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ARTICLE INFO ABSTRACT

Keywords: Caffeine consumption outcomes on Amyotrophic Lateral Sclerosis (ALS) including progression, survival and
Amyotrophic lateral sclerosis cognition remain poorly defined and may depend on its metabolization influenced by genetic variants. 378 ALS
Cf*ffeme ) . patients with a precise evaluation of their regular caffeine consumption were monitored as part of a prospective
Single nucleotide polymorphism multicenter study. Demographic, clinical characteristics, functional disability as measured with revised ALS

Cogniti
Nﬁlﬁfi Functional Rating Scale (ALSFRS-R), cognitive deficits measured using Edinburgh Cognitive and Behavioural ALS

Abbreviations: ADORA2A, Adenosine A2a Receptor; AHR, Aryl Hydrocarbon Receptor; ALS, Amyotrophic Lateral Sclerosis; ALSFRS-R, Amyotrophic Lateral
Sclerosis Functional Rating Score-Revised; BMI, Body Mass Index; CYP1A1, Cytochrome P450 Family 1 Subfamily A Member 1; CYP1A2, Cytochrome P450 Family 1
Subfamily A Member 2; ECAS, Edinburgh Cognitive and Behavioural ALS Screen; IQR, Interquartile range; POR, Cytochrome P450 Oxidoreductase; PULSE, Study of
Predictive Factors of Progression of Motor Neuron Disease; SNP, Single nucleotide polymorphism; XDH, Xanthine Dehydrogenase.
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Screen (ECAS), survival and riluzole treatment were recorded. 282 patients were genotyped for six single
nucleotide polymorphisms tagging different genes involved in caffeine intake and/or metabolism: CYP1A1
(rs2472297), CYP1A2 (1s762551), AHR (rs4410790), POR (rs17685), XDH (rs206860) and ADORA2A
(rs5751876) genes. Association between caffeine consumption and ALSFRS-R, ALSFRS-R rate, ECAS and survival
were statistically analyzed to determine the outcome of regular caffeine consumption on ALS disease progression
and cognition. No association was observed between caffeine consumption and survival (p = 0.25), functional
disability (ALSFRS-R; p = 0.27) or progression of ALS (p = 0.076). However, a significant association was found
with higher caffeine consumption and better cognitive performance on ECAS scores in patients carrying the C/T
and T/T genotypes at rs2472297 (p-het = 0.004). Our results support the safety of regular caffeine consumption
on ALS disease progression and survival and also show its beneficial impact on cognitive performance in patients
carrying the minor allele T of rs2472297, considered as fast metabolizers, that would set the ground for a new
pharmacogenetic therapeutic strategy.

1. Introduction

Caffeine is the most widely consumed psychoactive agent worldwide
via dietary intake from coffee, tea or soda beverages (Fredholm et al.,
1999). Coffee consumption has been inversely associated with total and
cause-specific mortality (Freedman et al., 2012). Compelling evidence
supports acute caffeine’s ability to increase/improve wakefulness,
alertness and memory (Borota et al., 2014; Cunha, 2016; Van Dam et al.,
2020). Multiple epidemiological studies point-out an inverse correlation
between regular/chronic caffeine intake and the risk of Parkinson’s
disease (Chen and Schwarzschild, 2020; Ross, 2000) as well as age-
related cognitive decline (Cunha, 2016; Yelanchezian et al., 2022).
However, the relationship between caffeine and the third major
neurodegenerative disease, amyotrophic lateral sclerosis (ALS), remains
poorly understood.

ALS is a neurodegenerative disease characterized by the loss of both
lower and upper motor neurons, resulting in muscle progressive paral-
ysis and atrophy, leading, invariably, to the death of patients with a
median survival following diagnosis of 2 to 4 years (Feldman et al.,
2022). Overall, ALS is a highly heterogeneous disease at multiple levels,
including the age of onset, clinical phenotypes (spinal, bulbar or fronto-
temporal dementia onset) or survival after onset. Disease severity is
addressed using the multi-domain Amyotrophic Lateral Sclerosis Func-
tional Rating Score-Revised (ALSFRS-R). While being a predominant
motor disorder, cognitive changes occur, even at early stages and before
motor impairments, in about half of the patients. They are usually
evaluated by the “Edinburgh Cognitive and Behavioural ALS Screen”
(ECAS) (Feldman et al., 2022).

