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Abstract Arylamine N-acetyltransferase (NAT; E.C. 2.3.1.5) enzymes are responsible for the
biotransformation of several arylamine and hydrazine drugs by acetylation. In this process, the acetyl
group transferred to the acceptor substrate produces NAT deacetylation and, in consequence, it is
susceptible of degradation. Sirtuins are protein deacetylases, dependent on nicotine adenine dinucleotide,
which perform post-translational modifications on cytosolic proteins. To explore possible sirtuin
participation in the enzymatic activity of arylamine NATs, the expression levels of NAT1, NAT2,
SIRT1 and SIRT6 in peripheral blood mononuclear cells (PBMC) from healthy subjects were examined
by flow cytometry and Western blot. The in situ activity of the sirtuins on NAT enzymatic activity was
analyzed by HPLC, in the presence or absence of an agonist (resveratrol) and inhibitor (nicotinamide) of
sirtuins. We detected a higher percentage of positive cells for NAT2 in comparison with NAT1, and
higher numbers of SIRT1þ cells compared to SIRT6 in lymphocytes. In situ NAT2 activity in the
presence of NAM inhibitors was higher than in the presence of its substrate, but not in the presence of
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resveratrol. In contrast, the activity of NAT1 was not affected by sirtuins. These results showed that NAT2
activity might be modified by sirtuins.

& 2018 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Acetylation is the major biotransformation pathway for arylamine
and hydrazine drugs with pharmacological/toxicological relevance,
and it is catalyzed by arylamine N-acetyltransferases (NATs; E.C.
2.3.1.5) enzymes1,2. NAT1 and NAT2 are phase II cytosolic
enzymes that transfer an acetyl group from acetyl CoA to a
xenobiotic substrate (arylamine, aromatic, heterocyclic or hydra-
zine compounds)3. In spite of the high similarity at genetic
structure and protein level, these two enzymes have different
specificity of substrate and tissue expression. p-Aminobenzoic acid
(PABA), p-aminosalicylic acid (PAS) and p-aminobenzoyl gluta-
mic acid are specific substrates for human NAT1, and show wide
tissue distribution4,5. Conversely, NAT2 has a more restricted
distribution and expression to the liver, intestinal epithelium and
colon. The known targets of this enzyme are: sulfamethazine
(SMZ), isoniazid (INH), procainamide and dapsone. Moreover,
other compounds function as substrates for both enzymes, e.g.
2-aminofluorene6.

NATs can be regulated at transcriptional, post-transcriptional
and post-translational levels. These enzymes share three
domains, the domains I and II are more conserved between
NAT enzymes than domain III and have a conserved catalytic
triad composed of three residues: Cysteine, Histidine and
Aspartate; in their functional structure, which forms part of the
active site1,2. Regarding the post-translational regulation of
NATs, the active site Cysteine of these enzymes is acetylated
in the absence of substrate, which makes it more resistant to
proteasomal degradation1. In contrast, the non-acetylated form of
the protein is sensitive to polyubiquitination that leads to its
degradation by the proteasome7. It has been reported that
acetylation of the active site cysteine (Cys68) defines the stability
of NAT1. On the other hand, acetylation of NAT, like many
cytosolic proteins, occurs in different amino acid residues across
the entire structure, this prevents the protein from being degraded
or having a greater half-life. Nevertheless, the acetyl groups have
to be removed from the protein in order to maintain the
equilibrium in the cell. In this mechanism of regulation some
deacetylases proteins participate such as sirtuins in the specific
case of lysine residues8.

