses performed on frozen 
samples are reported in the present study. 

 In our experience, in these conditions, the total protein con-
centration was >0.9 and <1.8  � g/ � l, measured by Bradford assay 
(Bio-Rad Protein Assay Kit; BioRad Laboratories, Germany). 

 Miniextraction of lipids from leukocytes 
 We set up a modifi ed lipid extraction protocol (the “miniextrac-

tion” method) applicable to a very small quantity of white blood cell 
suspension. This quick procedure was performed as follows: the 
leukocyte suspension was aliquoted, and the equivalent volume for 
20  � g of protein was transferred to a tube and spun at 16,000  g  for 
30 s. The supernatant was pipetted and discarded, and 10  � l of 
CHCl 3  was added to the remaining pellet. The pellet was pipetted 
and dispersed repeatedly, favoring lipid extraction. Then, 10  � l of 
the matrix solution (10 mg/ml 9-AA in 2-propanol-acetonitrile, 
60:40, v/v) was added to the pellet in CHCl 3  and mixed. The pel-
let was again pipetted and dispersed repeatedly. After centrifuga-
tion at 16,000  g  for 30 s, the supernatant was deposited in droplets 
of 0.35  � l on the MALDI target (sample plate) to be analyzed. 

 MALDI-TOF/MS 
 Analysis of intact leukocyte membranes.   After white blood cell iso-

lation, the MALDI-TOF/MS lipid profi les of intact cells can be 
achieved directly. Intact samples, prepared as described in Isola-
tion of White Blood Cells, were deposited on the MALDI target 
with a “double layer” deposition method as follows: a 1  � l droplet 
of the leukocyte suspension, diluted in distilled water to a concen-
tration of 0.5  � g/ � l, was deposited on the MALDI target and dried 
under a cold air stream (fi rst layer). The resultant solid deposition 

worldwide ( 4 ). This forms a critical barrier to diagnosis in 
a disease that a major Australian study suggested was re-
sponsible for 4.8% of all cases of cardiomyopathy in male 
children ( 17 ). Consequently, in September 2014, only 175 
males are known to be living with disease worldwide (data 
courtesy Barth Syndrome Foundation USA). 

 Up to now, CL and MLCL analyses in BTHS, with or 
without diagnostic intent, have been set up on lympho-
blasts ( 18 ), lymphocytes ( 19 ), platelets ( 20–22 ), fi broblasts 
( 23, 24 ), neutrophils ( 25 ), leukocytes ( 26 ), bloodspots 
( 27 ), and tissues ( 19 ). All these reports, including the vali-
dated methods ( 26, 27 ), are based on lipid extraction fol-
lowed by HPLC and ESI/MS analysis. 

 MALDI-TOF/MS currently represents a further valid 
tool in lipid analysis ( 28, 29 ). It has been shown that this 
emerging analytical technique can be used to directly ac-
quire lipid profi les of biological samples, thus skipping 
extraction and separation steps ( 30–33 ). We successfully 
adopted this experimental approach to describe the lipid 
composition of bacterial and mitochondrial membranes 
( 30, 31, 33 ) and to detect lipid markers in blood serum 
( 32 ). Importantly, we found that the phosphatidylcholine-to-
lysophosphatidylcholine ratio could be easily determined 
by MALDI-TOF/MS analyses of native blood serum and 
followed as a clinical parameter in various diseases ( 32 ). 
Relevantly, we also reported that CL could be easily de-
tected in direct MALDI-TOF/MS total lipid profi les, by us-
ing 9-aminoacridine (9-AA) as matrix ( 31 ), even in the 
lipid fi ngerprint of whole cells. 

 On these bases, we developed a MALDI-TOF/MS method 
of lipid analysis of intact white blood cells for the clinical 
monitoring of the MLCL and CL relative levels in BTHS. 
Moreover, using the method described by Schlame et al. 
( 34 ), we used vector algebra to evaluate the differences in 
CL and MLCL molecular composition of BTHS patients 
compared with controls. 