Few studies have investigated the relationship between coffee or
caffeine consumption and ALS, being essentially related to the impact
towards risk and/or survival. Beghi et al. first reported an inverse cor-
relation between coffee consumption and ALS risk, without however
addressing the impact of caffeine itself (Beghi et al., 2011). Neverthe-
less, Fondell et al. did not report a significant association between
caffeinated coffee consumption and ALS risk in a meta-analysis of lon-
gitudinal studies comprising the participants in five large cohorts (the
Nurses’ Health Study, the Health Professionals Follow-up Study, the
Cancer Prevention Study II Nutrition Cohort, the Multiethnic Cohort
Study and the National Institutes of Health-AARP Diet and Health Study)
(Fondell et al., 2015). Such lack of association was later confirmed by
Pupillo et al. in the Euro-MOTOR population registry (Pupillo et al.,
2018). In another meta-analysis of eight prospective cohort studies
within the “Pooling Project of Prospective Studies of Diet and Cancer”
(Petimar et al., 2019), no impact of caffeine on the survival of ALS pa-
tients was identified. Safety of caffeine consumption on disease pro-
gression and severity has been partially addressed in cellular or animal
models and a clinical study with conflicting results. In cellular models,
caffeine improves motor neuron integrity (Zwilling et al., 2020), while
in the SOD1-G93A mice, caffeine intake significantly shortened the
survival (Potenza et al., 2013). Lastly, a cross-sectional study in a cohort
of ALS patients did not support the hypothesis that coffee or tea con-
sumption is associated with ALS progression (Cucovici et al., 2021).

Overall, the safety of regular caffeine consumption on disease progres-
sion and its effect on the endophenotypes including cognition have not
been addressed.

Caffeine is almost entirely metabolized by the cytochrome P450
enzyme system in the liver. This involves different multi-step enzymatic
pathways including CYP1Al enzyme, despite the major enzyme
involved is CYP1A2, which is responsible for more than 90% of the
primary metabolism of caffeine (Arnaud, 2011). Interindividual vari-
ability in the activity of the cytochrome P450 is known to strongly
correlates with variability in caffeine metabolism (Nehlig, 2018). Ac-
cording to the genotype of the single nucleotide polymorphism (SNP)
rs762551 in the CYP1A2 gene, population can be divided into rapid
versus slow caffeine metabolizers (Sachse et al., 1999). Notably,
regardless caffeine intake, this SNP has been associated with ALS risk
(Siokas et al., 2021). Similarly, rs2472297 in the CYP1A1/CYP1A2 locus
has been associated with an increased metabolism of caffeine (Cornelis
et al.,, 2016; Yin et al., 2022). Several genome-wide association studies
showed that caffeine consumption and metabolism are influenced by
SNPs in other genes including rs4410790 in AHR gene (Cornelis et al.,
2016), rs17685 in POR gene (The Coffee and Caffeine Genetics Con-
sortium et al., 2015) and rs5751876 in ADORA2A gene (Cornelis et al.,
2007). Moreover, although caffeine is mainly metabolized into para-
xanthine in the liver, other routes of metabolism, leading rise to
theophylline and theobromine, are also involved. These metabolites are
taken up by other enzymes such as the xanthine dehydrogenase encoded
by the XDH gene (Nehlig, 2018). The genetic between caffeine outcomes
has been rarely tested in the studies addressing the relationship between
caffeine consumption and neurodegeneration and never in ALS.

In the present study, we used data from a large prospective multi-
centric study, aimed at defining the prognosis factors in ALS patients, to
determine the relationship between regular/chronic caffeine consump-
tion and survival as well as disease progression considering common
genetic variants involved in caffeine metabolism.

