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FMR1 gene premutation carriers are at risk of developing Fragile X-associated
tremor/ataxia syndrome (FXTAS) and Fragile X-associated primary ovarian insufficiency
(FXPOI) in adulthood. Currently the development of biomarkers and effective treatments
in FMR1 premutations is still in its infancy. Recent metabolic studies have shown
novel findings in asymptomatic FMR1 premutation carriers and FXTAS, which provide
promising insight through identification of potential biomarkers and therapeutic
pathways. Here we review the latest advancements of the metabolic alterations found
in asymptomatic FMR1 premutation carriers and FXTAS, along with our perspective for
future studies in this emerging field.
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INTRODUCTION

A 55–200 CGG repeat expansion in the 5′ UTR of the fragile X mental retardation 1 (FMR1) gene
is the hallmark of premutation carriers. The FMR1 premutation carriers are at risk of developing
Fragile X-associated tremor/ataxia syndrome (FXTAS) and Fragile X-associated primary ovarian
insufficiency (FXPOI) in adulthood (Allingham-Hawkins et al., 1999; Hagerman et al., 2001), as
well as other unspecific syndromes (Mila et al., 2018). FXTAS is a neurodegenerative disorder
predominantly in men, characterized by kinetic tremor, gait ataxia, parkinsonism, executive
dysfunction, and neuropathy (Jacquemont et al., 2003; Hall and Berry-Kravis, 2018); and FXPOI
is a condition in women characterized by reduced function of the ovaries (Man et al., 2017). In
FXTAS, the two principal molecular mechanisms are: (1) RNA-gain-of function toxicity (Jin et al.,
2003, 2007; Tassone et al., 2004; Sofola et al., 2007; Sellier et al., 2010), which leads to sequestration
of various rCGG repeat-binding proteins; and (2) repeat-associated non-ATG (RAN) translation
(Todd et al., 2013; Oh et al., 2015; Krans et al., 2016; Sellier et al., 2017), which produces the
polyglycine (polyG) peptides toxic to cells. As another phenotype of FMR1 premutation, FXPOI
is believed to share similar molecular mechanisms with FXTAS based on current evidence, but still
needs further research (Elizur et al., 2014, 2019; Buijsen et al., 2016; Man et al., 2017). Currently,
there is no effective treatment for FXTAS and FXPOI, and the development of biomarkers is still in
its infancy (Hagerman and Hagerman, 2016; Man et al., 2017).

Recently, several studies have made encouraging discoveries in the metabolomics of
asymptomatic FMR1 premutation carriers and FXTAS, which provide promising insight for
the identification of potential biomarkers and therapeutic pathways. Currently, no metabolomic
study in FXPOI has been reported. Therefore, in this review, we focus on the current
knowledge of metabolic alterations in asymptomatic FMR1 premutation carriers and FXTAS.
We begin by describing the basic concepts of metabolism, then discuss the specific metabolic
alterations associated with FMR1 premutation carriers, and lastly provide an overview of future
directions in this field.
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METABOLOMICS

Metabolomics explores the metabolic alterations associated
with health and disease (Adamski, 2020). More specifically,
metabolomics detects the metabolites and small molecular
chemicals in various sample types, including biofluids, cells,
and tissues (Johnson et al., 2016). The common human sample
types used in the metabolomics include plasma, cerebrospinal
fluid (CSF), peripheral blood mononuclear cells (PBMCs),
fibroblasts and muscle tissues. A combination of analytical tools
is implemented to detect various chemicals in the samples, such
as liquid chromatography – mass spectrometry (LC-MS) and
gas chromatography – mass spectrometry (GC–MS) (Wishart,
2019). The subsequent data analysis requires the available well-
established databases (e.g., METLIN, HMDB, LipidMaps, and
MassBank) (Fahy et al., 2009; Horai et al., 2010; Guijas et al., 2018;
Wishart et al., 2018).

There are two main study types in metabolomics: untargeted
(global) and targeted metabolomics (Johnson et al., 2016).
Untargeted metabolomics detects the widest range of metabolites
extracted from a sample, identifying novel and unanticipated
alterations, whereas targeted metabolic analysis detects the levels
of specific metabolites based on prior knowledge, allowing for
higher sensitivity and selectivity (Johnson et al., 2016).

