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Introduction
Nicotinamide adenine dinucleotide (NAD) is essential for embry-
onic development and is linked to some 488 different types of 
reactions in the human body (1). In mammalian cells, NAD is 

synthesized from l-tryptophan via the NAD de novo synthesis 
pathway or converted from dietary B3 vitamers, including nico-
tinic acid (NA) via the Preiss-Handler pathway, or nicotinamide 
(NAM), nicotinamide mononucleotide (NMN), and nicotinamide 
riboside (NR) via the salvage pathway (2) (Supplemental Figure 1; 
supplemental material available online with this article; https://
doi.org/10.1172/JCI174824DS1). NAD availability is cell and tis-
sue specific (3), and while most of the adult NAD pool is derived 
from NAD salvage rather than synthesis (4), homeostatic levels 
of NAD are maintained through consumption and replenishment 
(5). Consequently, deficiency or dysregulation of NAD levels 
across various tissues underlies myriad postnatal cardiometabol-
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limbs (8 of 12) while less frequently affecting the kidneys (3 of 
12). Additional frequent findings across individuals included 
the occurrence of mild facial dysmorphism (7 of 12) and cra-
niofacial (6 of 12), growth (5 of 12), neurodevelopmental (4 of 
12), and central nervous system (3 of 12) abnormalities (Table 
1 and Supplemental Table 1). There was phenotypic variability 
within each affected system, with heart defects, for example, 
ranging from relatively mild abnormalities of the aortic arch 
to life-threatening hypoplastic left heart (Supplemental Table 
1). This variability was further exemplified within family 8 
and between families 6 and 7, who share the same homozy-
gous NADSYN1 genotype. The most extreme variability was 
observed within family 9, in which only one (F9.II.4) of two 
siblings, both homozygous for a NADSYN1 frameshift vari-
ant, exhibited malformations. Both siblings, however, expe-
rienced previously unseen life-threatening episodes of pella-
gra-like dermatitis, a characteristic postnatal consequence of 
NAD deficiency (15) that has not been reported previously in 
NADSYN1 deficiency. Additional previously unreported con-
genital phenotypes such as a reduced lobe count in the lungs 
(F8.II.2) were also observed (Supplemental Table 1). Detailed 
descriptions of individuals with biallelic NADSYN1 variants 
are presented in the Supplemental Results.

Identified NADSYN1 variants have predicted deleterious impact 
on substrate binding and protein function in silico. All NADSYN1 
variants were identified via exome or genome sequencing (Sup-
plemental Methods) and in the absence of any competing pre-
dicted disease-causal variants. NADSYN1 c.145T>C p.C49R 
and c.1717G>A p.A573T have been reported in unrelated CNDD 
patients (7, 11, 12), with the latter variant identified in 50% of 
probands in this cohort (Figures 1 and 2) despite their heteroge-
neous ancestries and lack of consanguinity. Variant c.1765-7T>A, 
found in patient F5.II.1, was also reported in a patient with unspec-
ified “malformation syndrome,” and causes 3 abnormal splicing 
events, each resulting in protein truncation (16). These protein 
truncations, including those caused by novel frameshift and trun-
cating variants c.271del p.M91Cfs*11 and c.1459C>T p.R487* in 
families 9 and 10, respectively, are more N-terminal than known 
pathogenic protein-truncating variants (Figure 2) and are similar-
ly predicted to lead to loss of function. All variants scored greater 
than 20 with respect to CADD-PHRED (v1.6) (17), placing them in 
the top 1% of deleterious variants, except for splice variant c.1765-
7T>A (16.94). Similarly, all variants scored greater than 0.025 and 
were classified as possibly damaging with respect to M-CAP (18) 
except for c.1088C>T p.A363V with a score of 0.017 (Table 2). 
All variants are rare with respect to individuals lacking pediatric 
disease in the gnomAD database (v4.0.0) with an allele frequen-
cy less than 0.1%, and none, except c.1765-7T>A and c.1717G>A 
p.A573T, were observed in the homozygous state in gnomAD (19).

All NADSYN1 missense variants occur in the N-terminal glu-
taminase or the C-terminal NAD synthetase domain (Figure 2). 
To first assess variant impact on protein structure and function, 
we computed changes in binding affinities to cofactor adenosine 
triphosphate (ATP) and NADSYN1 substrates nicotinic acid ade-
nine dinucleotide (NaAD) and glutamine (Supplemental Meth-
ods). Moderate to severe loss of ATP and NaAD binding affinities 
were seen for synthetase variants, while only mild losses in glu-

ic, epigenetic, neurodegenerative, and aging-related disorders (5, 
6). Gestational NAD deficiency in humans due to perturbation 
of NAD de novo synthesis causes a diverse array of congenital 
malformations, most frequently affecting the heart, kidney, ver-
tebrae, and limbs, and is termed congenital NAD deficiency dis-
order (CNDD). All CNDD cases identified to date originate from 
biallelic loss-of-function variants in any of 3 nonredundant genes 
of the NAD de novo synthesis pathway — KYNU (kynureninase), 
HAAO (3-hydroxyanthranilate 3,4-dioxygenase), or NADSYN1 
(NAD synthetase 1) (OMIM 617661, 617660, and 618845, respec-
tively) (7, 8). Phenotypes vary between CNDD patients (9) and do 
not appear proportional to the enzymatic activity of their respec-
tive protein variants.

Mouse models of Kynu- and Haao-related CNDD recapitulate 
malformations seen in humans, which can be prevented in mice 
when the NAD precursor NA is provided via the Preiss-Handler 
pathway during pregnancy (8). In wild-type mice, NAD-depen-
dent malformations can also be generated in embryos when the 
maternal diet contains insufficient NAD precursors, and combina-
tion of such dietary insufficiency with Haao heterozygosity exac-
erbates the phenotype via a gene-environment interaction (10).

Downstream of KYNU and HAAO, NADSYN1 directly gen-
erates NAD as the common final step of both the NAD de novo 
synthesis and Preiss-Handler pathways (Supplemental Figure 1). 
Among individuals with CNDD identified so far, those with bial-
lelic pathogenic NADSYN1 variants are the most diverse in phe-
notype (7, 9, 11–13). To better understand the impact of NADSYN1 
variation in humans and to explore the preventative potential of 
B3 vitamer supplementation on phenotype and the NAD metabo-
lome, we report on a further 13 individuals from 10 unrelated fam-
ilies and a novel Nadsyn1-null mouse model of CNDD.

Results

NADSYN1 variants affect enzymatic activity and phenotype in humans
To date, 11 individuals have been reported with CNDD caused by 
biallelic NADSYN1 variants (7, 11–13), the majority of whom have 
not survived past 3 months of age due to the severity of their mal-
formations. Here, 12 more individuals from 10 unrelated families 
were identified, either through personal communications or Gen-
eMatcher (14), presenting with various congenital malformations 
consistent with CNDD and biallelic NADSYN1 variation (Figure 1). 
No individual was identified as part of a cohort enriched for spe-
cific congenital anomalies.

Clinical features of individuals carrying biallelic NADSYN1 
variants are consistent with CNDD. All 12 individuals described 
herein had biparental inheritance of NADSYN1 variants in con-
junction with various structural congenital anomalies; hetero-
zygous carrier parents were unaffected. Most of the individuals 
were surviving (8 of 12); 1 died in utero (F1.II.1), 1 died 13 days 
after birth (F6.II.2), and the remaining ones were terminated 
during pregnancy owing to significant malformation; 2 fami-
lies reported additional miscarriages with unknown NADSYN1 
variant status (Figure 1 and Table 1). Overall, observed malfor-
mations were heterogeneous but consistent with those previ-
ously identified in CNDD cases (9). Congenital abnormalities 
mostly affected the vertebrae (10 of 12), heart (9 of 12), and 
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thetase activity assessed in either excess glutamine or ammonia. In 
the presence of excess glutamine, all variants exhibited significantly 
reduced capacity to synthesize NAD compared with wild-type pro-
tein, with p.D587N, p.A573T, and p.C175Y exhibiting near-complete 
loss of function (Figure 3A). When provided with excess ammonia, 
all variants exhibited significantly reduced activity, with p.D587N 
and p.A573T lacking activity (Figure 3B). The p.A363V variant, posi-
tioned within the ATP binding site, showed consistently reduced 
activity using either substrate. These domain-specific perturbations 
are consistent with our in silico predictions and reinforce that all 
identified variants significantly disrupt NADSYN1-dependent NAD 
synthesis, with variants in the C-terminus consistently lacking activ-
ity, irrespective of substrate (Figure 3C).

Biallelic NADSYN1 loss-of-function variants impact the NAD 
metabolome of humans
Prior studies report changes to metabolite levels in individuals with 
pathogenic KYNU- or HAAO-inactivating variants (8, 21), but to date, 
no metabolic assessment of individuals with NADSYN1-dependent 

tamine affinity were observed for glutaminase domain variants 
(Supplemental Table 2 and Supplemental Figure 2). Given that 
NaAD binding at the active site is necessary for enhancement of 
both glutaminase activity and NAD synthesis (20), these com-
bined observations suggest that while all variants are predicted to 
disrupt protein function, those that affect NaAD binding should 
cause the greatest protein dysfunction.

NADSYN1 variants affect NAD synthetase activity in vitro. Human 
NADSYN1 protein is equally capable of utilizing environmental glu-
tamine or ammonia as an amide source for NaAD amidation when 
either co-substrate is provided in excess (20). Therefore, we com-
pared both glutamine- and ammonia-dependent NAD synthetase 
activities of purified wild-type NADSYN1 protein with those of the 
missense variants identified in these families, except for p.C49R 
because of its previously reported instability in vitro (7).