2. Materials and methods
2.1. Participants

This study is ancillary to the Study of Predictive Factors of Progres-
sion of Motor Neuron Disease (PULSE). PULSE is an ongoing, prospec-
tive, longitudinal multicentric study sponsored by the University
Hospital of Lille, approved by the CPP Nord-Ouest-1V Ethical Committee
(ID-RCB 2013-A00969-36) and registered on the ClinicalTrials.gov
website (NCT0236089) conducted in 16 ALS expert centers from the
clinical research networks in France (FILSLAN, ACT4ALS-MND). The
present study enrolled patients with probable or definite ALS according
to the El Escorial criteria (Brooks et al., 2000) included until end 2023.
All participants gave written informed consent prior to participation in
the study. The study was conducted with good clinical practice in
accordance with the Declaration of Helsinki and local regulations, and
data collection was compliant with the general data protection regula-
tion rules. At the time of the baseline visit, for all participants, we
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recorded basic demographic data (gender, age, education level, body
mass index, daily alcohol consumption, number of cigarettes/day),
clinical characteristics (clinical subtype, time since the first symptoms to
the time of diagnosis, dysphagia), riluzole treatment. The clinical eval-
uation included ALSFRS-R (0 to 48 with higher scores for no handicap
(Cedarbaum et al., 1999), the progression rate defined by the slope on
the ALSFRS-R (calculated as [48-ALSFRS-R score]/time from symptoms
onset, in months) and cognitive assessment using the ECAS (0 to 136,
with higher score for no cognitive impairment (Abrahams et al., 2014).
Survival time was also recorded. At inclusion, the daily intake of caffeine
containing items (coffee, tea, chocolate, cola) was assessed using an in-
housed validated questionnaire (Simonin et al., 2013) (Supplementary
Material 1), filled together by the patient and the caregiver. Fig. 1 il-
lustrates the study flowchart of the study.

2.2. DNA sample collection and molecular analysis

Genomic DNA was isolated from peripheral blood mononuclear cells
according to standard procedures. Patients were genotyped for six SNPs
tagging different genes involved in caffeine metabolism: CYP1A1
(rs2472297) (Sulem et al., 2011), CYP1A2 (rs762551) (Sachse et al.,
1999), AHR (1s4410790) (Cornelis et al., 2016), POR (rs17685) (The
Coffee and Caffeine Genetics Consortium et al., 2015), XDH (rs206860)
and ADORA2A (rs5751876) (Cornelis et al., 2007) genes. The geno-
typing was performed using the three dedicated TagMan™ genotyping
assay (Applied Biosystems, Villebon-sur-Yvette, France) on a Quant-
Studio™ 7 Flex Real-Time PCR System (ThermoFisher Scientific,
Illkirch-Graffenstaden, France) according to the according to the man-
ufacturer’s instructions.

2.3. Statistical analysis

Categorical variables are expressed in terms of frequency and per-
centage. Quantitative variables are expressed as means + standard de-
viation in the case of normal distribution or medians (interquartile
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range, IQR) otherwise. Normality of distributions was checked graphi-
cally and using the Shapiro-Wilk test. Patient’s survival was estimated
by the Kaplan-Meier method. Caffeine consumption was compared be-
tween spinal and bulbar patient’s using Mann-Whitney U test. Impact of
caffeine consumption on ECAS score, ALSFRS-R and ALSFRS-R rate was
assessed using a linear regression model (on log-transformed data for
ALSFRS-R rate) and using an ANCOVA (analyze of covariance) when
adjusting on predefined confounding factors (age, body mass index:
BMI, gender, time from first symptoms to inclusion, education level,
dysphagia as well as consumptions of tobacco, alcohol, riluzole and
psychotropic); regression coefficient and their 95% confidence interval
were derived from models as effect size. Impact of caffeine consumption
on patient’s survival was assessed using a Cox proportional hazard
model without and with adjustment on predefined confounding factors;
hazard ratios and their 95% confidence intervals were derived from
models as effect size. Association between caffeine consumption and
each SNPs was assessed using Mann-Whitney U test. Heterogeneity of
the association between caffeine and clinical outcomes (ECAS, ALSFRS-
R, ALSFRS-R rate and survival) according to each SNP (CYPIAI,
CYP1A2, AHR, POR, XDH and ADORA2A) was tested by adding an
interaction term to the previous models (without and with adjustment
on predefined confounding factors). Statistical testing was conducted at
the two-tailed a-level of 0.05. Data were analyzed using the SAS soft-
ware version 9.4 (SAS Institute, Cary, NC).

