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X-Adrenoleukodystrophy (X-ALD) is a peroxisomal disorder characterized by accumulation of very-long-
chain (VLC) fatty acids, which induces inflammatory disease and alterations in cellular redox, both of
which are reported to play a role in the pathogenesis of the severe form of the disease (childhood cerebral
ALD). While the mutation defect in ABCD1 gene is common to all forms of X-ALD it fails to account for the
spectrum of phenotypic variability seen in X-ALD patients, strongly suggesting a role for as yet uniden-
tified modifier gene(s). Here we report, for the first time, loss of AMP-activated protein kinase alpha1
(AMPKa1) in patient-derived fibroblasts and lymphocytes of the severe cerebral form of X-ALD (ALD),
and not in the milder adrenomyeloneuropathy (AMN) form. Decrease in AMPK was observed at both
protein and mRNA levels. AMPK loss in ALD patient-derived fibroblasts was associated with increased
ubiquitination. Using the Seahorse Bioscience XFe96 Flux Analyzer for measuring the mitochondrial
oxygen consumption and extracellular acidification rate we show that ALD patient-derived fibroblasts
have a significantly lower ‘‘metabolic state’’ than AMN fibroblasts. Unstimulated ALD patient-derived
lymphocytes had significantly higher proinflammatory gene expression. Selective AMPK loss represents
a novel physiopathogenic factor in X-ALD disease mechanism. Strategies aimed at upregulating/recover-
ing AMPK levels might have beneficial therapeutic effects in X-ALD.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Childhood cerebral X-linked adrenoleukodystrophy (X-ALD) is a
rapidly progressive inflammatory demyelinating disease with
severe cognitive and neurologic disability leading to a vegetative
state within 2–5 years of clinical onset of symptoms and death
[1]. A milder form of X-ALD is named as adrenomyeloneuropathy
(AMN) and characterized by a non-inflammatory distal axonopa-
thy mostly in spinal cord [1]. Both childhood cerebral ALD (ALD)
and the milder AMN phenotypes are caused by mutations in
ABCD1 gene encoding peroxisomal membrane ABC transporter
adrenoleukodystrophy protein (ALDP). Virtually nothing is known
regarding the mechanisms that lead to neuroinflammation in
patients with ALD. Role of an as yet unidentified modifier gene is
well accepted [1,2]. X-ALD males in the same family may express
different phenotypes, thus it is clear that mutations of the ABCD1
gene alone does not account for the disease variability [1,2].
AMP-activated protein kinase (AMPK) plays an important role in
controlling energy homeostasis and is envisioned as a promising
target to treat metabolic disorders [3]. Disturbances in AMPK are
implicated in neuroinflammatory diseases [4,5] including multiple
sclerosis [6,7]. Our striking observation of loss of AMPKa1 in ALD
patient-derived cells but not AMN and healthy controls suggests
a novel role for AMPKa1 in the mechanism of neuroinflammation
and disease progression in X-ALD.

AMPK is a serine/threonine kinase which is activated via
allosteric regulation of increased AMP concentration and by the
phosphorylation of a subunit (Thr172) [3]. One major role of AMPK
signaling is to respond to metabolic requirements by inhibiting
energy consuming pathways, e.g., synthesis of protein, fatty acids,
and cholesterol and promotes ATP producing catabolic pathways
including fatty acid oxidation [3]. Although traditionally regarded
as the master energy regulator of the cell, recent extensive litera-
ture demonstrates that AMPK can also suppress the expression of
inflammatory genes and attenuate inflammatory injury [5,6].
Genetic or pharmacological inhibition of AMPK is associated with
increased inflammation in vivo and in vitro [4–10].

In this study, we report, for the first time, a differential loss of
AMPK in human ALD patient-derived fibroblasts and lymphocytes.
Further, we observed that AMPK was targeted for degradation
through ubiquitination. Bioenergetic analysis utilizing Seahorse
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Bioscience Extracellular Flux Analyzer showed that loss of AMPK
was also associated with ‘‘low metabolic’’ profile of ALD-patient
derived fibroblasts. The relevance of AMPK loss in X-ALD has yet
to be tested directly, but it likely represents an important role in
disease mechanism that may be targeted for therapy.
2. Materials and methods

