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Abstract
Nicotinamide adenine dinucleotide (NAD+) level has been associated with various 
age-related diseases and its pharmacological modulation emerges as a potential ap-
proach for aging intervention. But human NAD+ landscape exhibits large heterogene-
ity. The lack of rapid, low-cost assays limits the establishment of whole-blood NAD+ 
baseline and the development of personalized therapies, especially for those with 
poor responses towards conventional NAD+ supplementations. Here, we developed 
an automated NAD+ analyzer for the rapid measurement of NAD+ with 5 μL of capil-
lary blood using recombinant bioluminescent sensor protein and automated optical 
reader. The minimal invasiveness of the assay allowed a frequent and decentralized 
mapping of real-world NAD+ dynamics. We showed that aerobic sport and NMN 
supplementation increased whole-blood NAD+ and that male on average has higher 
NAD+ than female before the age of 50. We further revealed the long-term stabil-
ity of human NAD+ baseline over 100 days and identified major real-world NAD+-
modulating behaviors.
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1  |  INTRODUC TION

NAD+ is an essential substrate for numerous redox reactions and 
regulatory proteins including poly(ADP-ribose) polymerase (PARPs), 
Sirtuins, CD38/157 and SARMs, which play important roles in DNA 
repair, protein deacetylation, immune response, and other funda-
mental cellular processes (Chini et al., 2021; Covarrubias et al., 2021; 
Imai & Guarente, 2014; Katsyuba et al., 2020; Rajman, Chwalek, & 
Sinclair, 2018). In blood, NAD+ is enriched in erythrocytes compared 
to serum and white blood cells (Chaleckis et al.,  2014; Chaleckis, 
Murakami, Takada, Kondoh, & Yanagida,  2016; Clement, Wong, 
Poljak, Sachdev, & Braidy,  2019). The decline of NAD+ content in 
blood cells (Chaleckis et al., 2016), muscle (Zhang et al., 2016), and sa-
liva (Teruya, Goga, & Yanagida, 2021) has been associated with aging 
and age-related symptoms such as frailty (Covarrubias et al., 2021; 
Kumar et al., 2014), rheumatoid arthritis (Busso et al., 2008; Weiqian, 
Caihong, & Jin, 2018), and heart failure (Carpenter & Dierickx, 2022; 
Yuan et al., 2022) at old age. In addition, oral administration of NAD+ 
precursors as a potential intervention strategy of age-related symp-
toms has been demonstrated in clinical trials to improve body NAD+ 
levels (Chini et al., 2018; Imai et al., 2000; Khan et al., 2014; Pirinen 
et al., 2020; Rajman et al., 2018; Yoshino, Baur, & Imai, 2018), mus-
cle functions, and skeletal muscle insulin sensitivity and signaling 
(Goody & Henry, 2018; Yoshino et al., 2021), establishing NAD+ level 
as an emerging indicator of healthy aging.

However, as considerable disparity exists in both the geno- and 
phenotype of human aging, the blood NAD+ landscapes of differ-
ent people and aging processes are yet to be fully characterized 
(Balashova et al., 2022; Yang et al., 2022). One major limitation for 
mapping the NAD+ landscape at the point of care is its quantifi-
cation method. Conventional NAD+ measurement relies on High-
Performance Liquid Chromatography (HPLC) (Klaidman, Leung, & 
Adams, 1995; Yoshino & Imai, 2013), Liquid Chromatography-Mass 
Spectrometry (LC–MS) (Bustamante et al., 2017; Giner et al., 2021; 
Trammell & Brenner,  2013), enzyme cycling assays (Graeff & 
Lee,  2002) or Nuclear Magnetic Resonance (NMR) (de Graaf & 
Behar, 2014; Lu, Zhu, & Chen, 2016; Shabalin et al., 2018), which 
requires centralized laboratories and multi-step sample prepara-
tions. Recently developed semisynthetic bioluminescent sensors 
offered a solution for measuring NAD+ at point-of-care (Sallin 
et al., 2018; Yu et al., 2019). But this sensor relies on a synthetic 
chemical tether that requires multi-step synthesis with relatively 
low yield, limiting its mass production. Hence, more cost-effective 
and easy-to-produce protein sensors should make the assay much 
more available and affordable for the large-scale, real-world map-
ping of NAD+ dynamics.

Here we developed an NAD+ assay using an Escherichia coli (E.
coli)-produced (Chen et al., 2023), fully genetically encoded NAD+ 
sensor and a simple, automated desk-top reader for measuring NAD+ 
levels in venous and capillary blood, as well as in saliva with 5 μL 
of the sample. We used this assay in a placebo-controlled, double-
blind clinical trial to assess the effect of NMN and aerobic sport. We 
showed that oral NMN supplementation and aerobic sport can sig-
nificantly increase whole-blood NAD+ levels. In addition, the high-
level agreement between the sensor and HPLC–MS established the 
sensor as a viable NAD+ quantification method. The assay further 
mapped the NAD+ levels in capillary blood and revealed a marked 
NAD+ disparity across gender and age. Moreover, the sensor made 
long-term and frequent NAD+ monitoring easily available due to 
the minimal invasiveness of the capillary sampling, with which we 
mapped the speculated NAD+ circadian rhythm, short-term phar-
macodynamics of oral NMN administration, and the long-term real-
world NAD+ baseline in human.

