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ABSTRACT: Background: Treatment of animal
models with ataxia telangiectasia (A-T) with nicotin-
amide riboside (NR) improved their neurological out-
come and survival.
Objective: The aim of this study is to investigate the
effects of NR in patients with A-T.
Methods: In this open-label, proof-of-concept study,
24 patients with A-T were treated with NR during four
consecutive months. The effects of NR on ataxia, dys-
arthria, quality of life, and laboratory parameters were
analyzed.
Results: During treatment, ataxia scores improved;
mean total Scale for the Assessment and Rating of
Ataxia and International Cooperative Ataxia Rating
Scale scores decreased to 2.4 and 10.1 points,
respectively. After NR withdrawal, ataxia scores wors-
ened. In immunodeficient patients, the mean serum
IgG concentration increased substantially until the
end of the study period with 0.52 g/L. Untargeted
metabolomics analysis revealed increased plasma
levels of NR metabolites and purine nucleosides dur-
ing treatment. Adverse effects did not occur.
Conclusions: Treatment with NR is tolerated well
and associated with improvement in ataxia and
serum immunoglobulin concentrations in patients with
A-T. © 2021 The Authors. Movement Disorders publi-
shed by Wiley Periodicals LLC on behalf of Interna-
tional Parkinson and Movement Disorder Society

Key Words: ataxia telangiectasia; A-T mutated gene;
nicotinamide riboside

Ataxia telangiectasia (A-T) is a neurodegenerative
disorder with immunodeficiency and cancer predisposi-
tion.1,2 Patients with “variant A-T” have a milder phe-
notype, without immunodeficiency but with cancer
predisposition.3 To date, therapy for A-T is restricted
to symptomatic treatment, leaving patients with a
greatly reduced life expectancy.1,4,5

A-T is caused by variants of the A-T mutated (ATM)
gene, encoding the ATM protein. ATM plays a central
role in vital cellular processes like DNA repair, oxida-
tive stress responses, and energy metabolism.6-9 Nico-
tinamide adenine dinucleotide (NAD+) is an essential
cofactor for many of these processes, and NAD+ defi-
ciency plays a role in disease mechanisms underlying
DNA repair disorders.10-12 ATM-deficient mice have
neuronal NAD+ deficiency, in particular in the cerebel-
lum.13 Treatment of A-T animal models with nicotin-
amide riboside (NR), a precursor of NAD+, improved
their neurological disorder and survival impressively.14

NR has been approved as a dietary supplement.15
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Given the experimental evidence and needs of
patients with A-T, we decided to perform the clinical
trial as described here.

Patients and Methods

In this single-center, interventional, open-label, proof-
of-concept study, 24 patients with A-T were treated with
NR (25 mg/kg bodyweight per day) during four consecu-
tive months and subsequently followed during a 2-month
period without treatment. During the 6-month study
period, clinical and laboratory parameters were mea-
sured. Statistical analysis was performed using SPSS
25 for Windows. Group-level results are presented as
means. To assess the differences in the individual out-
come measures between various time points, we applied
linear mixed model analyses. Detailed information about
the methods is presented in Supplementary File 1.

Results

All 34 patients with A-T known in our center
received information about the study; 24 of them
(15 men, 9 women) were included. Ten patients (5 with
classic A-T, mean age 18.6 [standard deviation, SD:
13.7] years, and 5 with variant A-T, mean age 42.6
[SD: 10.3] years) did not participate because they did
not want to (n = 6), could not be reached (n = 2), or
were too young (n = 2). The mean age of the participat-
ing patients was 17.5 (SD: 15.0) years; 17 were children
(age < 18 years). Eighteen patients had the classic phe-
notype (mean age 10.3 [SD: 6.0] years) and 6 had vari-
ant A-T (mean age 39.6 [SD: 11.8] years). None of the
patients had ever used NR before. Most patients used
medications, such as intravenous immunoglobulins and
antibiotic prophylaxis; none of them had a recent medi-
cation change.

Clinical Outcome Measures
Mean total ataxia scores (Scale for the Assessment

and Rating of Ataxia [SARA]16 and International
Cooperative Ataxia Rating Scale [ICARS]17) improved
during treatment with NR; this effect disappeared after
NR withdrawal. No other differences were observed in
clinical scores during the study period. The results of
the clinical outcome measures are presented in Table 1.

