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Abstract 

Background:  Intervertebral disc degeneration, one of the major causes of low-back pain, results from altered biosyn-
thesis/turnover of extracellular matrix in the disc. Previously, we reported that the analgesic drug Neurotropin® (NTP) 
had an anabolic effect on glycosaminoglycan synthesis in cultured nucleus pulposus (NP) cells via the stimulation 
of chondroitin sulfate N-acetylgalactosaminyltransferase 1. However, its effect on the aggrecan core protein was not 
significantly detected, because of the data variance. A microarray analysis suggested that the effect of NTP on aggre-
can was correlated with N-acetyltransferase 2 (NAT2), a drug-metabolizing enzyme. Specific NAT2 alleles are known to 
correlate with rapid, intermediate, and slow acetylation activities and side effects of various drugs. We investigated the 
association between the efficacy of NTP on aggrecan expression and the NAT2 genotype in cell donors.

Methods:  NP cells were isolated from intervertebral disc tissues donated by 31 Japanese patients (28–68 years) who 
underwent discectomy. NTP was added to the primary cell cultures and its effect on the aggrecan mRNA was ana-
lyzed using real-time quantitative PCR. To assess acetylator status, genotyping was performed based on the inferred 
NAT2 haplotypes of five common single-nucleotide polymorphisms using allele-specific PCR.

Results:  The phenotype frequencies of NAT2 in the patients were 0%, 42.0%, and 58.0% for slow, intermediate, and 
rapid acetylators, respectively. The proportions of responders to NTP treatment (aggrecan upregulation, ≥ 1.1-fold) in 
the intermediate and rapid acetylators were 76.9% and 38.9%, respectively. The odds ratio of the comparison of the 
intermediate acetylator status between responders and nonresponders was 5.2 (95% CI 1.06–26.0, P = 0.036), and 
regarding the 19 male patients, this was 14.0 (95% CI 1.54–127.2, P = 0.012). In the 12 females, the effect was not cor-
related with NAT2 phenotype but seemed to become weaker along with aging.

Conclusions:  An intermediate acetylator status significantly favored the efficacy of NTP treatment to enhance 
aggrecan production in NP cells. In males, this tendency was detected with higher significance. This study provides 
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Background
Intervertebral disc (IVD) degeneration is a chronic and 
progressive disease. Research on effective medical treat-
ments for this disorder is ongoing. The IVD is a compos-
ite of substructures that consists of confining end plates 
on the superior and inferior faces, the highly fibrous 
anulus fibrosus on the outer periphery, and the highly 
hydrated nucleus pulposus (NP) at the center [1]. The 
IVD appears to be designed to sustain compression loads 
that are beneficial to it, as loading is the physiological 
stimulus for matrix turnover and induces matrix synthe-
sis [2–4]. However, excessive loading can lead to delete-
rious changes in the IVD by downregulating the genes 
encoding anabolic proteins, with significant effects on 
aggrecan formation, while upregulating genes encoding 
matrix metalloproteinase [4], thereby inducing matrix 
degradation [5]. Aggrecan is the major noncollagenous 
component of the IVD. It is a large proteoglycan pos-
sessing numerous glycosaminoglycan (GAG) chains and 
a core protein, and is an integral part of the extracellular 
matrix in cartilaginous tissues. Its abundance and unique 
molecular features, i.e., the formation of aggregates in 
association with hyaluronan, provide the disc with its 
osmotic properties and ability to withstand compres-
sive loads. The degradation and loss of aggrecan result in 
impairment of disc function and the onset of disc degen-
eration [6].

Previously, we reported that the analgesic drug Neu-
rotropin® (NTP) had an anabolic effect on GAG syn-
thesis in NP cells from the IVD via the stimulation of 
chondroitin sulfate N-acetylgalactosaminyltransferase 1 
(CSGALNACT1), which initiates the synthesis of chon-
droitin sulfate (CS) polysaccharide chains attached to the 
core protein of aggrecan [7]. However, in our previous 
study, NTP did not significantly promote the expression 
of the gene encoding the aggrecan core protein, as it was 
decreased by the addition of NTP to the cells of a cou-
ple of donors. If we anticipate a new application of NTP 
as a medicine for the restoration of deteriorated disc 
matrix, NTP should also increase or at least maintain the 
expression level of the aggrecan core protein, to anchor 
the increased CS side chains onto the cell surface in asso-
ciation with hyaluronan. To explain the large variance in 
our previous data, in the current study, we investigated 

whether the difference in cellular responsiveness to NTP 
stems from the genetic background of the donors.

NTP, a nonprotein extract of inflamed rabbit skin inoc-
ulated with the vaccinia virus, has been used in Japan to 
treat chronic pain via oral, intramuscular, or intravenous 
administration [8], and was reported to provide effective 
relief for various types of pain, such as headache, low-
back pain, neck–shoulder–arm syndrome, postherpetic 
neuralgia, and fibromyalgia [8–11]. Despite its clinical 
advantages, the characteristics of NTP remain unclear 
regarding two issues: first, its main active ingredient 
is unclear because NTP comprises many components, 
including nucleic acids, amino acids, and sugars [12]; 
second, the mechanism underlying the local action of 
this reagent is not clearly understood, although the main 
effect of NTP has been reported to be the activation of 
the descending monoaminergic pain inhibitory systems 
of the central pain pathway [13].

To identify the genetic basis of the large variance in 
our previous study we re-explored the microarray data 
generated previously to investigate comprehensively the 
gene expression changes in NTP-treated NP cells from 
four patients (all data are available on the Gene Expres-
sion Omnibus repository, https​://www.ncbi.nlm.nih.gov/

suggestive data of the association between NAT2 variants and the efficacy of NTP treatment. Given the small sample 
size, results should be further confirmed.

Keywords:  Polymorphism, NAT2, Rapid/intermediate acetylator, Nucleus pulposus cells, Intervertebral discs, 
Aggrecan, Neurotropin®
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Fig. 1  Correlation between the expression of the aggrecan (ACAN) 
and N-acetyltransferase 2 (NAT2) genes induced by NTP. The fold 
changes in mRNA expression induced by NTP treatment in cultured 
NP cells are shown (N = 4). ACAN and NAT2 were detected by qPCR 
and microarray analysis (data available on the NCBI repository), 
respectively

https://www.ncbi.nlm.nih.gov/gds/?term=GSE114169
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gds/?term=GSE11​4169). The gene encoding arylamine 
N-acetyltransferase 2 (NAT2) appeared to be correlated 
with cell donor responsiveness to NTP regarding aggre-
can gene expression (Fig. 1). NAT2, a drug-metabolizing 
enzyme, is one of two structurally related isoenzymes, 
NAT1 and NAT2. These NATs are phase II xenobiotic 
metabolism enzymes that catalyze the detoxification of 
arylamines via N-acetylation and the bioactivation of 
N-arylhydroxylamines by O-acetylation. NAT2 acetylates 
a large variety of arylamine-acceptor structures, such as 
caffeine, procainamide, and sulfasalazine, as well as the 
antituberculosis drug isoniazid [14–16]. Specific types 
of NAT2 alleles are known to be correlated with distinct 
metabolic activities; patients with a NAT2 that is inac-
tive against isoniazid have been reported to have a higher 
risk of developing antituberculosis-drug-induced liver 
injury [16–20]. Genotypic polymorphisms at the NAT2 
locus give rise to either the “slow” or the “rapid” acety-
lator phenotype, as well as the “intermediate” acetyla-
tor phenotype in “slow/rapid” heterozygotes [21]. These 
phenotypes also affect individual variation in cancer sus-
ceptibility, responses to environmental toxins, and the 
effectiveness of prescribed medications [22, 23].