Wild-type NADSYN1 and variants p.R127C, p.C175Y, p.A363V, 
p.D587N, and p.A573T were detected at similar levels in transfected 
COS-7 cells (Supplemental Figure 3A). NADSYN1 wild-type and vari-
ant proteins were purified (Supplemental Figure 3B) and NAD syn-

Figure 1. Pedigrees of families with individuals harboring 
biallelic NADSYN1 variants. Squares indicate male individuals, 
circles female, triangles first-trimester deaths, solid symbols 
affected individuals, slashes deceased, and double horizontal 
lines consanguinity. NADSYN1 variant details are provided 
underneath individuals.
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on both whole blood and plasma with variable importance in 
projection (VIP) scores computed to identify the most import-
ant metabolites for clustering. NAD metabolomes of all 3 
affected individuals clustered together and were separate from 
those of all heterozygous parents, who formed a second clus-
ter (Figure 4, B and D). Elevated Preiss-Handler metabolites 
NA, nicotinic acid riboside (NAR), nicotinic acid mononucle-
otide (NaMN), and NaAD most strongly distinguished affect-
ed individuals from parents, in whom these were barely or not 
detectable. Downstream of NADSYN1, affected individuals 

CNDD has been performed. To understand the extent of NAD path-
way perturbation caused by biallelic NADSYN1 variants, we collected 
whole blood and plasma from 3 individuals (F3.II.2 and F5.II.1 were 
fasting; F7.II.3 was not fasting) and from their fasting heterozygous 
carrier parents. Levels of NAD and 25 associated metabolites, defined 
as the NAD metabolome, were quantified by an ultra-high-perfor-
mance liquid chromatography–tandem mass spectrometry assay (22).

To identify significant differences in NAD-related metabo-
lites (Figure 4A) between affected individuals and carrier par-
ents, we performed partial least squares–discriminant analysis 

Table 1. Summary of phenotypes of individuals with biallelic NADSYN1 (NM_018161.5) variants

Individual Vertebral Cardiac Renal Limb Neurodevelopmental CNS Growth Craniofacial Dysmorphism OtherA Survival  
after birth

Age at last 
assessment

Miscarriage(s)  
in family

F1.II.1 ND + – + ND ND ND + + + No 30 weeks gestation No
F2.II.3 + + – – – + – – – + Yes 5 years No
F3.II.1 + – – + – – + – – + Yes 20 months No
F4.II.2 + + + + – – + + – + Yes 19 years Yes
F5.II.1 – + – + + ND – + + + Yes 10 years No
F6.II.2 + + – + ND + – + + + NoB 13 days No
F7.II.3 + + – – + + + – + + Yes 3 years 2 months Yes
F8.II.1 + + ND ND ND ND ND ND ND ND No 19 weeks gestation No
F8.II.2 + + ND + ND ND ND – – + No 18 weeks 5 days 

gestation
No

F8.II.3 + – – + + ND + ND + ND Yes 2 years No
F9.II.3 + – + – – – – + + + Yes 16 years No
F10.II.2 + + + + + ND + + + + Yes 20 months No

Participant identification is outlined in Figure 1. Complete phenotypic information is presented in Supplemental Table 1 and Supplemental Results. CNS, 
central nervous system; +, abnormality found; –, no abnormality found; ND, not determined. AIndicates the occurrence of at least 1 anomaly identified in 
the following categories: hearing, respiratory, skeletal, genitourinary, vascular/lymphatic, microcephaly, vision, cutaneous, gastrointestinal. BSurvived after 
birth but died at 13 days old.

Figure 2. Positions of previously and newly identified NADSYN1 variants identified relative to functional protein domains. Blue circles indicate variants 
identified in the current study and respective family (see Figure 1). Other colored circles with numerals indicate study origin of identified variants and the 
chronology of their identification, respectively. Previously published variants have been reported in refs. 7, 11–13. Solid and dashed lines distinguish mis-
sense from presumed loss-of-function variants due to altered reading frame and protein truncation, respectively.
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metabolome by Baylor Genetics (Supplemental Table 4). Lev-
els of NA were elevated, while 1MNA and 2PY were reduced, 
relative to control populations. Together, these data indicate 
that individuals with biallelic NADSYN1 variants are identifi-
able by their accumulation of Preiss-Handler metabolites and 
minimization of excretion products in circulation.

NAM supplementation alters the NAD metabolome. NAD levels 
in individual F7.II.3 were 1.7-fold lower than those of their parents 
and below those of both F3.II.3 and F5.II.1. Therefore, the poten-
tial for NAD replenishment in F7.II.3 was assessed via 2 supple-
mental dosages of NAM, first at 50 mg/d for 6 weeks followed 
by 100 mg/d for another 6 weeks. Whole blood and plasma were 
collected at the end of each dosage period (Table 3). Both dosag-
es elevated whole-blood NAD+ to levels higher than those of par-

also exhibited decreased salvage pathway excretion products 
1-methylnicotinamide (1MNA), N1-methyl-2-pyridone-5-car-
boxamide (2PY), and N1-methyl-4-pyridone-3-carboxamide 
(4PY) (Figure 4, C and E, and Table 3). These excretion prod-
ucts occur due to methylation of surplus NAM when enough is 
available for salvage to NAD (23). Therefore, while NAD lev-
els were not consistently altered between affected individuals 
and parents, NAM conservation by minimizing production of 
excretion products in affected individuals indirectly reflects 
their diminished NAD availability. Tryptophan and interme-
diates of the NAD de novo synthesis pathway upstream of 
NaMN were relatively consistent among all tested individuals 
(Supplemental Table 3). Fasting plasma samples from F4.II.2 
were assessed for 806 biochemicals nonspecific to the NAD 

Table 2. NADSYN1 (NM_018161.5) variants identified in affected individuals and their predicted pathogenicity

Individual cDNA change Predicted protein change PolyPhen-2 HVAR CADD-PHRED M-CAP GERP (RS) Heterozygous count  
in gnomAD (frequency)

F1.II.1 379C>T R127C 0.999 26.4 0.428 4.95 155 (0.0000962)
F2.II.3, F4.II.2, F8.II.1, F8.II.2, F8.II.3, F10.II.2 1717G>A A573T 1 24.4 0.028 4.83 1,897A (0.00118)
F2.II.3 1759G>A D587N 1 23.1 0.051 3.92 133 (0.0000824)
F3.II.3 145T>C C49R 0.553 31 0.237 5.63 10 (0.00000684)
F5.II.1 1765-7T>A Predicted protein truncation (16) na 16.97 na na 676A (0.000419)
F5.II.1 1088C>T A363V 0.41 24.4 0.017 4.77 20 (0.0000124)
F6.II.2, F7.II.3 524G>A C175Y 1 28 0.725 4.99 0 (0)
F9.II.3, F9.II.4 271delA M91Cfs*11 na 25 na na 3 (0.00000205)
F10.II.2 1459C>T R487* na 37 na na 59 (0.0000379)

PolyPhen-2 HVAR (52): score ≥ 0.909, probably damaging; 0.908 ≤ score ≤ 0.447, possibly damaging; score ≤ 0.446, benign. CADD-PHRED (v1.6) (17): scaled 
CADD (Combined Annotation Dependent Depletion) score ≥ 15, damaging. M-CAP (18): >0.025, possibly damaging. GERP++ (53): >2, evolutionarily constrained. 
gnomAD (v4.0.0) (19): Avariant reported in homozygous state in a single individual in gnomAD. na, not applicable.

Figure 3. Functional assessment of NADSYN1-variant proteins corresponding to gene variants identified in affected individuals. (A) NADSYN1 activ-
ity of purified variant proteins compared with wild-type NADSYN1 protein in the presence of glutamine as substrate. One-way ANOVA with Dunnett’s 
post hoc test. (B) NADSYN1 activity of purified variant proteins compared with wild-type NADSYN1 protein in the presence of ammonia as substrate. 
One-way ANOVA with Dunnett’s post hoc test. (C) Average NADSYN1 activity of variant protein relative to wild-type protein activity with respect to 
positions of variant sites in functional protein domains. ***P < 0.001, ****P < 0.0001; n = 4 experiments. WT, wild-type NADSYN1 protein; Control, 
negative control (untransfected cell lysate).
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ents, while NAM levels only increased with supplementation of 
100 mg/d NAM. Corresponding with this increase in NAD, NAM 
supplementation elevated excretion product levels 2.2- to 4.3-
fold over presupplementation values with a proportional further 
increase of about 4-fold when supplementation was doubled. This 
indicates that even 50 mg/d NAM was sufficient to restore NAD 
availability to within a normal range (24). In addition, levels of 
NA and NaMN increased 3.7- and 1.6-fold, respectively, in whole 
blood following supplementation with 100 mg/d NAM, whereas 
trends for other Preiss-Handler metabolites and those in plasma 
did not follow a consistent trend (Table 3).

We next addressed whether these elevated metabolite lev-
els in the circulation were retained or excreted by assessing the 
NAD metabolome in urine samples. Samples were collected 

from individual F7.II.3 twice under nonfasting conditions, and 
finally during the supplementation with 50 mg/d NAM under 
fasting conditions alongside that of their parents. NA, NAR, and 
NaMN were highly abundant in F7.II.3’s urine, whereas these 
metabolites were absent in the paternal sample, and only NA 
and NAR were detected in the maternal sample at lower levels 
(Supplemental Table 5). After supplementation with 50 mg/d 
NAM, F7.II.3’s salvage pathway excretion products 1MNA, 2PY, 
and 4PY increased in concentration 6.3-fold, more than 3.6-
fold, and 11.6-fold, respectively, compared with presupplemen-
tation values. Regardless of supplementation status, neither 
NaAD nor NAD could be detected in F7.II.3’s urine or parental 
urine. Together, these data indicate that NAM supplementation 
effectively replenished available NAD levels in this affected 

Figure 4. Whole-blood and plasma NAD metabolomic profiles in individuals with biallelic NADSYN1 variants and their heterozygous parents. 
(A) Simplified NAD biosynthesis pathway; genes in which biallelic pathogenic variants cause CNDD (cyan), and B3 vitamers (green). (B and D) Partial 
least squares–discriminant analysis (PLS-DA) 2-dimensional score plots of proband and parental whole blood (B) and plasma (D). Affected individ-
uals (red) and parents (cyan) are denoted by their pedigree IDs (see Figure 1). (C and E) Respective variable importance in projection (VIP) plots. The 
most discriminating metabolites are shown in descending order of their VIP scores. n = 3 probands and their 6 parents, respectively. AA, anthranilic 
acid; 3HK, 3-hydroxykynurenine; KYN, kynurenine; 1MNA, 1-methylnicotinamide; NA, nicotinic acid; NaAD, nicotinic acid adenine dinucleotide; 
NAD+, nicotinamide adenine dinucleotide; NAM, nicotinamide; NaMN, nicotinic acid mononucleotide; NAR, nicotinic acid riboside; NMN, nicotin-
amide mononucleotide; NR, nicotinamide riboside; 2PY, N1-methyl-2-pyridone-5-carboxamide; 4PY, N1-methyl-4-pyridone-3-carboxamide; XA, 
xanthurenic acid. See Supplemental Figure 1 for an overview of the NAD synthesis pathways and associated metabolites. Metabolite concentration 
values are provided in Table 3 and Supplemental Table 3.
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individual. Furthermore, elevated Preiss-Handler metabolites 
that cannot effectively be used for NAD synthesis and salvage 
pathway waste products are excreted in the urine.

