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In Charcot-Marie-Tooth type 1A (CMT1A), Schwann cells exhibit a preponderant
transcriptional deficiency of genes involved in lipid biosynthesis. This perturbed lipid
metabolism affects the peripheral nerve physiology and the structure of peripheral
myelin. Nevertheless, the identification and functional characterization of the lipid species
mainly responsible for CMT1A myelin impairment currently lack. This is critical in the
pathogenesis of the neuropathy since lipids are many and complex molecules which
play essential roles in the cell, including the structural components of cellular membranes,
cell signaling, and membrane trafficking. Moreover, lipids themselves are able to modify
gene transcription, thereby affecting the genotype—phenotype correlation of well-defined
inherited diseases, including CMT1A. Here we report for the first time a comprehensive
lipid profiling in experimental and human CMT1A, demonstrating a previously unknown
specific alteration of sphingolipid (SP) and glycerophospholipid (GP) metabolism. Notably,
SP, and GP changes even emerge in biological fluids of CMT1A rat and human patients,
implying a systemic metabolic dysfunction for these specific lipid classes. Actually, SP
and GP are not merely reduced; their expression is instead aberrant, contributing to
the ultrastructural abnormalities that we detailed by X-ray diffraction in rat and human
internode myelin. The modulation of SP and GP pathways in myelinating dorsal root
ganglia cultures clearly sustains this issue. In fact, just selected molecules interacting
with these pathways are able to modify the altered geometric parameters of CMT1A
myelinated fibers. Overall, we propose to exploit the present SP and GP metabolism
impairment to select effective drugs and validate a set of reliable biomarkers, which
remain a challenge in CMT1A neuropathy.
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FIGURE 1 | Multivariate data analysis (MVA) of rat sciatic nerve lipidome clearly discriminates CMT1A from controls displaying a specific impairment of sphingolipid
and glycerophospholipid metabolism. (A) Score plot from principal component analysis (PCA) of untargeted lipidomics data. PCA was able to reliably discriminate
CMT1A nerves (red, n = 11) from the wild type ones (black, n = 8). (B) Heatmap generated with the most significant features (with highest fold change and statistical
significance) detected by MVA. One hundred twenty-one features were mainly responsible for the difference between the two groups. (C) Graph presenting the
probability (y-axis) and the impact (x-axis) that a pathway is responsible for the difference shown in lipidomic profiles. Each circle represents a specific lipid pathway;
the circle size represents the number of hits per pathway. Red-orange-yellow—white diminishing scale represents the degree of involvement in lipidomic profiles. (D)
Table indicating only the significant pathways presented in the graph.
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FIGURE 2 | CMT1A myelin displayed perturbed sphingolipid (SP) and glycerophospholipid composition and ultrastructural abnormalities. The most abundant SP
species were analyzed by an optimized protocol of targeted mass spectrometry. This method uses 25 standards to calculate the absolute concentration (nM) of
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FIGURE 2 | sphingolipids of interest. (A-D) Ceramides, sphingomyelins, hexosylceramides, and sphingosine were all reduced in the CMT1A samples. (E,F)
Phosphatidylinositides were the lipid species mainly altered in CMT1A myelin by shotgun untargeted analysis. The compound names are presented on the y-axis,
while different acyl chains, sature, or insature, are presented on the x-axis. Data are presented as mean + mean of standard error. Wild type (WT) (black), CMT1A (red)
n = 4. Statistics was calculated with unpaired t-test, two-tailed. ****p < 0.0001, “**p < 0.001, “*p < 0.01, and “p < 0.05. (G) X-ray diffraction performed on WT and
CMT1A rat sciatic nerves from four different litters at 1.5 months (filled symbols) and at 3 months (open symbols) of age. The whole nerves were fixed in 2.5%
glutaraldehyde in cacodylate buffer, pH 7.4, for 24 h. In the graph, the relative amount of myelin vs. myelin period is reported. The CMT1A rats showed a significantly
reduced myelin content and an enlarged myelin periodicity compared to the WT littermates, which demonstrates the presence of myelin ultrastructural alterations in
this neuropathy (WT black, n = 12; CMT1A red, n = 9, unpaired t-test, two-tailed; p < 0.0001 for both relative amount of myelin and myelin periodicity). The inset
shows examples of the diffraction patterns, expressed as diffracted intensity vs. detector channel number. The patterns correspond to the data points marked by the
asterisks. The small shift in the positions of the Bragg peaks indicates differences in periodicity, and the weaker peaks indicate less myelin. The middle region of each
pattern, approximate channel numbers 950-1,050, is central scatter from the direct beam around the beam stop and, therefore, is excluded from the analysis. (H)
X-ray diffraction performed on human sural nerve biopsies of patients affected by CMT1A compared to patients affected by other neurological diseases (OND). The
nerves were fixed in buffered glutaraldehyde, processed for electron microscopy, and embedded in Epon, which accounts for the differences in periodicities with the
results in (G). Notably, the CMT1A patients (red, n = 3) displayed enlarged myelin periodicity compared to the control patients (OND, black, n = 4, unpaired t-test,
two-tailed; p < 0.01) as was found in the CMT1A rat. Data are presented as mean =+ standard deviation.