We therefore hypothesized that genetic polymorphism 
in NAT2 affects the modulation of the expression of the 
aggrecan mRNA by NTP treatment, because NTP possi-
bly includes components with arylamine-acceptor struc-
tures. Our objective was to investigate the association 
between the promoting effect of NTP on aggrecan gene 
expression in NP cells and the NAT2 genotype status in 
the cell donors.

Methods
Study population
We conducted a cross-sectional study in the cul-
tured cells donated from 31 Japanese patients (aged 
28–68  years) who underwent discectomy at Tokai Uni-
versity Hospital from January 2019 to March 2020. The 
surgical-waste samples consisted of lumbar IVDs from 
herniation, and vertebral and spinal fusions with two 
bursts from thoracic and lumbar IVDs. The frequency of 
females was 38.7%, and the mean age ± standard devia-
tion (SD) of the female and male donors was 52.0 ± 12.2 
and 52.5 ± 11.9 years, respectively.

Tissue culture and cell isolation and expansion
The NP tissue was carefully separated from the anulus 
fibrosus. We used NP tissue for our experiments when at 
least 0.05 g of wet weight was obtained. The sample was 
cut into small pieces and incubated in α-minimal essen-
tial medium (α-MEM; FUJIFILM Wako Pure Chemical, 
Osaka, Japan) supplemented with 10% fetal bovine serum 
(FBS; Sigma-Aldrich, St. Louis, MO), 100 U/ml penicillin 

(Thermo Fisher Scientific, Waltham, MA), and 100  mg/
ml streptomycin (Thermo Fisher Scientific) at 37  °C 
and 5% CO2 for 2  weeks. The cultured NP tissues were 
collected and digested with TrypLE Express (Thermo 
Fisher Scientific) for 30 min, followed by incubation with 
0.25 mg/ml Collagenase-P (Roche, Basel, Switzerland) for 
80 min at 37 °C. The isolated cells were washed twice with 
α-MEM and seeded at a density of approximately 5 × 103 
cells/cm2. Cells were cultured in α-MEM supplemented 
with 10% FBS, 100 U/ml penicillin, and 100 mg/ml strep-
tomycin at 37 °C and 5% CO2 under hypoxic conditions 
of 2% O2. The medium was replaced twice a week and the 
cells were trypsinized (Thermo Fisher Scientific) and sub-
cultured before they reached confluence. Cells harvested 
from second-passage cultures were used for experiments 
with NTP; thereafter, further-passaged cells were used to 
extract genomic DNA.

Chemicals
NTP was provided by Nippon Zoki Pharmaceutical Co., 
Ltd. (Osaka, Japan). The biological activity of NTP was 
expressed in NTP Units (NU). l-ascorbic acid 2-phos-
phate (AsAP) was purchased from FUJIFILM Wako Pure 
Chemical.

Treatment of cultured NP cells with NTP
NP cells were seeded in 6-well culture plates at a density 
of 5 × 103 cells/cm2 on “day zero” and were cultured in 
α-MEM containing 10% FBS (basal medium) overnight 
prior to NTP addition. As reported previously, the cells 
were stimulated with NTP dissolved in fresh α-MEM 
supplemented with 10% FBS and 50  μg/ml AsAP. The 
medium was replaced every second day for 1 week. The 
NTP concentrations were set at 0.1 and 0.2 mNU/ml. 
The concentration of NTP in the culture media was set 
to its approximate levels in the blood plasma when taken 
according to the clinical prescriptions. On days 6 and 8, 
NP cells were harvested and the expression of the aggre-
can gene was evaluated.

Real‑time quantitative PCR
Cells cultured in the presence or absence of NTP treat-
ment were harvested and homogenized in lysis buffer, 
and total RNA was prepared using an SV Total RNA Iso-
lation System (Promega, Madison, WI). For each sample, 
2  μg of total RNA was reverse transcribed into cDNA 
using a High Capacity RNA-to-cDNA kit (Life Technolo-
gies, Waltham, MA). Relative quantification of the target 
mRNA was performed using the comparative CT method 
with the sets of primers and probes for the endogenous 
control glyceraldehyde-3-phosphate dehydrogenase 
gene (GAPDH, Hs99999905_m1), and the target genes of 
aggrecan (ACAN) (Hs00153936_m1) and CSGALNACT1 

https://www.ncbi.nlm.nih.gov/gds/?term=GSE114169
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(Hs00218054_m1), all of which were provided as prede-
veloped TaqMan Gene Expression Assay Reagents (Life 
Technologies). The assay for ACAN covers the mRNAs of 
transcript variants for the aggrecan core protein, includ-
ing variants of 1, 2, X2, and X3. The PCR amplification 
and analysis were performed on a QuantStudio 3 real-
time PCR instrument (Life Technologies).

NTP was considered effective when the expression of 
the ACAN mRNA was increased by more than 1.1-fold 
compared with the control culture in the basal medium. 
For each donor, the highest values obtained in four exper-
imental conditions (treated with two dose settings and 
harvested at two time points) were selected and analyzed.