Loss of Nadsyn1 disrupts embryogenesis in mice
To better understand the consequences of NADSYN1 inactivation, 
we generated a null Nadsyn1 allele in mice (Supplemental Figure 
4). We confirmed that null mice (Nadsyn1–/–) had no NADSYN1 
activity by measuring enzymatic function in the liver, where 
NADSYN1 is most active (4) (Supplemental Figure 5).

Nadsyn1–/– mouse embryos develop NAD-dependent malformations 
when maternal dietary NAD precursors are limited during gestation. 
Genes involved in NAD synthesis as well as the maternal diet affect 
gestational NAD levels in mice, and under conditions that cause 

NAD deficiency, mice either cannot support a pregnancy or generate 
embryos with malformations (8, 10). Conversely, on diets plentiful in 
NA, pregnancies are unaffected despite maternal or embryonic homo-
zygous loss of function of Kynu (Kynu–/–) or Haao (Haao–/–), genes of 
the NAD de novo synthesis pathway, because NA bypasses their met-
abolic block via the Preiss-Handler pathway (Supplemental Figure 1). 
Correspondingly, when Nadsyn1–/– female mice were mated with het-
erozygous (Nadsyn1+/–) males and provided with a Breeder Diet with 
abundant NAD precursors (Supplemental Table 6) during pregnancy, 
all generated embryos were present according to Mendelian ratios and 
morphologically normal at E17.5–E18.5 (data not shown).

As established for Haao–/– mice (10), we next pretreated female 
mice with an NAD precursor–rich Standard Diet (Supplemental Table 
6) to equalize maternal NAD levels prior to pregnancy. Nadsyn1+/– 

Table 3. Alterations of NAD+ and related metabolites in whole blood and plasma of individuals with biallelic and monoallelic NADSYN1 variants

Metabolites upstream of NADSYN1 Metabolites downstream of NADSYN1
NA NAR NaMN NaAD NAM NAD+ 1MNA 2PY 4PY

Whole blood Family 3
Proband (F3.II.3) 35.1 >2,500A 460 62,669 1,497 17,911 20.3 164 48.4
Parental average <LOD 17.8 8.79 <LOD 1,633 12,591 80 620 177
Proband/parent ratioB >11 >140 52 >2,507 0.92 1.4 0.25 0.26 0.27

Family 5
Proband (F5.II.1) <LOD 75 2.67 68.7 2,823 21,038 87 1,008 264
Parental average <LOD 4.38 1.68 <LOD 2,729 15,315 101 1,171 348
Proband/parent ratioB na 17 1.6 2.7 1 1.4 0.86 0.86 0.76

Family 7
Proband (F7.II.3)C 5.43 1,594 206 8,746 3,080 14,490 78.2 813 242
Parental average <LOD 19.5 8.98 41.3 2,750 24,163 129 1,966 592
Proband/parent ratioB >1.7 82 23 212 1.1 0.6 0.61 0.41 0.41
Proband+NAM 5.37 >2,500A 91.9 2,351 1,700 28,332 170 2,750 1,037
Proband+2×NAM 20.2 1.73 322 8,816 5,500 31,153 768 11,782 4,309

Plasma Family 3
Proband (F3.II.3) 6.78 >40,000A 9.92 8.79 114 12.6 19.7 259 49.1
Parental average <LOD <LOD <LOD <LOD 119 7.13 72 988 202
Proband/parent ratioB >2.2 >12,800 >794 >2.8 0.96 1.8 0.27 0.26 0.24

Family 5
Proband (F5.II.1) <LOD <LOD <LOD <LOD 191 15.9 143 1,454 294
Parental average <LOD <LOD <LOD <LOD 74.7 10.3 130 1,750 409
Proband/parent ratioB na na na na 2.5 1.5 1.1 0.83 0.72

Family 7
Proband (F7.II.3)C 3.71 >10,000A 0.918 3.42 198 34.7 84.8 1,296 316
Parental average <LOD <LOD <LOD <LOD 274 18.7 144 2,789 729
Proband/parent ratioB >1.2 >273 >73 >1.1 0.72 1.9 0.59 0.46 0.43
Proband+NAM <LOD 860 0.334 <LOD 431 14.9 183 4,257 1,477
Proband+2×NAM <LOD 625 2.87 4.21 243 2.11 622 11,386 4,760

All metabolite concentration values are in nM. AAbove the limit of quantification, the value represents the upper quantification limit. “+NAM” and “+2×NAM” 
refer to supplementation of F7.II.3’s diet with 50 mg/d and 100 mg/d of NAM, respectively. BMetabolite levels in the proband relative to the average of 
parental samples where available, otherwise relative to the limit of detection per metabolite, which was 3.125 nM for NA, NaAD, and NAR and 0.0125 for 
NaMN. CSamples collected under nonfasting conditions, whereas post-supplementation samples of F7.II.3 were collected under fasting conditions. Excretion 
product levels comparable to those in the other probands and lower than those in parental samples, all of which were collected under fasting conditions, 
indicate that the fasting status had only a minor impact on the NAD metabolome. <LOD, below limit of detection; 1MNA, 1-methylnicotinamide; na, not 
applicable; NA, nicotinic acid; NaAD, nicotinic acid adenine dinucleotide; NAD+, nicotinamide adenine dinucleotide; NAM, nicotinamide; NaMN, nicotinic acid 
mononucleotide; NAR, nicotinic acid riboside; 2PY, N1-methyl-2-pyridone-5-carboxamide; 4PY; N1-methyl-4-pyridone-3-carboxamide.
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Given our previous observation that Preiss-Handler pathway 
metabolites accumulate in humans with biallelic loss-of-function 
NADSYN1 variants (Figure 4), we hypothesized that the Limited Diet, 
owing to its predominant tryptophan-based composition and mini-
mal NAM content relative to the Sufficient Diet (Supplemental Table 
6), would not supply Nadsyn1–/– female mice with sufficient NAD 
precursors to support a pregnancy. Therefore, we compared embryo 
outcomes of Nadsyn1–/– mothers on the Limited Diet versus the Suf-
ficient Diet. On the Sufficient Diet, 21% of offspring were dead or 
malformed (Table 4 and Supplemental Figure 9). Of 24 live embryos, 
only 2 (8%) were malformed. On the Limited Diet, all embryos were 
dead (Table 4 and Supplemental Figure 10). These data collective-
ly show that Nadsyn1–/– mouse embryos recapitulate human CNDD 
phenotypes when maternal NAD precursors are limited.

Amidated (NMN, NAM), but not deamidated (NaMN, NA), B3 
vitamers can bolster maternal NAD availability in Nadsyn1–/– mice. 
NADSYN1 amidates NaAD to generate NAD as the common 
final step of both NAD de novo and Preiss-Handler pathways. As 
Nadsyn1–/– mice cannot use tryptophan or NA to generate NAD, 
but could sustain pregnancies on the NAM-rich Sufficient Diet, 
we hypothesized that amidated NAD precursors such as NMN and 
NAM would replenish NAD levels. We therefore assessed liver 
NAD stores and the plasma NAD metabolome of female mice on 
the Limited Diet with and without equimolar supplementation of 
amidated (NMN) or deamidated (NA, NaMN) NAD precursors.

Consistent with Nadsyn1–/– mice on the NA-rich Standard 
Diet (Supplemental Figure 7A), Nadsyn1–/– mice progressively lost 
weight when provided with the Limited Diet alone and when sup-
plemented with NA or NaMN (Supplemental Figure 8). By contrast, 
this weight loss was abated when NMN was provided, as with the 
NAM-rich Sufficient Diet during mouse pretreatment. No weight 
loss was observed in Nadsyn1+/– mice on any test diet. Total NAD 
content in liver of these treated mice significantly decreased in pro-
portion to loss of Nadsyn1 alleles, reflecting the role of NADSYN1 in 

intercross then recapitulated NAD-dependent defects in E18.5 
embryos (Supplemental Table 7) only when provided with a diet with 
restricted NAD precursor content (Limited Diet; Supplemental Table 
6) during pregnancy. Malformations affected the heart, kidneys, ver-
tebrae, tail, palate, eyes, abdominal wall, and neural tube, consistent 
with previous mouse models of CNDD (8, 10) (Supplemental Figure 
6). Previously unseen malformations of the lungs were also observed 
(Supplemental Table 7). In contrast to Nadsyn1+/– mice, pregnancy 
outcomes could not initially be assessed in Nadsyn1–/– mice because 
of their progressive weight loss when maintained on the pretreatment 
Standard Diet (Supplemental Figure 7A), presumably due to their 
inability to use either tryptophan or NA in the diet as NAD precursors. 
We therefore substituted NA in the pretreatment diet with NAM (Suf-
ficient Diet; Supplemental Table 6), predicting that this would bypass 
the metabolic block caused by complete loss of Nadsyn1. Correspond-
ingly, on this Sufficient Diet, mice of all Nadsyn1 genotypes equally 
gained weight (Supplemental Figure 7B and Supplemental Figure 
8). To enable future comparisons in pregnancy outcomes between 
Nadsyn1+/– and Nadsyn1–/– mice, all subsequent experimental mice 
were pretreated with the Sufficient Diet.