 In our method, both blood volume and time required 
for the analysis can be reduced because lipid extraction 
and separation can be skipped, simplifying the test. To 
guarantee the gaining of an informative lipid fi ngerprint 
even when using low-performance MALDI-TOF/MS in-
struments, we developed a simple mini-lipid-extraction 
protocol of minute amounts of white blood cell suspen-
sion; this additional minor step requires only 10–15 min 
more, signifi cantly increases the signal-to-noise ratio, and 
increases the resolution of mass spectrometric peaks. 

 We believe that a rapid, less invasive, and novel screen-
ing test to monitor CL and its derivatives in blood could be 
of help in the diagnosis and has the potential for thera-
peutic monitoring of BTHS. 

 MATERIALS AND METHODS 

 Biological samples 
 Blood samples from 24 healthy donors (all males, average age 

38.5 years) and 8 BTHS patients (all males, average age 10.8 years) 
were used in the study. In addition, a patient with a recently described 
ameliorated phenotype has been also analyzed ( 35 ). Samples of 
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72:8 at  m/z  1,447.9 and CLm 72:7 at  m/z  1,449.9. In addition, a 
correction for the overlapping between the M + 2 isotopologue 
of the CLm 72:8 and the monoisotopic peak of CLm 72:7 has 
been introduced. In brief, the X + 2 factor of carbon relates to 
the probability of the ion having two atoms of  13 C. This probabil-
ity is much smaller than the probability that an ion will have a 
single atom of  13 C. Consider the binomial expression ( a  +  b )  n  , 
where  a  is the percent abundance of the most abundant isotope,  b  
is the abundance of the second isotope of an X + 1 element, and  n  
is the number of atoms of the X + 1 element. Solving this expansion 
results in an X + 2 factor for the probability of having two atoms of 
carbon being 0.0060 times the square of the number of carbon at-
oms (0.006 ×  n C 2 ). Carbon is usually the most ubiquitous element 
in ions encountered in organic mass spectrometry; therefore, based 
on the large numbers of carbon atoms that may be present and 
the abundance of  13 C, the X + 2 factor for carbon can be signifi cant. 
For a CL having 72 carbons, the X + 2 factor is 31.1%. In our calcu-
lations, we therefore subtracted the 31.1% of the peak area of the 
CL (18:2) 4  from the peak area of the CL (18:2) 3 (18:1) 1 . 

 For a detailed list of assigned CL and MLCL species present in 
the lipid fi ngerprints in this study, see   Table 1  .  Sodium adducts 
were not taken in consideration because their presence was neg-
ligible in the lipid profi les considered in the present study. In 
measurements on intact cells, their presence was minimized by 
the double wash applied to the fi nal pellet. In measurements on 
lipid miniextracts, when samples contained high amounts of so-
dium adducts, their abundance was reduced by washing the 
dried sample/matrix spot with cold water. For this purpose, 2  � l 
of ice-cold water was placed on top of the spot. After a few sec-
onds, the water was sucked up with a small piece of fi lter paper. 
The wash was repeated once. 

 To speed up data analysis, we set up an algorithm in MATLAB 
7.0 (The MathWorks Inc.) that automatically elaborates MS spec-
tra exported as ( x , y ) coordinates in a ASCII fi le (*.txt). The algo-
rithm can read the exported spectra relative to each subject and 
calculate the (MLCL + CLi)/CLm ratio as defi ned. The algo-
rithm is described in detail in supplementary Note 1. 

 Compositional distance 
 According to Schlame et al. ( 34 ), we used vector algebra to 

compare CL and MLCL molecular compositions of leukocytes 
from patients and healthy controls considered in our study, as 
described in the following. By using the statistical analysis of com-
positional data, we compared the different molecular composi-
tion, measuring not only the quality of the differences but also 
their magnitude. To make this comparison, CL and MLCL mo-
lecular composition of each subject (M A , M B , etc.) is considered 

was then covered by a thin second layer (0.4  � l droplet) of the 9-AA 
matrix solution (30 mg/ml in 2-propanol-acetonitrile, 60:40, v/v). 
After solvent evaporation, the sample could be analyzed. 

