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Abstract: Herein, we determined if a multi-ingredient supplement (NAD3; 312 mg of combined
Wasabia japonica extract, theacrine, and copper (I)niacin chelate) versus a placebo (CTL) affected
peripheral blood mononuclear (PMBC) transcriptomic, DNA methylation, and sirtuin activity profiles
in middle-aged adults after 12 weeks of supplementation. Several mRNAs demonstrated interactions
(n = 148 at ±1.5-fold change, p < 0.01), and more stringent filtering indicated that 25 mRNAs were
upregulated and 29 were downregulated in the NAD3 versus CTL group. Bioinformatics on these
64 mRNAs suggested that DNA conformational alterations may have been promoted with NAD3
supplementation, and this was corroborated with more CpG sites being hypermethylated (p < 0.001)
in the CTL versus the NAD3 group when examining pre- to post-intervention changes (369 versus 35).
PBMC SIRT activity decreased in CTL participants (p < 0.001), but not in NAD3 participants (p = 0.289),
and values at 12 weeks trended higher in NAD3 participants (p = 0.057). Interestingly, the pre- to post-
changes in SIRT activity values significantly correlated with changes in PBMC NAD+: NADH values
obtained from a previous investigation in these participants (r = 0.534, p = 0.015). In conclusion, the
current mRNA and DNA methylation data indirectly suggest that NAD3 supplementation may affect
PBMC DNA conformation, while other direct assays suggest that NAD3 supplementation maintains
SIRT activity through the potential maintenance of NAD+: NADH levels. However, these results are
preliminary due to limited n-sizes and the study being performed in middle-aged adults.

Keywords: theacrine; NAD+; PBMCs; sirtuins

1. Introduction

There are several nutritional supplements that affect hallmark features of aging, in-
cluding creatine monohydrate [1]; omega-3 fatty acids [2]; NAD+ precursors, such as niacin,
niacinamide, NMN (nictotinamide mononucleotide) and NR (nicotinamide riboside) [3];
and various plant-based polyphenols [4]. Pre-clinical and human studies have been per-
formed on a multi-ingredient supplement termed NAD3 (312 mg of combined wasabia
japonica extract, theacrine, and copper (I)niacin chelate). Two human studies (one which
provided theacrine-only and the other providing NAD3) have shown that 12 weeks of
supplementation improves blood cholesterol levels [5,6]. Additionally, one of these studies
demonstrated that supplementation significantly maintained peripheral blood mononu-
clear cell (PBMC) NAD+: NADH levels compared to those in a placebo control group [5],
and this corroborated prior in vitro data demonstrating NAD3 was capable of increasing
NAD+ concentrations in murine muscle cells [7].

Theacrine is an alkaloid found in wild tea plants [8], and it has been demonstrated
in pre-clinical and clinical trials to reduce inflammation [9,10], act as an antioxidant [11],
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and favorably alter blood lipid profiles [5,6]. Preclinical data also suggests that long-chain
6, 7, and 8-methylsulfinylhexyl/heptyl/octyl isothiocyanates (ITCs) in wasabi (Wasabia
japonica) elicit anti-inflammatory and cytoprotective effects [12–14]. Additionally, ITCs can
affect histone deacetylase (HDAC) and DNA methyltransferase (DNMT) activities [15],
thus implicating their potential role in gene regulation. Cuprous niacin chelate (Cu(I)NA2)
provides copper in the reduced +1 valance state, and is an essential cofactor in the super-
oxide dismutase antioxidant enzymes [16]. Hence, it is apparent that each of the active
ingredients in NAD3 possesses data, albeit much of it being pre-clinical or in vitro, to
substantiate its efficacy in affecting gene expression and cellular anti-aging markers.

Considering our recent data demonstrating that 12 weeks of NAD3 supplementation
maintained peripheral blood mononuclear cell (PBMC) NAD+: NADH levels better than
those seen in a placebo group [5], the purpose of the current study was to expand this
analysis and determine if NAD3 supplementation affected PBMC transcriptomic profiles
(with an emphasis on SIRT1-7 mRNA), DNA methylation profiles, and PBMC global sirtuin
activity. In our original investigation, 28 participants were randomly assigned to receive
either NAD3 or a cellulose placebo, and blood was drawn in the morning, following an
overnight fast prior to supplementation (pre) and after 12 weeks of daily pill consumption
(post) [5]. In this secondary analysis, most, but not all, of these same participants were
analyzed due to sample yield limitations, depending on cell lysate limitations required
for assays. Given the unbiased and exploratory nature of -omics-based investigations, we
adopted null hypotheses for most outcomes assessed herein. However, we hypothesized
that changes in DNA methylation and/or mRNA expression patterns may be linked to the
positive effects previously observed regarding the effects of NAD3 supplementation on
PBMC NAD+: NADH levels.