Embryos generated by Nadsyn1+/– intercross on the Sufficient 
Diet were all alive and largely normal (97%) at E17.5, whereas 39% 
of all offspring generated on the Limited Diet either were mal-
formed or died during development (Table 4, Supplemental Fig-
ures 9 and 10, and Supplemental Figure 11, A and B). Dead embry-
os (29% of total) could not be genotyped, but there were fewer 
than expected Nadsyn1–/– live embryos (Supplemental Figure 11C), 
indicating that Nadsyn1–/– embryos were predominantly dying. 
Furthermore, over half of Nadsyn1–/– embryos had isolated or 
multiple malformations, while few defects were identified across 
wild-type (Nadsyn1+/+) or Nadsyn1+/– littermates (Supplemental 
Figure 9). Affected Nadsyn1–/– embryos most frequently exhibited 
malformations of the kidneys, eyes, and lungs (Supplemental Fig-
ure 11B and Supplemental Table 8).

Table 4. Summary of mouse embryo survival and malformation at E17.5 under various maternal Nadsyn1 genotypes and dietary conditions

Parental genotype Diet + supplement Of all embryos Of all embryos Of live embryos
M P Normal Affected Alive Dead Normal Malformed

A +/– +/– Sufficient 58 (97%) 2 (3%) 60 (100%) 0 (0%) 58 (97%) 2 (3%)
B +/– +/– Limited 48 (61%) 31 (39%) 56 (71%) 23 (29%) 48 (86%) 8 (14%)
C +/– +/– Limited + NA 40 (98%) 1 (2%) 40 (98%) 1 (2%) 40 (100%) 0 (0%)
D +/– +/– Limited + NaMN 54 (90%) 6 (10%) 57 (95%) 3 (5%) 54 (95%) 3 (5%)
E +/– +/– Limited + NMN 28 (97%) 1 (3%) 29 (100%) 0 (0%) 28 (97%) 1 (3%)
F –/– +/– Sufficient 22 (79%) 6 (21%) 24 (86%) 4 (14%) 22 (92%) 2 (8%)
G –/– +/– Limited 0 (0%) 7 (100%) 0 (0%) 7 (100%) 0 (0%) 0 (0%)
H –/– +/– Limited + NA 0 (0%) 20 (100%) 0 (0%) 20 (100%) 0 (0%) 0 (0%)
I –/– +/– Limited + NaMN 0 (0%) 13 (100%) 0 (0%) 13 (100%) 0 (0%) 0 (0%)
J –/– +/– Limited + NMN 35 (81%) 8 (19%) 42 (98%) 1 (2%) 35 (83%) 7 (17%)

P values were calculated for the normal/affected categories by 2-tailed Fisher’s exact test to determine the effect of maternal Nadsyn1 genotype, the 
Limited Diet, and the different supplements. Capital letters for each row indicate which groups were compared. A,FP = 0.0115 (effect of maternal genotype). 
B,GP = 0.0023 (effect of maternal genotype under Limited Diet). A,BP < 0.0001 (effect of diet, maternal +/–). F,GP = 0.0003 (effect of diet, maternal –/–). 
B,CP < 0.0001 (effect of NA supplementation, maternal +/–). B,DP < 0.0001 (effect of NaMN supplementation, maternal +/–). B,EP = 0.0001 (effect of NMN 
supplementation, maternal +/–). G,HP > 0.9999 (effect of NA supplementation, maternal –/–). G,IP > 0.9999 (effect of NaMN supplementation, maternal –/–). 
G,JP < 0.0001 (effect of NMN supplementation, maternal –/–). Observed malformation types and their incidence are presented in Supplemental Table 8. M, 
maternal Nadsyn1 genotype; NA, nicotinic acid; NaMN, nicotinic acid mononucleotide; NMN, nicotinamide mononucleotide; P, paternal Nadsyn1 genotype.
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ishment via the salvage pathway was independent of functional 
NADSYN1 and suggested that sufficient NAD levels in the liver 
were required to maintain weight (Supplemental Figure 8).

We next quantified the plasma NAD metabolome of these 
female mice. In Nadsyn1–/– mice on the Sufficient Diet, Preiss-Han-
dler metabolites accumulated and excretion products decreased 

liver NAD synthesis (3, 4), whether NAD precursors were in excess 
(Sufficient Diet) or restricted (Limited Diet). NAD levels were low-
est in Nadsyn1–/– livers of mice fed the Limited Diet, and this was 
not improved by supplementation with NA or NaMN, whereas sup-
plementation with NMN significantly raised NAD levels (Figure 
5A and Supplemental Table 9). This reinforced that NAD replen-

Figure 5. Liver NAD and NAD-related metabolites in plasma of female mice of different Nadsyn1 genotypes under various dietary conditions. All mice 
were pretreated with the Sufficient Diet for more than 21 days and then provided with the indicated diets for 17 days, after which they were dissected 
and liver tissue and plasma collected. (A) Liver total NAD. Statistical comparisons represent within-diet 2-tailed Student’s t test between Nadsyn1+/– and 
Nadsyn1–/– mice. *P < 0.05, **P < 0.01; n = 5–10 mice per condition. For numerical values, see Supplemental Table 9. (B and C) Partial least squares–dis-
criminant analysis (PLS-DA) 2-dimensional score plots (B) and corresponding variable importance in projection (VIP) plots (C) comparing plasma metabo-
lite levels between female Nadsyn1+/– and Nadsyn1–/– mice fed the Sufficient Diet; n = 6 mice per condition. (D) NAD-related metabolites with the highest 
VIP scores in mouse plasma. Nadsyn1 genotypes are shown below each graph and dietary conditions on top of graphs. Bars indicate mean ± standard devi-
ation; n = 5–10 mice per condition. Values for the other measured NAD-related metabolites are summarized in Supplemental Figure 12. “< LOD” indicates 
below the limit of detection. See Supplemental Figure 1 for an overview of the NAD synthesis pathways and associated metabolites.
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extension, Nadsyn1–/– mothers only benefit from supplementation 
with NMN (Limited Diet + NMN) or NAM (Sufficient Diet), indi-
cating that maternal NAD bioavailability determines pregnancy 
outcome independent of embryonic Nadsyn1 genotype.

We then addressed whether pregnancy itself, owing to the 
increased metabolic demand from developing embryos (9), affect-
ed maternal liver NAD stores and the circulatory NAD metabo-
lome at a critical period of embryonic organogenesis, E11.5 (25). 
This analysis was performed on Nadsyn1+/– and Nadsyn1–/– moth-
ers provided with NMN, as this supplement showed consistent 
benefit during pregnancy; these mothers were compared with 
Nadsyn1+/– mothers without supplementation or provided with the 
Sufficient Diet. Overall, the NAD metabolome of pregnant mice 
was similar to that of non-pregnant female mice in all matched 
conditions (Figure 5D, Supplemental Figure 15A, and Supplemen-
tal Table 11), though liver NAD appeared consistently lower (Sup-
plemental Figure 15B). This suggested that mouse dietary habits 
did not significantly change as a result of pregnancy but that preg-
nancy itself altered liver NAD stores, as previously reported (10). 
All E11.5 embryos generated from Nadsyn1+/– mothers were with-
out external malformation (Supplemental Figure 16A) and consis-
tent with trends at E17.5. Correspondingly, total NAD in embryos 
was variable but consistently elevated with maternal NMN sup-
plementation (Supplemental Figure 15C and Supplemental Table 
12), suggesting a direct benefit to embryonic NAD from increased 
maternal NAD bioavailability. Finally, E11.5 Nadsyn1–/– embryos 
generated from Nadsyn1–/– mothers exhibited NAD levels signifi-
cantly lower than those in Nadsyn1+/– littermates (Supplemental 
Figure 15D) — levels previously reported to be at the threshold of 
sufficiency for normal development (10). As such, embryos were 
observed in expected Mendelian ratios and without external mal-
formation (Supplemental Figure 16B) as seen by E17.5 (Table 4). 
Nadsyn1–/– mothers on Limited Diet + NMN exhibited adequate 
levels of plasma NAM to support embryonic development (Supple-
mental Figure 15A), similar to those of pregnant Nadsyn1+/– moth-
ers. However, their near-zero levels of plasma excretion products 
suggested that maternal NAD levels were only just sufficient to 
sustain a pregnancy.

In summary, maternal diet–derived NAD precursors primarily 
determine the development of healthy embryos. However, when 
maternal NAD precursors are limited, embryonic NAD de novo 
synthesis contributes to the overall NAD level, accounting for dif-
ferences in NAD level and potential developmental outcome dif-
ferences between Nadsyn1+/– and Nadsyn1–/– embryos.

Discussion
In this study, we report 13 new individuals across 10 families with 
biallelic loss-of-function variants in NADSYN1. All previously 
reported individuals with NADSYN1-dependent CNDD have 
biallelic loss-of-function variants that exhibit less than 1% glu-
tamine-dependent NAD synthetase activity relative to wild-type 
protein (9). Similarly, all our tested variants exhibited significantly 
reduced glutamine-dependent activity but, interestingly, retained 
more than 36% ammonia-dependent activity when located in the 
glutaminase domain. This domain-specific perturbation is consis-
tent with studies in NADSYN1 orthologs (26–28) but particularly 
clear for glutaminase mutant p.C175Y, which retains near-wild-

(Figure 5, B–D), as seen in humans with biallelic NADSYN1 vari-
ants. On the other diets, Preiss-Handler metabolites were also 
consistently elevated in Nadsyn1–/– mice. On diets that caused 
weight loss in Nadsyn1–/– mice, excretion products were bare-
ly detectable (Figure 5D and Supplemental Figure 8) and NAM 
levels only reached 24%–42% of those in Nadsyn1+/– mice under 
diet-matched conditions, collectively indicating severely dimin-
ished NAD bioavailability. By contrast, when NMN was provided 
to Nadsyn1–/– mice, NAM levels equaled those of Nadsyn1+/– mice 
with a corresponding increase in excretion products, liver NAD 
(Figure 5A), and weight gain (Supplemental Figure 8). No NAD 
metabolomic differences were observed in Nadsyn1+/– plasma on 
any diet besides the Sufficient Diet, on which surplus NAD precur-
sors elevated levels of NAM and excretion products. Circulatory 
levels of NAD, NMN, and NR were in the low nanomolar range, 
consistent with previous reports (22), and too low under all con-
ditions to observe significant changes (Supplemental Figure 12). 
Finally, tryptophan and intermediates of the NAD de novo synthe-
sis pathway were similar or only altered to a lesser extent between 
treatment conditions or Nadsyn1 genotypes (Supplemental Figure 
12 and Supplemental Table 10).