Laboratory Measurements (Except
Metabolomics)

Table 1 includes the mean serum immunoglobulin
concentrations in patients with classic A-T. In these
patients serum IgG increased during the total study
period. In patients with variant A-T, mean serum IgG,
IgA, and IgM concentrations were normal at baseline

and during the study period, and no differences were
observed (data not shown). No clinically relevant
improvements were observed in any other routine labo-
ratory parameter during the use of NR.

Untargeted Metabolomics
Samples taken from 23 patients were available for

metabolomics analyses. NR metabolites showed
increased signal intensities at the end of the treatment
period compared to baseline in all 23 patients (Fig. 1A).
Similarly, the concentrations of purine nucleosides,
especially adenosine, guanosine, and inosine, clearly
increased during treatment with NR (Fig. 1B).

Discussion

In this study, we showed improvement on two ataxia
rating scales during treatment with NR and loss of this
effect on withdrawal, suggesting a transient, symptomatic
treatment effect of NR in A-T. The results of SARA and
ICARS indicated that, at baseline, ataxia was present in
all patients (minimal total scores: 2 and 10, respectively).
Although the precise rate of progression of ataxia in A-T
has never been studied longitudinally in a large cohort of
patients, one would anticipate an increase—instead of a
decrease—in SARA and ICARS scores during the study
period if NR had not had a positive effect. This assump-
tion is substantiated by observations in similar neurode-
generative disorders like Friedreich’s ataxia.18,19 During
the washout period, we observed substantial increases in
the total ataxia scores and some subscales of ICARS and
SARA, also pointing toward a beneficial effect of NR
during the treatment period.
Remarkably, NR resulted in more improvement in

ataxia on ICARS compared to SARA. Possible explana-
tions for this finding are that ICARS is more detailed and
contains more domains that interrogate different brain
areas, in particular oculomotor disturbances, although no
specific changes were detected in that subscale.
SARA and ICARS can be used in young children but

have not been validated below the age of 12 years.20

Furthermore, children often had lower ataxia scores
compared to adults, and patients with variant A-T had
lower ataxia scores compared to patients with the clas-
sic phenotype. Nevertheless, when we adjusted the
mixed model analyses for age or A-T phenotype, as
well as for sex, we noticed that these three characteris-
tics did not contribute to the observed effects of NR.
Dysarthria was present in all patients at baseline, and

large changes did not occur in its severity or in any of
the maximum performance tasks during the study,
although we did observe improvements in dysarthria in
the subscale of ICARS. This apparent contradiction
may be explained by the fact that the maximum perfor-
mance tasks examine the upper limits of speech

2952 Movement Disorders, Vol. 36, No. 12, 2021

V E E N H U I S E T A L



T
A
B
L
E
1

C
lin
ica
le
ffe
cts

an
d
eff
ec
ts
on

se
ru
m
im
m
un
og
lo
bu
lin
s
of
ni
co
tin
am

id
e
rib
os
id
e
in

pa
tie
nt
s
w
ith

A
-T

C
li
n
ic
al

sc
al
es

T
0

T
1

T
4

T
6

T
4–

T
0

95
%

C
I

T
6
–
T
4

95
%

C
I

S
A
R
A

(m
ea
n)