The main advantage of metabolomics is the ability to detect
subtle perturbations in biological pathways. The metabolic
signals could be amplified greatly because the most downstream
changes of the genome, epigenome, transcriptome, and proteome
are being measured (Urbanczyk-Wochniak et al., 2003). Based on
this advantage, metabolic profiling has identified perturbations
and novel biomarkers in many neurodegenerative diseases, such
as Parkinson’s disease (PD) (Ahmed et al., 2009; Burte et al., 2017;
Zhao et al., 2018), Alzheimer’s disease (AD) (Chang et al., 2015;
Van Assche et al., 2015; Wu et al., 2016) and Huntington disease
(HD) (Verwaest et al., 2011).

METABOLIC ALTERATIONS
ASSOCIATED WITH FMR1
PREMUTATION

Carbohydrate Metabolism
Carbohydrate metabolism is fundamental for cellular energy
balance and the biosynthesis of new cellular components (Dashty,
2013). In FMR1 premutation carriers, researchers have identified
alterations in carbohydrate metabolism pathways mainly in
glycolysis, Krebs cycle, oxidative phosphorylation (OXPHOS),
and the pentose phosphate shunt, as described below.

Glycolysis is the catabolic pathway that converts glucose
into pyruvate, serving as the common initiation pathway of
anaerobic and aerobic oxidation of glucose (Figure 1, red
box). Studies have reported changes in the intermediates and
products of glycolysis in FMR1 premutation carriers. In the
plasma of premutation carriers, the levels of pyruvate entering
the Krebs cycle were diminished due to the inhibition of the
pyruvate dehydrogenase complex (PDHC), which may be caused

by a higher [NADH]/[NAD+] ratio (Giulivi et al., 2016b). In
addition to PDHC, high [NADH]/[NAD+] ratios could also
inhibit other NAD-dependent dehydrogenases in the Krebs
cycle, such as α-ketoglutarate dehydrogenase (AKGDH) and
isocitrate dehydrogenase (ICDH). Furthermore, the lower entry
of pyruvate into the Krebs cycle resulted in higher lactate
formation in premutation carriers (Giulivi et al., 2016b).

In another study, peripheral blood mononuclear cells
(PBMCs) were used to investigate mitochondrial energy-
providing systems, and a dynamic alteration of glycolysis was
observed when comparing controls, FXTAS-free carriers and
FXTAS-affected carriers (Napoli et al., 2016). Specifically, FXTAS-
free carriers exhibited a comparable or higher abundance of
glycolytic proteins (e.g., hexokinase, phosphofructokinase, and
pyruvate kinase) than controls, indicating an up-regulation of
glycolysis (Napoli et al., 2016). However, in FXTAS-affected
carriers, almost all glycolytic proteins were lower compared
to control cells, with the exception of glucose-6-phosphate-
dehydrogenase, which was higher in FXTAS-affected carriers
compared to both controls and FXTAS-free carriers (Napoli
et al., 2016). This marked alteration in glycolysis in FXTAS-
affected carriers may implicate glycolysis in FXTAS pathogenesis
(Napoli et al., 2016).

The Krebs cycle [also known as citric acid cycle (CAC)
or tricarboxylic acid cycle (TCA cycle)] is a series of cyclic
reactions that begins with the oxidation of acetyl-CoA into
carbon dioxide and adenosine triphosphate (ATP), serving as the
common metabolic pathway of carbohydrate, lipid and protein
oxygenolysis (Figure 1, blue circle). Several intermediates of
the Krebs cycle, located in the first half of the cycle, namely
citrate, isocitrate and aconitate, were increased in the plasma of
carriers compared to controls, indicating a decreased Krebs cycle
activity in premutation (Giulivi et al., 2016a,b). Consistently,
most enzymes of the Krebs cycle also showed a lower abundance
in the PBMCs of the FXTAS-affected compared to controls
(Napoli et al., 2016).