Together, these data show that complete loss of Nadsyn1 
manifests a characteristic plasma metabolomic profile in mice 
consisting of Preiss-Handler pathway metabolite accumulation 
coinciding with minimal excretion product formation, consistent 
with NADSYN1 CNDD individuals. Furthermore, on diets lacking 
amidated NAD precursors, Nadsyn1–/– mice become NAD deficient 
and lose weight, which is preventable by amidated NAD precursor 
(NMN, NAM) supplementation.

NADSYN1-dependent embryo loss and malformation in mice 
are preventable by dietary amidated NAD precursor supplementa-
tion during pregnancy. Given that the type of NAD precursor sup-
plementation significantly affected the health and NAD status of 
female mice, we next addressed the effects of these diets during 
pregnancy. As expected, intercross of female Nadsyn1–/– with male 
Nadsyn1+/– mice on the Limited Diet supplemented with NA or 
NaMN resulted in pregnancy loss with no viable embryos gener-
ated (Table 4). By contrast, alive and normal embryos were gen-
erated on the Sufficient Diet (Supplemental Figure 13A). Similar-
ly, supplementation of the Limited Diet with NMN enabled the 
generation of alive and normal embryos in 5 of 6 litters (Table 4). 
In the remaining litter, all embryos exhibited one or more mal-
formations, irrespective of Nadsyn1 genotype, suggesting that 
the mother did not consume enough NAD precursors during ges-
tation (Supplemental Figures 9 and 10 and Supplemental Figure 
13B). For Nadsyn1+/– females, supplementing the Limited Diet with 
either NA, NaMN, or NMN significantly reduced the number of 
affected embryos from 39% to 2%–10% (Table 4). There were 
overall fewer embryo deaths, from 29% with Limited Diet alone 
to 0%–5% with supplementation with either NAD precursor, and 
the overall incidence of malformed embryos decreased from 14% 
to 0%–5% (Table 4 and Supplemental Figures 9 and 10). The few 
malformations observed under these conditions did not show a 
significant difference in incidence between Nadsyn1 genotypes 
(Supplemental Figure 14). Taken together, these data show that all 
B3 vitamers can ameliorate adverse pregnancy outcomes in mice 
when the mother has at least one functional copy of Nadsyn1. By 
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in the plasma or urine, and their enzymatic interconversion by 
NMNAT1–NMNAT3 is reversible (36). Finally, the extreme eleva-
tion in levels of NAR in proband urine, plasma, and whole blood is 
a likely consequence of 5′-nucleotidases CN-II and CN-III, which 
may dephosphorylate NaMN to NAR only at the supraphysiologi-
cal levels caused by NADSYN1 dysfunction (37). A similar trend, 
although to a lesser extent than with NAR, was seen with NA. 
These overall trends were observed in all tested individuals with 
biallelic NADSYN1 variants of varying age, appeared in propor-
tion to the in vitro deleteriousness of their respective NADSYN1 
variants, and were reproduced in Nadsyn1–/– mice irrespective of 
diet. Given that the individuals from whom we could obtain NAD 
metabolome data have comparably less deleterious variants rela-
tive to individuals with NAD synthetase domain or protein-trun-
cating loss-of-function variants, the latter might experience even 
greater accumulation of these metabolites.

Previous assessment of individuals with CNDD due to bial-
lelic variants in KYNU or HAAO revealed decreased plasma NAD 
relative to heterozygous variant carriers (8), whereas this was 
not observed in our NADSYN1 cohort. This inconsistency may 
first be attributable to differences in dietary intake, addition-
al non-genetic factors, or differences in sample handling and 
processing. This may alternatively be due to differences in the 
degree of deleteriousness of specific variants. Assessed individ-
uals have biallelic protein-truncating variants in KYNU or HAAO 
resulting in complete loss of function (8), whereas the NADSYN1 
variants in our 3 tested individuals have residual enzymatic activ-
ity (Supplemental Results), and therefore residual NAD de novo 
synthesis and Preiss-Handler activity may contribute to NAD 
replenishment. Plasma levels of NAD are in the low nanomolar 
range, even in healthy individuals (38), whereas the 2 main NAD 
precursors in circulation are tryptophan and NAM (3). There-
fore, circulatory NAD is less reflective of systemic NAD avail-
ability than changes in NAM. Cellular NAD levels are efficient-
ly maintained by NAMPT-mediated recycling of NAM via the 
salvage pathway, while excess NAM is irreversibly converted to 
1MNA and its derivatives 2PY and 4PY in order to prevent feed-
back inhibition of NAD-consuming enzymes (39). Conversely, 
lowered plasma 2PY and 4PY levels, as seen in our individuals 
with biallelic NADSYN1 variants compared with their parents, 
indicate that the probands’ metabolism was conserving NAM as 
a consequence of impaired NAD replenishment via other path-
ways besides NAM salvage. Concordantly, our Nadsyn1–/– mice 
exhibited near-zero plasma levels of salvage pathway excretion 
products, as well as lowered NAM, while they were NAD defi-
cient. This metabolic signature correlated with weight loss, 
decreased liver NAD, and an inability to generate viable embryos 
due to limited NAD precursor availability from the diet. Weight 
loss has previously been observed in NAD-deficient mice (23, 
40), causing a reduction of body fat and fatty liver deposits, and 
an inability to accumulate white adipose tissue. Unsurprisingly, 
these conditions were insufficient to meet the additional meta-
bolic demands of a growing embryo. Consistent with this mod-
el, a Nadsyn1-knockout mouse line independently generated by 
the International Mouse Phenotyping Consortium (41) exhibited 
complete female infertility when maintained on a diet with tryp-
tophan and NA as sole NAD precursors.

type activity when provided with ammonia as an amide source 
(27, 29). Of the 4 novel missense variants identified in our cohort, 
p.C175Y also represents the first reported pathogenic human 
variant, to our knowledge, of this nucleophilic cysteine, which is 
centrally conserved across the nitrilase superfamily (30). NaAD 
amidation is ultimately dependent on a functional synthetase 
domain. Accordingly, variants found in our study that occur in the 
synthetase domain active site were most disruptive to NAD syn-
thesis. In general, in silico predictions of domain-specific impacts 
to protein structure and function were concordant with assessed 
activity in vitro (Supplemental Results). Nevertheless, deleteri-
ousness of respective NADSYN1 variants did not directly correlate 
with severity of phenotype in our affected individuals and those 
reported previously (7, 11–13), underscoring the possible impact of 
environmental modifiers in CNDD causation.

The CNDD cases reported here exhibit various combina-
tions of abnormalities involving vertebral, cardiac, renal, or limb 
defects, reinforcing the defining clinical features of this disorder 
(9). In addition, all our cases exhibited various additional con-
genital or developmental anomalies not previously reported in 
CNDD cohorts. One new abnormality in particular, lung aplasia in 
patient F8.II.2, is of note because it was reproduced in Nadsyn1–/– 
mouse embryos, further confirming its association with CNDD 
and suggesting that lung morphology be assessed in humans with 
a suspected CNDD diagnosis. Of the surviving individuals with 
biallelic NADSYN1 variants, 4 of 8 (50%) presented with some 
form of neurodevelopmental anomaly, consistent with incidence 
in previously identified surviving CNDD patients (10 of 18, 56%; 
ages ranging from 0.5 to 30 years old) (7, 8, 11–13, 21, 31, 32). In our 
cohort, neurodevelopmental anomalies were diagnosed consis-
tently in individuals with facial dysmorphism (4 of 4, 100%). This 
trend is similarly observed in published surviving CNDD cases (8 
of 10, 80%), suggesting that the presence of facial dysmorphism 
is predictive of neurodevelopmental anomalies. After internal 
comparisons of facial dysmorphism between affected individuals 
of our cohort and with the limited available images of published 
CNDD cases (8, 12, 13, 31), we conclude that there is no specific 
facial gestalt defining CNDD. Rather, identification of mild facial 
dysmorphism may guide differential diagnoses of CNDD in unre-
solved cases of vertebral, cardiac, renal, and limb malformations, 
such as VACTERL association (33), especially for individuals 
presenting with disproportionate growth or neurodevelopmental 
disorders. Given the consanguinity in 4 of 10 families, it is possi-
ble that uncharacteristic features may be explained by additional, 
unascertained, genetic variants.

Our affected individuals exhibited consistent accumula-
tion of the NADSYN1 substrate NaAD and upstream metabolites 
extending to those of the Preiss-Handler pathway in plasma and 
whole blood, suggesting that these might be good biomarkers for 
NADSYN1-dependent CNDD. NaAD is not detectable in healthy 
human blood and thus has only been reported as a biomarker of 
the NAD-boosting supplement NR, when systemic NAD levels 
are already sufficiently high (34). In addition to NaAD, NaMN 
was highly elevated in all proband plasma and urine samples, 
while it was undetectable in parental samples, consistent with 
reports for healthy individuals (35). NaMN accumulation is likely 
secondary to that of NaAD, as NaAD was not readily detectable 
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NA supplementation (31). By contrast, after 14 months of NAM 
supplementation from 24 months of age, F7.II.3 had shown devel-
opmental progress to a level consistent with age, but remained 
microcephalic with mild improvement in growth parameters, and 
still exhibited mild emotional and behavioral dysregulation. Mon-
itoring of progress in more supplemented individuals with CNDD, 
and for longer time frames, is necessary before it becomes clear 
whether these developmental phenotypes are indeed modifiable.