2. Results
2.1. Participant Characteristics from Our Prior Data Analysis

For convenience, general participant characteristics and outcomes reported in the
parent publication are presented in this section [5]. Regarding pre-intervention participant
characteristics, there were no differences in age (NAD3: 51 ± 5 years old, CTL: 52 ± 6 years
old, p = 0.57), BMI (NAD3: 29.0 ± 5.0 kg/m2, CTL: 28.3 ± 3.9 kg/m2, p = 0.68), systolic
blood pressure (NAD3: 127 ± 11 mmHg, CTL: 128 ± 15 mmHg, p = 0.84), or diastolic blood
pressure (NAD3: 78 ± 10 mmHg, CTL: 80 ± 7 mmHg, p = 0.54).

Over the 12-week supplement intervention, no supplement× time interactions existed
for body mass changes (p = 0.77), systolic blood pressure changes (p = 0.52), or diastolic
blood pressure changes. We did report that significant interactions existed for serum total
cholesterol (p = 0.01) and LDL cholesterol (p = 0.01), and post hoc tests indicated that signifi-
cant decreases in these markers occurred in the NAD3-supplemented participants (p < 0.05
for both). We also reported that a significant interaction occurred for the NAD+: NADH
ratio in PBMCs (p = 0.02), and post hoc testing indicated that values were significantly
higher in NAD3-supplemented participants at week 12.

2.2. PBMC mRNA Expression Differences between Treatment Groups

All mRNA comparisons are included as supplemental data (titled “Supplementary
File S1. mRNA comparisons”). There were 148 mRNAs that showed significant interactions
between supplementation groups over time, with 76 being upregulated and 72 being
downregulated in the NAD3 versus CTL group (p < 0.01). Table 1 shows the top 15
upregulated and downregulated PBMC mRNAs over time with supplementation.

When entering the upregulated and downregulated gene list from Table 1 into PAN-
THER pathway analysis, certain biological processes in PBMCs according to Gene Ontol-
ogy [17] were predicted to be potentially affected by supplementation. These processes are
listed in Table 2 below.
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Table 1. Top 15 upregulated and downregulated PBMC mRNAs with supplementation from pre- to
post-testing.

Gene CTL
PRE

CTL
POST

NAD3
PRE

NAD3
POST

Delta-Fold
Change

Interaction
p-Value

Downregulated in NAD3 versus CTL from pre-to post-testing

ADAM22 5.66 6.09 6.73 * 5.27 −3.70 0.0063

PTPRO 4.97 5.34 6.25 * 5.07 −2.94 0.0089

DCAF6 5.69 6.2 6.26 5.21 −2.94 0.0094

SRF 4.18 4.66 5.13 * 4.06 # −2.93 0.0004

LYRM2 4.89 5.05 6.08 * 4.80 −2.72 0.0011

RRAS2 6.12 6.80 6.55 * 5.84 # −2.63 0.00001

ZNF415 4.65 5.09 5.12 4.21 # −2.55 0.002

SNX1 4.91 5.42 5.62 * 4.79 # −2.53 0.0003

THEGL 6.61 7.09 7.23 6.39 # −2.51 0.0086

ECD 5.93 6.62 6.26 5.64 # −2.49 0.0086

PPP6R1 4.62 4.89 5.29 * 4.30 # −2.40 0.0007

FBXO16 6.08 6.62 6.80 * 6.08 −2.39 0.0017

TNFRSF10B 4.82 5.52 5.57 * 5.02 −2.38 0.0016

EPT1 4.63 5.06 5.12 * 4.31 −2.36 0.0044

GEMIN2 5.16 5.67 5.81 * 5.12 # −2.31 0.0004

Upregulated in NAD3 versus CTL from pre- to post-testing

TNFSF13B 6.97 5.23 5.10 * 5.94 5.99 0.00006

ST5 5.96 5.50 4.79 * 6.25 # 3.79 0.0022

NDUFB4 6.53 5.54 5.72 6.57 3.59 0.0017

ZZZ3 5.04 4.82 4.21 * 5.66 # 3.18 0.0009

TRPC5 6.62 5.83 6.24 7.09 # 3.10 0.0015

OSBPL1A 6.40 5.78 5.30 * 6.31 3.09 0.00008

STKLD1 7.00 6.19 6.20 * 6.94 # 2.92 0.0002

POGZ 6.99 5.86 5.96 * 6.37 # 2.92 0.0044

CNTROB 7.29 6.05 6.34 * 6.65 2.90 0.0094

MYO6 5.05 4.29 4.56 5.32 # 2.87 0.0021

POT1 6.26 5.71 5.48 6.40 # 2.78 0.0006

PPIE 5.01 4.61 4.33 5.41 # 2.78 0.0023

ARMC2 4.27 3.88 4.00 5.01 # 2.64 0.0067

STXBP4 6.01 5.79 5.63 6.68 # 2.41 0.0067

CNIH3 5.32 5.06 5.21 6.21 # 2.40 0.0083
Legend: values are presented as log2 expression data averaged for n = 16 CTL participants and n = 9 NAD3
participants. Symbols: *, indicates values were different between groups at pre- (p < 0.05); #, indicates values were
different between groups at post-testing.