2.1. Reagents

Dulbecco’s Modified Eagle’s Medium (DMEM, 4.5 g/L) and
RPMI-1640 was purchased from Invitrogen Life Technologies; fetal
bovine serum (FBS) was purchased from BioAbChem Inc. (Ladson,
SC) and Hanks’ balanced salt solution (HBSS) was purchased from
Gibco (Invitrogen, Carlsbad, CA). Antibodies were purchased from
Cell Signaling Technology Inc. unless otherwise mentioned. ECL
and nitrocellulose membranes were purchased from Amersham
Biosciences.
2.2. Cell culture

All patient-derived cells were obtained from the NIGMS Human
Genetic Cell Repository at the Coriell Institute for Medical Research
(ccr.coriell.org).
2.2.1. Fibroblasts
Human skin fibroblasts (derived from normal control (CTL1;

GM03348, CTL2; GM03377), ALD (ALD1; GM04934, ALD2;
GM04904), and AMN (AMN1; GM07531, AMN2; GM17819)
patients were cultured in DMEM containing 15% FBS and antibi-
otic/antimycotic.
2.2.2. Lymphocytes
Human lymphocytes derived from normal (control; GM03798),

female carrier (HTZ, GM04674), and ALD (ALD1; GM04673, ALD2;
GM13496) patients were cultured in RPMI1640 containing 10% FBS
and antibiotic/antimycotic.
2.3. Immunoblot analysis

0.7 � 106 cells/10 mL fibroblasts and 0.5 � 106 cells/10 mL lym-
phocytes from control, AMN and ALD were cultured for 16 h and
processed for immunoblot analysis as described previously [11].
2.4. RNA extraction and cDNA synthesis

RNA was extracted using RNAeasy mini kit (Qiagen) per the
manufacturer’s protocol, single-stranded cDNA was synthesized
from two microgram of total RNA using iScript cDNA synthesis
kit (BioRad).
2.5. Real-time PCR

Real time PCR was conducted using CFX96 Real Time PCR Detec-
tion System (Bio-Rad). Single-stranded cDNA was synthesized from
total RNA as described [11]. The primer sets were purchased from
SA Bioscience (Qiagen). iTaq™ Univer SYBR Green Supermix was
from Bio-Rad. Thermal cycling conditions were as follows: activa-
tion of DNA polymerase at 95 �C for 3 min, followed by 40 cycles of
amplification at 95 �C for 30 s and 60 �C for 30 s. The normalized
expression (^^Ct) of target gene with respect to ribosomal protein
L27 expression was analyzed using CFX Manager Software.
2.6. Co-immunoprecipitation (Co-IP) and immunoblot analysis

Cells were lysed in lysis buffer (20 mM Tris–HCl (pH 7.4),
150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Trion X-100, 2.5 mM
sodium pyrophosphate, 1 mM b-glycerol phosphate, 1 mM sodium
orthovandate, 2 lg/ml leupeptin and 1 mM PMSF). Co-IP was per-
formed using protein A/G beads (Santa Cruz Biotechnology) in the
presence of antibodies against ubiquitin (Santa Cruz Biotechnol-
ogy) and AMPKa1. The Co-IP products were then subjected to
SDS–PAGE and immunoblot analysis.

2.7. Measurement of mitochondrial oxygen consumption and
extracellular flux

To monitor the consumption of oxygen and extracellular acidi-
fication in intact adherent fibroblasts, Seahorse Bioscience XFe96
Extracellular Flux Analyzer was used (Seahorse Bioscience, North
Billerica, MA, USA). For these experiments, fibroblasts were seeded
to 3 � 104 cells/well in 12 wells (for each cell line) of XFe 96-well
cell culture microplate (Seahorse Bioscience) in 200 lL of DMEM
and incubated overnight (14–16 h) at 37 �C in 5% CO2 atmosphere.
After replacing the growth medium with 175 lL of bicarbonate-
free DMEM pre-warmed at 37 �C cells were preincubated at 37 �C
for 1 h for degassing before starting the assay procedure. Oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR)
was measured using mix/wait/measure times of 3/3/3 min. After
baseline measurements of OCR and ECAR, OCR was measured after
sequentially adding to each well 25 lL of oligomycin (1 lM), car-
bonyl cyanide-ptrifluoromethoxyphenylhydrazone (FCCP)
(0.25 lM), and Rotenone/antimycin A (1 lM) and ECAR by glucose
(10 lM), oligomycin (2 lM) and 2-deoxyglucose (100 lM) to the
indicated final concentrations using the included ports on the
XFe96 cartridges. Further analysis of these experiments was per-
formed as described [12]. Metabolic profile of the individual cell
lines was generated by plotting OCR against ECAR.