The sirtuin family includes seven (SIRT1–SIRT7) deacetylase/
ADP ribosyltransferase proteins that vary in cellular
localization, tissue specificity, enzymatic activity and protein
substrates. They are involved in post-translational modifica-
tions by deacetylation (SIRT1, 2, 3, 5 and 6) or ADP
ribosylation (SIRT4, 5 and 6) and play an important regulatory
role in many biological processes9. Sirtuins catalyse the deacetyla-
tion of lysine residues of target proteins using nicotinamide
adenine dinucleotide (NADþ) as a cofactor and liberating nicoti-
namide which, in high concentrations, is able to bind to sirtuin in a
non-competitive form, and by a feedback-loop mechanism, inhibit
its activity10.
Due to widespread participation of sirtuins in many physiolo-
gical processes such as metabolism, stress and ageing11, it has
been suggested that NAT1 and NAT2 could be affected by sirtuin-
regulated deacetylation. Positive modulation of SIRT1 mRNA
expression was able to prevent the hepatotoxicity induced by INH
and rifampicin in mice12. Since NAT is the main metabolizing
enzyme of INH, it is not surprising to suggest that NAT could be a
target of SIRT1 causing, therefore, a decrease in NAT activity due
to an increase of the deacetylation process generated by SIRT1
overexpression. To date it is unknown whether sirtuins are able to
regulate NAT activity and the consequences of this regulation on
immune cells. Therefore, this field needs to be explored.

Given the fact of NATs and SIRT1 and 6, are present in the
same subcellular compartment, in this study we investigated the
expression and the effects of sirtuins on the in situ enzymatic
activity of NAT1 and NAT2 in peripheral blood mononuclear cells
(PBMC). We found higher expression and activity of NAT2
compared to NAT1 in PBMC. The results from the current study
provide the first evidence of possible modulation for NAT2, but
not for NAT1, by the inhibition of sirtuin activity, which might
have important implications for the cellular functions of NAT2.
2. Materials and methods

2.1. Population

A total of 17 healthy subjects, ranging between 20 and 32 years of
age, were recruited for this study. Nine of them were males and
eight females. For this group, biochemical parameters, such as
glucose and triglycerides were measured. Subjects with infectious
and/or autoimmune diseases and with antibiotic therapy, alcohol
consumption, tobacco or illicit drugs were excluded. The Bioethics
Committee of the Autonomous University of San Luis Potosi
approved this work and all participants signed a written informed
consent form.
2.2. Isolation of peripheral blood mononuclear cells

Blood samples were collected in 8 mL EDTA Vacutainer tubes
(BD Biosciences, CA, USA) for expression and enzymatic activity
analysis. Peripheral blood mononuclear cells (PBMC) were iso-
lated by Ficoll gradient centrifugation. Blood was diluted with an
equal volume of phosphate-buffered saline (PBS) pH 7.3, overlaid
on layered Ficoll-Histopaque (Sigma, St. Louis, MO, USA) and
centrifuged at 2500 rpm (500× g) for 20 min at 25 °C. The PBMC
layer was removed and washed twice with PBS and resuspended
in Dulbecco's modified Eagle's medium (DMEM) culture medium
at 2× 106 cells/mL. Media were supplemented with 10% fetal calf
serum, 50 U/mL penicillin and 50 μg/mL streptomycin (Sigma).
Cell viability was assessed by trypan blue exclusion assay.
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Figure 1 SIRT1 and SIRT6 expression in lymphocytes. (A) Representative histogram of 3T3 cells (positive control) or (B) Lymphocytes from healthy
subjects stained with anti-SIRT6 (black) and secondary antibody FITC anti-mouse as an isotype control (grey). (C) Comparison of SIRT6 expression in
3T3 and lymphocytes. (D) Western blot of representative SIRT6 protein expression level in peripheral blood mononuclear cells (PBMC) and positive
controls. (E) Representative histogram of HeLa cells (positive control) or (F) Lymphocytes from healthy subjects stained with either rabbit anti-SIRT1
(black), goat anti-rabbit APC secondary antibody as isotype control (grey) or cells in the absence of antibody (dotted line). (G) Comparison of SIRT1
expression in HeLa and lymphocytes. (H) Western blot of representative SIRT1 protein expression level in PBMC and positive controls.
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2.3. Expression of intracellular proteins by flow cytometry