Given that several mRNAs that showed significant interactions significantly differed at
pre-testing between groups, we performed a more stringent analysis on these 148 mRNAs.
First, we screened out mRNAs that significantly differed (p < 0.05) at pre-testing between
groups (54 genes omitted). Next, we screened out mRNAs that were not significantly
different (p > 0.05) at post-testing between groups (29 additional genes omitted). This
yielded 64 mRNAs that showed a significant interaction between supplementation groups



Physiologia 2023, 3 236

over time, with 25 being upregulated and 29 being downregulated in the NAD3 versus
CTL group (p < 0.01). Table 3 shows the top 15 upregulated and downregulated PBMC
mRNAs over time with supplementation.

Table 2. Significant functionally annotated terms from significantly altered PBMC mRNA with
supplementation.

Biological Process GOTERM Count
(% of Pathway) mRNAs Significance of GOTERM

Upregulated in NAD3 versus CTL from pre- to post-testing

Helicase activity 3 (4%) DDX60, HFM1, SNRNP200 0.021

Downregulated in NAD3 versus CTL from pre- to post-testing

Regulation of transcription
from RNA PolII promoter 10 (14.3%) DCAF6, PRDM4, ECD,

FOXOA1, GMEB1, IL17F,
MOSPD1, NPAT, PHOX2B, SRF

0.012

Response to ER stress 3 (4.3%) DNAJB9, TNFRSF10B, HYOU1 0.028

mRNA processing 4 (5.7%) ADAR, ECD, GEMIN2, PAN3 0.029

Legend: significance for GOTERM was established as p < 0.05.

Table 3. Top 15 upregulated and downregulated PBMC mRNAs with supplementation from pre- to
post-testing that were not significantly different at pre- and were significantly different at post-testing.

Gene CTL
PRE

CTL
POST

NAD3
PRE

NAD3
POST

Delta-Fold
Change

Interaction
p-Value

Downregulated in NAD3 versus CTL from pre- to post-testing

ZNF415 4.65 5.09 5.12 4.21 −2.55 0.002

THEGL 6.61 7.09 7.23 6.39 −2.51 0.0086

ECD 5.93 6.62 6.26 5.64 −2.49 0.0086

SPATA17 4.83 5.71 4.83 4.53 −2.27 0.0001

ZNF529-AS1 5.75 6.17 6.35 5.74 −2.04 0.003

ST5 6.2 6.61 6.43 5.84 −2.01 0.0074

OXR1 5.24 5.60 5.38 4.73 −2.01 0.0013

HINT1 6.08 6.49 6.52 5.96 −1.96 0.0029

ZNF233 4.86 5.59 5.18 4.94 −1.96 0.009

GLCCI1 4.47 4.98 4.58 4.12 −1.95 0.0034

DTD1 5.93 6.47 6.26 5.86 −1.92 0.0027

MOSPD1 4.65 4.76 5.06 4.28 −1.87 0.0071

DDX11 5.84 6.54 5.71 5.51 −1.87 0.0042

C14orf159 4.19 4.67 4.40 4.00 −1.83 0.0028

FOXA1 5.51 6.11 5.85 5.60 −1.80 0.0025
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Table 3. Cont.

Gene CTL
PRE

CTL
POST

NAD3
PRE

NAD3
POST

Delta-Fold
Change

Interaction
p-Value

Upregulated in NAD3 versus CTL from pre- to post-testing

ST5 5.96 5.5 4.79 6.25 3.79 0.0022

NDUFB4 6.53 5.54 5.72 6.57 3.59 0.0017

TRPC5 6.62 5.83 6.24 7.09 3.10 0.0015

MYO6 5.05 4.29 4.56 5.32 2.87 0.0021

PPIE 5.01 4.61 4.33 5.41 2.78 0.0023

POT1 6.26 5.71 5.48 6.40 2.78 0.0006

ARMC2 4.27 3.88 4.00 5.01 2.64 0.0067

STXBP4 6.01 5.79 5.63 6.68 2.41 0.0067

CNIH3 5.32 5.06 5.21 6.21 2.40 0.0083

WRNIP1 4.94 4.48 4.32 5.11 2.37 0.0057

SASS6 5.27 4.80 5.42 6.17 2.34 0.0082

SLC26A6 6.02 5.25 5.50 5.91 2.29 0.0096

ASB17 5.07 4.82 4.53 5.48 2.29 0.0047

LNX1 4.24 4.24 4.10 5.17 2.11 0.0059

C3orf52 5.04 4.82 4.67 5.47 2.03 0.0054
Legend: values are presented as log2 expression data averaged for n = 16 CTL participants and n = 9 NAD3
participants.

When entering the upregulated and downregulated gene list from Table 3 into PAN-
THER pathway analysis, certain biological processes in PBMCs according to Gene Ontol-
ogy [17] were predicted to be potentially affected with supplementation. These processes
are listed in Table 4 below.

Table 4. Significant functionally annotated pathways from significantly altered PBMC mRNAs with
supplementation where these mRNAs were not significantly different at pre- and were significantly
different at post-testing between groups.