2.8. Determination of ATP levels

2 � 104 cells/well were seeded in 96 well cell culture plate in
complete medium. After 16–18 h cells, were lysed in 20 ll lysis
buffer and 10 ll of lysate was used to measure ATP levels using
ATP determination Kit (Molecular Probes, Invitrogen). 1 ll each
of the remaining lysate was used for protein measurement.

2.9. Statistical analysis

Using the Student Newman–Keuls test and ANOVA, p values
were determined for the respective experiments using GraphPad
software (GraphPad Software Inc. San Diego, CA).
3. Results and discussion

3.1. AMPK subunit levels are reduced in ALD patient-derived
fibroblasts and lymphocytes

The molecular events associated with the transition from a
relatively benign metabolic disease to a fatal neuroinflammatory
disease in X-ALD are not well understood at present. Interestingly,
AMPK downregulation is associated with increased proinflamma-
tory response [6,7,13]. To examine the status of AMPK in different
phenotypes of X-ALD, we measured AMPKa1 phosphorylation in
control, AMN and ALD human patient-derived fibroblasts and
lymphocytes (Fig. 1). Fibroblasts (7 � 104 cells/mL) and lympho-
cytes (5 � 104 cells/mL) were cultured in complete medium and
harvested after 16–18 h for mRNA and immunoblot analysis. The



Fig. 1. AMPKa1 protein and mRNA levels are reduced in ALD patient-derived fibroblasts and lymphocytes. Human control (CTL1, CTL2), AMN (AMN1, AMN2) and ALD (ALD1,
ALD2) patient-derived skin fibroblasts (A and C) and lymphocytes (B and D) were cultured as described in Section 2. After 16–18 h Cells were harvested for immunoblot (A
and B) and quantitative real-time RT-PCR (C and D). Protein levels of p-AMPKa1, AMPKa1, p-ACC and ACC were analyzed by immunoblot analysis in whole cell lysate.
Densitometry values were normalized to b-actin. RNA was isolated using RNAeasy mini kit (Qiagen) and cDNA prepared from 2 lg total RNA per sample. 20 ng cDNA per
sample was amplified by qRT-PCR. Gene expression was normalized to L27 expression. Data are represented as mean ± SD of three different experiments. ⁄P < 0.05; ⁄⁄P < 0.01.
HTZ, heterozygote female carrier lymphocytes.
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activation of AMPK was evaluated by detection of phosphorylation
of AMPKa1 (p-AMPKa1) at Thr-172 [6,10]. As shown in Fig. 1,
fibroblasts (Fig. 1A) and lymphocytes (Fig. 1B) from healthy control
subjects showed strong p-AMPKa1 and total AMPKa1 levels.
Expectedly, strong phosphorylation of acyl-CoA carboxylase
(ACC), a bonafide substrate of AMPK and an indicator of AMPK
activity [10], was observed in fibroblasts (Fig. 1A) and lymphocytes
(Fig. 1B) of control healthy subjects. Phosphorylation inactivates
ACC1, leading to inhibition of de novo fatty acid and cholesterol
synthesis [6]. ACC is a rate-determining enzyme for the synthesis
of malonyl–CoA, both a critical substrate for fatty acid biosynthesis
and a potent inhibitor of fatty acid oxidation [6]. The phosphoryla-
tion status of ACC and AMPKa1 levels were largely unchanged in
AMN patient-derived fibroblasts compare to healthy control, how-
ever, they were slightly reduced in female carrier (HTZ)-patient-
derived lymphocytes (Fig. 1B). Strikingly, the phosphorylation of
both ACC and AMPKa1 and also total AMPKa1 levels were signifi-
cantly decreased in ALD patient-derived cells (Fig. 1A and B). Quan-
titative RT-PCR (qRT-PCR) revealed that the reduction of total
protein levels was mirrored by significantly lower (P < 0.01) mRNA
levels of AMPKa1 in ALD patient-derived fibroblasts (Fig. 1C). In
lymphocytes, AMPKa1 were significantly reduced (P < 0.05) in fe-
male heterozygote carriers and further decreased significantly
(P < 0.01) in ALD patient-derived lymphocytes (Fig. 1D). While
the decrease in AMPKa1 protein was associated with increased
ubiquitination (discussed below) the reduced mRNA expression
may be a result of changes in turnover or decrease in promoter
activity [14].