The percentage of cells expressing the intracellular proteins of
interest was evaluated by staining them with different combinations
of monoclonal antibodies. First, intracellular staining cells were
treated with the commercial Fix/Perm Buffer Kit (eBioscience,
CA, USA) and then incubated with rabbit anti-NAT1 or mouse
anti-NAT2 antibodies (Abcam, Cambridge, UK) for 1.5 h at 4 °C.
Then, the cells were incubated with anti-rabbit APC or anti-mouse
FITC secondary antibodies (eBioscience) respectively for 20 min at
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4 °C in the dark. For detection of intracellular sirtuin protein levels in
human lymphocytes, the cells were also permeabilized and incubated
with rabbit anti-SIRT1 (Abcam) or mouse monoclonal anti-SIRT6
(Abcam) antibodies for 20 min at 4 °C, followed by incubation with
anti-rabbit APC or mouse FITC secondary antibodies (eBioscience),
respectively, for 20 min at 4 °C in the dark. Then, cells were fixed
with 1% paraformaldehyde, and the percentage of double-positive
cells was obtained in a FACSCanto II Cytometer and analyzed using
FACSDiva software (Becton Dickinson, San Jose, CA, USA). The
results were expressed as the percentage of positive cells.
2.4. Expression of intracellular proteins by Western blot

For protein quantification cells were washed with PBS, resuspended
in lysis buffer (HEPES 100 mmol/L, 1 mol/L NaCl, 200 mmol/L
MgCl2, 100 mmol/L EDTA and Triton X-100, pH 7.4) and lysed by
sonication at 50% amplitude. Then, the cells were centrifuged at
12,000 rpm (2400 × g) at 4 °C for 30 min. The supernatant was used
to determine protein concentrations by the Bradford method (BCA
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50 μg/mL streptomycin (Sigma), and maintained at 37 °C in a
humidified atmosphere of 5% CO2. Cells were treated with the
sirtuin antagonist nicotinamide: 0, 30, 100, 5 and 20 mmol/L
(Sigma–Aldrich) and with the sirtuin agonist resveratrol: 0, 10, 50
and 100 µmol/L (Sigma–Aldrich), for 3 h at 37 °C. After this time,
the medium was replaced by fresh supplemented medium contain-
ing the specific substrate: 10, 30 and 100 μmol/L PABA or INH
(Sigma–Aldrich) for each enzyme. The cells were incubated for 6,
12, 24 or 48 h. HeLa and CHO cultures were used as positive and
negative controls for NAT enzymatic activity.
2.6. In situ NAT activity determination

NAT1 and NAT2 activity was determined by HPLC on super-
natants of PBMC, CHO (data not shown) and HeLa cell cultures,
by quantified concentrations of the substrates and metabolites of
each enzyme: PABA and acetyl-PABA (Ac-PABA) for NAT1,
INH and acetyl-INH (Ac-INH) for NAT2. For the extraction of
PABA/Ac-PABA and INH/Ac-INH, 100 µL of supernatant was
deproteinized with 30 µL of 13% acetonitrile in H2O with 0.5%
acetic acid for NAT1, and 30 µL of 10% trichloroacetic acid
(Sigma–Aldrich) for NAT2. Then, it was centrifuged at
11,000 rpm (2200 × g) for 10 min at 4 °C, and 20 µL of super-
natant was injected into Waters HPLC chromatographic equip-
ment, which consists of a 1525 binary pump system linked to a
717 Plus autoinjector with a 20 µL injection loop, a UV/VIS 2487
detector and Breeze software v3.2 (Waters Corporation, MA,
USA). The standards used for PABA/Ac-PABA and INH/Ac-INH
were of USP grade, and chromatographic solvents were HPLC
grade. For the analytical separation, we used a 150 mm × 30 mm
Waters X-terra RP18 column of 3.5 µm particle size, and a
30 mm × 10 mm Waters X-terra RP18 guard column of 3.5 µm
particle size (Waters Corporation, MA, USA). The mobile phase
for quantification of INH/Ac-INH consisted of a mixture of
2.5 mmol/L phosphate buffer and 30 mmol/L sodium heptanesul-
fonate with acetonitrile at an 80:20 (v/v) ratio at pH 2.7 and a flow
rate of 0.4 mL/min. For PABA/Ac-PABA, the mobile phase
consisted of 50 mmol/L acetic acid and acetonitrile in a 90:10
(v/v) ratio. The detection of each compound and its metabolite was
performed at a wavelength of 270 nm for NAT1 and 266 nm for
NAT2 by integrating the chromatographic peaks with Breeze
software (v3.2). The method described was analytically validated
according to NOM-177-SSA1-2013. The concentration of each
analyte in the sample was calculated using respective calibration
curves in a 0 to 30 ng/µL range. NATs activity was normalized to
lysate protein concentration and under these conditions the rate of
PABA acetylation was linear with respect to time and protein
concentration. All enzyme reactions were performed in duplicate,
in conditions in which the initial rates were linear. Enzyme
activities are shown as nmol metabolite/mg protein/min13.
2.7. Statistical analysis