2  |  RESULTS

2.1  |  Measuring blood NAD+ using recombinant 
bioluminescent sensor protein

For achieving low-cost and rapid NAD+ measurement in clini-
cal samples, we developed an NAD+ assay using a simple, auto-
mated reader and a fully genetically encoded bioluminescent 
NAD+ sensor protein named NS-Goji 1.3. The recombinantly ex-
pressed sensor contains an engineered NAD+-binding domain, a 
circularly permuted luciferase cpNLuc and a red fluorescent pro-
tein (RFP) mScarlet-I (Figure  1a). NS-Goji 1.3 undergoes consid-
erable conformational changes upon NAD+ binding and shortens 
the distance between cpNLuc and mScarlet-I, thus affecting the 
Bioluminescence Resonance Energy Transfer (BRET) efficiency be-
tween the pair (Figure  1b). The highly specific NAD+-dependent 
shift of the sensor's emission intensity at 460 nm and 580 nm is 
used for quantifying the NAD+ levels in the samples (Figure  1c, 
Figure  S1). To automatize the assay, we developed a reader that 
integrates a single-channel pipette robot, a photon-detector, and 
a reagent-containing test strip. As the E. coli expression system 
makes the sensor production cost-effective and scalable, the NAD+ 
sensor is easily available for large-scale sample analysis. In parallel, 
an HPLC–MS quantification procedure for NAD+ has been devel-
oped as the reference method in which NAD+ was identified by ion 
pair of 662.0/539.7 and 80.0 m/z and quantified by the intensity of 
ion 662.0 m/z (Figure 1d–f).
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2.2  |  Aerobic sports and oral NMN significantly 
increase venous NAD+

Using the analyzer, we quantified the NAD+ levels in venous blood 
obtained from clinical studies to evaluate the effect of nicoti-
namide mononucleotide (NMN) supplementation on subjects 
between 55 and 70 years of age (Table  S1). The double-blinded 
clinical test compared one placebo group and two treatment 
groups using different dosages of NMN (500 mg/day and 1000 mg/
day) (Figure 2a, Figure S2). After 30 days of daily oral administra-
tion, venous blood was collected for assessing whole-blood NAD+ 
content using both the sensor and HPLC-MS. In parallel, whole-
blood NMN and 2/4-PY were also analyzed by HPLC-MS. Whole 
blood samples were measured because NAD+ predominantly ex-
ists in blood cells instead of serum or plasma (Clement et al., 2019; 
Seyedsadjadi et al., 2018).

The comparison between NS-Goji 1.3 and HPLC-MS demon-
strated a good agreement between the two methods with Pearson's 
r = 0.992 (Figure  2b,c). The measurement further revealed that 
both dosages of NMN significantly increased the venous NAD+ in a 
dose-dependent manner. The recorded average whole blood NAD+ 
level was 23.8 ± 5.5 μM in the placebo group, 41.7 ± 13.0 μM in the 
500 mg/day group, and 58.8 ± 21.1 μM in the 1000 mg/day group 
(Figure 2d). Notably, the variation of NAD+ level in the placebo group 
is smaller compared to that of the two treatment groups. The group 
treated with 1000 mg/day oral NMN featured a wide distribution 

of the whole blood NAD+ levels (CV = 35.9%), indicating the pos-
sible non-responses towards the NMN administration. We then 
performed bulk RNA sequencing for the peripheral blood mono-
nuclear cells (PBMCs) of four responders and non-responders from 
the 1000 mg/day group and mapped the expression levels of genes 
involved in NAD+ metabolism (Figure  S3). Responders featured a 
higher expression of NAD+-synthesizing enzymes such as IDO2, 
NAPRT, NMNAT2 and NAMPT, as well as a nucleoside transporter 
SLC29A3; while non-responders have more expressions of NAD+-
consuming enzymes such as SIRT4, PARP14, CD38 and PARP2 etc. 
Interestingly, PAPR9, which regulates anti-viral activities and type I 
interferon production (Luo et al., 2021; Xing et al., 2021), was highly 
expressed in the PBMCs of NMN-responders. We further showed 
that the whole blood 2/4-PY level increased significantly for the 
group administrated 1000 mg/day NMN (Figure 2e) and that whole 
blood NAD+ correlated well with whole blood 2/4-PY but not with 
NMN (Figure S4), indicating an up-regulated NAD+ catabolism and 
nicotinamide elimination. Subsequently, we evaluated the effect of 
aerobic sports on the venous NAD+ levels of the placebo- and NMN-
treated (500 mg/day) subjects for 30 days (Figure  2f, Figure  S5, 
Table  S2). NS-Goji 1.3 achieved a similar level of quantification 
compared to HPLC-MS for measuring venous NAD+ with Pearson's 
r = 0.985 (Figure  2g,h). The group with aerobic sport and placebo 
featured an averaged whole blood NAD+ level of 33.18 ± 7.2 μM, 
while the group with aerobic sport and NMN showed an significantly 
increased whole blood NAD+ level of 55.48 ± 21.4 μM (Figure 2i).