Oxidative Phosphorylation (OXPHOS) is the metabolic
pathway in which cells utilize a series of protein complexes
to produce ATP (Schmidt-Rohr, 2020). The activities of
OXPHOS protein complexes and citrate synthase were lower
in the PBMCs of carriers than controls, consistent with the
relatively lower overall OXPHOS capacity in premutation
carriers (Napoli et al., 2016). The combination of decreased
OXPHOS and increased glycolysis in FXTAS-free premutation
carriers suggests a Warburg effect in which glucose is mainly
oxidized to lactate rather than undergoing OXPHOS to produce
ATP (Warburg, 1956; Lin et al., 2012). These findings were
accompanied by the observation of higher production of
reactive oxygen species (ROS) and proton leak, as well as
other mitochondrial outcomes (impaired Complex I activity,
impaired redox-regulated mitochondrial disulfide relay system
and increased mtDNA deletions) in the PBMCs or fibroblasts
of premutation carriers, together suggesting increased oxidative-
nitrative damage (Napoli et al., 2016; Song et al., 2016).
Nitrative damage of scaffolding proteins could alter cytoskeletal
organization, cause mitochondrial damage, and affect neuron
maintenance and remodeling (Song et al., 2016).
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FIGURE 1 | Overview of metabolites related to FMR1 premutation. Altered metabolites identified in studies of plasma from FMR1 premutation carriers are shown in
bold and in black. Altered metabolites identified in studies of FXTAS mice cerebellum are show in bold and in red. The up arrow indicates the increase, and the down
arrow indicates the decrease. The “shunt” refers to the pentose phosphate shunt. The glycolysis pathway is outlined in red, with the pentose phosphate shunt
outlined in a dashed red box. The TCA cycle is outlined in solid blue, and GABA metabolism is outlined in a dashed blue circle. Purine metabolism is outlined in
purple, synthesis of polyunsaturated fatty acids is outlined in green, and sphingolipid metabolism is outlined in orange. AA, arachidonic acid; ALA, α-linolenic acid;
AMP, Adenosine monophosphate; CoA, Coenzyme A; DHA, docosahexaenoic acid; DHGLA, dihomo-γ-linolenic acid; DPA, docosapentaenoic acid; EPA,
eicosapentaenoic acid; FAD, Flavin adenine dinucleotide; GABA, γ-Aminobutyric acid; GHB, 4-hydroxybutyrate; GLA, Gamma linolenic acid; Gln, Glutamine; Glu,
Glutamate; GMP, Guanosine monophosphate; IMP, Inosine monophosphate; LA, linoleic acid; LTB4, Leukotriene B4; MUFAs, monounsaturated fatty acids; NAD+,
Nicotinamide adenine dinucleotide; PGA1, Prostaglandin A1; PGE2, Prostaglandin E2; PGF2a, Prostaglandin F2alpha; PGI2, prostaglandin I2; PUFAs,
polyunsaturated fatty acids; SFAs, saturated fatty acids; SSA, succinic semialdehyde; TXA2, Thromboxane A2; XMP, Xanthosine monophosphate.

The pentose phosphate shunt is a metabolic pathway that
utilizes glucose-6-phosphate to generate NADPH and ribose 5-
phosphate (Figure 1, red dashed box). As mentioned above, most
glycolytic proteins in PBMCs were diminished in FXTAS-affected
carriers compared to controls, except glucose-6-phosphate
dehydrogenase, which is the pentose phosphate shunt entry
point (Napoli et al., 2016). The higher abundance of glucose-6-
phosphate-dehydrogenase in FXTAS-affected carriers indicates a
shift of glucose toward the pentose phosphate shunt, probably
aiming to produce NADPH, reducing equivalents required for
the antioxidant defenses (Napoli et al., 2016).

Amino Acids, Derivatives, and Biogenic
Amines
The metabolism of amino acids, derivatives and biogenic amines
has a profound effect on the nervous system by affecting the levels
of structural proteins and neurotransmitters. In the plasma from
premutation carriers, seventeen related metabolites (amino acids,
derivatives or biogenic amines) were found to be altered, and
among these, five amino acids or derivatives (proline, glycine,
hydroxyproline, citrulline, and glutamylvaline) correlated with
CGG repeat size, indicating a genotype-phenotype correlation

(Giulivi et al., 2016b). Additionally, the increased plasma levels
of glutamate and 4-hydroxybutyrate (GHB) may signal an
imbalance in neurotransmission, which has been reported as
a hallmark of anxiety disorders (Giulivi et al., 2016b). This
observation is consistent with a higher incidence of anxiety/mood
disorders in FXTAS-affected carriers (Bourgeois et al., 2007;
Kogan et al., 2008).

Moreover, Giulivi et al. (2016a) hypothesized that given
the increased levels of the Krebs cycle intermediates (citrate,
isocitrate and aconitate), the activity of AKGDH is decreased in
premutation carriers, resulting in an increased flux from alpha-
ketoglutarate to glutamate, which subsequently culminates in
the elevation of glutamine, GABA, and GHB levels (Figure 1,
blue dashed circle). Consistently, researchers found that the
metabotropic glutamate (Glu) receptor 5 and GABA pathways
are altered in the brains of FXTAS patients (Pretto et al., 2014).
Additionally, lower plasma concentrations of phenylethylamine
(PEA) were also found in premutation carriers, which may reflect
incipient nigrostriatal degeneration (Giulivi et al., 2016a).