DISCUSSION

Myelin lipid deficiency and its partial rescue in response to a
lipid-enriched diet have been recently shown in the CMT1A rat
model (30).

The present study provides evidence for the first time that,
following a comprehensive analysis of the whole lipidome, just
SP and GP are responsible for the CMT1A perturbed lipid
metabolism in the nerve, myelin, and biological fluids.

These results definitely extend and better define earlier works
(30, 39). Of note also in our study is that different SP and GP
species (including phosphatidylcholines) are altered in CMT1A,
but with species increased as well as decreased, complicating
the issue. In this context, it is well-known that the unique lipid
stoichiometry of myelin directly influences its ultrastructure and
physiology, thereby regulating nerve conduction (26, 31). In
fact, myelin is subjected to different physical and functional
rearrangements during development, including progressive
thickening, lengthening along fiber internodes, and increasing of
conduction velocity. All these features are altered in CMT1A and
never reach normal values (64-68). Indeed changes in CMT1A
myelin geometric parameters have already been shown by us and
other groups (29, 30, 64, 69). Moreover, here we demonstrate by
X-ray diffraction analysis a flawed physical structure of internode
myelin in both experimental and human CMT1A.

To link SP and GP imbalance with CMTIA myelin
architecture, we investigated the morphometric changes of the
myelinated internode in DRG cultures treated with different
molecules affecting just these lipid pathways (32, 70-79). Of note
is that most of the SP and GP species displaying a greater change
do not only have a structural role in myelin but are also able to
impact on signaling and transcription itself (34).

Among all the tested molecules, we found that L-serine,
PIP3, LPA, and VO-OHpic were able to improve CMTI1A
myelin internode, in contrast to an earlier work in which
lipid supplement was unable to influence these parameters (30).
Moreover, the effect of our treatments was specific for the
CMT1A condition as we did not observe any effect in wild-
type cultures.

Indeed these molecules deeply interfere with normal and
pathological myelination. In fact, L-serine is a key polar amino
acid required for SP synthesis, being an essential substrate for
SPTLCI, the rate-limiting enzyme of SP metabolism; peripheral

myelin is particularly sensitive to SP composition and change
(80, 81). PIP3, in glia, triggers autonomous cell wrapping during
myelination, and an imbalance of PIP homeostasis is at the basis
of altered longitudinal myelin growth and myelin outfolding
formation (37, 73, 82, 83). LPA is an early precursor of PI that
regulates crucial signaling in myelin, including embryonic SC
migration, myelination, and cell-to-axon segregation; PI also
prevents SC apoptosis through activation of PI3K, a key enzyme
for PIP3 homeostasis (70). Finally, VO-OHpic is a synthetic
specific inhibitor of PTEN, an enzyme that works in concert with
Dlg1 as myelination inhibitor, and deletion of PTEN in adult SCs
is able to reactivate myelin growth (77, 84, 85).

We would like to highlight that these molecules act on the
PI3K/PTEN pathway, a well-known CMT1A hub, downstream
to NRG1, further sustaining the importance of SP and GP
metabolism in myelin development and maintenance.

We found that these molecules affect myelinated area and
internode length in different ways: in fact, while PIP3 and
LPA significantly increased the amount of myelinated fibers
without any effect on their structure, L-serine and VO-OHpic just
increased the internode length, suggesting the existence of at least
two independent mechanisms essential for correct myelination.
This hypothesis is further strengthened by the cumulative effect
of PIP3 and L-serine simultaneous administration, which was
able to improve both the quantity and the quality of the
myelin internode.

Trying to further explain our results, we envisage that
these treatments are able to impact on SC differentiation and
proliferation, two biological processes highly compromised
in CMT1A (86, 87). Indeed LPA and PIP3, improving the
myelinated area through the PI3K/PTEN pathway, may directly
trigger the CMTIA SC differentiation program (70, 73).
The positive effect of L-serine and VO-OHpic on CMTIA
internode length might instead be due to their ability to
inhibit proliferation. In fact, the relation between increased
proliferation and shortening of internode is well-known (88-90).
Interestingly, several studies demonstrate that SPTLC1 and
PTEN, sensitive to L-serine, and VO-OHpic, respectively,
are also able to modulate proliferation independently from
their normal enzymatic activity (91-93). Further studies are
needed to demonstrate the correlation between abnormal
cellular proliferation and myelin structure impairment
in CMT1A.
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FIGURE 3 | Modulation of sphingolipid (SP) and glycerophospholipid (GP) pathways affects the CMT1A myelin physical structure. (A) Schematic illustration of
treatment schedule adopted to demonstrate the specific involvement of SP and GP in CMT1A myelinopathy. The CMT1A and WT DRG cultures were chronically
treated with several molecules selected for their proven efficacy on SP and GP pathway modulation in the presence of 15% newborn calf serum, ascorbic acid