F I G U R E  1 Quantification of whole blood NAD+ by sensor and LC-MS. (a) Sensing mechanism of the recombinant bioluminescent 
NAD+ sensor protein NS-Goji 1.3: The sensor changes conformation as a function of NAD+ concentration, leading to changes in the BRET 
efficiency between luciferase NLuc and RFP m-Scarlet I. (b) Sensor's emission spectra at various NAD+ concentrations. (c) Ratios between 
sensor's emission intensities at 580 nm and 460 nm plotted against various NAD+ concentrations. Values are given as mean ± SD of three 
independent measurements. (d) Sample preparation procedure for NAD+ analyzer and HPLC-MS quantification, partially created with BioRe​
nder.com. (e) HPLC-MS retention time and ionization intensity of ions pairs for NAD+ identification and quantification. (f) Calibration curve 
for NAD+ measurement by HPLC-MS.

https://www.biorender.com/
https://www.biorender.com/
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In addition to measuring NAD+ in blood, we explored the possi-
bility of NAD+ measurement in saliva. Recent work for identifying 
salivary aging biomarkers revealed that salivary NAD+ decreases 
with age (Teruya et al., 2021). We hence tested if the biolumines-
cent sensor could quantify NAD+ in salivary samples. The analysis 
performed in parallel with HPLC-MS demonstrated that the biolu-
minescent sensor is capable of testing salivary NAD+ with Pearson's 
r = 0.999 (Figure S6).

Overall, we showed that NS-Goji 1.3 sensor and the automated 
analyzer are viable tools for scalable and low-cost measurements of 
NAD+. The cost comparison between bioluminescent sensor, NAD+/

NADH assay kit and HPLC-MS is summarized in Table S3. The clinical 
study further demonstrated that regular aerobic sports enhanced 
the NAD+ in both placebo- and NMN-treated subjects.

2.3  |  Fingerstick blood NAD+ survey reveals 
gender-associated differences in NAD+ levels

For conventional NAD+ quantifications, venipuncture limits the fre-
quency of NAD+ sampling due to invasiveness. By contrast, collect-
ing fingerstick capillary blood by disposable lancet (Figure 3a) would 

F I G U R E  2 Measurement of venous NAD+ levels in clinical studies of NMN supplementation and aerobic sport. (a) Study design for 
evaluating effects of oral NMN supplementation. (b) Comparison of NAD+ levels measured by sensor protein and HPLC-MS. (c) Bland–
Altman analysis for venous NAD+ measured by sensor and HPLC-MS. (d) Effect of oral NMN supplementation on venous NAD+ level. Daily 
supplementation of 500 mg (n = 19) and 1000 mg NMN (n = 22) for 1 month significantly increased the venous NAD+ concentration compared 
to the placebo group (n = 25). (e) Venous 2/4-Py concentrations measured from blood samples with daily supplementation of placebo (n = 25), 
500 mg (n = 19) and 1000 mg NMN (n = 22) for 1 month. (f) Study design for evaluating effects of oral NMN supplementation in combination 
with moderate level of sport. (g) Comparison of NAD+ levels measured by sensor protein and HPLC-MS. (h) Bland–Altman analysis for 
venous NAD+ measured by sensor and HPLC-MS. (i) Effect of aerobic sport with oral NMN supplementation (n = 20) and aerobic sport alone 
(n = 21) on venous NAD+ level. In (b) and (g), values are given as mean ± SD of three independent measurements. In (d), (e) and (i), error bars 
represent SD of the respective group. Significance was determined using one-way ANOVA analysis for (d) and (e), and t-test for (i), * p < 0.05, 
** p < 0.01, *** p < 0.001, **** p < 0.0001.
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largely facilitate the dissemination of NAD+ measurement, which is 
now made possible by the bioluminescent sensor. To evaluate if fin-
gertip blood is a representative sample source for quantifying NAD+, 
we compared the venous and fingerstick capillary blood obtained 
in parallel from 13 volunteers within 30 min. The NAD+ measured 
from the two sample types showed a good correlation (Pearson's 
r = 0.987) and are within ± 15% error (Figure 3b and Figure S7). In this 
test, NS-Goji 1.3 measurement typically requires 5 μL of fingertip 
blood, while by contrast, a single venipuncture collection requires 
several milliliters of sample.

Using this fingerstick blood NAD+ assay, we further mapped the 
whole blood NAD+ levels of NAD+ supplement-naïve people includ-
ing 75 females and 67 males across different age groups (Figure 3c 
and Table S4). The cross-gender comparison indicated that females 
have on average a lower whole blood NAD+ level (27.2 ± 10.3 μM) 
compared to males (32.5 ± 16.3 μM, Figure 3d). The survey further 
revealed that participants between 20 and 50 years of age have sig-
nificantly higher NAD+ content than those aged between 50 and 
85 for both genders (Figure  3e). Notably, the age-related NAD+ 
decline is more severe for males with the average NAD+ level de-
creased from 44.2 ± 18.9 μM to 25.9 ± 9.8 μM (p < 0.0001). While 
for females, the NAD+ content is decreased by a lesser extent from 

32.7 ± 9.6 μM to 24.8 ± 9.6 μM with p < 0.05. Moreover, the gender-
related NAD+ disparity is more pronounced for participants younger 
than 50 years of age, but not significant for those aged over 50 
(Figure 3e, Table S4). Given that NAD+ is enriched in blood cells, the 
gender differences in the whole-blood NAD+ level could be partially 
due to the different numbers and compositions of blood cells associ-
ated with sex. Interestingly, a few participants have particularly high 
NAD+ levels for the respective age group, indicating the existence 
of outliers whose NAD+ metabolism is markedly different. Further 
studies to identify the genetic and/or acquired factors for this high 
whole-blood NAD+ level should provide more insight for developing 
new NAD+ modulating strategies.