NAT2 genotyping and assignment of acetylator 
phenotypes
Subcultured NP cells were lysed and genomic DNA was 
purified using a DNA purification kit (NucleoSpin® Tis-
sue; Macherey–Nagel GmbH, Düren, Germany). DNA 
was quantified using a NANODROP LITE spectropho-
tometer (Thermo Fisher Scientific) and was stored at 
–30  °C until use. Five single-nucleotide polymorphisms 
(SNPs) were analyzed: rs1041983 (282C > T), rs1801280 
(341 T > C), rs1799929 (481C > T), rs1799930 (590 G > A), 
and rs1799931 (857 G > A). The genotyping assays using 
PCR were performed based on a fundamental procedure 
[24] and the manuals from the reagent provider (Life 
Technologies). Briefly, a 20 × primer and probe mix from 
TaqMan Drug Metabolism Assays (Life Technologies) 
were supplied for each assay, and a 1 × concentration of 
this mix, as well as a half volume of 2 × TaqPath ProAmp 
Master Mix (Life Technologies) and 10 ng of the genomic 
DNA sample, were added to each well. The thermal con-
ditions of the experiment were 95 °C for 5 min, followed 
by 45 cycles of 95  °C for 15  s and 60  °C for 1  min. The 
PCR amplification and endpoint reading were performed 
on a QuantStudio 3 real-time PCR instrument. In each 
experiment, control samples with no DNA template 
were run to ensure that there was no amplification of 
contaminating DNA. Cell donors possessing rapid/rapid 
homozygous NAT2 alleles were classified as rapid acety-
lators, individuals possessing a rapid/slow heterozygous 
genotype were classified as intermediate acetylators, and 
individuals possessing a slow/slow homozygous geno-
type were classified as slow acetylators. The inference 
of haplotype–phenotype information pertaining to the 
NAT2 acetylator status was determined based on the 
annotation table provided in Human NAT2 Alleles (Hap-
lotypes), a database built by Democritus University of 
Thrace (http://nat.mbg.duth.gr/Human​%20NAT​2%20all​
eles_2013.htm).

Statistical analysis
The calculations of odds ratios (ORs) and Pearson’s chi-
squared (χ2) test (to obtain P-values) were performed in 
2 × 2 tables using the Statistical Analysis WEB-BellCurve 
software (https​://bellc​urve.jp/stati​stics​). The calculation 
of 95% confidence intervals (95% CIs) was carried out 
using the Microsoft Excel 2016 software according to the 
equation:

where a is the number of responders with variant NAT2 
haplotypes, b is the number of nonresponders with vari-
ant NAT2 haplotypes, c is the number of responders with 
the wild-type homozygous NAT2 genotype, d is the num-
ber of nonresponders with the wild-type homozygous 
NAT2 genotype, and “ln” stands for natural logarithm. 
In addition, the following analyses were performed using 
the functions of the Microsoft Excel 2016 software: Stu-
dent’s t-test and F-test were applied to compare the dif-
ferences between two groups regarding phenotype and 
changes in the levels of the aggrecan mRNA; the correla-
tion coefficient between changes in the aggrecan mRNA 
after NTP treatment and donor’s age was calculated; and 
Student’s t-distribution test for its significance was per-
formed. Significance was set at P < 0.05.

Compliance with ethical standards
This study, including the use of patient-derived surgical-
waste material and sequence analysis of genomic DNA, 
was approved by the Clinical Research Ethics Commit-
tee of Tokai University School of Medicine (study code: 
18I-25), and was conducted in accordance with approved 
protocols. Informed consent forms with written provi-
sion were completed by all patients before the donation 
of IVD samples.

Results
We identified four haplotypes, NAT2*4, NAT2*5B, 
NAT2*6A, and NAT2*7B, in the 31 donors (Table  1). 
The wild-type NAT2*4 haplotype was present in 79.0% 
of the examined subjects, whereas the remaining three 
haplotypes were variants. There was no significant differ-
ence (Pearson χ2 test) in the distributions of haplotypes 
between our data and the data from a study that assessed 
200 healthy Japanese volunteers [25]. As exceptions, the 
NAT2*11 and NAT2*13 haplotypes, which are present in 
0.25% and 1.25% of the Japanese population, respectively, 
were not detected in the cell donors enrolled in our study.

Next, genotyping was performed to assess the acety-
lator status based on the inferred NAT2 haplotypes. We 
identified four genotypes, NAT2*4/*4, NAT2*4/*5B, 
NAT2*4/*6A, and NAT2*4/*7B, at frequencies of 58.0%, 
3.2%, 19.4%, and 19.4%, respectively (Table  2 Panel A). 

ln (95% CI) = ln (OR)± 1.96
√

1/a+ 1/b+ 1/c+ 1/d,

http://nat.mbg.duth.gr/Human%20NAT2%20alleles_2013.htm
http://nat.mbg.duth.gr/Human%20NAT2%20alleles_2013.htm
https://bellcurve.jp/statistics
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The NAT2*4/*4 alleles of rapid/rapid homozygotes were 
classified as a rapid acetylator phenotype, whereas rapid/
slow heterozygotes, i.e., with NAT2*4/*5B, NAT2*4/*6A, 
and NAT2*4/*7B alleles, were classified as an intermedi-
ate acetylator phenotype. However, none of the individu-
als were slow/slow homozygotes, i.e., a slow acetylator 
phenotype. The results of the statistical analysis showed 
that no single genotype was positively correlated with 
the efficacy of NTP treatment (Pearson χ2 test). Subse-
quently, we analyzed the differences between phenotypes 
regarding the response to NTP treatment. The phenotype 
frequencies of NAT2 in the donors were 58.0% and 42.0% 
for rapid (NAT2*4/*4) and intermediate (NAT2*4/*5B, 
NAT2*4/*6A, and NAT2*4/*7B combined) acetylators, 
respectively.

Regarding with the efficacy of NTP, 38.9% and 76.9% 
of the individuals with rapid and intermediate acetylator 
phenotypes, respectively, were responders to NTP treat-
ment (aggrecan upregulation, ≥ 1.1-fold). The OR of the 
comparison of the intermediate acetylator phenotype 

between responders and nonresponders was 5.2 (95% 
CI 1.06–26.0, P = 0.036, Pearson χ2 test), which suggests 
that the intermediate acetylator phenotype was signifi-
cantly correlated with the efficacy of the NTP treatment. 
The gender-specific statistics show that the frequency of 
responders among male and female intermediate acetyla-
tor individuals was 80.0% and 66.7%, respectively (Table 2 
Panel B). In male donors, the OR of the comparison of 
the intermediate acetylator phenotype between respond-
ers and nonresponders was 14.0 (95% CI 1.54–127.2, 
P = 0.012, Pearson χ2 test). In contrast, in female donors, 
the frequency of responders was not significantly corre-
lated with the NAT2 phenotype.