Only one individual with biallelic NADSYN1 variants to date has 
been reported taking NAM supplementation, at 400 mg/d without 
any self-reported adverse outcomes, although it remains unclear 
whether this provided any gross benefit beyond superficial increase in 
blood NAD levels (12). Three individuals with NADSYN1-dependent 
CNDD in our cohort have similarly trialed NAM supplementation 
without reports of adverse effects: F7.II.3 at 100 mg/d for 6 weeks, 
who exhibited a 115% increase in blood NAD levels in comparison with 
unsupplemented conditions, elevated to levels similar to those of the 
aforementioned patient; F4.II.2 at 250 mg/d; and F9.II.4 at 200 mg/d 
for 8 weeks to prevent life-threatening NADSYN1-dependent pella-
gra-like dermatitis (NDPD; Supplemental Results). To our knowledge, 
this is the first report of NDPD and its prevention, likely occurring only 
in F9.II.3 and F9.II.4 due to their complete loss-of-function NADSYN1 
variants in combination with an additional environmental modifier 
such as inadequate dietary NAD precursors. These occurrences sug-
gest that ongoing maintenance of NAD status in affected individuals 
via NAD precursor supplementation strategies may be warranted. It 
will be worthwhile to track progress in these affected individuals over 
time and, importantly, address whether supplementation may off-
set any age-dependent decline in NAD levels (51) or have a positive 
impact on long-term developmental and behavioral outcomes (8).

Finally, our data suggest that NADSYN1-dependent CNDD 
may be entirely preventable in humans, as one of two siblings with 
homozygous complete loss-of-function NADSYN1 variants (F9.II.3 
and F9.II.4, respectively) is devoid of any congenital malformation. 
This is further supported by the occurrence of an individual homo-
zygous for A573T, the most commonly occurring pathogenic variant 
in CNDD and in our cohort; a homozygote for the loss-of-function 
splice variant c.1765-7T>A also reported in our cohort; and 2 homo-
zygotes for the previously established pathogenic variant c.395G>C 
p.W132L (7) in gnomAD. These individuals were included in this 
database because they lacked severe pediatric disease (19), and, 
while it is not documented whether they experienced any post-birth 
anomalies common to NADSYN1-dependent CNDD, this reinforces 
the observation that NAD-dependent congenital malformation in 
humans, as in Nadsyn1–/– mouse embryos, may be prevented. This 
would also suggest that observation of a newfound variant’s being 
tolerated in the homozygous state in healthy-population databases 
like gnomAD should not be used to discredit its capacity to cause 
CNDD alone. Without strong negative selection pressure for reces-
sive variants, it is likely that more NADSYN1-dependent CNDD cas-
es will occur, and given enrichment for certain pathogenic variants 
in discrete populations, specific population groups may be more at 
risk. In gnomAD, W132L is observed disproportionately in admixed 
American populations with an allele frequency of 0.00259 versus 
0.000129 overall; A573T is also enriched in European (non-Finnish) 
populations (allele frequency 0.00155 vs. 0.00118 overall). Haplo-
type analysis to confirm a founder variant status of the latter was not 

In agreement with other mouse models with knockout of Kmo 
(42), Kynu, Haao (8), or Qprt (23), no congenital anomalies in 
Nadsyn1–/– offspring were observed when dietary NAD precursors 
were abundant. It follows that, irrespective of which gene is mutat-
ed in the NAD de novo synthesis pathway, pregnancy success is 
primarily determined by the bioavailability of maternal NAD 
precursors. When NAM is abundant, sufficient embryonic NAD 
for normal development can be derived via the salvage pathway. 
Given the limited bioavailability of other salvage pathway metabo-
lites, it is therefore the inadequate provision of NAM from mother 
to fetus that drives defect formation in Nadsyn1–/– embryos. Under 
the same conditions, Nadsyn1+/– embryos are less susceptible to 
CNDD owing to their ability to perform NAD de novo synthesis 
from the tryptophan provided in circulation. Additional studies 
will be required to determine how different NAD precursors inte-
grate into NAD-deficient developing organisms and ameliorate 
disrupted NAD-dependent processes during embryogenesis (9).

Human trials have shown therapeutic benefit from NAM, 
NR, and more recently NMN (43) supplementation in elevating 
systemic NAD levels. The precise mechanisms by which these 
precursors bolster NAD levels and their tissue specificities, how-
ever, are still being explored. Our pregnant Nadsyn1–/– mice show 
that the salvage pathway metabolites NMN and NAM support 
normal embryonic development regardless of genetic disruption 
to maternal NAD de novo synthesis or Preiss-Handler pathway. 
By contrast, in pregnant Nadsyn1+/– mice, all B3 vitamers (NA, 
NAM, NMN, NR) improve the outcomes of Nadsyn1–/– embryos, 
and in humans this could be similarly effective in preventing a 
fetal CNDD phenotype. The dosage of NMN given to our mice to 
prevent adverse pregnancy outcomes equates to approximately 
180% the daily recommended dietary intake (RDI) of vitamin B3 
for pregnancy in humans (18 mg/d) (44), assuming certain rates 
of consumption in mice (10). However, an increased dose is like-
ly required for more consistent benefit. The tolerable upper limit 
for NAM in non-pregnant adult humans is 900 mg/d (45), 28-fold 
above our tested dosage, although safe levels have not yet been 
established in pregnancy. Hepatotoxicity has been observed at 
dosages upward of 3,000 mg/d (46). Oral NMN supplementation 
has been shown to safely increase NAD levels in humans (47) and, 
given its conversion to NR for cellular uptake (48), is expected to 
be equally as capable as NR of elevating NAD levels. Concerning 
NR, human trials have assessed dosages of approximately 300 
mg/d, with as little as 100 mg/d showing NAD-boosting effects 
(49), and up to 230 mg/d (~12-fold the RDI during pregnancy) 
proposed to be safe for pregnant or lactating women (50). Given 
that F5.I.2 supplemented her diet with 18 mg NAM per day during 
pregnancy, and F5.II.1 still developed NAD-dependent malforma-
tions, it is unlikely that this current dosage is sufficient to prevent 
NADSYN1-dependent CNDD in humans. Additional clinical trials 
are needed before accurate dosage recommendations required to 
prevent CNDD-dependent malformation can be made. It is also 
conceivable that post-birth phenotypes such as feeding difficul-
ties, developmental delay, and short stature, seen in some of our 
cases as well as previous CNDD cohorts, may be prevented via 
supplementation strategies. A 1-month-old individual with CNDD 
caused by biallelic loss-of-function HAAO variants was reported 
to have improved in length and development after 3 months of 
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Data availability. The NADSYN1 variants reported in this article are 
accessible in ClinVar with the submission number SUB13916655. Values 
for all data points are available in the Supporting Data Values file.
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possible because of data sharing restrictions between carriers of this 
variant across clinical sites. Specific congenital malformations are 
heterogeneous in individuals with this biallelic variant and are equal-
ly variable in those with alternative biallelic NADSYN1 variants (7, 9, 
11–13), indicating that their identification was more likely biased by 
their considerable congenital malformation, and the availability of 
genetic testing, than by their NADSYN1 genotype. Given the extent 
to which B3 vitamers in the maternal diet during pregnancy can pre-
vent adverse development of Nadsyn1–/– mouse embryos, it is likely 
that many individuals with biallelic NADSYN1 variants and milder 
congenital anomalies remain undiagnosed. For future CNDD cases, 
testing known blood biomarkers of NADSYN1 disruption in patients, 
and similarly those of KYNU and HAAO, will better help identify 
those at risk of NAD deficiency–dependent development.

Taken together, our work presents a unique combination of 
CNDD phenotypic assessment, functional genetics, and NAD 
metabolome quantification in affected individuals and their carri-
er parents, with parallel replication in a CNDD mouse model. We 
have reaffirmed the importance of maternal and embryonic geno-
type as well as the gestational environment in the development of 
CNDD. Combined, our data demonstrate the necessity of appro-
priate B3 vitamer supplementation for individuals with biallelic 
loss-of-function variants in NADSYN1. Which B3 vitamer is used 
for supplementing heterozygous carriers, estimated to be 1 in 995 
individuals for NADSYN1 (9), is less essential. However, as these 
women are genetically predisposed to NAD deficiency, particu-
larly when they experience myriad pathophysiological conditions 
that can perturb NAD homeostasis and NAD availability, it is vital-
ly important that they have access to, and that they be encouraged 
to take, NAD-boosting supplements during pregnancy.

Methods
Detailed methods are provided in Supplemental Methods.

Statistics. Statistical analyses, including 1-way ANOVA, 2-tailed Stu-
dent’s t test, and 2-tailed 2×2 Fisher’s exact test, were performed with 
GraphPad Prism (v10.0.2). Significance was calculated, adjusting for 
multiple comparisons, at P less than 0.05. Bar graphs indicate mean and 
standard deviation.

Study approval. Written informed consent was received from all pre-
sented families prior to participation in this study. All animal experiments 
were performed in accordance with protocols approved by the Garvan 
Institute of Medical Research/St. Vincent’s Animal Experimentation Eth-
ics Committee, Sydney, Australia, under approvals 18/27 and 21/18.

 1. Goodman RP, et al. Spatiotemporal compartmen-
talization of hepatic NADH and NADPH metabo-
lism. J Biol Chem. 2018;293(20):7508–7516.

 2. Cambronne XA, Kraus WL. Location, location, 
location: compartmentalization of NAD+ syn-
thesis and functions in mammalian cells. Trends 
Biochem Sci. 2020;45(10):858–873.

 3. Liu L, et al. Quantitative analysis of NAD 
synthesis-breakdown fluxes. Cell Metab. 
2018;27(5):1067–1080.

 4. Mori V, et al. Metabolic profiling of alternative 
NAD biosynthetic routes in mouse tissues. PLoS 
One. 2014;9(11):e113939.