2.4  |  Measuring real-world NAD+ dynamics using 
minimal capillary blood samples

NAD+ metabolism plays a central role in circadian rhythm. 
However, the hypothetical human NAD+ differences between day 
and night have not been recorded due to the difficulties of collect-
ing venous blood after midnight. As fingertip blood assay is easily 
applicable at the bedside, we collected and measured the capillary 

F I G U R E  3 Fingertip blood NAD+ measurement for mapping NAD+ disparity. (a) Procedures of taking fingerstick capillary blood for NAD+ 
measurement. (b) Comparison between NAD+ levels measured from fingertip and venous blood. The Black dashed line indicates y = x, and 
the gray dashed line indicates ±15% deviation from y = x. (c) Study design for mapping fingertip blood NAD+ levels for healthy volunteers 
with different age and gender. (d) Female participants (n = 75) showed a significantly lower NAD+ level than males (n = 67) in this study. (e) 
50–85 age group has significantly lower NAD+ levels than 18–50 age group for both male and female. The male has higher NAD+ level than 
female for 18–50 age group but not for the 50–85 age group. Significance was determined using t-test for (d) and two-way ANOVA analysis 
for (e), * p < 0.05, ** p < 0.01, **** p < 0.0001.
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blood NAD+ at 4 am and 10 am from n = 7 subjects (Figure  4a). 
The measurement showed that the capillary NAD+ levels did not 
change significantly between 4 am at 10 am (from 36.0 ± 11.0 μM 
to 38.70 ± 11.1 μM, with p = 0.0735, Figure  4b). To evaluate the 

potential fluctuations of whole blood NAD+ during the day, we fur-
ther accessed the capillary NAD+ levels after oral administration 
of 300 mg of NMN during the day starting from 10 am. The NAD+ 
level significantly increased 60 min after the NMN administration 

F I G U R E  4 Monitoring real-world NAD+ dynamics using capillary blood. (a) Study design for comparing capillary NAD+ levels at 4 and 
10 am. (b) No significant difference in NAD+ level was observed for capillary blood samples obtained at 4 and 10 am. (n = 7, p = 0.0735), 
though the average NAD+ level increased from 36.00 μM to 38.69 μM. (c) Oral administration of 300 mg NMN induced short-term capillary 
NAD+ spike with significant increases recorded at 60 min (n = 5, p = 0.0034). (d) Scheme for the long-term monitoring of NAD+ levels. Events 
including sport, sleep shortage, medication, menstruation, and dietary supplementation were recorded through questionnaire. (e) NAD+ 
dynamics recorded for n = 6 participants over three months. F and M indicates female and male subjects respectively. (f) Distribution of 
fingerstick NAD+ levels during the long-term monitoring. (g) Effects of events on NAD+ levels for each subject. NMN and sport significantly 
increased NAD+ levels for sub 3 and 6 respectively. Only days with single recorded event were considered, while days with more than one 
recorded event were excluded from the analysis. Significance was determined using t-test for (c) and sub 4 & 6 in (g). Two-way ANOVA 
analysis was used for significance determination for sub 1, 2, 3 and 5 in (g), * p < 0.05, **** p < 0.0001.
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and returned quickly to the basal level at 120 min (Figure 4c). Apart 
from the short NMN-induced perturbation, no significant changes 
were observed during the day, demonstrating the fast metabolism 
of NMN and the strong homeostasis of the NAD+ level. Circadian 
rhythm is regulated by NAD+-related pathways such as extra- and 
intracellular NAMPT, as well as by other attributes such as energy 
metabolism and obesity (Park et al., 2023). To capture the subtle 
diurnal NAD+ changes, measurement in separated blood compo-
nents such PBMCs, erythrocytes and plasma would be necessary 
as cells with and without nucleus may be regulated differently. 
More stringent selection criteria would also be of interest to in-
clude subjects with similar metabolic profiles.

To further map the NAD+ fluctuations in the real world over long 
terms, we measured the NAD+ levels of n = 6 subjects twice a week 
over 100 days and recorded major changes in dietary, sportive, and 
sleeping habits (Figure 4d). The result showed that NAD+ levels were 
mostly stable during the 100-day monitoring (Figure  4e,f), except 
for one participant who spontaneously started NMN administration 
which induced a notable increase in the capillary NAD+ level (from 
32.9 μM to 47.3 μM with p < 0.0001). One subject exercised regularly 
(11 out of 25 days on which NAD+ was measured), and the recorded 
NAD+ levels on days with sport were significantly higher than days 
without. However, the sport-induced NAD+ increase was not ob-
served for the subject with a low sport frequency (3 out of 24 days 
of NAD+ measurement). Other recorded events such as sleep depri-
vation, menstruation, oral administration of phosphatidylcholine 
(PPC) and silibinin did not significantly affect the capillary NAD+ 
level (Figure 4g).