Statistical analysis was performed using GraphPad Prism v5.01
(GraphPad Software, Inc.). The results are expressed as arithmetic
mean7the standard error of the mean (SEM) of the percentage of
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positive cells, and enzymatic activity of NATs is expressed as
nmol metabolite/mg protein/min. We used Student's t-test to
identify the differences between the treatment and control,
ANOVA was used to identify the differences between the groups,
and Pearson's correlation analysis was used to identify correlations
between percentage sets of positive cells and activity data. Values
of Po0.05 were considered to be statistically significant.
3. Results

3.1. Sirtuins 1 and 6 are expressed in lymphocytes

In order to determine whether SIRT6 and SIRT1 were expressed in
lymphocytes, we examined sirtuin protein expression by flow
cytometry (Fig. 1B and F) and Western blot (Fig. 1D and H).
Fig. 1 shows representative histograms from the positive controls
of SIRT6 and SIRT1 expression using 3T3 (Fig. 1A) or HeLa cells
(Fig. 1E), respectively. There was a diminished level of SIRT6
positive cells in the lymphocyte gate in comparison to the positive
Isotype control
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SIRT1 (Fig. 3C and G) are shown. Subsequently, to verify whether
sirtuins are expressed simultaneously with NAT enzymes; an
indirect double staining, blocked with 0.01% BSA between each
primary antibody, was designed. The dot plots show the percen-
tage of double-positive cells for NAT1þSIRT6þ (Fig. 2J) and
NAT2þSIRT1þ (Fig. 3J). When we analysed whether any of the
NAT enzymes was predominant in the lymphocytes, we found that
NAT2 was significantly increased in lymphocytes in comparison
with NAT1 (Fig. 4A, Po0.05). These data were confirmed by
Western blot where higher expression of NAT2 was found than of
NAT1 on lysate of PBMC (Fig. 4C). Similarly, SIRT1 showed
higher levels in comparison with SIRT6 in lymphocytes (Fig. 4B,
Po0.0001). Then, a higher level of positive cells for
NAT2þSIRT1þ versus NAT1þSIRT6þ was detected in lym-
phocytes from healthy subjects (Fig. 4D).
3.3. In situ NAT activity in cultures of mononuclear cells

To evaluate the enzymatic activity of both NAT proteins, it was
necessary to design and validate the method. Using the HPLC
technique, we quantified the metabolites PABA and Ac-PABA for
NAT1, and INH and Ac-INH for NAT2 in cells that constitutively
expressed such proteins in mononuclear cells. Cultures of human
PBMC and HeLa cells were conducted to investigate the effect of
PABA and INH on NAT1 and NAT2 in situ enzymatic activity,
respectively as described by Hein et al.15 The cells were cultured
in DMEM for up to 24 h in the absence or presence of PABA, and
for up to 48 h in the absence or presence of INH; then, the
enzymatic activity was assessed. The NAT1 and NAT2 activity
(measured as the N-acetylation of PABA or INH) was determined
at concentrations ranging between 30 and 500 µmol/L of PABA
(Fig. 5A and C), and concentrations between 10 and 100 µmol/L
of INH for HeLa cells (positive control) and PBMC (Fig. 5B and
D). Cultured cells showed no loss of NAT1 or NAT2 activity at
the culture time tested.