3. Results
3.1. Demographic and clinical characteristics

All demographic and clinical variables are shown in Table 1. The
median caffeine consumption was of 250.6 mg/day (Interquartile range
or IQR: [110.1; 430.0]). There was no significant difference in caffeine
consumption between patients exhibiting spinal (median: 266.6 [138.4;
456.0] mg/day) or bulbar (median: 236.4 [93.5; 380.7] mg/day) phe-
notypes (p = 0.17). Most of the patients were non-smokers (325 out of

463 patients included in the
PULSE cohort

85 patients without caffeine
consumption questionnaire

378 patients with caffeine
consumption questionnaire

87 patients without |
ECAS /

291 patients with caffeine
consumption questionnaire +
ECAS
Assessment of the safety of

caffeine consumption in ALS

| 21 patients without
\ ALSFRS-R

357 patients with caffeine
consumption questionnaire +
ALSFRS-R
Assessment of the safety of
caffeine consumption in ALS

7{ 96 patients without DNA ]

282 patients with caffeine
consumption questionnaire +

Assessment of the impact of
caffeine according to SNPs
in caffeine metabolism genes

Fig. 1. Flowchart of the study. ALS = Amyotrophic Lateral Sclerosis; ALSFRS-R = Amyotrophic Lateral Sclerosis Functional Rating Score -Revised; ECAS =
Edinburgh Cognitive and Behavioural ALS Screen; PULSE = Study of Predictive Factors of Progression of Motor Neuron Disease; SNP = Single Nucleotid

Polymorphism.
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Table 1

Patients’ characteristics and outcomes description.

N Value
Population characteristics

Male gender 376 229 (60.9)
Age (years) 376  62.2 +£10.8
Caucasian (%) 374 361 (96.5)
Body Mass Index (BMI) 370 25.1 + 4.4
Alcohol consumption (number of glass/day) 378  0.1(0.0to1.1)
Tobacco consumption (number of cigarette/day) 378 0 (0 to 0)
Education level (years) 372 12.4 +£ 3.0
Riluzole treatment 372 290 (78.0)
Time from first symptoms to inclusion (years) 340  13.0 (8.0 to 23.0)
Dysphagia 358 63(17.6)
Spinal phenotype 364 269 (73.9)
Bulbar phenotype 364 89 (24.5)
Fronto-lobar degeneration phenotype 364 6 (1.6)
Caffeine consumption at inclusion (mg/day) 378 250.6 (110.1 to 430.0)

Caffeine consumption duration (years) 272 43 (34 to 51)

Clinical outcomes

ALSFRS-R (/48) 357 38.3+£6.0
ALSFRS-R rate 323 0.6 (0.3to1.1)
ECAS (/136) 201 104.6 +17.2

Values are expressed as number (percentage) for qualitative variables and mean
+ standard deviation or median (1st quartile to 3rd quartile) for quantitative
variables. Abbreviations: ALSFRS-R = Amyotrophic Lateral Sclerosis Functional
Rating Scale-Revised; ECAS = Edinburgh Cognitive and Behavioural ALS Screen.

378). The median consumption period was 43 years [34 to 51]. The
median survival after diagnosis was 1.9 years [1.1 to 4.5]. The survival
curve of patients is shown in Supplementary Fig. 1.