n=
22

SD
SD

SD
SD

T
ot
al
sc
or
e

21
.3

9.
2

19
.6

8.
6

19
.6

8.
4

23
.1

8.
4

–
2.
4

–
4.
0

–
0.
9

3.
9

2.
5

5.
3

G
ai
t

4.
8

2.
5

4.
7

2.
7

4.
9

2.
7

5.
3

2.
3

0.
1

–
0.
3

0.
6

0.
4

–
0.
04

0.
8

St
an
ce

4.
1

2.
0

3.
9

1.
8

4.
3

2.
1

4.
3

2
0.
1

–
0.
3

0.
5

0.
04

–
0.
3

0.
4

Si
tt
in
g

1.
7

1.
2

1.
3

0.
7

1.
2

0.
9

1.
9

1.
3

–
0.
5

–
0.
9

–
0.
2

0.
7

0.
5

1.
0

Sp
ee
ch

di
st
ur
ba
nc
e

2.
6

1.
3

2.
1

1.
3

2.
4

1.
1

2.
4

1.
1

–
0.
2

–
0.
8

0.
2

0

Fi
ng
er

ch
as
e

1.
8

0.
7

1.
7

0.
7

1.
2

0.
4

2.
3

0.
8

–
0.
6

–
0.
9

–
0.
3

1.
0

0.
7

1.
4

N
os
e-
fi
ng
er

te
st

2.
1

0.
8

1.
9

0.
7

1.
8

1.
1

2.
3

0.
8

–
0.
3

–
0.
8

0.
1

0.
5

–
0.
07

1.
1

Fa
st
al
te
rn
at
in
g
ha
nd

m
ov
em

en
ts

2.
2

0.
9

2.
2

0.
9

2.
1

1.
1

2.
4

0.
8

–
0.
1

–
0.
3

0.
1

0.
3

–
0.
05

0.
6

H
ee
l-
sh
in

sli
de

2.
3

1.
4

2.
0

1.
2

2.
1

1.
5

2.
3

1.
1

–
0.
2

–
0.
7

0.
3

0.
2

–
0.
4

0.
8

IC
A
R
S
(m

ea
n)

n=
22

T
ot
al
sc
or
e

58
.3

23
.0

50
.6

21
.9

49
.7

20
.8

61
.5

20
.4

–
10

.1
–
13
.2

–
6.
8

12
.7

9
16
.4

Po
st
ur
e/
ga
it
su
bs
ca
le

22
.6

10
.5

20
.8

10
.7

23
.1

10
.6

24
.1

9.
2

–
0.
2

–
2.
0

1.
6

1.
4

0.
2

2.
7

K
in
et
ic
su
bs
ca
le

28
.5

10
.7

23
.5

9.
1

21
10
.1

30
.2

9.
8

–
8

–
10

–
6

9.
8

6.
7

12
.9

Sp
ee
ch

su
bs
ca
le

3.
6

1.
7

2.
9

1.
3

2.
8

1.
5

3.
1

1.
3

–
0.
8

–
1.
4

–
0.
2

0.
4

–
0.
2

1

O
cu
lo
m
ot
or

su
bs
ca
le

3.
8

1.
8

3.
5

2.
0

2.
8

1.
6

4.
0

1.
5

–
1.
1

–
1.
5

–
0.
7

1.
3

0.
9

1.
8

9-
H
P
T

(m
ea
n)

9
pe
gs

fo
r
tim

e
R
-h
an
d
(s
)
(n
=
18
)

75
.4

46
.6

74
.1

56
.7

77
.4

44
.5

81
.1

44
.4

1.
9

–
8.
3

12
.2

1.
0

–
6.
8

8.
7

9
pe
gs

fo
r
tim

e
L-
ha
nd

(s
)
(n
=
18
)

93
.5

56
.3

80
.1

45
.5

88
.6

55
.0

94
.6

53
.3

–
4.
4

–
23
.6

13
.8

3.
7

–
7.
9

15
.5

N
um

be
r
of

pe
gs

in
50

s
R
-h
an
d
(n
=
6)

2.
0

1.
3

3.
2

2.
6

2.
7

2.
9

2.
0

1.
9

0.
7

–
1.
1

2.
4

–
0.
8

–
3.
0

1.
5

N
um

be
r
of

pe
gs

in
50

s
L-
ha
nd

(n
=
6)

1.
7

1.
9

2.
3

2.
2

2.
3

2.
0

1.
4

1.
7

0.
7

–
0.
6

1.
9

–
0.
8

–
2.
4

0.
7

R
D
A
/P

-R
D
A

(m
ea
n)

n=
22

Se
ve
ri
ty

on
fu
nc
tio

n
sc
al
e

2.
6

0.
7

2.
6

0.
7

2.
6

0.
9

2.
6

0.
9

0.
1

–
0.
5

0.
3

0.
05

–
0.
2

0.
3

Se
ve
ri
ty

on
ac
tiv

ity
sc
al
e

1.
8

0.
7

1.
7

0.
6

2.
0

0.
7

1.
9

0.
8

0.
1

–
0.
1

0.
4

–
0.
05

–
0.
3

0.
2

M
PV

(d
b)