Different PABA and INH concentrations were used to evaluate the
NAT1 and NAT2 activity in PBMC after 24 h of incubation (Fig. 6A
and B). We observed a dose-dependent activity due to significantly
increased levels of the metabolite of NAT1 (nmol Ac-PABA/min/mg
protein) and NAT2 (nmol Ac-INH/min/mg protein) with 10, 30 and
100 µmol/L INH after 24 h of incubation. However, the enzymatic
activity observed in NAT1 culture did not show the same proportion as
with the NAT2 culture, i.e. although both were dependent on the
concentration of the substrate (Fig. 6C). In addition, the NAT2 activity
showed a positive correlation associated with NAT2 expression in
lymphocytes from healthy volunteers (Fig. 6D).
3.4. NAT2 activity is increased by inhibition of sirtuins

The possible effect of sirtuins on NAT activity in PBMC was
examined as nmol Ac-PABA/min/mg protein for NAT1 and nmol
Ac-INH/min/mg protein for NAT2 in the presence and absence of
an agonist (resveratrol, RSV) and an inhibitor (nicotinamide,
NAM) of sirtuins. To determine the exposure time, the cells were
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cultured with and without RSV or NAM at 37 °C for 3, 6 and 12 h.
Cell viability was measured by MTT assay (Sigma–Aldrich). An
increase in the time of incubation longer to than 6 h for NAM and
3 h for RSV caused the death of 25% of the cells (data not shown).
Therefore, the exposure time used in the treatments was 3 h.
PBMC were cultivated in DMEM in the presence and absence of
RSV (0, 10, 50 and 100 µmol/L) for 3 h; subsequently, the
medium was replaced with fresh medium containing different
concentrations of PABA and INH (10, 30 and 100 µmol/L) and the
activity was evaluated. In the latter conditions we found that the
activity of NAT1 (Fig. 7A) and NAT2 (Fig. 7B) in cell culture did
not change when cells were stimulated with different concentra-
tions of RSV, compared to cells in culture medium.

Since sirtuins have a deacetylase capacity and, in consequence,
can alter the metabolizing activity of NATs, it was analyzed
whether sirtuin inhibition by increased concentrations of NAM
metabolite could have an effect on NAT1 or NAT2 activity,
measuring Ac-PABA and Ac-INH, respectively. Mononuclear cell
cultures with 10, 30 and 100 µmol/L of INH indicated that NAT2
metabolizing capacity increased significantly (Po0.05) when
sirtuins were inhibited with NAM compared with those not treated
for 24 h (Fig. 8B). In contrast, we did not observe any effect on
NAT1 activity when sirtuins were inhibited with different con-
centrations of NAM for 24 h (Fig. 8A).
4. Discussion