Biological Process GOTERM Count
(% of Pathway) mRNAs Significance of GOTERM

Top upregulated biological processes in NAD3 versus CTL from pre- to post-testing

DNA conformation change * 5 (4.7%) POT1, HFM1, WRNIP1, DTD1,
DDX11 1.4 × 10−5

Only downregulated biological process in NAD3 versus CTL from pre- to post-testing

Cell communication 8 (0.1%) RAB12, STXBP4, ASB17, MYO6,
CD24, HINT1, TEAD2, FOXA1 0.047

Legend: these data were from the 64 mRNAs that were not significantly different between groups at pre- but
differed between groups at post-testing. Symbol: *, these genes also belonged to the following GOTERM biological
processes that were predicted to be significantly upregulated with NAD3 supplementation: “DNA duplex
unwinding” (GO:0032508), “DNA geometric change” (GO:0032392), and “DNA replication” (GO:0055133).

2.3. PBMC Methylome Differences between Groups

Differential methylation analysis on isolated PBMC DNA was conducted to identify
CpG loci undergoing significant methylation changes from pre- to post-intervention. In an
initial analysis comparing the 12-week methylation states relative to the baseline identified
the CTL group as having the greatest number of methylation changes at a CpG level; a
total of 547 differentially methylated CpG sites (DMLs) were significantly altered in the
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CTL group (p < 0.001) and 107 DMLs in the NAD supplementation group. In addition, the
CTL group exhibited greater hypermethylation as evidenced by a greater number of hyper-
methylated DMLs (n = 369 DMLs) compared to hypomethylated DMLs (n = 178 DMLs).
Conversely, the NAD3 group exhibited greater hypomethylation (n = 78 DMLs) compared
to hypermethylation (n = 35 DMLs). These data are depicted in Table 5.

Table 5. Number of significant PBMC DMLs from pre- to post-intervention.

Differentially Methylated Sites CTL Group NAD3 Group

Hypermethylated 369 35

Hypomethylated 178 72

Total differentially methylated sites 547 107
Legend: Significance for DML was established using an unadjusted p < 0.001.

To capture methylation changes at the completion of the study, a second analysis
comparing each group at 12 weeks was conducted. Overall, this analysis revealed greater
methylation changes than comparing each group individually, as previously described.
Between the NAD3 and CTL groups at week 12 (n = 5110 DMLs), a majority of these
significantly different DMLs were hypermethylated in the CTL group (n = 3301), relative to
the NAD3 group (n = 1809) (Figure 1).
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Figure 1. Volcano plots and heatmaps for the 12-week sample PBMC DNA methylation comparisons
between the NAD3 and CTL groups. Legend: the left inset illustrates methylation scores (M-values)
at week 12, when fold-change was calculated as CTL values relative to NAD3 values. The right inset
is a heat map that illustrates the 12-week methylation scores (Beta values) between n = 8 NAD3
participants and n = 13 CTL participants.

Gene Ontology analysis was conducted on the DMLs identified in the 12-week com-
parisons. Among the NAD3 versus CTL comparison at 12 weeks, a total of 716 GO terms
(390 GO-CC, 326 GO-MF, 0 GO-BP) were significantly associated (adjusted p-value < 0.05)
to the hypermethylated DMLs identified, and 669 significant GO terms (82 GO-CC, 160
GO-MF, 427 GO-BP) to the hypomethylated DMLs of the same comparison. Table 6 contains
the top-predicted pathways based on week 12 DNA methylation data between groups
after removal of non-relevant (non-PBMC-specific) and redundant molecular or cellular
pathways.
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Table 6. GO terms associated with DNA methylation data at week 12.

Classification ID Description Genes

GO-related terms predicted to be upregulated based on genes hypomethylated at week 12 in the NAD3 versus CTL group

GO Molecular Function GO:0003712 transcription cofactor activity

BCOR,CITED1,FOXP3,HCFC1,KDM1A,MAGED1,
MECP2,MED12,MED14,MSX2,MYOCD,NR0B1,NR2F2,
PIR,POU3F2,PQBP1,RAP2C,RBBP8,RLIM,SMARCC1,

SOX3,SSX4B,TADA2A,TAF1,TAF7L,TAF9B,TBL1X,
TFDP1,UBE3A,UXT,VGLL1,YY1,ZCCHC12,ZCCHC18

GO Molecular Function GO:0017064 fatty acid amide hydrolase activity FAAH,FAAH2

GO Cellular Component GO:0000794 condensed nuclear chromosome ATRX,FAM9B,FAM9C,HSPA2,RGS12,
SMC1A,SUV39H1,SYN1,TEX11

GO Molecular Function GO:0005275 amine transmembrane transporter activity SLC22A16,SLC32A1

GO Molecular Function GO:0052846
inositol-1,5-bisdiphosphate-2,3,4,6-
tetrakisphosphate 1-diphosphatase

activity
NUDT10,NUDT11

GO Molecular Function GO:0016300 tRNA (uracil) methyltransferase activity KIAA1456,TRMT2B

GO-related terms predicted to be downregulated based on genes hypermethylated at week 12 in the NAD3 versus CTL group

GO Molecular Function GO:0008484 sulfuric ester hydrolase activity ARSD,ARSE,ARSF,ARSH,E NSG00000241489,IDS,STS,SULF1

GO Biological Process GO:0002755 MyD88-dependent toll-like receptor signaling
pathway BTK,IRAK1,TAB2,TAB3,TLR7,TLR8

GO Biological Process GO:0008215 spermine metabolic process SAT1,SATL1,SMS

GO Cellular Component GO:0002189 ribose phosphate diphosphokinase complex PRPS1,PRPS2