AMPK is a trimer containing a, b, c subunits, all of which are
essential for its activity [15]. The expressions of the three different
subunits should be regulated tightly to keep their levels in balance
to form a functional AMPK complex [15]. This may explain their
differential regulation [7,15] that was also evident in our system
(Suppl. Fig. S1). We further analyzed the expression of remaining
AMPK subunits (a2, b1, b2, c1, c2, and c3) in control healthy,
AMN and ALD patient-derived fibroblasts and lymphocytes (Suppl.
Fig. S1). AMPKa2 was decreased in ALD patient-derived fibroblasts
at both protein and mRNA levels (Suppl. Fig. S1A). AMPKa2 protein
was not detected in any of the patient-derived lymphocytes (Suppl.
Fig. S1B) supporting the previous observations that AMPKa2 is not
expressed in lymphocytes or immune cells in general [6,7]. Further,
total protein expressions of b1/2 and �c1 subunits were also sig-
nificantly decreased in ALD patient-derived fibroblasts (Suppl.
Fig. S1A) and lymphocytes (Suppl. Fig. S1B). qRT-PCR analysis using
subunit-specific primers revealed that the variation in protein lev-
els of AMPK subunits were mimicked by changes in mRNA expres-
sions (Suppl. Fig. S1C and D). Our data, for the first time,
documents an overall decrease in AMPK levels in the severe form
(ALD) of X-ALD. Because no clear physiological function have been
attributed to each AMPK trimer despite availability of knock out
and transgenic mice models [16], the functional implications of al-
tered subunit levels and expression in X-ALD observed in the pres-
ent study await further investigations. The observations, however,
could be particularly relevant to X-ALD pathology considering the
fact that AMPK protein expression and activity are conclusively
related to fatty acid oxidation, mitochondrial biogenesis function
[17] and negatively regulate the inflammatory response [4–
9,13,18]. Our observation of an association between downregula-
tion of AMPKa1 in a particular phenotype of X-ALD (Fig. 1) furthers
demonstrates that AMPK subunits express independently of each
other and provides evidence on the complexity of genetic altera-
tions, in addition to the common ABCD1 defect, in different pheno-
types of X-ALD.

3.2. AMPKa1 is associated with ubiquitin degradation pathway in ALD

While we understand the basic regulation of AMPK activity by
upstream kinases, recent studies have introduced the concept that



Fig. 2. AMPKa1 is ubiquitinated in ALD patient-derived fibroblasts and lymphocytes. Human control (CTL1, CTL2), AMN (AMN1, AMN2) and ALD (ALD1, ALD2) patient-
derived skin fibroblasts (A and C) and lymphocytes (B) were cultured as described in Section 2. Ubiquitin levels in fibroblasts (A) and lymphocytes (B) were analyzed in 50 lg
of whole cell lysates. (C) 500 lg of whole cell lysate per sample was used for immunoprecipitation (IP) using ubiquitin and AMPKa1 antibodies. The pull-down was
resuspended in 50 ll of gel loading buffer and used for detection of AMPKa1 and ubiquitin, respectively by western blot. 30 ll of starting whole cell lysate (WCL) used for IP
was blotted for b-actin as loading control.