Phenotype and age‑related changes in the expression 
of the aggrecan mRNA after NTP treatment
The quantitative data pertaining to the changes in the 
expression levels of the aggrecan mRNA after NTP 
treatment compared with each control were plotted 
against the NAT2 phenotypes (Fig.  2a). As shown in 

Table 1  Distribution of NAT2 haplotypes in the cell donors and the Japanese population

a  Allele frequency in the literature, the data was from healthy 200 volunteers ranged 20–60 years old
b  Calculated for haplotype frequencies

Allele Nucleotide change(s) Amino acid change(s) Type Freq. (%) 
detected

Freq. (%) literaturea P value b

NAT2*4 – – Rapid 79.0 69.5 0.125

NAT2*5B T341C, C481T, A803G Ile114Thr, Lys268Arg Slow 1.6 0.5 0.317

NAT2*6A C282T, G590A Arg197Gln Slow 9.7 19.8 0.056

NAT2*7B C282T, G857A Gly286Glu Slow 9.7 8.8 0.811

Table 2  NAT2 genotype frequencies and response to NTP treatment

Rap. Rapid, Int. intermediate
a  Total of the variants
b  Frequency in the total sample
c  Responders to NTP treatment
d  Frequency of responders in each group

Genotype N % b Phenotype NTP+ Nc NTP+ %d OR (95%CI) P value

Panel A

 *4/*4 18 58.0 Rap 7 38.9 0.19 (0.04–0.95) 0.036

 *4/*5B 1 3.2 Int 1 100 – –

 *4/*6A 6 19.4 Int 4 66.7 1.9 (0.28–11.98) 0.517

 *4/*7B 6 19.4 Int 5 83.3 5.4 (0.55–53.27) 0.118

 *4/*5B,*6A,*7B a 13 42.0 Int 10 76.9 5.2 (1.06–26.0) 0.036

Genotype in genders N %b Phenotype NTP+ Nc NTP+ %d OR (95%CI) P value

Panel B

 Male *4/*4 9 29.0 Rap 2 22.2 0.1 (0.01–0.65) 0.012

 *4/*5B,*6A,*7Ba 10 32.3 Int 8 80.0 14.0 (1.54–127.2) 0.012

 Female *4/*4 9 29.0 Rap 5 55.5 0.6 (0.04–0.97) 0.735

 *4/*5B,*6A,*7Ba 3 9.7 Int 2 66.7 1.6 (0.10–24.7) 0.735



Page 6 of 11Nakai et al. BMC Med Genomics           (2021) 14:79 

the box-whisker plots, there was a large variance in the 
rapid acetylator phenotype; consequently, no significant 
effect of the NTP treatment was detected compared with 
the control (mean ± SD, 1.12 ± 0.56, P = 0.187, Student’s 
t-test), while there was a significant increase in the inter-
mediate acetylator phenotype (mean ± SD, 1.15 ± 0.16, 
P = 0.002, Student’s t-test). Although the mean values of 
each phenotype were similar (1.12 and 1.15, respectively), 
there was a statistically significant difference in the dis-
tributions of data between the rapid and intermediate 
acetylator phenotypes (P = 2.69E−05, F-test). The change 
in the expression of the aggrecan mRNA after NTP 
administration is plotted against donor’s age in Fig.  2b. 
There was a weakly negative correlation with age in all 
data (r = − 0.532, P = 0.0021, Student’s t-distribution 
test). Regarding the rapid acetylator phenotype, the same 
tendency was found at higher significance (r = − 0.683, 
P = 0.002, Student’s t-distribution test). In contrast, no 
significant correlation was found for the intermediate 
acetylator phenotype.

Male donors classified as having an intermediate acetylator 
phenotype exhibited a favorable response to NTP treatment
Gender-specific analyses are shown in Fig.  3a, b. An 
age-related correlation was not observed in the male 
donors, while a significantly negative correlation was 
observed in the female donors (r = − 0.773, N = 12, 

P = 0.006, Student’s t-distribution test). In Fig.  3c, data 
from the male donors are plotted according to NAT2 
phenotype. As shown in the box-whisker plots, there 
was a large variance in the rapid acetylator phenotype; 
consequently, no significant effect of the NTP treatment 
was detected compared with the control (mean ± SD, 
1.00 ± 0.48, N = 9, P = 0.98, Student’s t-test), while 
there was a significant increase in the intermediate 
acetylator phenotype (mean ± SD, 1.19 ± 0.13, N = 10, 
P = 0.001, Student’s t-test). Moreover, there was a sta-
tistically significant difference in the distributions of 
the data between the rapid and intermediate acetylator 
phenotypes (P = 2.8E−04, F-test). These results suggest 
that male donors classified as having an intermediate 
acetylator phenotype are favorable responders to NTP 
treatment.

Reconfirmation of efficacy of NTP on expression 
of the CSGALNACT1 mRNA
To confirm the efficacy of NTP that we reported pre-
viously [7], the changes in the relative expression of 
the CSGALNACT1 mRNA were examined (Fig.  3d). 
Ten samples were impartially selected according to the 
results of NAT2 phenotype (rapid:intermediate = 5:5), 
responsiveness (responder:nonresponder = 5:5), 
and gender (female:male = 4:6) presented above. 

Fig. 2  Phenotype and age-related changes in the mRNA expression of ACAN induced by NTP treatment. The fold changes in the mRNA expression 
of ACAN induced by NTP treatment compared with the control in cultured NP cells are shown (N = 31). a Comparison between NAT2 phenotypes. 
Blue denotes the rapid acetylator phenotype (Rap., N = 18) and orange denotes the intermediate acetylator phenotype (Int., N = 13). There was a 
significant increase compared with the control in the intermediate acetylator phenotype (P = 0.002). b The data from a are plotted against the age 
(years) of the donors. There was a weakly negative correlation with age in the rapid acetylator phenotype (P = 0.002) and in all data (P = 0.0021). The 
blue and orange symbols are as described in a 
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Quantitative PCR showed that NTP treatment sig-
nificantly increased the expression of the CSGAL-
NACT1 mRNA in NP cells compared with the control 
(mean ± SD, 1.28 ± 0.37, N = 10, P = 0.013, Student’s 
t-test).

Discussion
Although there is insufficient evidence to make a rec-
ommendation for or against an association between low 
back pain and lumbar degenerative changes, including 
intervertebral disc degeneration using imaging, level III 
evidence exists on the fact that presence of midline low 

ba

dc

Fig. 3  Gender-specific analysis of the changes in the mRNA expression of ACAN and reconfirmation of CSGALNACT1. The fold changes in the 
mRNA expression of ACAN induced by NTP treatment in cultured NP cells are shown. Blue denotes the rapid acetylator phenotype (Rap.) and 
orange denotes the intermediate acetylator phenotype (Int.). a, b The data from the male and female donors are plotted against age (years), 
respectively (Male Rap.: N = 9, Int.: N = 10; Female Rap.: N = 9, Int.: N = 3). A significantly negative correlation with age was observed in the female 
donors (P = 0.006). c Comparison between NAT2 phenotypes in the male donors. Mean values are indicated. There was a significant increase 
compared with the control in the intermediate acetylator phenotype (P = 0.001). d Changes in the mRNA expression of CSGALNACT1 induced by 
NTP treatment compared with the control. The cultured NP cells from impartially selected donors were used as experimental samples (N = 10, 
including rapid:intermediate = 5:5, responder:nonresponder = 5:5, and female:male = 4:6). NTP treatment significantly increased the expression of 
the CSGALNACT1 mRNA in NP cells compared with the control (P = 0.013)
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back pain increases the probability of lumbar interverte-
bral disc degeneration[26, 27]. It is well documented in 
the literature that degeneration of the intervertebral disc 
accounts for the onset of low-back pain resulting from 
altered biosynthesis/turnover of extracellular matrix in 
the intervertebral disc[5, 6]. Because NTP had been used 
clinically to treat low back pain in Japan, we previously 
showed NTP’s anabolic effect on biosynthesis/turno-
ver of extracellular matrix by intervertebral disc cells to 
define insights to possible mechanism of action [7].