 Analysis of miniature lipid extracts.   The supernatant obtained 
at the end of the lipid-mini-extraction procedure, containing lip-
ids and 9-AA as matrix, was deposited on the MALDI target (0.35  � l, 
“dried droplet” deposition method). 

 The main analytical steps of our method are schematically re-
ported in the fl ow chart of method in   Fig. 1  .   

 MS settings.   MALDI-TOF mass spectra were acquired on a 
Bruker Microfl ex RLF mass spectrometer (Bruker, Germany) or 
alternatively on a Bruker Autofl ex II, referred to as either Microfl ex 
or Autofl ex, respectively. Both systems utilize a pulsed nitrogen 
laser, emitting at 337 nm; the extraction voltage is 20 kV, and gated 
matrix suppression is applied to prevent detector saturation (up 
to 400 Th on the Microfl ex and up to 900 Th on the Autofl ex 
instrument). The laser fl uence is kept  � 5% above threshold (of 
CL and MLCL) to have a good signal-to-noise ratio. All spectra 
were acquired in the refl ector mode using delayed pulsed extrac-
tion; only spectra acquired in negative ion mode are shown in 
this study. Baseline correction, peaks areas, intensities, spectral 
mass resolutions, and signal-to-noise ratios were determined by 
the instrument software “Flex Analysis 3.0” (Bruker Daltonics, 
Bremen, Germany). Smoothing was obtained by applying the 
SavitskyGofay algorithm; baseline subtraction was achieved by se-
lecting the TopHat algorithm. 

 The Bruker Autofl ex has a stronger laser fl uence and a longer 
TOF than the Microfl ex, resulting in a higher resolution and sen-
sitivity. Unless otherwise specifi ed, most of the data included in 
this study were obtained with the Microfl ex instrument. 

 (MLCL + CLi)/CLm ratio as diagnostic parameter 
 Defects in the  TAZ  gene typically determine the appearance of 

MLCL and CLi forms together with the reduction of CLm forms 
in the CL fi ngerprint. In the lipid profi le of fi broblasts of healthy 
donors, two CLm species are typically present. 

 We considered the (MLCL + CLi)/CLm defi ned as the sum of 
the values of the mass spectrometric peak area of MLCL species 
and of CLi species on the value of the mass spectrometric peaks 
area of CLm species detected in the same negative MALDI-TOF 
mass spectrum of a given sample. In the practice to calculate the 
ratio, only the fi rst isotopologue of the following species were 
considered: MLCL 52:2 at  m/z  1,165.8 and MLCL 54:1 at  m/z  
1,191.8; CLi 68:2 at  m/z  1,404.0 and CLi 70:3 at  m/z  1,430.0; CLm 

  Fig. 1.  Work fl ow chart (left) and graphical ab-
stract (right). From the blood withdrawal to the test 
results, only 2 h are necessary. MALDI-TOF/MS-
based BTHS diagnosis in four steps:  1 ) native sample 
deposition,  2 ) matrix layering,  3 ) laser desorption 
and ionization, and  4 ) lipid fi ngerprint analysis.   
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 In the upper panel of  Fig. 2 , a representative CL fi nger-
print of a healthy donor is shown. The only cluster of 
peaks of interest present in this spectrum belongs to the 
CLm species, tetralinoleoyl CL (18:2) 4  at  m/z  1,448.0 and 
CL (18:2) 3 (18:1) 1  at  m/z  1,450.0. Therefore, it is evident 
that two species of CLm are typically present in the lipid 
profi le of leukocytes of healthy donors: the tetralinoleoyl 
CL plus the CL carrying three linoleoyl fatty acid chains 
and one oleoyl fatty acid chain; in our method of analyses, 
the two species are easily recognized and together consid-
ered in the healthy phenotype. 