GO Molecular Function GO:0048365 Rac GTPase binding ARHGAP4,CDKL5,FLNA,NOX1,OCRL,PAK3,WAS

GO Molecular Function GO:0035586 purinergic receptor activity ADORA2A,GPR34,P2RX2,P2RY10,P2RY4

GO Biological Process GO:0016570 histone modification

ATXN3L,BCOR,BRCC3,CUL4B,HCFC1,HDAC6,
HDAC8,HUWE1,JADE3,KDM5C,KDM6A,MECP2,
MORF4L2,MSL3,OGT,PADI1,PADI3,PHF8,RBBP7,

SUV39H1,TAF1,TAF9B,TBL1X,UBE2A,USP51

GO Molecular Function GO:0035197 siRNA binding FMR1,MECP2,TLR7

GO Molecular Function GO:0061578 Lys63-specific deubiquitinase activity BRCC3,OTUD5,USP27X

GO Biological Process GO:0071394 cellular response to testosterone stimulus AR,ELK1,MSN

GO Biological Process GO:0009169 purine ribonucleoside monophosphate
catabolic process HPRT1,NUDT10,NUDT11

GO Cellular Component GO:0005741 mitochondrial outer membrane
ACSL4,ARMCX1,ARMCX2,ARMCX3,ARMCX6,
DDX3X,FUNDC1,FUNDC2,GK,MAOA,MAOB,

MLXIP,MTX2,SPATA19

GO Molecular Function GO:0008013 beta-catenin binding AJAP1,AMER1,AR,CDH5,FOXO4,HDAC6,
MED12,SHROOM2,TBL1X

GO Biological Process GO:0048488 synaptic vesicle endocytosis NLGN3,NLGN4X,OPHN1,SYP,SYT5

GO Molecular Function GO:0004145 diamine N-acetyltransferase activity SAT1,SATL1

GO Biological Process GO:0009128 purine nucleoside monophosphate catabolic
process HPRT1,NUDT10,NUDT11

GO Molecular Function GO:0036459 thiol-dependent ubiquitinyl hydrolase activity ALG13,ATXN3L,BRCC3,OTUD5,OTUD6A,
TAF9B,USP11,USP27X,USP51,USP9X,USP9Y

GO Biological Process GO:0016569 covalent chromatin modification

ATRX,ATXN3L,BCOR,BCORL1,BRCC3,CUL4B,
HCFC1,HDAC6,HDAC8,HMGN5,HUWE1,JADE3,

KDM5C,KDM6A,MECP2,MORF4L2,MSL3,OGT,
PADI1,PADI3,PHF8,RBBP7,SMARCA1,SUV39H1,

TAF1,TAF9B,TBL1X,TSPYL2,UBE2A,USP51

GO Molecular Function GO:0101005 ubiquitinyl hydrolase activity ALG13,ATXN3L,BRCC3,OTUD5,OTUD6A,
TAF9B,USP11,USP27X,USP51,USP9X,USP9Y

GO Molecular Function GO:0099095 ligand-gated anion channel activity GABRE,GLRA2,GLRA4

Legend: the ontology ID, description, regions, and genes associated with the one significant GO-CC term identified
between 12-week samples among the NAD3 versus CTL comparison. An adjusted Bonferroni corrected p-value <
0.05 was selected as the threshold, and redundant or non-relevant processes (e.g., neurogenic processes) were
removed.

2.4. PBMC Telomere Length and SIRT Activity Differences between Treatment Groups

Group × time interactions approached statistical significance for PBMC SIRT activity
(p = 0.056, Figure 2a) and telomere length (p = 0.067, Figure 2b). Post hoc analyses indicated
that both metrics decreased from pre- to post-testing in the CTL group (p < 0.001 for both
variables). Further, PBMC SIRT activity trended lower in the CTL group versus the NAD3



Physiologia 2023, 3 240

group at post-treatment (p = 0.057). Finally, it is notable that a decrease in telomere length
approached statistical significance in the NAD3 group as well (p = 0.070), and there was no
statistical difference between groups for this variable at week 12 (p = 0.765). Interestingly,
the pre- to post-treatment change scores in SIRT activity values significantly correlated
with change scores in PBMC NAD+/NADH values from our original investigation [5]
when analyzing 20 participants (n = 10 from each group) who had both assays performed
(r = 0.534, p = 0.015; Figure 2c).
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3. Discussion