In the current study, we showed that the NAT2 
intermediate acetylator phenotype (comprising the 
NAT2*4/*5B, NAT2*4/*6A, and NAT2*4/*7B genotypes) 
was associated with the effectiveness of NTP regard-
ing the promotion of the expression of the aggrecan 
mRNA in cultured NP cells. Thus, NAT2 may be one of 
the genetic factors that act as a watershed that separates 
the presence or absence of negative effects of NTP in cul-
tured NP cells. In contrast, we did not find any significant 
differences between intermediate and rapid (homozygous 
for the NAT2*4 allele) acetylator phenotypes regarding 
their mean values of upregulation of aggrecan mRNA 
expression (Fig. 2a). This was because a few strongly posi-
tive responses by the cells from young donors (< 45 years) 
counterbalanced the negative responses by the cells from 
older donors (> 45  years) in the rapid phenotype group 
(Fig. 2b). This age-related variance in cellular responsive-
ness was also found among the female donors (Fig. 3b).

A study of middle-aged and elderly postmenopausal 
women with exogenous estrogen therapy reported that 
neither estrogen concentration nor age was correlated 
with NAT2 activities, as measured by the caffeine meta-
bolic ratio [28]. In another study that enrolled children of 
various ages, including infants, discordance between phe-
notype (acetylation) and genotype (NAT2) was reported 
[29]. In contrast, during the development of the outbred 
CD-1 mouse strain, a gender-dependent difference was 
observed; the kidney p-aminobenzoic acid/Nat2-acety-
lating activity of female mice showed a 2.5-fold increase 
at day 80 compared with day 1, whereas males showed a 
4.3-fold increase at day 25 and a 5.8-fold increase at day 
80 [30]. These findings provided knowledge about the 
difference between genders and the age-related changes 
in the function of NAT2, which currently exhibit diverse 
aspects; thus, it remains unclear whether any changes 
occur in age- or gender-specific manners.

Generally, NAT2 genetic variants have been linked 
to decreased enzymatic activity and variable stability, 
leading to an imbalance in the xenobiotic detoxification 
and increased susceptibility to different forms of can-
cer [22, 31]. Nevertheless, the rapid NAT2 phenotype 
has been reported to metabolically activate the toxic-
ity of xenobiotic substances, such as N-hydroxylated 

heterocyclic aromatic amines (HAAs) via O-acety-
lation, to form the reactive N-acetoxy species. Some 
HAAs are formed when meat is cooked at high tem-
perature for a long time, and high HAA intake has been 
associated with an increased risk of colorectal cancer 
compared with the intermediate/slow acetylator phe-
notypes [32]. Therefore, NAT2 with a rapid phenotype 
seems to activate environmental toxins in some cases, 
in addition to catalyzing several pharmacologically 
and toxicologically significant detoxification reactions 
[33]. Moreover, a significant association between the 
NAT*6A polymorphism and age-related hearing loss 
has been reported: the genetic effect on presbycusis 
stemmed from the observation that NATs, together 
with cytochrome P450 and glutathione S-transferases, 
metabolize a wide range of xenobiotics and are impor-
tant for the balance of oxidative status to protect cells 
against environmental toxins and the cellular damage 
caused by oxidative free radicals [34]. Therefore, the 
arylamine-catalyzing ability of NAT2 combined with 
other factors of the cultured NP cells may also be impli-
cated in the current observations.

Regarding the functional mechanism underlying 
the effect of NTP on cultured NP cells, we previously 
reported that NTP activates the PI3–AKT pathway and 
promotes the synthesis of sulfated GAGs, such as chon-
droitin sulfate, heparin sulfate, and keratin sulfate. As 
one of the key effectors of the function of NTP, we dem-
onstrated an increase in the levels of the CSGALNACT1 
enzyme, which initiates the synthesis of CS polysaccha-
ride chains [7]. In the current study, we detected a NAT2 
phenotype-dependent increase in the expression levels 
of the aggrecan mRNA induced by NTP in cultured NP 
cells. According to a previous report [6], aggrecan abun-
dance reaches a plateau in the early twenties, declining 
thereafter because of proteolysis, mainly by matrix met-
alloproteinases and aggrecanases, although the degrada-
tion of hyaluronan and nonenzymatic glycation may also 
participate in this process. Aggrecan loss is an early event 
in disc degeneration, although it is a lengthy process.

In the current study, the male donors classified as hav-
ing an intermediate acetylator phenotype exhibited the 
highest significance in the correlation with the frequency 
of responders to NTP (OR = 14.0; 95% CI 1.54–127.2; 
P = 0.012, Pearson χ2 test). It is noteworthy that no cells 
from individuals possessing an intermediate acetylator 
phenotype, including donors in their late sixties, were 
affected negatively by NTP (Fig.  3a, c). Regarding the 
age-related deterioration of human NP tissue, we previ-
ously reported an exhaustion of NP progenitor cells with 
evidence of an exponential decline in the frequency of 
Tie2-positive cells in freshly isolated cells from NP tis-
sues donated by 23 patients (aged 19–70  years) [35]. 
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Therefore, encouraging NP cells to produce aggrecan 
via NTP treatment will be beneficial for elderly male 
patients, even if the effect is NAT2 phenotype-specific. 
As we have demonstrated that NTP treatment signifi-
cantly increased the expression of the CSGALNACT1 
mRNA in the cells from 10 impartially selected individu-
als, it is likely that the promoting effect of NTP regarding 
the expression of CS side chains is also reliable.