 In the lower panel of  Fig. 2 , the representative CL fi n-
gerprint of a boy affected by BTHS shows a different pat-
tern of peaks compared with controls. The CLm species 
are reduced and present together with a number of differ-
ent CLi species, listed and assigned in  Table 1 . Peaks of 
MLCL species at  m/z  1,165.8 and 1,191.8 appear in paral-
lel. Please note that peaks labeled with an asterisk are as-
signed to gangliosides, not relevant to the aims of our 
study. The structures of the molecules corresponding to 
the peaks at  m/z  1,230.5 and 1,263.9 have been elucidated 
by post-source decay mass spectrometry analyses (not 
shown). 

 In summary, data in  Fig. 2  show that in BTHS patients 
 TAZ  gene mutation causes reduction of CLm level and 
consequent accumulation of both MLCL and CLi species 
(see also   Fig. 3  ).  It is therefore evident that CL and MLCL 
species can be revealed by direct MALDI-TOF/MS analy-
ses of intact leukocytes, thus avoiding cell fractionation 
and lipid separation. 

 An ameliorated form of BTHS has been characterized 
for the fi rst time by Bowron et al. ( 35 ), who described 
seven BTHS patients from three families with  TAZ  muta-
tions. One of these patients has been also examined with 
our method. The MALDI-TOF/MS CL fi ngerprint of the 
patient without CLm defi ciency is reported in supplemen-
tary Fig. 1. Compared with the CL fi ngerprints shown in 

as a point vector (M) in an  n -dimensional space, where  n  is the 
number of the molecular species considered. We considered two 
MLCL species, two CLm species, and two CLi species, listed in 
 Table 1 . Each point vector M, therefore, has six components in 
the different dimensions M = ( m  1 ,  m  2 ,  m  3 ,  m  4 ,  m  5,   m  6 ). The module 
of these components is given by the signal area of its relative CL 
or MLCL species in the lipid profi le of the considered subject 
(average value in at least three spectra). To normalize data, we 
imposed the condition that the sum of the different components 
 m i   must be equal to 1: 

  

1

1
n

i
i

m
  

 The difference between two molecular compositions M A  and 
M B , can therefore be evaluated as the distance between their re-
spective point vectors (i.e., compositional distance), which is 
given by the Pythagorean theorem in multiple dimensions: 

  2AB

1

n
A B
i i

i

m m
  

 Because  m i   components are normalized fractional intensities, in 
our conditions the compositional distance can vary from 0 to  2 . 

 We set up another MATLAB algorithm that can automatically 
elaborate exported MS spectra and calculate the compositional 
distance of a suspected patient from the control group, leading 
to a fast diagnosis. The algorithm is described in detail in supple-
mentary Note 2. 

 RESULTS 

 CL fi ngerprint of healthy donors and BTHS patients 
 Here we report lipid profi les from control leukocytes 

obtained by the blood bank of the main hospital in Bari 
(Italy) and of BTHS patients from Bristol Royal Hospital 
for Children (United Kingdom). Both groups of the sam-
ples were prepared by the method described in Materials 
and Methods. Analyses were performed on frozen samples 
kept at  � 80°C for up to 6 weeks. In preliminary experi-
ments, we found no differences in the lipid profi les of 
samples stored for 2, 4, or 6 weeks (not shown). 

   Figure 2   shows the comparison of representative 
MALDI-TOF/MS lipid fi ngerprint of intact leukocytes, ob-
tained from control subjects and BTHS-affected boys, in 
the CL and MLCL mass ( m/z ) range (i.e., CL fi ngerprint). 
 CL and MLCL species detected in these mass spectra are 
listed in  Table 1 . 