Fig. 3. Baseline energetics and intracellular ATP levels. Fibroblasts cells were seeded to 3 � 104 cells/well in XF96 V3-PS cell culture microplate (Seahorse Bioscience). After
16–18 h, cells were changed to assay media. (A) Representative basal oxygen consumption rate (OCR) profile of control (CTL), AMN and ALD patient-derived fibroblasts. (B)
Representative basal oxygen consumption rate (OCR) profile of control (CTL), AMN and ALD patient-derived fibroblasts. (C) Both basal and FCCP-coupled OCR was
significantly reduced in ALD patient-derived fibroblasts (D) ECAR was measured in parallel with respiration. Each data point represents mean ± SD (n = 12), and results are
representative of 4 independent experiments. mpH, milli-pH units. (E) OCR and ECAR are plotted against each other for the duration of the experiment to generate a
‘‘metabolic profile’’. Decreased OCR (C) and decreased ECAR (D) result in a overall decreased OCR/ECAR ratio for ALD patient-derived fibroblasts resulting in their localization
to ‘‘low energy’’ quadrant. (F) Intracellular ATP level was measured as described in Section 2. ATP level is expressed as mean ± SD (n = 12) and results are representative of 3
independent experiments. ⁄⁄P < 0.01; ⁄⁄⁄P < 0.001.
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Fig. 4. iNOS and IL-6 gene expression is increased in unstimulated ALD patient-
derived lymphocytes. Control (CTL), heterozygote carrier (HTZ) and ALD (ALD1,
ALD2) patient-derived lymphocytes were culture (0.5 � 106/10 mL) in RPMI-1640
with 10% FBS and antibiotic in 25 cm2 flasks. Cells were pelleted after 16–18 h and
RNA isolated using RNAeasy mini kit (Qiagen). 2 lg total RNA was reverse
transcribed to cDNA and used at final concentration of 20 ng/rxn in SYBR Green
qPCR reaction (CFX96, BIO RAD). iNOS and IL-6 gene expression were normalized to
L27 expression. Data are represented as mean ± SD of three different experiments.
⁄P < 0.05; ⁄⁄P < 0.01; ⁄⁄⁄P < 0.001.
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AMPK is regulated by other post-translational modifications, spe-
cifically ubiquitination [19]. Ubiquitination of proteins is also
increased in X-ALD fibroblasts and Abcd1-ko mice [20]. However,
difference in ubiquitin levels (if any) between AMN and ALD
patient-derived cells are not known. Interestingly, we found a
significant difference in ubiquitin levels between AMN and ALD pa-
tient-derived fibroblasts (Fig. 2A) and lymphocytes (Fig. 2B). High-
er level of ubiquitinated proteins was observed in ALD fibroblasts
and lymphocytes compared to AMN (Fig. 2A and B). Immunopre-
cipitation by ubiquitin (or AMPKa1) antibody and subsequent
immunoblotting for AMPKa1 (or ubiqutin) in patient-derived
fibroblasts showed that AMPKa1 was associated with ubiquitin
in both AMN and ALD patient-derived cells but the association
was much stronger in ALD (Fig. 2C).

3.3. Mitochondrial maximal respiratory capacity is significantly
reduced in ALD compared to AMN patient-derived fibroblasts

Mitochondrial dysfunction was recently reported in X-ALD [21–
23]. Given the central role of AMPK in regulating mitochondrial
content and function [17], the premise that AMPK downregulation
might play an impending role in mitochondrial dysfunction in X-
ALD is highly expected. We used a Seahorse XFe96 Analyzer
(Seahorse Bioscience, Billerica, MA) to assess the metabolic profile
of control healthy, AMN and ALD patient-derived fibroblasts
(Fig. 3A). Measurement of oxygen consumption rate (OCR), a mea-
sure of oxidative phosphorylation, and extracellular acidification
rate (ECAR), a measure of glycolysis, gives an overall metabolic
status of the cell [12]. In line with a recent report [23], control
healthy and AMN patient-derived cells had comparable basal and
FCCP-uncoupled OCR (Fig. 3A–C). However, the differences, if
any, between the AMN and ALD phenotypes were not addressed
previously [23]. FCCP-uncoupled OCR also represents the maxi-
mum respiratory capacity (MRC) of mitochondria and hence is a
measure of mitochondrial electron transport chain integrity [24].
We document, for the first time, a significantly reduced basal and
FCCP-uncoupled OCR (MRC) in ALD compared to AMN patient-de-
rived fibroblasts (Fig. 3A–C). Importantly, FCCP-uncoupled MRC
was significantly reduced in ALD patient-derived fibroblasts even
when the basal OCR levels were normalized between control,
AMN and ALD patient-derived fibroblasts (Fig. 3B). In addition to
OCR, ECAR levels were also significantly reduced in ALD patient-
derived fibroblasts compared to AMN and control (Fig. 3D). Ratio
of OCR to ECAR indicates the ‘‘metabolic profile or state’’ of a cell
[25]. We, therefore, plotted OCR against ECAR to compare the
‘‘metabolic state’’ of control, AMN and ALD patient-derived fibro-
blasts (Fig. 3E). No such evaluation is available for for AMN and
ALD cells. Due to higher OCR and ECAR levels, the ECAR/OCR ratio
of control and AMN patient-derived fibroblasts was localized in the
‘‘more energetic’’ (and hence metabolically active) quadrant
(Fig. 3E). On the other hand, ECAR/OCR ratio of ALD patient-derived
fibroblasts localized to ‘‘less energetic’’ (and hence metabolically
less active) quadrant (Fig. 3E). ALD patient-derived fibroblasts
were less energetic due to both reduced OCR and ECAR (Fig. 3C
and D). Since AMPK and mitochondrial OXPHOS activity regulates
ATP levels [5,17,26,27]. Mice with genetic deletion(s) of AMPK
subunits have reduced mitochondrial content [27]. Further, these
mice have reduced mitochondrial respiration and basal ATP levels
[26]. Therefore, we next measured the ATP content in control
healthy, AMN and ALD patient-derived fibroblasts (Fig. 3F). Conse-
quent to comparable AMPKa1 levels and OCR activities, ATP levels
were well-maintained between control healthy and AMN patient-
derived fibroblasts (Fig. 3F). On the other hand, ATP levels were
significantly reduced in ALD patient-derived fibroblasts compared
to AMN (Fig. 3F). This raises the possibility that loss of AMPKa1 in
ALD patient-derived fibroblasts may be responsible for the lower
bioenergetic profile (Fig. 3A–E) and hence reduced ATP levels
(Fig. 3F).
3.4. Inflammatory cytokine gene expression is increased in
unstimulated ALD patient-derived lymphocytes