3.2. Impact of regular caffeine consumption on ALS disease progression
and cognition

After adjustment for the predefined confounding factors (age, BMI,
gender, time from first symptoms to inclusion, education level,
dysphagia as well as consumptions of tobacco, alcohol, riluzole and
psychotropic drugs), we did not observe any association between
caffeine consumption and patient’s survival (p = 0.25), ALSFRS-R (p =
0.27) as well as ALSFRS-R rate (p = 0.076). In addition, we found no
association between caffeine consumption and cognitive performance at
the ECAS (p = 0.22) (Table 2).

3.3. Impact of regular caffeine consumption on ALS according to gene
polymorphisms involved in caffeine metabolism

Among the 378 patients, 282 were genotyped for six SNPs in

CYP1A1l, CYP1A2, AHR, POR, XDH and ADORA2A genes
Table 2
Association between caffeine and clinical outcomes.
Unadjusted Adjusted
N Effect size p- N Effect size p-
(95% CI) value (95% CI) value
. 0.89 (0.79 to 0.93 (0.81 to
Survival 377 1.00) 0.047 326 1.06) 0.25
0.10(—0.45to —0.33(-0.91
ALSFRS- .72 12 .2
SFRS-R 357 0.64) 0.7 3 t0 0.26) 0.27
ALSFRS-R —0.01 (-0.10 0.07 (—0.01
rate 319 t0 0.08)! 0.831 308 t0 0.14)! 0.0761
1.21 (-0.51to 1.07 (—0.65
ECAS 292 2.94) 0.17 255 t0 2.79) 0.22

Values are expressed as number (percentage) for qualitative variables and mean
+ standard deviation or median (1st quartile to 3rd quartile) for quantitative
variables. Abbreviations: ALSFRS-R = Amyotrophic Lateral Sclerosis Functional
Rating Scale-Revised; ECAS = Edinburgh Cognitive and Behavioural ALS Screen.
! Calculated on log-transformed data.
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(Supplementary Table S1). All SNPs were in Hardy-Weinberg equi-
librium. As the SNPs rs2472297, rs4410790, rs17685, rs5751876
respectively in the CYP1A1, AHR, POR and ADORA2A genes have been
associated with caffeine consumption (Cornelis et al., 2016, 2007; Sulem
et al., 2011; The Coffee and Caffeine Genetics Consortium et al., 2015),
we first assessed whether, in our cohort, the caffeine consumption
differed according to the genotypes of the six SNPs tested. No difference
was observed (Supplementary Table S2). After adjustment, SNPs in
CYP1A2, AHR, POR and XDH had no significant impact on the rela-
tionship between caffeine and ALSFRS-R, ALSFRS-R rate and survival.
The SNP rs2472297 in CYP1A1 gene was the only one affecting the
relationship between caffeine consumption and ECAS score (p-het =
0.004). Indeed, a higher consumption of caffeine was associated with a
higher ECAS score in the (C/T + T/T) genotypes (N = 64; estimate for a
300 mg/day increase: 6.92 [95%CI: 2.42 to 11.42]; p = 0.003), whereas
there was no association with the C/C genotype (N = 127; p = 0.81)
(Supplementary Table S3 and Fig. 2).

4. Discussion

Our study supports the safety of regular caffeine consumption in ALS
patients, with no detrimental impact on survival and clinical endophe-
notypes, providing an answer to a legitimate dietary question. The
regular/chronic caffeine consumption of our population has a median
similar as those reported in other epidemiological studies (Fondell et al.,
2015; Fredholm et al., 1999). However, conversely to most previous
studies addressing consumption as the number of cups or units, our
survey allowed a precise determination of caffeine intake per patient.