 5. Xie N, et al. NAD+ metabolism: pathophysiologic 
mechanisms and therapeutic potential. Signal 

Transduct Target Ther. 2020;5(1):227.
 6. Okabe K, et al. Implications of altered NAD 

metabolism in metabolic disorders. J Biomed Sci. 
2019;26(1):34.

 7. Szot JO, et al. Bi-allelic mutations in NADSYN1 
cause multiple organ defects and expand 
the genotypic spectrum of congenital NAD 
deficiency disorders. Am J Hum Genet. 
2020;106(1):129–136.

 8. Shi H, et al. NAD deficiency, congenital malfor-
mations, and niacin supplementation. N Engl J 
Med. 2017;377(6):544–552.

 9. Dunwoodie SL, et al. Nicotinamide adenine dinu-
cleotide deficiency and its impact on mammalian 
development. Antioxid Redox Signal. 2023;39(16-

18):1108–1132.
 10. Cuny H, et al. NAD deficiency due to environ-

mental factors or gene-environment interac-
tions causes congenital malformations and 
miscarriage in mice. Proc Natl Acad Sci U S A. 
2020;117(7):3738–3747.

 11. Kortbawi H, et al. Further description of two 
patients with biallelic variants in NADSYN1 in 
association with cardiac and vertebral anomalies. 
Am J Med Genet A. 2022;188(8):2479–2484.

 12. Erbs E, et al. Adult patient diagnosed with 
NADSYN1 associated congenital NAD deficiency 
and analysis of NAD levels to be published in: 
European Journal of Medical Genetics. Eur J Med 
Genet. 2023;66(3):104698.

https://doi.org/10.1172/JCI174824
https://www.jci.org/articles/view/174824#sd
mailto://s.dunwoodie@victorchang.edu.au
https://www.jci.org/articles/view/174824#sd
https://doi.org/10.1074/jbc.TM117.000258
https://doi.org/10.1074/jbc.TM117.000258
https://doi.org/10.1074/jbc.TM117.000258
https://doi.org/10.1016/j.tibs.2020.05.010
https://doi.org/10.1016/j.tibs.2020.05.010
https://doi.org/10.1016/j.tibs.2020.05.010
https://doi.org/10.1016/j.tibs.2020.05.010
https://doi.org/10.1016/j.cmet.2018.03.018
https://doi.org/10.1016/j.cmet.2018.03.018
https://doi.org/10.1016/j.cmet.2018.03.018
https://doi.org/10.1371/journal.pone.0113939
https://doi.org/10.1371/journal.pone.0113939
https://doi.org/10.1371/journal.pone.0113939
https://doi.org/10.1038/s41392-020-00311-7
https://doi.org/10.1038/s41392-020-00311-7
https://doi.org/10.1038/s41392-020-00311-7
https://doi.org/10.1186/s12929-019-0527-8
https://doi.org/10.1186/s12929-019-0527-8
https://doi.org/10.1186/s12929-019-0527-8
https://doi.org/10.1016/j.ajhg.2019.12.006
https://doi.org/10.1016/j.ajhg.2019.12.006
https://doi.org/10.1016/j.ajhg.2019.12.006
https://doi.org/10.1016/j.ajhg.2019.12.006
https://doi.org/10.1016/j.ajhg.2019.12.006
https://doi.org/10.1056/NEJMoa1616361
https://doi.org/10.1056/NEJMoa1616361
https://doi.org/10.1056/NEJMoa1616361
https://doi.org/10.1089/ars.2023.0349
https://doi.org/10.1089/ars.2023.0349
https://doi.org/10.1089/ars.2023.0349
https://doi.org/10.1089/ars.2023.0349
https://doi.org/10.1073/pnas.1916588117
https://doi.org/10.1073/pnas.1916588117
https://doi.org/10.1073/pnas.1916588117
https://doi.org/10.1073/pnas.1916588117
https://doi.org/10.1073/pnas.1916588117
https://doi.org/10.1002/ajmg.a.62765
https://doi.org/10.1002/ajmg.a.62765
https://doi.org/10.1002/ajmg.a.62765
https://doi.org/10.1002/ajmg.a.62765
https://doi.org/10.1016/j.ejmg.2023.104698
https://doi.org/10.1016/j.ejmg.2023.104698
https://doi.org/10.1016/j.ejmg.2023.104698
https://doi.org/10.1016/j.ejmg.2023.104698
https://doi.org/10.1016/j.ejmg.2023.104698


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2024;134(4):e174824  https://doi.org/10.1172/JCI1748241 4

 13. Aubert-Mucca M, et al. Clinical heterogeneity 
of NADSYN1-associated VCRL syndrome. Clin 
Genet. 2023;104(1):114–120.

 14. Sobreira N, et al. GeneMatcher: a matching tool 
for connecting investigators with an interest in the 
same gene. Hum Mutat. 2015;36(10):928–930.

 15. Feuz MB, et al. Beyond pellagra-research models 
and strategies addressing the enduring clinical 
relevance of NAD deficiency in aging and dis-
ease. Cells. 2023;12(3):500.

 16. Dawes R, et al. SpliceVault predicts the precise 
nature of variant-associated mis-splicing. Nat 
Genet. 2023;55(2):324–332.

 17. Rentzsch P, et al. CADD: predicting the deleterious-
ness of variants throughout the human genome. 
Nucleic Acids Res. 2019;47(d1):D886–D894.

 18. Jagadeesh KA, et al. M-CAP eliminates a major-
ity of variants of uncertain significance in 
clinical exomes at high sensitivity. Nat Genet. 
2016;48(12):1581–1586.

 19. Karczewski KJ, et al. The mutational constraint 
spectrum quantified from variation in 141,456 
humans. Nature. 2020;581(7809):434–443.

 20. Chuenchor W, et al. Different ways to trans-
port ammonia in human and Mycobacterium 
tuberculosis NAD+ synthetases. Nat Commun. 
2020;11(1):16.

 21. Ehmke N, et al. Biallelic variants in KYNU cause 
a multisystemic syndrome with hand hyperpha-
langism. Bone. 2020;133:115219.

 22. Cuny H, et al. Simultaneous quantification of 26 
NAD-related metabolites in plasma, blood, and 
liver tissue using UHPLC-MS/MS. Anal Biochem. 
2021;633:114409.

 23. Terakata M, et al. Establishment of true 
niacin deficiency in quinolinic acid phos-
phoribosyltransferase knockout mice. J Nutr. 
2012;142(12):2148–2153.

 24. Yang F, et al. Association of human whole blood 
NAD+ contents with aging. Front Endocrinol (Lau-
sanne). 2022;13:829658.

 25. Dong J, et al. Single-cell RNA-seq analysis unveils 
a prevalent epithelial/mesenchymal hybrid 
state during mouse organogenesis. Genome Biol. 
2018;19(1):31.

 26. LaRonde-LeBlanc N, et al. Regulation of active site 
coupling in glutamine-dependent NAD(+) synthe-
tase. Nat Struct Mol Biol. 2009;16(4):421–429.

 27. Bellinzoni M, et al. Glutamine amidotrans-
ferase activity of NAD+ synthetase from 
Mycobacterium tuberculosis depends on an 

amino-terminal nitrilase domain. Res Microbiol. 
2005;156(2):173–177.

 28. Wojcik M, et al. Glutamine-dependent NAD+ 
synthetase. How a two-domain, three-sub-
strate enzyme avoids waste. J Biol Chem. 
2006;281(44):33395–33402.

 29. Bieganowski P, et al. Eukaryotic NAD+ syn-
thetase Qns1 contains an essential, obligate 
intramolecular thiol glutamine amidotrans-
ferase domain related to nitrilase. J Biol Chem. 
2003;278(35):33049–33055.

 30. Pace HC, Brenner C. The nitrilase superfamily: 
classification, structure and function. Genome 
Biol. 2001;2(1):REVIEWS0001.

 31. Szot JO, et al. New cases that expand the genotypic 
and phenotypic spectrum of congenital NAD defi-
ciency disorder. Hum Mutat. 2021;42(7):862–876.

 32. Schule I, et al. A homozygous deletion of exon 
5 of KYNU resulting from a maternal chromo-
some 2 isodisomy (UPD2) causes Catel-Manz-
ke-syndrome/VCRL syndrome. Genes (Basel). 
2021;12(6):879.

 33. Mark P, Dunwoodie S. Congenital NAD deficien-
cy disorder. In: Adam MP, et al., eds. GeneRe-
views. 2023:NBK593504.

 34. Trammell SA, et al. Nicotinamide riboside is 
uniquely and orally bioavailable in mice and 
humans. Nat Commun. 2016;7:12948.

 35. Nadour Z, et al. Validation of a liquid chroma-
tography coupled to tandem mass spectrometry 
method for simultaneous quantification of tryp-
tophan and 10 key metabolites of the kynurenine 
pathway in plasma and urine: application to a 
cohort of acute kidney injury patients. Clin Chim 
Acta. 2022;534:115–127.

 36. Berger F, et al. Subcellular compartmentation 
and differential catalytic properties of the 
three human nicotinamide mononucleotide 
adenylyltransferase isoforms. J Biol Chem. 
2005;280(43):36334–3641.

 37. Kulikova V, et al. Generation, release, and 
uptake of the NAD precursor nicotinic 
acid riboside by human cells. J Biol Chem. 
2015;290(45):27124–27137.

 38. Yamane T, et al. Nicotinamide mononucleotide 
(NMN) intake increases plasma NMN and insu-
lin levels in healthy subjects. Clin Nutr ESPEN. 
2023;56:83–86.

 39. Canto C. NAD+ precursors: a questionable redun-
dancy. Metabolites. 2022;12(7):630.

 40. Palzer L, et al. Alpha-amino-beta-carboxy-mu-

conate-semialdehyde decarboxylase controls 
dietary niacin requirements for NAD+ synthesis. 
Cell Rep. 2018;25(5):1359–1370.