Our study had several limitations. First, our sample 
size was small, especially the number of female indi-
viduals who possessed NAT2 variants (N = 3), which 
precluded comparisons with those individuals with the 
rapid phenotype (N = 9). Therefore, the negative correla-
tion between age and the effectiveness of NTP observed 
in females might be attributed to the tendency toward 
a NAT2 rapid phenotype in this population (75% of 
females). As we investigated the cells derived from surgi-
cally removed IVD tissues, the composition of the donors 
was dependent on the morbidity of the disc diseases that 
required discectomy. The frequency of female patients in 
the current study (38.7%) was not largely different from 
the frequency of female patients reported in the litera-
ture (35.2–35.6%), among whom SNPs in the THB2 and 
SKT genes were reported to be responsible for the sus-
ceptibility to disc diseases, such as lumbar disc hernia-
tion, in Japan [36, 37]. Moreover, the median age of the 
donors was 56  years. Therefore, it is difficult to recruit 
cell donors without bias in sex and age. Second, the main 
components of NTP that activate the PI3–AKT pathway 
have not been elucidated, and there are no clues regard-
ing whether NTP contains arylamine or a large variety 
of its analogs. Further constituent analyses of NTP are 
hence needed to identify its promoting or inhibitory 
active ingredients, to develop a new purification tech-
nique to customize NTP for IVD regeneration through 
the upregulation of aggrecan synthesis in the disc.

As the current study is consisted with the small num-
ber of samples, we tried to make it more substantial by 
incorporating other publicly available dataset because 
recent advanced statistical methods may enable us to col-
lect and analyze publicly available gene expression pro-
filing dataset for identification of key genes as potential 
biomarkers responding to the drug efficacy. With a com-
bined large size of samples, we might be able to construct 
co-expression network with weighted gene co-expression 
network R package [38], however, there were only three 
datasets of microarray and one RNA-sequence, none of 
which related to NTP. If we collected additional NTP-
related datasets originated from human NP cells, we 
could have explored not only an inferred correlation 
patterns between two genes but also covered neighbor-
hood across expression data through constructing sub-
networks. Such a systematic approach might have led us 

to identify hub genes responsible for the NTP treatment 
along with protein–protein interactions network [39].

Also a meta-analysis is useful to increase statisti-
cal power of the studies having limitations due to the 
insufficient sample size. Briefly, using keywords related 
to the study, an initial screening of all titles and/or 
abstracts of published articles is performed and fol-
lowed by careful full text check. As one of the valida-
tion criteria, relative risk estimates should have been 
reported with standard errors or 95% CIs. Data are 
then extracted from the validated articles [40, 41]. 
Dosage effect and age or gender specificity should 
be considered when evaluating the response to NTP 
treatment. In fact, we found only one article regarding 
effect of NTP on cultured NP cells from five men and 
one woman aged 23–31  years [13], however, reported 
target gene was not aggrecan, but COX2, TNFα, and 
PLA2 were examined to discuss its anti-inflammatory 
effect. Unlike peripheral blood, chance of research-
use of intervertebral disc tissue is scarce, therefore, the 
organ specific database needs to be reinforced as much 
as possible.

Conclusions
Overall, our study suggests an association between the 
promoting effect of NTP on aggrecan gene expression 
in NP cells and genetic polymorphisms in NAT2 in cell 
donors. The NAT2 intermediate acetylator phenotype 
significantly favored the effectiveness of the NTP treat-
ment by enhancing aggrecan production in NP cells. 
In particular, males classified as having this phenotype 
were the most feasible group. The above evidence sug-
gests the potential value of NAT2 genotyping in the 
selection of patients that respond to NTP treatment, 
which represents a new application of NTP as a medi-
cine for the restoration of deteriorated disc matrix. 
Given the small size of samples, further studies includ-
ing larger cohorts are needed.

Abbreviations
NTP: Neurotropin®; NAT2: N-Acetyltransferase 2; IVD: Intervertebral disc; NP: 
Nucleus pulposus; ACAN: Aggrecan; GAG​: Glycosaminoglycan; CS: Chondroitin 
sulfate; CSGALNACT1: Chondroitin sulfate N-acetylgalactosaminyltransferase 
1; SNP: Single-nucleotide polymorphism; OR: Odds ratio; CIs: Confidence inter-
vals; HAAs: N-Hydroxylated heterocyclic aromatic amines; PI3–AKT: Phosphati-
dylinositol 3-kinase which activates protein kinase B; THB2: Thrombospondin 
2; SKT: Sickle tail.

Acknowledgements
We sincerely thank the surgeons who contributed to the collection of the 
surgically removed tissues.

Authors’ contributions
TN and DS conceived the study design and wrote the manuscript. YN contrib-
uted in handling the materials and reagents. NH recruited the cell donors. EM 



Page 10 of 11Nakai et al. BMC Med Genomics           (2021) 14:79 

and TN performed experiments. MN and YN analyzed the data. MW contrib-
uted in supervision in editing the manuscript. All authors read and approved 
the final manuscript.

Funding
The authors received a research grant from Nippon Zoki Pharmaceutical 
Company Ltd. The organization provided support in the form of a salary for an 
author TN.

Availability of data and materials
The data that support the findings of this study are available from the corre-
sponding author D.S., upon reasonable requests. The individual genomic data 
are not publicly available due to privacy or ethical restrictions. The microarray 
data are available in the Gene Expression Omnibus repository, https​://www.
ncbi.nlm.nih.gov/gds/?term=GSE11​4169. The SNP data is available on a data-
base built by Democritus University of Thrace, http://nat.mbg.duth.gr/Human​
%20NAT​2%20all​eles_2013.htm.

Declarations

Ethics approval and consent to participate
This study was approved by the Clinical Research Ethics Committee of Tokai 
University School of Medicine (study code: 18I-25), and was conducted in 
accordance with approved protocols. Informed consent forms with written 
provision were completed by all patients before the donation of samples.

Consent for publication
NAT2 genotyping data and intervertebral disc samples were obtained with 
written informed consent. All data are anonymized and no information is 
traceable to any individual patient. All authors have read the manuscript 
and agreed to its content. This work is original and is not currently under 
consideration by another journal. A funder provided research grant for this 
study, Nippon Zoki Pharmaceutical Company Ltd. consented to publish this 
manuscript.

Competing interests
The authors, T.N., D.S., and M.W. received a research grant from Nippon Zoki 
Pharmaceutical Company Ltd. T.N. received a salary afforded by this grant. M.N. 
is employed by the company. Other authors, Y.N., N.H., and E.M. have no com-
peting interests. The funder will not in any way gain or lose financially from 
the publication of this manuscript, either now or in the future. The authors do 
not hold any stocks or shares in an organisation that may in any way gain or 
lose financially from the publication of this manuscript, either now or in the 
future. The authors do not hold or currently applying for any patents relating 
to the content of the manuscript. The authors have not received reimburse-
ments, fees, funding, or salary from an organization that holds or has applied 
for patents relating to the content of the manuscript. The authors do not have 
any other financial competing interests in relation to this paper.