 TABLE 1. List of detected peaks of interest in the MALDI-TOF mass 
spectra assigned to CL and MLCL species   

 m/z  [M-H]  �  Assignment

1,165.8 MLCL 52:2
1,191.8 MLCL 54:1
1,404.0 CLi 68:2
1,430.0 CLi 70:3
1,448.0 CLm 72:8
1,450.0 CLm 72:7
1,456.0 CLi 72:4

  Fig. 2.  BTHS diagnostic leukocyte CL fi ngerprints. Lipid profi les 
of intact leukocytes of a healthy control (CTRL, upper) and a rep-
resentative BTHS patient (BTHS, lower) are shown. Peaks of CL 
and MLCL species considered in this study are indicated (in red). 
The CLm form is highlighted in turquoise. Peaks labeled with an 
asterisk are assigned to gangliosides and are not of interest for the 
present study. Spectra were acquired with the Bruker Microfl ex 
RLF mass spectrometer.   
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 It should be considered that not only the presence of 
MLCL peaks is diagnostic for BTHS but also the presence 
of CLi species is typical of this disease. Therefore, in the 
present study we introduced the (MLCL + CLi)/CLm ra-
tio as diagnostic parameter to identify BTHS pathological 
conditions. Calculated MLCL + CLi/CLm ratios in pa-
tients with BTHS and controls are shown in   Fig. 4  .  The 
ratio has been calculated by considering the area of CL 
and MLCL peaks in lipid profi les of leukocytes from 24 
healthy donors and 8 BTHS-affected boys; MALDI-TOF/MS 
lipid profi les of either intact leukocytes or their respective 
lipid extracts have been considered ( Fig. 4 ).  Fig. 4A  shows 
that using this novel parameter it is possible to distinguish 
BTHS patients from controls. Groups of controls and pa-
tients are better separated in  Fig. 4B , which reports lipid 
ratios, calculated from areas of peaks belonging to the 
lipid species of interest, in the miniextracts of control 
and BTHS leukocytes. Therefore, it is evident that the 
addition of the miniextraction step can be critical to 
gain diagnostic power with a low-performance instrument 
such as the Bruker Microfl ex RLF mass spectrometer. On 
the other hand,  Fig. 4C  shows that acquisition of MALDI-
TOF/MS lipid fi ngerprint of intact leukocytes can en-
sure the distinction between all BTHS patients and 
controls when a high-performance mass spectrometer 
such as the Bruker Autofl ex II is used. A representative 
example of CL fi ngerprints of control and BTHS patient 
acquired with Autofl ex mass spectrometer is shown in 

 Fig. 2 , it can be seen that in the variant form of BTHS 
peaks belonging to CLm species (see  Table 1 ) are lower 
than in the control fi ngerprint ( Fig. 2 , upper spectrum) 
and have about the same intensities of the CLi species. 
Moreover, peaks of MLCLs are present at very low concen-
trations in the fi ngerprint of this variant form of BTHS. 
Indeed the diagnosis of the ameliorated phenotypes is 
based mainly on the appearance of CLi species. 

 The difference in the lipid profi le may be associated 
with the different clinical features seen in this group of 
patients. They appear to have a milder form of BTHS: 
most do not have skeletal myopathy, and none has neutro-
penia, although in one family three boys died in infancy 
indicating the possibility of both ameliorated and severe 
disease within the same family ( 35 ). Two subjects with ge-
netically confi rmed BTHS from this group had their diag-
nosis missed in error due to measurement of only CL, 
emphasizing the importance of including either CLi or 
MLCL species when setting up a diagnostic test for BTHS. 
It is of interest that this group of BTHS patients with TAZ 
mutations does not have the severe CLm defi ciency char-
acteristic of BTHS, but it does have some CLi and MLCL, 
which distinguishes these patients from controls and may 
indicate a role for these abnormal forms of CL in the 
pathogenesis of the disorder ( 35 ). 