95
.7

7.
6

98
.4

7.
0

95
5.
6

94
.9

7.
9

-0
.7

–
3.
4

2.
0

–
0.
2

–
2.
0

1.
9

M
PT

(s
)

6.
0

3.
7

7.
7

5.
1

6.
4

4.
5

6.
7

5.
2

0.
6

–
0.
7

1.
8

0.
3

–
0.
4

1.
0

FF
R

LH
(S
T
)

14
.6

6.
4

18
.7

6.
4

15
.4

6.
3

15
.1

5.
6

1.
0

–
1.
8

3.
9

–
0.
2

–
2.
4

2.
1

FF
R

H
L
(S
T
)

13
.7

5.
5

15
.5

5.
9

14
.2

5.
7

15
.2

6.
7

0.
7

–
1.
8

3.
2

1.
1

–
1.
2

3.
4

(C
on
tin
ue
s)

Movement Disorders, Vol. 36, No. 12, 2021 2953

N I C O T I N A M I D E R I B O S I D E I N A T A X I A T E L A N G I E C T A S I A



T
A
B
L
E
1

C
on
tin
ue
d

C
li
n
ic
al

sc
al
es

T
0

T
1

T
4

T
6

T
4–

T
0

95
%

C
I

T
6
–
T
4

95
%

C
I

M
R
R

(s
yl
/s
)

3.
7

0.
9

3.
5

0.
9

3.
7

1.
1

3.
7

0.
9

0.
1

–
0.
3

0.
5

0.
1

–
0.
1

0.
4

IC
S
(m

ea
n)

n=
24

T
ot
al
IC

S
3.
9

0.
5

3.
8

0.
5

3.
7

0.
5

3.
7

0.
5

–
0.
2

–
0.
1

0.
4

–
0.
01

0.
9

–
0.
2

H
R
Q
O
L
(m

ea
n)

n=
24

M
ob

ili
ty

2.
3

0.
6

2.
2

0.
6

2.
3

0.
6

2.
6

0.
5

–
0.
1

–
0.
4

0.
2

0.
3

0.
1

0.
6

Se
lf-
ca
re

2.
4

0.
8

2.
3

0.
7

2.
4

0.
7

2.
4

0.
7

–
0.
03

–
0.
3

0.
2

0.
05

–
0.
1

0.
2

U
su
al
ac
tiv

iti
es

2.
1

0.
7

1.
9

0.
5

2.
1

0.
6

2.
1

0.
7

–
0.
03

–
0.
3

0.
2

0.
1

–
0.
2

0.
4

Pa
in
/d
isc
om

fo
rt

1.
6

0.
5

1.
3

0.
5

1.
5

0.
5

1.
4

0.
5

–
0.
1

–
0.
3

0.
1

–
0.
1

–
0.
2

0.
1

A
nx

ie
ty
/d
ep
re
ss
io
n

1.
3

0.
5

1.
2

0.
4

1.
4

0.
5

1.
3

0.
5

0.
05

–
0.
1

0.
2

–
0.
1

–
0.
2

0.
01

V
A
S

69
.3

17
.4

73
.1

13
.9

73
.6

14
.6

67
.2

13
.1

4.
6

–
2.
0

11
.4

–
7.
1

–
11
.5

–
2.
7

S
er
u
m

im
m
u
n
o
gl
o
b
u
li
n
le
ve
ls
in

p
at
ie
n
ts

w
it
h
cl
as
si
c
A
-T

Ig
G

Pa
tie
nt
s
w
ith

Ig
G

re
pl
ac
em

en
t
(n
=
6)

9.
56

3.
5

10
.8
9

4.
1

12
.4
2

4.
7

11
.0
9

2.
6

Pa
tie
nt
s
w
ith

ou
t
Ig
G

re
pl
ac
em

en
t
(n
=
12
)

7.
68

1.
9

8.
07

2.
0

7.
95

2.
0

8.
3

2.
0

0.
28

–
0.
07

0.
62

0.
35

0.
05

0.
65

Ig
A

Pa
tie
nt
s
w
ith

Ig
A
de
fi
ci
en
cy

(n
=
7)