Taken together, the capillary blood NAD+ measurement revealed 
significant NAD+ disparity across gender and age. The sensor also 
facilitated the real-world observation of NAD+ modulation by di-
etary supplements and aerobic sport. We further demonstrated that 
individual NAD+ levels are relatively stable over a long period of time 
and continuous oral NMN administration and frequent physical ex-
ercise can boost NAD+ levels. This easy-to-implement NAD+ test for 
blood and saliva provided a useful tool for monitoring the effect of 
various NAD+ modulating strategies at the point-of-care.

3  |  DISCUSSION

Whole-blood NAD+ level is becoming an important physiological 
parameter for evaluating NAD+ boosting strategies. Several previ-
ously reported clinical studies of NAD+ supplementation estab-
lished that blood NAD+ content decreases with the progression of 
age-related diseases such as mitochondrial myopathy and rheuma-
toid arthritis (Lautrup et al., 2019; Weiqian et al., 2018). In addition, 
previous studies showed that oral supplementation of Niacin (NA) 
(Pirinen et al., 2020), nicotinamide riboside (NR) (Airhart et al., 2017; 
Conze et al., 2019); Vreones et al., 2023 or NMN (Okabe et al., 2022; 
Yoshino et al.,  2021) can increase the blood NAD+ level and lead 
to beneficial outcomes. However, the conventional quantifica-
tion based on HPLC-MS or enzymatic cycling assays are time- and 

labor-intensive due to a relatively low automation level, hence limit-
ing the up-scale and generalization of the NAD+ blood test. Here, we 
demonstrate that the low-cost and recombinantly expressed biolu-
minescent NAD+ sensor protein enables easy-to-implement assays 
for analyzing microliters of clinical samples with a good coherence 
compared to HPLC-MS.

The two doses (500 mg and 1000 mg per day) of oral NMN sup-
plementation evaluated in this work can induce a significant increase 
in blood NAD+ level. However, considerable variation existed for 
the group supplemented with 1000 mg NMN per day, indicating 
the heterogeneity of NMN responses among the subjects. Recent 
work on the NAD+ flux indicated an age-related increase of CD38 
and the resulting NAD+ consumption, contributing to the NAD+ 
decline during aging (McReynolds et al., 2021). Here, the RNA se-
quencing of PBMCs from NMN non-responders indeed indicated 
a higher expression of NAD+ consuming enzymes including CD38 
and PARPs. The existence of the non-responders may be due to the 
hyper-activated NAD+ consumption pathways that degrade NMN 
and NAD+ as substrates. More detailed studies would be necessary 
to better characterize these subgroups and to enhance the response 
rate of NAD+ supplementation. To better achieve supplementation 
outcomes for the non-responders, NAD+ precursors and modulators 
of its consumption pathways may be used in combination, and the 
convenient NAD+ blood monitoring can help to evaluate the effect 
of the combo therapies. Using the NAD+ sensor, we also demon-
strated that aerobic sports increased the NAD+ basal level from 
23.8 ± 5.5 μM to 33.18 ± 7.2 μM among the participants, providing 
precursor-independent alternatives for NAD+ modulation.

As considerable disparity exists during human aging, mapping, 
and characterizing various subgroups of the aging phenotype is 
key for achieving personalized aging intervention. However, col-
lecting large numbers of clinical samples has been challenging 
for mapping the NAD+ metabolism among different populations. 
Here, the bioluminescent sensor enabled an easy-to-implement 
assay for quantifying NAD+ using fingertip blood at a much-
reduced cost compared to HPLC-MS. The NAD+ survey revealed a 
gender-related NAD+ disparity which is especially pronounced be-
fore the age of 50. The survey also identified NAD+ supplement-
naïve individuals with particularly high NAD+ levels compared to 
their peers. As this assay is minimally invasive and cost-effective, 
future surveys at larger scales covering different geographic and 
ethnic groups may identify more naturally occurring cases with 
high NAD+ levels. Further studies to elucidate the underlying 
mechanisms should provide new exploitable strategies for NAD+ 
modulation and aging intervention.

Furthermore, we established that human NAD+ is generally sta-
ble over long periods of time, meanwhile NMN administration can 
induce notable spikes in NAD+ and may shift the original NAD+ ho-
meostasis. The elevated NAD+ level can be maintained by the NMN 
administration, but a safe and effective NAD+ window induced by 
such intervention is yet to be determined. In addition, we observed 
that regular aerobic sport readily increases whole-blood NAD+ lev-
els though by a lesser extent than the NMN administration. Despite 
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that no short-term adverse events were observed in neither our 
study nor other reported clinical studies of NMN administration (Irie 
et al., 2020; Okabe et al., 2022; Pencina et al., 2023; Yi et al., 2023), 
there was a clear increase of nicotinamide catabolites including 2/4-
PY, a uremic toxin, and methylnicotinamide (Irie et al., 2020; Okabe 
et al.,  2022), indicating a potential overload of nicotinamide after 
high doses of NMN supplementation. The long-term downstream 
effects of these catabolites should be better characterized to avoid 
potential toxicity (Poljšak et al., 2022; Rajman et al., 2018) as 2/4-
PY were reported to have inhibitory effects on key enzymes such 
as PARP-1 (Rutkowski et al., 2003). Hence, establishing therapeutic 
windows for NAD+ supplementation should be important for the 
long-term management of aging-related symptoms.