Although, traditionally associated with cellular metabolism, the
relationship between decreased AMPK levels and the inflammatory
phenotype of X-ALD (ALD) observed in our study is in keeping with
previous reports where decrease in AMPK activity and expression
have been shown to result in increased inflammatory response
[4,7,8]. AMPKa1 is crucial for anti-inflammatory skewing of im-
mune cells [5,6,8,9] and is involved in inhibiting lipid-induced
macrophage inflammation [18]. Indeed, AMPK knockout animal
models consistently demonstrate reduced mitochondrial biogene-
sis/function [16] and increased pro-inflammatory skewing
[5,8,9,18]. Unstimulated ALD patient-derived lymphocytes produce
proinflammatory cytokines under serum-free condition [28]. We
examined the expression of inducible nitric oxide synthase (iNOS),
interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-a) under
normal culture conditions where we had observed AMPKa1-loss
(media with FBS). Expression of iNOS and IL-6 mRNA was in-
creased in ALD patient-derived unstimulated lymphocytes
(Fig. 4). There was no change in expression of TNF-a (data not
shown). Such associations raise the possibility that AMPKa1 may
regulate the inflammatory response observed in ALD phenotype.
The observed loss of AMPKa1 in ALD-patient-derived cells though
novel was not totally unexpected as inflammatory stimuli and a
fatty acid rich-diet decreased the expression and activity of AMP-
Ka1 and triggered TNF-a expression in mouse adipose tissue and
macrophages [29]. Also, circulating free fatty acids (FFAs) in obes-
ity activate TLR4-NFKB-inflammation pathway [30] and activation
of same pathway by endotoxin results in loss of AMPK activity in
activated macrophages [6]. Furthermore, psychosine-mediated
downregulation of AMPK generates neuroinflammatory response
in astrocytes and leads to oligodendroglial death in an in vitro mod-
el of Krabbe disease, a neurometabolic disorder [10]. Our results
provide the first mechanistic underpinnings of transition of a
benign metabolic phenotype (AMN) to fatal neuroinflammatory
disease (ALD) and raise the intriguing possibility that diminished
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AMPKa1 levels in ALD phenotype and increased inflammation
could be causal factors for each other. If so, whether one of them
is the initiating event in humans remains to be determined. In con-
clusion, reduced mitochondrial function and increased inflamma-
tory response in ALD patient-derived fibroblasts suggests that
down regulation of AMPKa1 is a physio-pathogenic factor that
may act as the transition trigger from a metabolic to inflammatory
disease in X-ALD. This provides an exciting target to interfere and
possibly reverse the progression of disease in X-ALD.
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