This study sought to expand upon our previous molecular analysis of NAD3 sup-
plementation in which we reported that 12 weeks of supplementation positively affected
PBMC NAD+: NADH values, as well as blood lipids [5]. Herein, we observed that 12 weeks
of NAD3 supplementation altered the PBMC expression of 148 mRNAs (±1.5-fold change,
p < 0.01) from pre- to post-treatment, with 76 being upregulated and 72 being downregu-
lated. According to transcriptomics, certain biological processes were also predicted to be
affected in PBMCs, including a downregulation in mRNA transcription, a downregulation
in mRNA processing, a downregulation in ER stress, and an upregulation in helicase
activity. When analyzing mRNAs that showed interactions and were not different between
groups at pre-testing, the top predicted pathways shown to be affected included “DNA
conformational change” (GO:0071103), “DNA duplex unwinding” (GO:0032508), “DNA
geometric change” (GO:0032392), and “DNA replication” (GO:0055133). Interestingly, the
mRNA expression of POT1 (a gene in the aforementioned GO pathways and critical for
telomere length maintenance) increased with NAD3 versus CTL supplementation from
pre- to post-treatment. However, PBMC DNA telomere length (as determined using PCR-
based methods) showed similar post-treatment values between groups, indicating that
telomere length was not altered via NAD3 supplementation. Interestingly, PBMC global
SIRT activity decreased in CTL participants from pre- to post-treatment, but not in NAD3-
supplementated participants, and week 12 values trended higher in NAD3 versus CTL
participants. SIRT1-7 mRNA expression patterns did not differ between supplementation
groups over time, according to our transcriptomic significance thresholds (see supple-
mental data file). However, the pre-to post- testing change scores in SIRT activity values
significantly correlated with the change scores in the PBMC NAD+: NADH values from
our original investigation [5]. These collective data suggest PBMC SIRT activity may be



Physiologia 2023, 3 241

modulated through the maintenance of NAD+: NADH levels, rather than through altered
SIRT1-7 mRNA expression. These findings are discussed in greater detail below.

This is the second study in which we have observed that NAD3 supplementation
affects cellular sirtuin activity. In our first in vitro investigation [7], we noted that 24 h
NAD3 treatments significantly increased SIRT activity, along with NAD+ concentrations
in immortalized murine myotubes. In the current participants, NAD3 supplementation
maintained, but did not increase, PBMC global sirtuin activity levels relative to the control
participants. As reported previously [5], the same was also true of NAD+: NADH values in
the NAD3-supplemented versus CTL participants, and interestingly, there was a significant
positive association between the change values in both variables. Hence, while only
based on association data, we believe that PBMC sirtuin activity was better maintained
in the NAD3-supplemented participants because of the effects of supplementation on the
cellular NAD+: NADH status. There is ample enthusiasm regarding roles that tissue NAD+

concentrations may play in aging [18], and some research suggests that the age-associated
loss in tissue NAD+ levels contribute to a loss of cellular function [19]. However, it remains
to be determined whether the effects observed herein translate to altered PBMC function or
immune resilience, and this will be the crux of our future investigations. Moreover, as the
current participants were middle-aged, more information is needed to determine if NAD3
supplementation has beneficial effects on the assayed markers in younger adults, given
that they do not have lower cellular NAD+ levels or impaired sirtuin activity relative to
middle-aged participants [20].

Exploratory findings to note include the way in which NAD3 supplementation af-
fected biological processes in PBMCs, according to transcriptome- and methylome-wide
bioinformatics. According to mRNA bioinformatics, biological processes predicted to be
downregulated included regulation of transcription, mRNA processing, and response
to endoplasmic reticulum (ER) stress. It is difficult to contemplate what the former two
processes may signify, given that transcriptional arrest is a stress-related response [21].
Hence, this requires more clarity from an in vitro approach. The potential reduction in ER
stress is intriguing and may be related to the niacin content in NAD3 and/or the effects that
NAD3 has on maintaining NAD+: NADH levels. In this regard, Li et al. [22] showed that
increasing intracellular levels of NAD+ via nicotinamide treatments protected hepatocytes
from ER stress in vitro. Finally, the potential increase in PBMC helicase activity with NAD3
supplementation (as well as bioinformatics from the more stringently filtered mRNAs) may
indicate an increase in cell turnover through DNA conformational changes. PBMCs contain
lymphocytes (T cells, B cells, and NK cells), monocytes, and dendritic cells [23]. T cells have
long half-lives (i.e., 1–8 years) [24], whereas B cells and monocytes have relatively shorter
half-lives (i.e., days to weeks) [25,26]. Given that increased helicase activity coincides
with cell cycle progression [27], future research is needed to examine how some of the
shorter-lived PBMCs (e.g., B cells and monocytes) are affected by NAD3 supplementation.
Moreover, complementing said data with functional immune responses is needed.

There are limitations to the current analyses. First, given that the supplement contained
multiple ingredients, it is difficult to ascertain which of the ingredients affected each of
the assayed outcomes. Second, participants were examined under free-living conditions.
While participants were instructed to resume her/his normal dietary habits and physical
activity patterns during enrollment, it is possible that some participants did not follow this
guidance. Third, and as shown in Table 1, we were limited in sample size depending on the
assay, and this led to variable n-sizes per analyses. Finally, it should be noted that PBMCs
are not a pool of homogenous cells. Estimates indicate that this pool of cells contains
~70–90% lymphocytes, ~10–20% monocytes, and ~1–2% dendritic cells [28]. In our parent
publication, we reported that no significant interactions were evident regarding alterations
in lymphocyte and monocyte percentages (interaction p-values were p = 0.34 and p = 0.61,
respectively) [5]. Hence, while we have no reason to believe that changes in lymphocyte
or monocyte counts appreciably affected the outcomes herein, it is possible that marginal
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changes in these cell counts (or alterations in lymphocyte sub-populations) could have
affected the results.