<
0.
04

0
<
0.
04

0
<
0.
04

0
<
0.
04

0

Pa
tie
nt
s
w
ith

ou
t
Ig
A
de
fi
ci
en
cy

(n
=
11
)

0.
98

0.
4

1.
15

0.
6

1.
10

0.
6

0.
97

0.
5

0.
12

–
0.
05

0.
29

–
0.
13

–
0.
25

–
0.
01

Ig
M

A
ll
pa
tie
nt
s
(n
=
18
)

1.
20

0.
8

1.
28

0.
9

1.
27

0.
9

1.
25

1.
0

0.
04

–
0.
08

0.
15

0.
03

–
0.
13

0.
19

M
ea
n
se
ru
m

Ig
A

an
d
Ig
M

co
nc
en
tr
at
io
ns

ar
e
re
po

rt
ed

fo
r
al
l
pa
tie
nt
s
w
ith

cl
as
sic

A
-T

,
w
he
re
as

m
ea
n
se
ru
m

Ig
G

co
nc
en
tr
at
io
ns

ar
e
re
po

rt
ed

on
ly

fo
r
pa
tie
nt
s
w
ith

ou
t
im

m
un

og
lo
bu

lin
re
pl
ac
em

en
t
th
er
ap
y.

A
ll
co
nc
en
tr
at
io
ns

ar
e
in

gr
am

s
pe
r
lit
er
.B

ol
d
di
ffe
re
nc
es

an
d
95
%

C
I
in
di
ca
te

th
at
0
is
no

t
in
cl
ud

ed
in

th
e
95
%

C
I.

A
bb
re
vi
at
io
ns
:
A
-T

,a
ta
xi
a
te
la
ng
ie
ct
as
ia
;
C
I,
co
nfi

de
nc
e
in
te
rv
al
;S

A
R
A
,
Sc
al
e
fo
r
th
e
A
ss
es
sm

en
t
an
d
R
at
in
g
of

A
ta
xi
a
(0
–
40

po
in
ts
;h

ig
he
r
sc
or
e
in
di
ca
te
s
m
or
e
se
ve
re

at
ax
ia
);
SD

,s
ta
nd

ar
d
de
vi
at
io
n;

IC
A
R
S,

In
te
rn
at
io
na
l
C
oo

pe
ra
tiv

e
A
ta
xi
a
R
at
in
g
Sc
al
e
(0
–
10
0
po

in
ts
;
hi
gh
er

sc
or
e
in
di
ca
te
s
m
or
e
se
ve
re

at
ax
ia
);
9-
H
PT

,
9-
ho

le
pe
g
bo

ar
d
te
st
;
R
D
A
,
R
ad
bo

ud
D
ys
ar
th
ri
a
A
ss
es
sm

en
t;
P-
R
D
A
,
P
ed
ia
tr
ic
R
ad
bo

ud
D
ys
ar
th
ri
a
A
ss
es
sm

en
t;
M
P
V
,
m
ax
im

um
ph

on
at
io
n
vo
l-

um
e;
db
,d

ec
ib
el
;M

PT
,m

ax
im

um
ph

on
at
io
n
tim

e;
FF

R
,f
un

da
m
en
ta
lf
re
qu

en
cy

ra
ng
e;
LH

,l
ow

-t
o-
hi
gh

pi
tc
h;

H
L,

hi
gh
-t
o-
lo
w

pi
tc
h;

ST
,s
em

itu
ne
s;
M
R
R
,m

ax
im

um
re
pe
tit
io
n
ra
te
;s
yl
/s
,s
yl
la
bl
es
/s
ec
on

d;
IC

S,
in
te
lli
gi
bi
lit
y
in

co
n-

te
xt

sc
or
e;
H
R
Q
O
L,

he
al
th
-r
el
at
ed

qu
al
ity

of
lif
e;
V
A
S,

V
isu

al
A
na
lo
gu
e
Sc
al
e
(0
–
10
0)
.