 (MLCL + CLi)/CLm ratio as diagnostic parameter 
 To validate the new diagnostic method, we determined 

the relative levels of CL and MLCL species in leukocytes 
from each subject in the study. Here we show that CL (and 
MLCL) MALDI-TOF/MS fi ngerprint can be used to rec-
ognize BTHS-affected individuals. Lipid profi les of intact 
leukocytes and corresponding lipid miniextracts have 
been analyzed in parallel to validate the method; the CL 
fi ngerprints of either intact leukocytes and their respec-
tive lipid extracts of all BTHS patients are compared with 
those of some healthy controls and reported in supple-
mentary Fig. 2A, B, respectively. 

  Fig. 3.  Remodeling enzymatic pathway of CL. iPLA2 � , calcium-
independent phospholipase A2  � .    

  Fig. 4.  (MLCL + CLi)/CLm ratios in controls and BTHS pa-
tients. Error bars indicate SDs obtained in measurements of three 
spectra for each subject [24 healthy donors as controls (CTRL) 
and 8 patients (BTHS)]. Ratios have been calculated from CL 
fi ngerprints of either intact leukocytes (intact) or after the addi-
tion of organic solvents to quickly solubilize lipids (extract), as 
described in Materials and Methods. A and B: Results obtained by 
using the low-performance Bruker Microfl ex RLF mass spectrom-
eter. C: Results obtained by Bruker Autofl ex II, with the same 
number of patients’ samples but with a reduced number of 
healthy controls. High-p.   MS, high-performance mass spectrom-
etry. The  y -axis shows a logarithmic scale. Upper cutoff values of 
controls, calculated as in Bowron et al. ( 26 ), are 4.21 for A, 0.64 
for B, and 1.16 for C.   
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compositions and then plotted the average value. This sta-
tistical approach has been applied on the same group of 
spectra considered in  Fig. 4 . 

 Analyzing intact leukocytes by the Bruker Microfl ex 
RLF mass spectrometer, BTHS patients appeared suffi -
ciently “distant” from controls, meaning that the CL and 
MLCL molecular composition of patients is suffi ciently 
different from controls to achieve their diagnosis ( Fig. 
5A ). Nevertheless, with the same instrument, BTHS pa-
tients can be neatly distinguished from controls when con-
sidering MALDI-TOF mass spectra of the corresponding 
lipid extracts ( Fig. 5B ). 

 Finally, a good separation between BTHS patients and 
controls was obtained by using spectra of intact leukocytes 
acquired by the Bruker Autofl ex II mass spectrometer 
( Fig. 5C ). 

 DISCUSSION 

 Diagnosis of BTHS is diffi cult. Unambiguous diagnostic 
testing for BTHS can be performed by determination of 
the relative amounts and distribution of (monolyso-)CL 
species and confi rmed by  TAZ  gene sequencing or vice 
versa. Unfortunately, molecular analysis of the  TAZ  gene 
can lead to false-negative results when mutations are pres-
ent in regulating or relevant noncoding sequences; in ad-
dition, more than 120 distinct  TAZ  mutations have been 
described ( 4, 5, 36 ). 

 Furthermore, current lipidomic-based diagnostic tests 
require relevant experience in HPLC-ESI/MS analysis. 
Nowadays, MALDI-TOF mass spectrometers are widely dis-
tributed among clinical laboratories worldwide and do not 
require high analytical expertise. We have described a 
simple and fast novel method for measurement of CL in 
intact leukocytes by MALDI-TOF/MS that requires only 1 
ml of blood. As lipid analyses of intact leukocyte mem-
branes may result in poorly resolved spectra, as in the case 
of BTHS 7 and 8 patients in supplementary Fig. 2A, we 
have developed a fast method to solubilize lipids and gain 
a better resolving power. In general, when the signal-to-
noise ratio of the mass spectrum of intact leukocytes is  � 3, 
the introduction of the additional step of the miniextract 
is highly recommended. 