(100 pg/ml final concentration), and nerve growth factor at 5 ng/ml final concentration. In particular, we analyzed the effects on myelination of LPA, PA, CDP-choline,
PIP3, VO-OHpic, 20HOA, desipramine, SM, and L-serine. (B) Advanced neuropathology (see also the Video S1) performed on dorsal root ganglia (DRG) myelinated
fibers allowed us to select PIP3, LPA, VO-OHpic, and L-serine as the most effective molecules. Interestingly, we found that these molecules improved the CMT1A
myelinopathy —a reduced amount of myelinated fibers and shortening of the internode length—in a different way. In fact, while PIP3 and LPA significantly increased
the amount of myelinated fibers without any effect on their structure [CMT1A Ctrl (n = 180) vs. CMT1A PIP3 (n = 215), mean £ SD: 0.53 + 0.43 vs. 0.75 4 0.50;
CMT1A Ctrl (n = 405) vs. CMT1A LPA (n = 511), mean £ SD: 0.35 + 0.27 vs. 0.58 + 0.40), L-serine and VO-OHpic just increased the internode length (CMT1A Ctrl
(n = 102) vs. CMT1A L-serine (n = 113), mean & SD: 0.79 £ 0.12 vs. 0.85 £ 0.23; CMT1A Ctrl (n = 128) vs. CMT1A VO-OHpic (n = 155), mean + SD: 0.67 £ 0.11
vs. 0.75 £ 0.11], suggesting the existence of at least two independent mechanisms essential for correct myelination. This hypothesis is further strengthened by the
cumulative effect of PIP3 and L-serine simultaneous administration to CMT1A DRG cultures, which was able to improve both the quantity and the quality of
pathological myelin [CMT1A Ctrl (n = 112) vs. CMT1A PIP3+L-serine (n = 145), myelinated area mean + SD: 0.27 + 0.20 vs. 0.46 + 0.36; CMT1A Ctrl (n =112) vs.
CMT1A PIP3+L-serine (n = 145), internode length mean + SD: 0.62 + 0.10 vs. 0.69 + 0.12]. LPA, lysophosphatidic acid; PA, phosphatidic acid; DAG, diacylglycerol;
CDP-choline, cytidine-5'-diphospho-choline; Pl, phosphoinositide; PC, phosphatidylcholine; PIP, phosphatidylinositol phosphate; PTEN, phosphatase and tensin
homolog; VO-OHpic, a PTEN inhibitor; PI3K, phosphatidylinositol-3-kinase; PIP3, phosphatidylinositol tris-3,4,5-phosphate; 20HOA, 2-hydroxy oleic acid; SM,
sphingomyelin; aSMase, acid sphingomyelinase; SMS, sphingomyelin synthase; Cer, ceramide. For myelinated area and internode length, we performed the
D’Agostino-Pearson normality test to assess the type of data distribution. Therefore, statistical differences were determined using the non-parametric Mann-Whitney
test (n represents the number of analyzed images in at least three biological replicates). For internode length frequency distributions, we performed non-parametric
Kruskal-Wallis test followed by Dunn’s multiple-comparisons test (n represents the total number of analyzed internodes). ns, not significant; **p < 0.01 and ***p <
0.0001.
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Overall, our results display a leading role of SP and GP
metabolism in CMT1A impaired myelination.

Notably, the same SP and GP dysregulation emerges from the
lipidomics performed on biological fluids both in experimental
and in human CMTIA. Our results strongly recommend SP
and GP as a promising source of disease biomarkers. Actually,
while there is no need for CMT1A diagnostic biomarkers, great
effort is underway to identify disease severity biomarkers to
stage patients, to follow disease progression, and to monitor
drug efficacy in clinical trials (94). To date, transcriptional
biomarkers in skin biopsies of experimental and human CMT1A
have been proposed, demonstrating that disease severity can be
related to cutaneous mRNA expression (14, 95). Moreover, a
study performed on the plasma of CMT1A patients highlighted
an increase of protein catabolism and the mobilization of
membrane lipids involved in inflammatory signaling as further
potential sources of biomarkers (96). Nevertheless, we are still
far from having reliable and clinically acceptable disease severity
biomarkers. Owing to our analysis of the CMT1A serum lipid
profile, a most reliable fluid in clinical practice, it is our
opinion that the present study represents a critical step toward
this direction.

Finally, despite that our study is focused on CMT1A, it is
intriguing that defects of lipid metabolism have been described
in several other peripheral neuropathies. Among them, there
are not only inherited dysmyelinating CMT—including CMT1B,
CMT4B1, and CMT4]J—but also HSAN type 1 and diabetic
neuropathy (37, 97-100). Even some axonal CMT?2 neuropathies
display a dysregulation of lipid metabolism, which further
supports a critical role of bioactive lipid species in peripheral
nerve physiology (42, 101).

CONCLUSIONS

The lipidome profiling in experimental and in human CMT1A
reported herein for the first time and the established previously
unknown alterations in SP and GP metabolism expand the
spectrum of molecular changes in CMTI1A. The consistent
systemic altered lipidome of affected patients deeply supports
the use of lipid serum biomarkers in CMT1A and possibly
other CMT neuropathies in which lipid biosynthesis and myelin
remodeling are compromised. These novel data provide insights
into the pathological alterations in the CMTIA neuropathy
at a molecular level and could potentially contribute to the
development of novel disease-modifying approaches.
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