Several limitations should be considered in our study. First, we 
recruited 76 females and 67 males for assessing the age-related 
NAD+ disparity. Even though the sample size is sufficient for eval-
uating the age-related decline of NAD+, having more participants 
would be beneficial for detecting the potential NAD+ differences 
between more refined age groups. As NAD+ is blood cell-enriched, 
additional assays for blood cell compositions and counts would help 
to interpret the age- and gender-associated difference in the whole-
blood NAD+ level. Furthermore, NAD+ quantification in different 
blood cell types would provide a more comprehensive mapping of 
the NAD+ metabolism associated with age, gender, and diurnal met-
abolic fluctuations. Second, our longitudinal analysis showed that 
aerobic sport and NMN increases NAD+ for the tested individuals, 
but more data points and larger sample sizes will help to identify 
other NAD+-modulating behaviors and establish new sportive or 
dietary regimes to enhance NAD+ during physiological aging. The 
analysis excluded the data points with more than one event recorded 
on the same day and did not analyze the combined effects of multi-
ple events on the NAD+ level due to the limited data set. Combining 
NAD+ levels with more comprehensive and continuous data ob-
tained by health-monitoring wearables such as smartwatches will 
provide deeper insights into how different daily behaviors and habits 
can influence NAD+ metabolism and provide new approaches for its 
active modulation. Third, the NAD+ survey indicated the existence 
of individuals with notably high NAD+ levels. However, we could not 
yet characterize the genetic or metabolic features of the individuals 
within the scope of this study. But the cost-effective NAD+ survey 
will enable the mapping of NAD+ at larger scales and lead to future 
investigations into the underlying mechanisms.

Overall, we demonstrated a low-cost and easy-to-use assay 
using recombinant sensor protein and an automated optical reader 
for measuring fingertip blood NAD+ and revealed how parameters 
such as NAD+ supplementation, aerobic sport, gender, age, circa-
dian rhythm etc., may contribute to the NAD+ disparity amongst 
people. The widely observed differences in human aging underline 
the necessity of developing easily available, minimally invasive, and 
low-cost sensing tools for measuring aging biomarkers to identify 
meaningful subgroups of the aging phenotype and to empower per-
sonalized aging interventions through the quantitative monitoring of 
NAD+-modulating regimes.

4  |  METHODS

4.1  |  Clinical subjects and samples

Study protocol for evaluating the effect of oral NMN supplemen-
tation and aerobic sports on human subjects have been reviewed 
and approved by the ethics committee of Guangzhou Sport 
University (ethics approval number: 2020 LCLL-009, Registry 
Number ChiCTR2000040222) in accordance with the Declaration 
of Helsinki. First, the study evaluates how different doses of NMN 
affect the whole blood NAD+ level. Then, the study compares the 
effect of aerobic sports with and without NMN supplementation on 
the whole blood NAD+. The study recruited participants between 
55 and 70 years of age. The exclusion criteria are (1) having hepatic 
and/or renal dysfunction, infectious diseases, cardiac dysfunc-
tion, and/or spinal dysfunction, (2) having chest pain or shortness 
of breath during sport, (3) having more than 3% changes of body 
weight within 2 months before the study, (4) having previously taken 
NA, NMN, nicotinamide (NAM), or other vitamins B3-related dietary 
supplements, (5) taking coffee or caffeine-containing drinks, (6) dur-
ing pregnancy or lactation, (7) being mentally unfit to participate in 
the study. For the aerobic sport intervention, subjects participated 
in centralized aerobic sport for 40–60 min, three times per week. 
For the first 2 weeks, the aerobic sport intensity was maintained be-
tween 40% to 59% of the heart rate reserve (HRR), then aerobic 
sport intensity was increased to 60% to 85% of the HRR. In addition, 
subjects participated in resistance training three times per week. For 
the dietary supplementation, subjects were grouped and tested in a 
double-blinded, placebo-controlled manner with three groups taking 
the placebo, 500 mg/day NMN, and 1000 mg/day NMN. The rand-
omization was performed by the random number table method. The 
intervention of NMN administration is double blinded for both the 
subjects and investigators. The placebo used was mannitol powder 
contained in opaque capsules with the same weight and appearance. 
The administration of NMN was performed and registered between 
9 and10 am. The venous blood samples were collected one day after 
the last NMN administration between 8 and 10 am without break-
fast via phlebotomy and were collected in plastic blood collection 
tubes with EDTA as anticoagulant for analysis. The study sets the 
primary outcome as whole blood NAD+ measurement and second-
ary outcome as lifestyle assessment scale SF-36, the result of which 
is not revealed in this work due to scope reasons. The sample size 
per group was determined to be 16 with significance level = 0.05, 
power = 0.8, treatment group = 4, Mean under H0 = 25, Standard 
deviation = 5, minimal detectable effect = 4, superiority margin = 0.1. 
Considering the potential dropout, no less than 20 subjects were 
recruited for each group. The dropout and their reasons were indi-
cated in the CONSORT flow chat.