These data continue to demonstrate that a theacrine and ITC-based supplement can
alter the cellular–molecular milieu. In brief, our association data suggest that the main-
tenance of PBMC SIRT activity may be modulated through the maintenance of NAD+:
NADH levels with NAD3 supplementation. The significance of the obtained mRNA and
DNA bioinformatics data require further investigation, given that pathway analysis is
predictive (but not indicative) of processes being affected. Given the limited data in this
area, more studies are needed to determine how PBMC function and stress resilience are
affected by supplementation. Moreover, additional research is warranted in other human
tissues (e.g., skeletal muscle, skin, etc.).

4. Materials and Methods
4.1. Ethical Approval

Details related to ethical approval, inclusion/exclusion criteria, and recruitment of
these participants have been previously published [5], and this study was approved by the
Institutional Review Board at IntegReview, Inc. (Austin, TX, USA; Protocol #CS-01-2020)
and conformed the latest revision of the Declaration of Helsinki with the exception of being
pre-registered as a clinical trial.

As mentioned previously, a subset of participants was analyzed from our original
investigation due to sample yield limitations. For the convenience of the reader, these data
are presented in Table 7 below.

Table 7. Number of CTL and NAD3 participants per PBMC assay.

Assay CTL Group NAD3 Group

Transcriptomics N = 16 (51 ± 6 years old;
7 M/9 W)

N = 9 (53 ± 7 years old;
4 M/5 W)

Global DNA methylation N = 13 (52 ± 6 years old;
7 M/6 W)

N = 8 (53 ± 8 years old;
3 M/5 W)

SIRT activity N = 15 (52 ± 5 years old;
6 M/9 W)

N = 10 (51 ± 6 years old;
3 M/7 W)

Telomere length N = 14 (51 ± 5 years old;
4 M/10 W)

N = 13 (50 ± 6 years old;
3 M/10 W)

NAD+: NADH * N = 10 (51 ± 6 years old;
2 M/8 W)

N = 10 (52 ± 6 years old;
5 M/5 W)

Legend: for convenience, these data show the number of participants per group used for each assay. Notably, a
different number of participants were used per assay due to lysate constraints (i.e., transcriptomics, SIRT activity,
telomere length) or costs (i.e., global DNA methylation). Abbreviations: M, men; W, women. Symbol: *, indicates
that this assay was performed by Roberts et al. (2022), whereby 10 CTL and 12 NAD3 participants were originally
analyzed; however, given that we aimed to associate PBMC SIRT activity and NAD+/NADH data, two NAD3
participants were not included herein, since they did not have enough lysate for SIRT analysis. Other notes: no
significant differences in age existed between CTL and NAD3 participants who donated PBMCs prior to and
following the 12-week intervention for global DNA methylation (p = 0.787), transcriptomics (p = 0.604), SIRT
activity analysis (p = 0.806), telomere length analysis (p = 0.492), or NAD+/NADH analysis (p = 0.737).

4.2. Testing Sessions and Supplementation

Baseline (pre) evaluation of participants was performed after an overnight fast. First,
body mass was obtained using height and body mass collected to the nearest 0.5 cm and
0.1 kg, respectively. Participants were then seated, and blood pressure was obtained from
the right arm following a five-minute rest period using an automated cuff (Omron HEM-
780). For PBMC isolation, venous blood was then obtained in an 8 mL tube (CPT Cell
Preparation Tube; BD Vacutainer) by a research nurse. Upon blood collection into these
tubes, tubes were inverted ~8 times and incubated at room temperature for approximately
30 min. Tubes were then centrifuged at 1500× g for 20 min (room temperature), buffy coats
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were removed using standardized pipetting technique, and samples were aliquoted in
1.7 mL polypropylene tubes and stored at −80 ◦C until analyses.

Following pre-testing, participants were matched for age, sex, and body mass index
prior to being randomized into the control group (cellulose pills) or NAD3 group (per 2 cap-
sules: 312 mg of combined Wasabia japonica, theacrine, and cuprous niacin). Participants
and investigators were blinded to the treatments, and participants were told to consume
capsules with breakfast. Following the 12-week intervention, participants returned to the
laboratory for post-testing, which replicated the pre-testing procedures outlined above.

4.3. PBMC Transcriptome Analyses

PBMC RNA was isolated using a column-based kit (RNeasy micro kit, catalog #74004;
Qiagen; Germantown, MD, USA), according to manufacturer’s instructions. The average
yielded 260/280 absorbance ratio was 1.80, and this was deemed acceptable for proceeding
to microarray analysis. The RNA was then shipped to a commercial laboratory for tran-
scriptomic analysis using the Clariom S Assay_Human mRNA array (Thermo Scientific
Microarray Research Service Laboratory, Santa Clara, CA, USA).

Raw data were received as .CEL files and analyzed using the Transcriptome Analysis
Console v4.0.2 (Thermo Scientific). The hg38 (H. sapiens) genome was used for annotations,
and the eBayes ANOVA method was used to determine significant time effects or interac-
tions. The significance thresholds for the delta-delta fold changes (i.e., interactions) were
defined as ±1.5 and p < 0.01. mRNAs that exhibited interactions were further analyzed
at pre- and post-testing using t-tests via the Transcriptome Analysis Console v4.0.2 (with
significance being established as p < 0.05). Final gene lists were queried for functional
annotations using PANTHER pathway analysis [29].