 41. Groza T, et al. The international mouse phenotyp-
ing consortium: comprehensive knockout pheno-
typing underpinning the study of human disease. 
Nucleic Acids Res. 2023;51(d1):D1038–D1045.

 42. Giorgini F, et al. Targeted deletion of kynurenine 
3-monooxygenase in mice: a new tool for studying 
kynurenine pathway metabolism in periphery and 
brain. J Biol Chem. 2013;288(51):36554–36566.

 43. Radenkovic D, et al. Clinical evidence for target-
ing NAD therapeutically. Pharmaceuticals (Basel). 
2020;13(9):247.

 44. Oh C, et al. Vitamin and mineral supplementa-
tion during pregnancy on maternal, birth, child 
health and development outcomes in low- and 
middle-income countries: a systematic review 
and meta-analysis. Nutrients. 2020;12(2):491.

 45. EFSA Panel on Dietetic Products, Nutrition and 
Allergies (NDA). Scientific opinion on dietary ref-
erence values for niacin. EFSA J. 2014;12(7):3759.

 46. Knip M, et al. Safety of high-dose nicotinamide: a 
review. Diabetologia. 2000;43(11):1337–1345.

 47. Okabe K, et al. Oral administration of nicotin-
amide mononucleotide is safe and efficiently 
increases blood nicotinamide adenine dinu-
cleotide levels in healthy subjects. Front Nutr. 
2022;9:868640.

 48. Ratajczak J, et al. NRK1 controls nicotinamide 
mononucleotide and nicotinamide riboside 
metabolism in mammalian cells. Nat Commun. 
2016;7:13103.

 49. Conlon N, Ford D. A systems-approach to 
NAD+ restoration. Biochem Pharmacol. 
2022;198:114946.

 50. EFSA Panel on Nutrition, et al. Safety of nic-
otinamide riboside chloride as a novel food 
pursuant to Regulation (EU) 2015/2283 and 
bioavailability of nicotinamide from this source, 
in the context of Directive 2002/46/EC. EFSA J. 
2019;17(8):e05775.

 51. McReynolds MR, et al. Age-related NAD+ 
decline. Exp Gerontol. 2020;134:110888.

 52. Adzhubei IA, et al. A method and server for 
predicting damaging missense mutations. Nat 
Methods. 2010;7(4):248–249.

 53. Davydov EV, et al. Identifying a high fraction 
of the human genome to be under selective 
constraint using GERP++. PLoS Comput Biol. 
2010;6(12):e1001025.

https://doi.org/10.1172/JCI174824
https://doi.org/10.1111/cge.14328
https://doi.org/10.1111/cge.14328
https://doi.org/10.1111/cge.14328
https://doi.org/10.1002/humu.22844
https://doi.org/10.1002/humu.22844
https://doi.org/10.1002/humu.22844
https://doi.org/10.3390/cells12030500
https://doi.org/10.3390/cells12030500
https://doi.org/10.3390/cells12030500
https://doi.org/10.3390/cells12030500
https://doi.org/10.1038/s41588-022-01293-8
https://doi.org/10.1038/s41588-022-01293-8
https://doi.org/10.1038/s41588-022-01293-8
https://doi.org/10.1093/nar/gky1016
https://doi.org/10.1093/nar/gky1016
https://doi.org/10.1093/nar/gky1016
https://doi.org/10.1038/ng.3703
https://doi.org/10.1038/ng.3703
https://doi.org/10.1038/ng.3703
https://doi.org/10.1038/ng.3703
https://doi.org/10.1038/s41586-020-2308-7
https://doi.org/10.1038/s41586-020-2308-7
https://doi.org/10.1038/s41586-020-2308-7
https://doi.org/10.1038/s41467-019-13845-4
https://doi.org/10.1038/s41467-019-13845-4
https://doi.org/10.1038/s41467-019-13845-4
https://doi.org/10.1038/s41467-019-13845-4
https://doi.org/10.1016/j.bone.2019.115219
https://doi.org/10.1016/j.bone.2019.115219
https://doi.org/10.1016/j.bone.2019.115219
https://doi.org/10.1016/j.ab.2021.114409
https://doi.org/10.1016/j.ab.2021.114409
https://doi.org/10.1016/j.ab.2021.114409
https://doi.org/10.1016/j.ab.2021.114409
https://doi.org/10.3945/jn.112.167569
https://doi.org/10.3945/jn.112.167569
https://doi.org/10.3945/jn.112.167569
https://doi.org/10.3945/jn.112.167569
https://doi.org/10.3389/fendo.2022.829658
https://doi.org/10.3389/fendo.2022.829658
https://doi.org/10.3389/fendo.2022.829658
https://doi.org/10.1186/s13059-018-1416-2
https://doi.org/10.1186/s13059-018-1416-2
https://doi.org/10.1186/s13059-018-1416-2
https://doi.org/10.1186/s13059-018-1416-2
https://doi.org/10.1038/nsmb.1567
https://doi.org/10.1038/nsmb.1567
https://doi.org/10.1038/nsmb.1567
https://doi.org/10.1016/j.resmic.2004.08.011
https://doi.org/10.1016/j.resmic.2004.08.011
https://doi.org/10.1016/j.resmic.2004.08.011
https://doi.org/10.1016/j.resmic.2004.08.011
https://doi.org/10.1016/j.resmic.2004.08.011
https://doi.org/10.1074/jbc.M607111200
https://doi.org/10.1074/jbc.M607111200
https://doi.org/10.1074/jbc.M607111200
https://doi.org/10.1074/jbc.M607111200
https://doi.org/10.1074/jbc.M302257200
https://doi.org/10.1074/jbc.M302257200
https://doi.org/10.1074/jbc.M302257200
https://doi.org/10.1074/jbc.M302257200
https://doi.org/10.1074/jbc.M302257200
https://doi.org/10.1186/gb-2001-2-1-reviews0001
https://doi.org/10.1186/gb-2001-2-1-reviews0001
https://doi.org/10.1186/gb-2001-2-1-reviews0001
https://doi.org/10.1002/humu.24211
https://doi.org/10.1002/humu.24211
https://doi.org/10.1002/humu.24211
https://doi.org/10.3390/genes12060879
https://doi.org/10.3390/genes12060879
https://doi.org/10.3390/genes12060879
https://doi.org/10.3390/genes12060879
https://doi.org/10.3390/genes12060879
https://doi.org/10.1038/ncomms12948
https://doi.org/10.1038/ncomms12948
https://doi.org/10.1038/ncomms12948
https://doi.org/10.1016/j.cca.2022.07.009
https://doi.org/10.1016/j.cca.2022.07.009
https://doi.org/10.1016/j.cca.2022.07.009
https://doi.org/10.1016/j.cca.2022.07.009
https://doi.org/10.1016/j.cca.2022.07.009
https://doi.org/10.1016/j.cca.2022.07.009
https://doi.org/10.1016/j.cca.2022.07.009
https://doi.org/10.1074/jbc.M508660200
https://doi.org/10.1074/jbc.M508660200
https://doi.org/10.1074/jbc.M508660200
https://doi.org/10.1074/jbc.M508660200
https://doi.org/10.1074/jbc.M508660200
https://doi.org/10.1074/jbc.M115.664458
https://doi.org/10.1074/jbc.M115.664458
https://doi.org/10.1074/jbc.M115.664458
https://doi.org/10.1074/jbc.M115.664458
https://doi.org/10.1016/j.clnesp.2023.04.031
https://doi.org/10.1016/j.clnesp.2023.04.031
https://doi.org/10.1016/j.clnesp.2023.04.031
https://doi.org/10.1016/j.clnesp.2023.04.031
https://doi.org/10.3390/metabo12070630
https://doi.org/10.3390/metabo12070630
https://doi.org/10.1016/j.celrep.2018.09.091
https://doi.org/10.1016/j.celrep.2018.09.091
https://doi.org/10.1016/j.celrep.2018.09.091
https://doi.org/10.1016/j.celrep.2018.09.091
https://doi.org/10.1093/nar/gkac972
https://doi.org/10.1093/nar/gkac972
https://doi.org/10.1093/nar/gkac972
https://doi.org/10.1093/nar/gkac972
https://doi.org/10.1074/jbc.M113.503813
https://doi.org/10.1074/jbc.M113.503813
https://doi.org/10.1074/jbc.M113.503813
https://doi.org/10.1074/jbc.M113.503813
https://doi.org/10.3390/ph13090247
https://doi.org/10.3390/ph13090247
https://doi.org/10.3390/ph13090247
https://doi.org/10.3390/nu12020491
https://doi.org/10.3390/nu12020491
https://doi.org/10.3390/nu12020491
https://doi.org/10.3390/nu12020491
https://doi.org/10.3390/nu12020491
https://doi.org/10.2903/j.efsa.2014.3759
https://doi.org/10.2903/j.efsa.2014.3759
https://doi.org/10.2903/j.efsa.2014.3759
https://doi.org/10.1007/s001250051536
https://doi.org/10.1007/s001250051536
https://doi.org/10.3389/fnut.2022.868640
https://doi.org/10.3389/fnut.2022.868640
https://doi.org/10.3389/fnut.2022.868640
https://doi.org/10.3389/fnut.2022.868640
https://doi.org/10.3389/fnut.2022.868640
https://doi.org/10.1038/ncomms13103
https://doi.org/10.1038/ncomms13103
https://doi.org/10.1038/ncomms13103
https://doi.org/10.1038/ncomms13103
https://doi.org/10.1016/j.bcp.2022.114946
https://doi.org/10.1016/j.bcp.2022.114946
https://doi.org/10.1016/j.bcp.2022.114946
https://doi.org/10.1016/j.exger.2020.110888
https://doi.org/10.1016/j.exger.2020.110888
https://doi.org/10.1038/nmeth0410-248
https://doi.org/10.1038/nmeth0410-248
https://doi.org/10.1038/nmeth0410-248
https://doi.org/10.1371/journal.pcbi.1001025
https://doi.org/10.1371/journal.pcbi.1001025
https://doi.org/10.1371/journal.pcbi.1001025
https://doi.org/10.1371/journal.pcbi.1001025

	Graphical abstract