The study protocol for evaluating fingertip blood NAD+ lev-
els of human subjects have been reviewed and approved by the 
Institutional Review Board of Shenzhen Institute of Advanced 
Technology, Chinese Academy of Sciences (ethics approval num-
ber: SIAT-IRB-210915-H0575) in accordance with the Declaration 
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of Helsinki. Fingerstick sampling was performed to collect 5 μL of 
capillary blood using disposable fingerstick lancets (STERiLANCE 
Medical Inc.) for NAD+ measurement. The blood sampling time, 
administration of medication and/or dietary supplements, aero-
bic sport, sleep quality and menstruation have been recorded for 
data analysis with written consent of participants. The exclusion 
criteria are (1) being younger than 18 years of age, and (2) having 
hemophobia or other symptoms hindering the fingerstick blood 
sampling.

4.2  |  Sensor preparation

The gene of the sensor NS-Goji 1.3 was constructed in a pET51b (+) 
vector for recombinant expression in E. coli (DE3). The E. coli (DE3) 
was cultured 1 L LB medium containing 50 μg/mL ampicillin at 37°C 
with a shaking rate of 220 rpm to reach an optical density of 0.6–
0.8 at 600 nm. Then 0.5 mM isopropyl β-D-thiogalactopyranoside 
(IPTG) was added into the medium to induce sensor expression 
at 16°C for 16 h. The E. coli (DE3) was collected by centrifugation 
at 8000 rpm for 15 min and the resulting pellet was suspended 
in 25 mM Tris–HCl buffer containing 500 mM NaCl and 20 mM 
imidazole at pH 8.0 for lysis using high-pressure homogenizer at 
4°C. The lysate was centrifuged at 13,000 g for 30 min at 4°C and 
the resulting supernatant was filtrated by 0.22 μm syringe filters 
for purification by Ni-NTA (Smart Lifesciences Lnc., China) and 
Strep-Tactin (Smart Lifesciences Lnc., China) columns. The pu-
rified protein was desalted and exchanged into 50 mM HEPES 
buffer containing 50 mM NaCl (pH 7.2) with an Amicon Ultra-15 
centrifugal filter (10 kDa MWCO, Merk Millipore Inc.). Protein con-
centration was measured by Bradford assay. The obtained protein 
solution was added into an equal volume of glycerol for long-term 
storage at −80°C.

4.3  |  Blood sample measurement by NAD+ sensor

Phlebotomy was performed to collect venous blood samples in plas-
tic blood collection tubes with EDTA as anticoagulant. Fingerstick 
sampling was performed to collect capillary blood samples using dis-
posable fingerstick lancets (STERiLANCE Medical Inc.). The blood 
samples were processed by the analyzer's automated sample han-
dling program in which 5 μL of sample were lysed by mixing thor-
oughly with 4 volumes of 0.5 N perchloric acid. The lysate was then 
diluted by 10-fold in a buffer containing 500 mM HEPES, 500 mM 
NaCl at pH 7.2. 10 μL of the resulting solution was then added into 
90 μL of measurement buffer containing 0.5 nM sensor, 100-fold di-
luted furimazine, 50 mM HEPES and 50 mM NaCl at pH 7.2, which 
was previously lyophilized and automatically reconstituted in the 
analyzer's mixing well by the liquid handler. The sensor's biolumi-
nescent signal was measured using the integrated photon-detector 
(Hamamatsu Photonics) of the analyzer with NLuc emission meas-
ured at 460 nm (bandwidth 30 nm) and RFP emission was measured 

at 580 nm (bandwidth 20 nm). The sensors' emission ratio (R) be-
tween 580 nm and 460 nm was used to calculate the NAD+ concen-
trations according to the titration curve.

To titrate the senor, standard aqueous NAD+ solutions with 
known concentrations were prepared and measured by the above-
mentioned method. The sensors' emission ratio (R) was plotted 
against the NAD+ concentrations and the resulting curve was fitted 
to the Hill-Langmuir equation to obtain the sensor's maximum ratio 
(Rmax), minimum ratio (Rmin), c50 and Hill coefficient (h)

NAD+ concentrations in unknown samples were calculated with the 
rearranged the equation:

4.4  |  Blood sample measurement by HPLC–MS

5 μL of whole blood was taken from blood collection tubes and 
added into 20 μL of 0.5 N perchloric acid with thorough mixing. Cell 
debris and aggregates were separated by centrifugation at 12000 g 
for 5 min at 4°C. The supernatant was transferred into sample tubes 
and stored at −80°C until analysis. Upon analysis, the supernatant 
was diluted by 10-fold in aqueous solution with 50% methanol and 
50% water and then filtered with a PTFE syringe filter (0.45 μm * 
13 mm) before injection into LC–MS.