 The main advantage of the present method over exist-
ing approaches is that it can simultaneously detect diag-
nostic CL and MLCL species in the total lipid profi le by a 
single run of mass spectrometric analysis immediately af-
ter isolation of leukocytes. 

 Although shotgun lipidomic ESI/MS analysis and quan-
titation of cellular lipidomes can be directly performed on 
crude extracts of various biological samples ( 37 ), to the 
best of our knowledge, this approach has not yet been 
used to study CL profi les of whole white blood cells. A di-
rect infusion-based ESI/MS approach for gaining a CL fi n-
gerprint has been previously used to study lipids of the 
heart tissue of a BTHS animal model ( 38 ). 

 The diagnosis for BTHS patients here described not 
only relies on the decrease of CLm, but also considers the 

supplementary Fig. 3. Characteristics of these instru-
ments are described in Materials and Methods. Refer-
ence cutoff values have been calculated and are indicated 
in the legend of  Fig. 4 . 

 In conclusion (MLCL + CLi)/CLm ratio calculated from 
MALDI-TOF/MS lipid fi ngerprint of whole leukocytes is a 
valid diagnostic parameter to distinguish between controls 
and BTHS patients. We have also shown that our analyti-
cal approach can be used even with a low-performance 
mass spectrometer simply by adding the minor miniextrac-
tion step. 

 Compositional distance as diagnostic parameter 
 We also used vector algebra to evaluate the effect of the 

different  TAZ  mutations on CL and MLCL molecular com-
position. The statistical approach used is described in Ma-
terials and Methods. Briefl y, each different molecular 
composition is considered as a vector M, and distances be-
tween the different vectors (i.e., the compositional dis-
tance) are used to evaluate differences in CL and MLCL 
molecular composition of the different subjects in the 
study. In   Fig. 5  , the compositional distances have been 
plotted.  In the chart, healthy controls have been consid-
ered as a unique group and represented as a single point 
(± SD). For this control group, the compositional distance 
is the average value of the distance between the molecular 
components of each control subject from all the others. It 
should not be far from zero because healthy donors have 
very similar lipid fi ngerprints, which can be easily verifi ed 
in the chart. BTHS patients have very similar lipid fi nger-
prints and are therefore considered as a unique group and 
represented as a single point (± SD). We calculated the 
distances between the vectors representing molecular com-
positions of patients and the vectors representing control 

  Fig. 5.  Compositional distances of CL fi ngerprints of controls 
and BTHS patients. The same samples considered in  Fig. 4  have 
been used to estimate differences in molecular composition of CL 
and its lysoderivative species. Average values ± SDs are provided for 
controls (CTRL) and typical BTHS patients (BTHS). A and B: Re-
sults obtained by using the low-performance Bruker Microfl ex RLF 
mass spectrometer. C: Results obtained by Bruker Autofl ex II. 
High-p. MS, high-performance mass spectrometry.   
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presence of CLi species, which together with the increase of 
MLCL suggest a defect in the CL metabolism, determined by 
TAZ mutations. Even in the case in which low levels of MLCL 
are found in patients, still the appearance of the immature 
species should alert the biologist or physician to the possibil-
ity of the presence of a serious disease. Indeed MALDI-TOF/
MS allows the direct analysis of native samples, skipping time-
consuming steps of standard lipid extraction and separation 
procedures. The success of our experimental approach is 
due to the use of 9-AA as matrix, which is particularly suitable 
for CLs detection ( 31 ), even when these species are only mi-
nor components in complex lipid profi les. 

 In conclusion, the method described here is straightfor-
ward to perform and can be easily integrated into the rou-
tine work of a clinical biochemistry laboratory. We hope 
that this novel simplifi ed test, using a different analytical 
approach, could increase the number of laboratories ca-
pable of diagnosing BTHS with the consequent identifi ca-
tion of new hidden cases.  
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