In the cerebellum of FXTAS mice expressing r(CGG)90 in
Purkinje cells, our group also observed alterations of amino
acids (41 out of 115) (Kong et al., 2019). For example, 5-
oxoproline was decreased in aged FXTAS compared to aged
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WT mice, suggesting that this metabolite is altered due to
CGG-associated toxicity. 5-oxoproline was also decreased in
the aged FXTAS compared to young FXTAS mice, implicating
perturbation of this metabolite in the progression of FXTAS.
Interestingly, subsequent genetic screening using a Drosophila
model of FXTAS revealed that knockdown of CG4306, the
fly ortholog of Gamma-glutamylcyclotransferase (Ggct), which
encodes the enzyme responsible for catalyzing the formation of
5-oxoproline (Oakley et al., 2008), resulted in suppression of
(CGG)90 toxicity in Drosophila. This finding suggests Ggct as a
genetic modifier of CGG-associated neurotoxicity (Kong et al.,
2019), providing a novel therapeutic target for FXTAS.

Fatty Acids and Structural Lipids
Giulivi et al. (2016b) found overall fatty acids levels decreased
in the plasma of premutation carriers. More specifically, they
found lower plasma levels of free fatty acids, oleic and arachidonic
acids, which are associated with depression and parkinsonism
(Giulivi et al., 2016b). Additionally, they found a decreased
ratio of polyunsaturated fatty acids (PUFA) of the n-3 series
over that of the n-6 series, which might be related to impaired
learning and memory in premutation carriers (Figure 1, green
box) (Giulivi et al., 2016b). The decreased ratio of the n-3
series over the n-6 series could result in more pro-inflammatory
prostaglandins produced via the 15–6 desaturase pathway, and
an increased pro-inflammatory status (Giulivi et al., 2016b).
Moreover, researchers observed a decrease in palmitoleic acid
in plasma from premutation carriers, along with the lower
estimated enzymatic activity of stearoyl-CoA desaturase 1
(SCD1), the rate-limiting enzyme in monounsaturated fatty acid
biosynthesis (Ntambi and Miyazaki, 2004), which is necessary
for axonogenesis, neuron differentiation and carbohydrate
utilization in brain (Giulivi et al., 2016b).

Fatty acids and their derivatives also have an essential role in
maintaining cellular integrity as structural lipids. Sphingolipids
are structural lipids for eukaryotic cell membranes, consisting
of the sphingoid backbone, which is N-acylated with various
fatty acids to form ceramide species (Maceyka and Spiegel,
2014). Recently, sphingolipid metabolism was found to be
altered in the cerebellum of FXTAS mice (Figure 1, orange
box) (Kong et al., 2019). Specifically, levels of sphingosine,
sphingosine 1-phosphate, and sphingomyelin were increased,
while levels of ceramide were decreased in FXTAS mice compared
to wildtype (Kong et al., 2019). Further pathway analysis and
subsequent validation in a FXTAS Drosophila model confirmed
two genes related to sphingosine metabolism, Schlank and
Sk2 (Kong et al., 2019). Schlank is the Drosophila ortholog
of ceramide synthase, the enzyme synthesizing ceramide from
sphingosine. Sk2 is the Drosophila ortholog of sphingosine
kinase responsible for phosphorylating sphingosine to yield
S1P. Knockdown of Schlank and Sk2 resulted in enhancement
of premutation CGG repeat-mediated neurodegeneration in
Drosophila, indicating that Schlank and Sk2 interact with the
CGG repeat of FMR1 and act as genetic modifiers in the
neurodegeneration of FXTAS (Kong et al., 2019). The above
findings support sphingolipid metabolism as a potential path

for therapeutic development, and further research in human
premutation carriers are warranted.

Nucleotide Metabolism
In the same study (Kong et al., 2019), researchers found purine
metabolism perturbed in the cerebellum of FXTAS mice,
including increased inosine monophosphate (IMP) and inosine,
and decreased xanthosine, adenosine, and adenine (Figure 1,
purple box). Inosine 5′monophosphate dehydrogenase (Impdh)
is the rate-limiting enzyme in guanine nucleotide biosynthesis,
which catalyzes the conversion of IMP into xanthosine
monophosphate (XMP). Knockdown of Ras, the fly ortholog
of Inosine Monophosphate Dehydrogenase 1 (Impdh1), which
encodes Impdh, resulted in the enhancement of premutation
CGG repeat-mediated neurodegeneration in the FXTAS
Drosophila model (Kong et al., 2019). Consistently, disruptions
in purine metabolism were also reported in the plasma from
premutation carriers (Giulivi et al., 2016b). Imbalances in purine
synthesis could affect multiple pathways including replication,
transcription, and DNA repair, which may contribute to
neurodegeneration in FMR1 premutation carriers (Giulivi et al.,
2016b; Kong et al., 2019).