Author details
1 Department of Orthopaedic Surgery, Surgical Science, Tokai University 
School of Medicine, 143 Shimokasuya, Isehara, Kanagawa 259‑1193, Japan. 
2 Research Center for Regenerative Medicine and Cancer Stem Cell, Tokai 
University School of Medicine, 143 Shimokasuya, Isehara, Kanagawa 259‑1193, 
Japan. 3 Institute of Bio‑Active Science, Nippon Zoki Pharmaceutical Co., Ltd., 
Kinashi, Kato‑shi, Hyogo 673‑1461, Japan. 

Received: 18 December 2020   Accepted: 26 February 2021

References
	1.	 Fearing BV, Hernandez PA, Setton LA, Chahine NO. Mechanotrans-

duction and cell biomechanics of the intervertebral disc. JOR Spine. 
2018;1(3):e1026.

	2.	 Handa T, Ishihara H, Ohshima H, Osada R, Tsuji H, Obata K. Effects 
of hydrostatic pressure on matrix synthesis and matrix metallopro-
teinase production in the human lumbar intervertebral disc. Spine. 
1997;22(10):1085–91.

	3.	 Kasra MGV, Martin J, Wang ST, Choi W, Buckwalter J. Effect of dynamic 
hydrostatic pressure on rabbit intervertebral disc cells. J Orthop Res. 
2003;21(4):597–603.

	4.	 Neidlinger-Wilke C, Wurtz K, Urban JP, Borm W, Arand M, Ignatius A, 
Wilke HJ, Claes LE. Regulation of gene expression in intervertebral disc 
cells by low and high hydrostatic pressure. Eur Spine J. 2006;15(Suppl 
3):S372-378.

	5.	 Ohtori S, Inoue G, Miyagi M, Takahashi K. Pathomechanisms of 
discogenic low back pain in humans and animal models. Spine J. 
2015;15(6):1347–55.

	6.	 Sivan S, Wachtel E, Roughley P. Structure, function, aging and turno-
ver of aggrecan in the intervertebral disc. Biochim Biophys Acta. 
2014;1840(10):3181–9.

	7.	 Sakai D, Nakai T, Hiraishi S, Nakamura Y, Ando K, Naiki M, Watanabe M. 
Upregulation of glycosaminoglycan synthesis by Neurotropin in nucleus 
pulposus cells via stimulation of chondroitin sulfate N-acetylgalactosa-
minyltransferase 1: a new approach to attenuation of intervertebral disc 
degeneration. PLoS ONE. 2018;13(8):e0202640.

	8.	 Nishiyama T, Matsukawa T, Yamashita K. Comparison between neu-
rotropin and mepivacaine for stellate ganglion injection. J Anesth. 
2006;20(3):240–2.

	9.	 Yamazaki Y, Kobatake K. Successful treatment of nummular headache 
with Neurotropin(R). J Headache Pain. 2011;12(6):661–2.

	10.	 Ono K, Ochi T, Yonenobu S, Ogawa N. Usefulness of neurotropin tablet 
for low back pain and shoulder-arm-neck syndrome—a ketoprofen 
and placebo controlled double-blind trial. Clin Rep. 1987;21:837–73 ((in 
Japanese)).

	11.	 Toda K, Tobimatsu Y. Efficacy of neurotropin in fibromyalgia: a case report. 
Pain Med. 2008;9(4):460–3.

	12.	 Matsuoka H, Tanaka H, Sayanagi J, Iwahashi T, Suzuki K, Nishimoto S, 
Okada K, Murase T, Yoshikawa H. Neurotropin((R)) accelerates the dif-
ferentiation of schwann cells and remyelination in a rat lysophosphatidyl-
choline-induced demyelination model. Int J Mol Sci. 2018;19(2):516.

	13.	 Yoshida T, Park JS, Yokosuka K, Jimbo K, Yamada K, Sato K, Nagata K. Effect 
of a nonprotein bioactive agent on the reduction of cyclooxygenase-2 
and tumor necrosis factor-alpha in human intervertebral disc cells 
in vitro. J Neurosurg Spine. 2008;9(5):411–8.

	14.	 Sekine A, Saito S, Iida A, Mitsunobu Y, Higuchi S, Harigae S, Nakamura 
Y. Identification of single-nucleotide polymorphisms (SNPs) of human 
N-acetyltransferase genes NAT1, NAT2, AANAT, ARD1 and L1CAM in the 
Japanese population. J Hum Genet. 2001;46(6):314–9.

	15.	 Sabbagh A, Langaney A, Darlu P, Gérard N, Krishnamoorthy R, Poloni ES. 
Worldwide distribution of NAT2 diversity: implications for NAT2 evolu-
tionary history. BMC Genet. 2008;9:21.

	16.	 Wattanapokayakit S, Mushiroda T, Yanai H, Wichukchinda N, Chu-
chottawon C, Nedsuwan S, Rojanawiwat A, Denjanta S, Kantima T, 
Wongyai J, et al. NAT2 slow acetylator associated with anti-tubercu-
losis drug-induced liver injury in Thai patients. Int J Tuberc Lung Dis. 
2016;20(10):1364–9.

	17.	 Hein DW, Ferguson RJ, Doll MA, Rustan TD, Gray K. Molecular genetics 
of human polymorphic N-acetyltransferase: enzymatic analysis of 15 
recombinant wild-type, mutant, and chimeric NAT2 allozymes. Hum Mol 
Genet. 1994;3(5):729–34.

	18.	 Grant DM, Hughes NC, Janezic SA, Goodfellow GH, Chen HJ, Gaedigk A, 
Yu VL, Grewal R. Human acetyltransferase polymorphisms. Mutat Res. 
1997;376(1–2):61–70.

	19.	 Lin HJ, Probst-Hensch NM, Hughes NC, Sakamoto GT, Louie AD, Kau IH, 
Lin BK, Lee DB, Lin J, Frankl HD, et al. Variants of N-acetyltransferase NAT1 
and a case-control study of colorectal adenomas. Pharmacogenetics. 
1998;8(3):269–81.

	20.	 Leff MA, Fretland AJ, Doll MA, Hein DW. Novel human N-acetyltransferase 
2 alleles that differ in mechanism for slow acetylator phenotype. J Biol 
Chem. 1999;274(49):34519–22.

	21.	 Sabbagh A, Darlu P, Crouau-Roy B, Poloni ES. Arylamine N-acetyltrans-
ferase 2 (NAT2) genetic diversity and traditional subsistence: a worldwide 
population survey. PLoS ONE. 2011;6(4):e18507.

	22.	 Ladero JM. Influence of polymorphic N-acetyltransferases on non-malig-
nant spontaneous disorders and on response to drugs. Curr Drug Metab. 
2008;9(6):532–7.