4.4. PBMC DNA Methylation Analysis

PBMC DNA was isolated using a column-based kit (DNeasy blood and tissue kit,
catalog #69504; Qiagen), according to manufacturer’s instructions. PBMC DNA was
then sent to a commercial laboratory (TruDiagnostic, Inc., Lexington, KY, USA) for DNA
methylation quantification, similar to the method recently described by Sexton et al. [30].
Briefly, 500 ng of PBMC DNA was extracted, and bisulfite was converted using the EZ
DNA Methylation kit (Zymo Research), according to the manufacturer’s instructions.
Bisulfite-converted DNA samples were randomly assigned to a chip well on the Infinium
HumanMethylationEPIC Beadchip, amplified, hybridized onto the array, stained, washed,
and imaged with the Illumina iScan SQ instrument to obtain raw image intensities. Raw
image intensities in the form of IDAT files were processed together using the SeSaME
pipeline, with Noob-based beta normalization and pOOBAH masking engaged. To conduct
differential methylation analysis, normalized beta values were converted to m-values,
fit to a linear model, and empirical Bayes smoothing was applied to standardize errors.
Moderated t-tests were performed to identify differentially methylated loci (DMLs) using
an unadjusted p < 0.001. Contrasts were set, depending on the analysis run, and included
the following: (i) for within-group analyses, paired, moderated t-tests were conducted
comparing the 12-week sample against the baseline sample for each participant, for the
CTL and NAD3 supplemented group. Hypermethylated loci represents an increase in
methylation at the 12-week timepoint relative to the baseline, while hypomethylation
is the inverse. Similarly, the 12-week samples collected for the NAD3 supplemented
group were compared to the CTL group to identify changes at the conclusion of the study.
Hypermethylated DMLs represent greater methylation in the supplement group relative to
the CTL group, while hypomethylation shows the inverse relationship.

4.5. PBMC SIRT and Telomere Length Assays

Relative telomere length was assessed using qPCR methods similar to those of Joglekar
et al. [31]. Briefly, PBMC DNA, which was isolated above, was standardized to 5 ng/µL
concentrations using DEPC water after concentration determination was performed on
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samples using a spectrophotometer (Nanodrop-2000; ThermoFisher Scientific, Waltham,
MA, USA). For each sample, two reactions (in duplicate per participant time point) were
performed including: (i) one using telomere-specific primers (forward primer sequence
5′ → 3′ end: CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT; reverse primer
sequence 5′ → 3′ end: GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT), and
(ii) one using β-globulin-specific primers, which served as a normalizing gene (forward
primer sequence 5′ → 3′end: GCTTCTGACACAACTGTGTTCACTAGC; reverse primer
sequence 5′ → 3′ end: CACCAACTTCATCCACGTTCACC). Each reaction contained
10 µL of PerfeCTa SYBR green Master Mix (QuantaBio, Beverly, MA, USA), 1 µL of forward
primers at the recommended working concentrations (1 µM for telomere primer and
3 µM for beta-globulin primer), 1 µL of reverse primers at the recommended working
concentrations (3 µM telomere primer and 7 µM for beta-globulin primer), 13 µL of nuclease-
free water, and 10 µL of diluted DNA sample (i.e., 50 ng total). The PCR reaction proceeded
with a 3 min Taq enzyme activation phase, followed by 40 PCR cycles (annealing and
extension temperature of 60 s, and a denaturation temperature of 15 s). Following the
40 cycles, a melt curve reaction was performed, and this confirmed the presence of one PCR
product for each reaction. End-point relative fluorescent values (RFU) were obtained for
the telomere and β-globulin PCR reactions, and a ratio was obtained for data presentation.

PBMC global SIRT activity levels were determined in duplicate on cell lysates (Abcam;
catalog#: Ab156915) using methods similar to those we have previously described [7].
Briefly, 4 µL of PBMC lysates were loaded in duplicate onto 96-well plates provided by
the kit for enzymatic reactions. Following execution of the assay, per manufacturer’s
recommendations, absorbances were read at OD450 using a plate reader (BioTek Synergy
H1), and absorbances were divided by the protein loaded (in µg). Duplicate CV values for
all samples averaged 10.5%.

4.6. Statistics

Aside from -omics-based data, where statistical analyses are described above, SPSS
v25.0 (IBM Corp, Armonk, NY, USA) was used for statistical analyses. Dependent variables
were analyzed using two-way (group × time) repeated measures ANOVAs. Post hoc tests
were performed by using dependent samples t-tests within groups from pre- to post-testing,
and between-samples t-tests between each group at the pre- and post- time points. Pearson
correlations were also performed on select variables. All data are presented in figures
and tables as means ± standard deviation (SD) values, and statistical significance for
non-omics-based data was established as p < 0.05.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/physiologia3020016/s1, Supplementary File S1. mRNA comparisons
—provides between group comparisons and p-values of all genes provided by the Clariom S As-
say_Human mRNA array.
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