THERAPEUTIC POTENTIAL TARGETING
METABOLIC PATHWAYS

Several recent studies have highlighted the breadth of metabolic
alterations in the pathogenesis of FMR1 premutation. As a
result, targeting these perturbed metabolic pathways is expected
to be a promising new strategy in the treatment of FMR1
premutation carriers.

Consistent with this expectation, researchers have identified
several antioxidants, including scavengers of superoxide,
hydrogen peroxide and hydroxyl radicals, which could recover
citrate synthase activity and mitochondrial function in fibroblasts
from FMR1 premutation carriers (Song et al., 2016). In a 12-week
intervention study, Napoli et al. found that allopregnanolone
treatment improved cognition and memory of FXTAS patients
(Napoli et al., 2019). Plasma metabolomic profiling of FXTAS
patients showed an improved value of glutamate/glutamine,
a trend toward higher contents of succinate, and a decreased
GHB concentration after allopregnanolone treatment, suggesting
improvements in the activity of the succinic semialdehyde
dehydrogenase (SSADH) mediated pathway (Napoli et al.,
2019). The researchers hypothesized that the neuroprotective
effect of allopregnolone in FXTAS may be due to the reduction
of excessive GHB. GHB is a neuropharmacologically active
compound, and excessive GHB could be neurotoxic as an
inhibitor of presynaptic dopamine release (Bernasconi et al.,
1999; Maitre et al., 2000). Overall, this study was a step forward
in exploring potential drugs by targeting the metabolic pathways
altered in FMR1 premutation carriers. However, given the small
sample size of this study, replication studies in larger cohorts
are needed to confirm these findings. In addition, future therapy
studies are encouraged to test the other metabolic pathways
identified in FMR1 premutation.
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CONCLUSION AND FUTURE
DIRECTIONS

Diverse metabolic alterations have been found in FMR1
premutation carriers, including perturbations in the metabolism
of carbohydrates, amino acids and derivatives, biogenic amines,
fatty acids, structural lipids, and nucleotide. Of note, many of
those metabolic alterations can be attributed to mitochondrial
dysfunction, such as decreased OXPHOS capacity, changed
mitochondrial proteins and altered mitochondrial architecture,
which are caused by RNA gain-of function toxicity and RAN
translation (Hukema et al., 2014; Alvarez-Mora et al., 2017;
Drozd et al., 2019; Gohel et al., 2019; Nobile et al., 2020).
As the most downstream of FMR1 premutation pathogenesis,
the metabolic alterations discussed in this review could
provide resources in the search for biomarkers and promising
therapeutic targets for FMR1 premutation carriers. Additionally,
although current findings are based on the asymptomatic FMR1
premutation and FXTAS, these findings may also benefit future
studies in FXPOI as they share the same genetic mechanism – the
FMR1 premutation.

Moving forward, we suggest taking the following into
consideration. First, using a disease model system has the
advantage of being able to assess the metabolic alterations
specifically in the affected tissues, such as the cerebellum in
FXTAS. However, these results must be correlated with findings
in human studies for validation. Second, for the human studies,
using a blood sample would be convenient, but the metabolism
as measured in blood may not accurately reflect the metabolome

of the specific affected tissues. For example, the degree to
which plasma metabolomes reflect central nervous system (CNS)
neurobiology remains uncertain due to the limitation of the
blood-brain barrier. Therefore, an important step to take in
future studies would be to use the cerebrospinal fluid (CSF),
or brain organoids derived from induced pluripotent cells
(iPSC), which may more accurately reflect the metabolome
in CNS. Additionally, it would be valuable to correlate the
peripheral metabolic alteration with neuroimaging, such as
Magnetic Resonance Spectroscopy (MRS). Third, the sample
sizes in existing human studies are relatively small. It is generally
challenging to enroll a large sample of patients in the study of
rare diseases such as FMR1 premutation. Thus, future efforts are
encouraged to overcome this limitation by increasing the number
of multi-center studies.
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