	23.	 Agúndez JA. Polymorphisms of human N-acetyltransferases and cancer 
risk. Curr Drug Metab. 2008;9(6):520–31.

https://www.ncbi.nlm.nih.gov/gds/?term=GSE114169
https://www.ncbi.nlm.nih.gov/gds/?term=GSE114169
http://nat.mbg.duth.gr/Human%20NAT2%20alleles_2013.htm
http://nat.mbg.duth.gr/Human%20NAT2%20alleles_2013.htm


Page 11 of 11Nakai et al. BMC Med Genomics           (2021) 14:79 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	24.	 Gineikiene E, Stoskus M, Griskevicius L. Single nucleotide polymorphism-
based system improves the applicability of quantitative PCR for chimer-
ism monitoring. J Mol Diagn JMD. 2009;11(1):66–74.

	25.	 Machida H, Tsukamoto K, Wen CY, Shikuwa S, Isomoto H, Mizuta Y, 
Takeshima F, Murase K, Matsumoto N, Murata I, et al. Crohn’s disease in 
Japanese is associated with a SNP-haplotype of N-acetyltransferase 2 
gene. World J Gastroenterol. 2005;11(31):4833–7.

	26.	 Kreiner DS, Matz P, Bono CM, Cho CH, Easa JE, Ghiselli G, Ghogawala 
Z, Reitman CA, Resnick DK, Watters WC 3rd, et al. Guideline summary 
review: an evidence-based clinical guideline for the diagnosis and treat-
ment of low back pain. Spine J. 2020;20(7):998–1024.

	27.	 Depalma MJ, Ketchum JM, Trussell BS, Saullo TR, Slipman CW. Does the 
location of low back pain predict its source? PM&R J Inj Funct Rehab. 
2011;3(1):33–9.

	28.	 O’Connell MB, Frye RF, Matzke GR, St Peter JV, Willhite LA, Welch MR, 
Kowal P, LaValleur J. Effect of conjugated equine estrogens on oxidative 
metabolism in middle-aged and elderly postmenopausal women. J Clin 
Pharmacol. 2006;46(11):1299–307.

	29.	 Zielińska E, Bodalski J, Niewiarowski W, Bolanowski W, Matusiak I. Com-
parison of acetylation phenotype with genotype coding for N-acetyl-
transferase (NAT2) in children. Pediatr Res. 1999;45(3):403–8.

	30.	 McQueen CA, Chau B. Neonatal ontogeny of murine arylamine 
N-acetyltransferases: implications for arylamine genotoxicity. Toxicol Sci. 
2003;73(2):279–86.

	31.	 Salazar-González RA, Turiján-Espinoza E, Hein DW, Milán-Segovia RC, 
Uresti-Rivera EE, Portales-Pérez DP. Expression and genotype-dependent 
catalytic activity of N-acetyltransferase 2 (NAT2) in human peripheral 
blood mononuclear cells and its modulation by Sirtuin 1. Biochem Phar-
macol. 2018;156:340–7.

	32.	 Wang H, Iwasaki M, Haiman CA, Kono S, Wilkens LR, Keku TO, Berndt SI, 
Tsugane S, Le Marchand L. Interaction between red meat intake and 
NAT2 genotype in increasing the risk of colorectal cancer in Japanese 
and African Americans. PLoS ONE. 2015;10(12):e0144955.

	33.	 Liu LVVA, Zhang N, Walters KJ, Wagner CR, Hanna PE. Arylamine N-acetyl-
transferases: characterization of the substrate specificities and molecular 
interactions of environmental arylamines with human NAT1 and NAT2. 
Chem Res Toxicol. 2007;20(9):1300–8.

	34.	 Unal M, Tamer L, Doğruer ZN, Yildirim H, Vayisoğlu Y, Camdeviren H. 
N-acetyltransferase 2 gene polymorphism and presbycusis. Laryngo-
scope. 2005;115(12):2238–41.

	35.	 Sakai D, Nakamura Y, Nakai T, Mishima T, Kato S, Grad S, Alini M, Risbud 
MV, Chan D, Cheah KS, et al. Exhaustion of nucleus pulposus progenitor 
cells with ageing and degeneration of the intervertebral disc. Nat Com-
mun. 2012;3:1264.

	36.	 Hirose Y, Chiba K, Karasugi T, Nakajima M, Kawaguchi Y, Mikami Y, Furuichi 
T, Mio F, Miyake A, Miyamoto T, et al. A functional polymorphism in THBS2 
that affects alternative splicing and MMP binding is associated with 
lumbar-disc herniation. Am J Hum Genet. 2008;82(5):1122–9.

	37.	 Karasugi T, Semba K, Hirose Y, Kelempisioti A, Nakajima M, Miyake A, 
Furuichi T, Kawaguchi Y, Mikami Y, Chiba K, et al. Association of the tag 
SNPs in the human SKT gene (KIAA1217) with lumbar disc herniation. J 
Bone Miner Res. 2009;24(9):1537–43.

	38.	 Chen J, Zhao X, Cui L, He G, Wang X, Wang F, Duan S, He L, Li Q, Yu X, 
et al. Genetic regulatory subnetworks and key regulating genes in rat 
hippocampus perturbed by prenatal malnutrition: implications for major 
brain disorders. Aging. 2020;12(9):8434–58.

	39.	 Li H, Wang X, Lu X, Zhu H, Li S, Duan S, Zhao X, Zhang F, Alterovitz G, 
Wang F, et al. Co-expression network analysis identified hub genes critical 
to triglyceride and free fatty acid metabolism as key regulators of age-
related vascular dysfunction in mice. Aging. 2019;11(18):7620–38.

	40.	 Wu Y, Cao H, Baranova A, Huang H, Li S, Cai L, Rao S, Dai M, Xie M, Dou 
Y, et al. Multi-trait analysis for genome-wide association study of five 
psychiatric disorders. Transl Psych. 2020;10(1):209.

	41.	 Jiang L, Wang K, Lo K, Zhong Y, Yang A, Fang X, Akezhuoli H, Song Z, Chen 
L, An P, et al. Sex-specific association of circulating ferritin level and risk of 
type 2 diabetes: a dose-response meta-analysis of prospective studies. J 
Clin Endocrinol Metab. 2019;104(10):4539–51.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Association of NAT2 genetic polymorphism with the efficacy of Neurotropin® for the enhancement of aggrecan gene expression in nucleus pulposus cells: a pilot study
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study population
	Tissue culture and cell isolation and expansion
	Chemicals
	Treatment of cultured NP cells with NTP
	Real-time quantitative PCR
	NAT2 genotyping and assignment of acetylator phenotypes
	Statistical analysis
	Compliance with ethical standards

	Results
	Phenotype and age-related changes in the expression of the aggrecan mRNA after NTP treatment
	Male donors classified as having an intermediate acetylator phenotype exhibited a favorable response to NTP treatment

	Reconfirmation of efficacy of NTP on expression of the CSGALNACT1 mRNA

	Discussion
	Conclusions
	Acknowledgements
	References