In the present study, we evaluated the precise consumption of
caffeine at the time of inclusion, i.e. at the time of the diagnosis and
recorded the number of years of their regular/chronic caffeine intake
before this announcement. This may be a limitation as we cannot rule
out that caffeine intake measured might be different from the con-
sumption the previous 10 or 20 years and that related association with
SNPs might have been different, because consumption might change
during life or be dependent of life-threatening conditions. At this stage,
answering that question would not be retrospectively manageable
considering the short median survival of included ALS patients (1.9
years). Large-scale prospective study monitoring nutrition and disease
development, including caffeine and ALS will be thus needed to pre-
cisely assess the role of long-term caffeine intake. However, we assume
that the amount we measured likely reflects long-term intake of patients
rather than actual intake. Indeed, the intake is measured at the time of
diagnosis, a very early pathological stage, and the consumption
measured reflects most likely patients’ usual consumption before the
disease. Further, the median caffeine consumption of the patient’ French
population we measured at inclusion (250 mg/d) does not differ
significantly when compared to a previous evaluation reported within
the French general population (239 mg/d; (Fredholm et al., 1999)). We
therefore consider that the effects observed are rather ascribed to long-
term caffeine intake. Another limit of our study may be the impact of
caffeine on the different comorbidity frequently associated with ALS,
such as depression (Thakore and Pioro, 2016) itself strongly associated
with cognitive abilities (Rock et al., 2014) a point that we did not
address. Further studies are therefore warranted to evaluate the impact
of caffeine on anxiety or depression in ALS patients and the presumable
link to cognition, especially when refereed to the genetic association
with the CYP1A1 gene uncovered in the present study.

We studied six SNPs tagging different genes involved in caffeine
metabolism or intake. In particular, we performed the genotyping of the
SNPs 152472297, rs4410790, rs17685, rs5751876 respectively in the
CYP1A1, AHR, POR and ADORA2A genes. These SNPs have been asso-
ciated with caffeine consumption (Cornelis et al., 2016, 2007; Sulem
et al., 2011; The Coffee and Caffeine Genetics Consortium et al., 2015).
In our cohort, possibly due to the relatively small size and to the small
effect originally reported, we found no association with caffeine
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Fig. 2. Impact of caffeine on ECAS score according to rs2472297 in CYP1A1 gene. Abbreviations: ECAS = Edinburgh Cognitive and Behavioural ALS Screen.

consumption. We found no association of the AHR, POR and ADORA2A
genotypes with survival and clinical scores of ALS patients.
Interestingly, we found that caffeine consumption was significantly
correlated with the ECAS score in the patients with rs2472297 (CYP1A1)
C/T and T/T genotypes. To our knowledge, this is the first demonstra-
tion of a beneficial effect of caffeine on cognition in ALS patients, ac-
cording to CYP1A1/CYP1A2 genotype. The SNP rs2472297 is in the
intergenic region between CYPIA1I and CYPIA2 genes on chromosome
15q24. The closest gene is CYP1A1 at ~10 kb. It is not reported to be an
expression quantitative locus for CYPIA1 or CYPIA2 genes in the
Genotype-Tissue Expression database (https://gtexportal.org/home/
snp/rs2472297). However, rs2472297 tags an intergenic region
including a bidirectional promoter of both CYP1A1 and CYP1A2 genes
and multiple xenobiotic response elements, which could regulate the
transcription of both genes (Corchero et al., 2001). Several genome-wide
association studies showed that the minor allele T of rs2472297 is
associated with an increased metabolism of caffeine (Cornelis et al.,
2016; Yin et al., 2022) that could thus be assimilated to a “faster caffeine
metabolizer” phenotype as compared to the major allele C. Noteworthy,
the T allele of rs2472297 was previously associated with an increased
caffeine consumption of coffee or tea (Said et al., 2020; Zhong et al.,
2019) even though the effect was quite low (Sulem et al., 2011) and has
not been observed here. This finding might have clinical consequences.
Indeed, it has been described that cognitive symptoms have a profound
impact on the management of ALS, affecting treatment compliance,
decision-making, social interactions and thus the prevention of life-
threatening complications (Caga et al., 2019). Accordingly, other
studies have demonstrated a strong correlation between cognitive per-
formance and the severity of the disease progression (Elamin et al.,
2013; Massman et al., 1996). Therefore, the impact of caffeine con-
sumption on the cognition of patients carrying the T allele of the
CYP1A1 gene may have larger clinical consequences. We did not observe
any significant impact on patients’ survival or disease progression, but
this may be due to insufficient statistical power and needs to be tested in

a larger number of subjects with stratification according to genotypes.