2954 Movement Disorders, Vol. 36, No. 12, 2021

V E E N H U I S E T A L



performance, whereas ICARS and SARA measure nor-
mal speech production. No changes in health-related
quality of life were observed using the EuroQol-5D
questionnaire, and also the Visual Analogue Scale
scores remained unchanged. These findings contrasted
with the improvements in the ataxia rating scales and
with the functional improvements that patients reported
during the study visits. Possibly, the effects are too
small to measure, or the tests may simply lack specific-
ity for the study population. Patients with classic A-T
have decreased serum concentrations of immunoglobu-
lins, but patients with variant A-T have normal immune
functions.1-4 To study the effects of NR on the immune
system in classic A-T patients, we excluded patients
with immunoglobulin replacement therapy when ana-
lyzing IgG, because this therapy determines the serum
IgG concentration and may thus mask a potential

therapeutic effect of NR. For the IgA analyses, we
excluded patients with IgA deficiency (serum
IgA < 0.04 g/L), hypothesizing that the molecular mech-
anism that leads to IgA deficiency would not easily be
restored by NR. Despite the low numbers of remaining
patients in the different groups (see Table 1), we found
increases in serum immunoglobulins in these patients.
Mean serum IgG concentrations increased by 7% dur-
ing the total study period, whereas IgA and IgM seemed
to increase during treatment only. The longer-lasting
effect of NR on the concentration of IgG compared to
IgA and IgM may be explained by the much-longer serum
half-life of IgG (23 vs. 6 and 5 days, respectively).21

Unfortunately, the effects of NR on immunological fea-
tures in A-T animal models have not been reported.14

No relevant changes in any of the other laboratory
parameters, including known biomarkers for A-T like

FIG. 1. Fold changes of plasma levels of NR (nicotinamide riboside) metabolites and purine nucleosides after 4-month treatment with NR. (A) Fold
changes of four metabolites are given for individual patients: N1-methyl-2-pyridone-5-carboxamide (first bar, black), N1-methyl-4-pyridone-
5-carboxamide (second bar, white), N1-methylnicotinamide (third bar, dark gray), and nicotinamide (fourth bar, light gray). (B) Fold changes of adeno-
sine (first bar, black), guanosine (second bar, white), and inosine (third bar, dark gray) are given for every single patient.
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AFP and lymphocyte counts, were encountered during
the treatment period in this trial. Simultaneously, no
indications were found for adverse effects of NR.
Untargeted metabolomics analysis was used to study

the biochemical effects of NR treatment. NR metabolites
substantially increased during treatment (see Fig. 1), pro-
viding evidence for medication compliance, uptake, and
metabolism of NR. Interestingly, untargeted met-
abolomics analysis also revealed an effect of NR treat-
ment on purine metabolism, which we could confirm
using targeted analyses. In particular, within-patient
increases in the purine nucleosides, adenosine, guanosine,
and inosine, were observed on treatment with NR,
starting from normal baseline levels to reach mildly ele-
vated levels compared to reference ranges. We hypothe-
size that this effect is caused by competition at the level of
purine nucleoside phosphorylase, the enzyme that is
responsible for the breakdown of the purine nucleosides
as well as the conversion of NR to nicotinamide.22 To the
best of our knowledge, this effect of NR on purine metab-
olism has never been reported before. Further investiga-
tion is needed to assess the clinical relevance of this
biochemical response.
The main limitation of our study is that it is an open-

label study rather than a randomized, placebo-
controlled trial. In the absence of any data on biological
activity and clinical and laboratory effects of NR in
patients with A-T and given the limited number of
patients eligible for study, we chose this study design.
The relatively small sample size hampered the possibil-
ity for adequate dose finding, whereas the lack of a con-
trol group prevented us from ruling out placebo effects
in the clinical scales and self-reported outcomes. This
may have caused overestimation both in perceived
improvements during treatment and in reported pro-
gression of ataxia during the washout period. The sta-
bility of the positive effects on the ataxia rating scales
during treatment and the lack of effects in other scales,
however, may indicate that placebo effects cannot
explain the full extent of our clinical findings. Impor-
tantly, the laboratory results indicate the presence of
biological effects of NR in A-T. Notwithstanding its
limitations, we are convinced that an explorative study
with a rather simple, relatively affordable, and noninva-
sive design was necessary before a large multicenter
and international, placebo-controlled trial can be initi-
ated. Therefore, the present study opens the way for
further research to corroborate our findings and to
investigate if treatment with NR will influence the
disease course of A-T beneficially in the long run.
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