Agilent Infinity Lab LC/MSD iQ G6160A was used to perform 
the LC–MS quantification of the blood samples. 10 μL of each pre-
pared sample were injected into LC and separated by a ZORBAX 
SB-Aq Column (Agilent, 4.6 × 100 mm, 3.5 μm). The autosampler 
temperature was set to 4°C and the column temperature was 
set to 20°C. The following elution program was used: A = aque-
ous 0.1% formic acid-water, B = acetonitrile, 0 min 20% A, 0.5 min 
20% A, 1.2 min 60% A, 2.5 min 60% A, 2.6 min 20% A, 3 min 20% 
A, with total run time of 3.0 min and a flow rate of 1.00 mL/min. 
NAD+, 2/4-PY and NMN featured a retention time of 1.09 min, 
1.15 min and 1.06 min respectively. For MS quantification, MS 
was equipped with electrospray ionization (ESI) ion source and 
operates in both positive and negative ion mode. Samples were 
ionized under high-flow conditions with curtain gas = 35 psi, 
collision gas = “high”, cataclastic voltage = 100 V, capillary volt-
age = 3500 V, and dry temperature = 325°C. The following ion pairs 
were used for analyte identification: NAD+1: 662 → 539.7 m/z; 
NAD+2: 662 → 80 m/z; 2/4-PY1: 152.9 → 136 m/z; 2/4-PY2: 
152.9 → 108 m/z; NMN1: 335 → 122.8 m/z; NMN2: 335 → 97 m/z. 
Standard solutions with known concentrations of NAD+ (0.07537, 
0.1507, 0.3015, 0.7537, 1.507 μmol/L), 2/4-PY (0.3286, 0.6572, 
1.314, 3.286, 6.572 μmol/L), and NMN (0.1496, 0.2992, 0.5984, 
1.496, 2.992 μmol/L) have been prepared and automatically in-
jected with single injections for LC–MS analysis to optimize the 
quantification conditions. A linear regression was then applied 

R = Rmax −
Rmax − Rmin

1 +
(

c50

[NAD+]

)h

[

NAD
+
]

= c50

(

Rmax−R

R−Rmin

)1∕h
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(weighting 1/x, rNAD+ = 0.9998, r2/4-PY = 0.9964, rNMN = 0.9994) to 
obtain the respective standard curves. The limit of detection (LOD) 
of NAD+, 2/4-PY and NMN was 0.0301 μmol/L, 0.131 μmol/L and 
0.0598 μmol/L (Signal/Noise ≥3) and the limit of quantification 
(LOQ) was 0.0754 μmol/L, 0.329 μmol/L, 0.150 μmol/L (Signal/
Noise ≥10). All calculation was performed with Agilent OpenLab 
Data Analysis 2.205.7.2 software.

4.5  |  Determination of recovery rate and 
sample stability

100 μL of solution was taken from lysed blood samples with known 
NAD+ concentrations. The samples were then added with 100, 400, 
and 700 μg/L standard NAD+. The samples were further diluted in 
aqueous solution with 50% methanol and 50% water for six parallel 
LC–MS measurements.

Blood samples lysed with 0.5 N perchloric acid were stored at 
room temperature and at 4°C for 0 h, 1 h, 2 h, 4 h, 6 h, 12 h, 24 h, 
and 48 h before LC-MS measurement using the above-mentioned 
method (Figure S8).

4.6  |  Salivary sample measurement

Salivary samples were collected in 10 mL conical tubes in the morning 
before breakfast after at least 8 h of fasting, which were then added 
with various concentrations of NAD+ solutions to prepare spiked 
salivary samples. The resulting samples were loaded into the NAD+ 
analyzer and were automatically added with 4 volumes of 0.5 N per-
chloric acid. The analyzer then dilutes the resulting mixture by 10-
fold in a buffer containing 500 mM HEPES, 500 mM NaCl at pH 7.2, 
and transfers 10 μL of the resulting solution into 90 μL of measure-
ment buffer containing 0.5 nM sensor, 100-fold diluted furimazine, 
50 mM HEPES, 50 mM NaCl at pH 7.2 for bioluminescent measure-
ment. The sensor's bioluminescent signal was measured using the 
analyzer's integrated photon-detector (Hamamatsu Photonics) with 
NLuc emission measured at 460 nm (bandwidth 30 nm) and RFP 
emission was measured at 580 nm (bandwidth 20 nm). The sensors' 
emission ratio (R) between 580 nm and 460 nm was used to calcu-
late the NAD+ concentrations according to the titration curve per-
formed in parallel. HPLC-MS measurement of the supernatant was 
performed in parallel according to the above-mentioned method as 
reference.

4.7  |  RNA sequencing of PBMCs

Around 10 mL of intravenous blood was collected in EDTA tubes at 
10 am from four subjects with the highest and lowest whole blood 
NAD+ levels after 1000 mg/day NMN supplementation. The PBMCs 
layer was collected after centrifugation with Ficoll media at 400 g for 
30 min and then washed twice with PBS at 300 g for 10 min at 25°C. 

The pellet was resuspended with 5 volumes of ACK lysis buffer to 
lyse red blood cells and then centrifuged at 500 g for 5 min. The 
PBMCs were then resuspended in RPM1640 medium containing 
10% FBS for cell counting and centrifuged and flash-frozen for RNA 
extraction and sequencing.

4.8  |  Statistics

All values were expressed as mean ± standard deviation. Statistics 
were performed using Prism 8 (Graphpad). All quantification tests 
were independently performed for at least three times. Data were 
represented as the mean ± SD. Correlations between two variables 
were tested with Pearson correlation coefficient. Levels of agree-
ment were evaluated using Bland–Altman analysis. Significance 
was determined using t-test, one-way ANOVA analysis, or two-way 
ANOVA analysis. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 
throughout the manuscript.
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