In this study, due to the size of our cohort, we focused on (i) SNPs the
most significantly associated with caffeine metabolism and/or intake in
genome wide association studies, (ii) SNPs frequently reported in the
literature or (iii) SNP reported as expression quantitative locus (in cis) of
genes involved in caffeine intake and/or metabolism. This may be
considered as a limitation. However, there are other SNPs and genes
involved in metabolism or in the pharmacological action of caffeine that
should be considered in larger replication studies. Moreover, our French
cohort essentially includes Caucasian patients. Of course, the findings
might differ when applied to more diverse populations with different
genetic backgrounds, lifestyles, or in different geographical regions. Our
work should therefore be considered as an exploratory study that will
need replication in larger cohorts of patients from different genetic
background, lifestyle and environment to allow the generalization of our
findings and their application in clinical practice.

Our data suggest an association between cognitive status and an
allele predisposing to faster caffeine metabolism and lower plasma
concentration, which is singular with regards to the literature (Lefevre-
Arbogast et al., 2024). Interestingly, while studies addressing the asso-
ciation between caffeine consumption and pathological conditions
generally reported U- or J-type associations, in favor of a detrimental
effect of higher caffeine intake (Poole et al., 2017; Van Dam and Hu,
2005), we observed here, in the rs2472297 C/T and T/T genotypes
carriers, a linear relationship between the caffeine intake and the ECAS
total score.

Mechanisms underlying the present association between cognitive
status and caffeine remain to be clarified. We can however put forward
several hypotheses. As abovementioned, caffeine, as a stimulant, may
influence anxiety or mood in some ALS patients and indirectly have an
impact on the results of cognitive testing. One other possibility is that
caffeine interacts with the effect of riluzole, currently the only disease-
modifying treatment shown to extend life in patients with ALS (Bensi-
mon et al., 1994). For example, the metabolism of riluzole is mostly
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hepatic and consists of cytochrome P450-dependent hydroxylation and
glucuronidation. Its clearance is highly variable among individuals and
part of the variability observed in the pharmacokinetics of riluzole is
explained by CYP1A2 activity (Van Kan et al., 2005). In our cohort, it
remains thus possible that high caffeine intake may have prevented the
neutralization of riluzole treatment by the cytochrome P450 enzymatic
activity, in the fast metabolizer population i.e. rs2472297 C/T and T/T
carriers. One of riluzole’s mode of action is thought to be linked to an
inhibition of glutamatergic release and N-methyl-p-aspartate receptors-
related function (NMDAR) (Bryson et al., 1996; Miller et al., 2012).
Caffeine has a complex action regarding NMDAR activity (Martins et al.,
2020). Interestingly, although the results were not replicated (Kim et al.,
2018), caffeine action was originally suggested to interact with poly-
morphisms in a gene coding a NMDA receptor subunit in Parkinson’s
disease (Hamza et al., 2011) thereby modifying riluzole action in ALS
patients. Another, non-mutually exclusive possibility is that, more than
caffeine itself, the beneficial outcome on cognition relies on the effects of
caffeine metabolites. These possibilities deserve closer attention since
they could lead to the development of new therapies and/or the adap-
tation of patients’ diets. Finally, it might also be useful to test cyto-
chrome P450 enzymatic activity in ALS patients using caffeine as a test
drug (Faber et al., 2005). Fast metabolizers could be offered personal-
ized medicine with adaptation of riluzole treatment with the addition of
caffeine.

5. Conclusion

In conclusion, our data are in favor of a safety of caffeine con-
sumption in ALS patients. Combining our epidemiological study on ALS
endophenotypes with genetics allowed us to uncover a significant as-
sociation between ECAS score and rs2472297 (CYP1A1) (C/T + T/T)
genotypes. Further work is needed to better understand the outcomes of
caffeine and underlying genetics in ALS.
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