In order to evaluate the possible role of arylamine N-acetyltrans-
ferases NAT1 and NAT2 on immune cells, the expression and
activity of these enzymes in PBMC from healthy subjects were
studied and evaluated. We found a higher NAT2 expression in
lymphocytes, confirming the results previously reported by our
research group14. However, in this study we observed a higher
variability in the percentage of NAT2 positive cells between the
studied subjects. This high variability in the level of NAT2 in
these cells could be attributed to polymorphisms affecting their
expression. NATs polymorphisms (rapid, intermediate and slow
phenotypes) which explain the variability in NAT2 expression are
under investigation (unpublished results). On the other hand,
NAT1 is a protein that in a conventional form has been determined
by Western blot in different tissues and cellular types5,16,17. Today,
studies about the presence of NAT1 in mononuclear cells are
reported as the relative expression of protein in individuals with
different genotypes3. Although NAT1 appears to be present in
almost all examined tissues, it was important to evaluate the
percentage of lymphocytes expressing this protein, as reported
with NAT2 by flow cytometry. Interestingly, our results show
NAT1 expression of approximately 20% and it is noticeable that,
when we compared the expression of these proteins, NAT2 levels
were higher than NAT1 in lymphocytes. In this regard, the
worldwide consensus indicates that NAT2 presents a lower
distribution than NAT1 in the organism. However, our data
indicate in the case of these type of blood cells, the percentage
of NAT2 positive cells is higher than NAT1þ cells in our study
group. In addition, it is important to consider the influence of
certain NAT1 and NAT2 polymorphism in the expression of these
enzymes. Therefore, it would be important to determine in
subsequent studies whether these expression levels of NAT1 and
NAT2 are similar in PBMC or whether are altered in some
pathological conditions. These assays are undergoing in our group
of work.
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Figure 5 Dose-response and kinetic curves for the detection of acetyl-p-aminobenzoic acid (Ac-PABA) and acetyl-isoniazid (Ac-INH) in
peripheral blood mononuclear cells (PBMC) and HeLa cells. HeLa cells (A), (B) and PBMC (C), (D) were incubated in the presence of different
concentrations of PABA (A), (C) or INH (B), (D). Both metabolites were quantified by HPLC as described in Section materials and methods. Each
point represents the mean of duplicate assays performed in four cultures. M, mol/L.
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Figure 6 NAT1 and NAT2 enzymatic activity in mononuclear cell cultures. Peripheral blood mononuclear cells (PBMC) were cultured with 10,
30 and 100 µmol/L of PABA (A) or INH (B) for 24 h. (C) Comparison of enzymatic activity between NAT1 (■) and NAT2 (•). Levels of Ac-
PABA and Ac-INH from each culture were evaluated by HPLC as described in Section materials and methods. Each point represents the mean of
duplicate assays of cultured cells. (D) Correlation between the percentage of NAT2 positive cells and NAT2 activity measured as acetyl-isoniazid
(Ac-INH). A Pearson correlation analysis was performed for each pair; the trend line, correlation coefficient (r), and significance (P) are shown for
the plot (*Po0.05; **Po0.01; ***Po0.001).
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NAT1 and NAT2 activity was quantified through the measure-
ment of their metabolite levels by HPLC as previously
described13,18. Our results showed that NAT activity was
dependent on substrate concentration for both enzymes (NAT1
and NAT2) in a range from 10 to 100 µmol/L; in addition, for the
first time, we found higher concentrations of Ac-INH in
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Figure 7 Effect of an agonist of sirtuins on NAT1 and NAT2
activity. Peripheral blood mononuclear cells (PBMC) were cultured
with different concentrations of a sirtuin agonist (resveratrol, RSV: 0,
10, 50 and 100 µmol/L) for 3 h and, subsequently, with p-aminoben-
zoic acid (PABA) or isoniazid (INH) were added. NAT1 (A) and
NAT2 (B) activity expressed in nmol of metabolite/min/mg of protein
was determined by HPLC. PABA or INH concentrations ¼ 10, 30 and
100 µmol/L. M, mol/L.
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Figure 8 Effect of an inhibitor of sirtuins on NAT1 and NAT2
activity. Peripheral blood mononuclear cells (C) from healthy subjects
were cultured with different concentrations of a sirtuin inhibitor
(nicotinamide, NAM: 0, 30, 100 µmol/L, 5 and 20 mmol/L) for 3 h
and, subsequently, the substrate of each enzyme with p-aminobenzoic
acid (PABA) or isoniazid (INH) were added. NAT1 (A) and NAT2
(B) activity expressed in nmol of metabolite/min/mg of protein was
determined by HPLC. PABA or INH concentrations ¼ 10, 30 and
100 µmol/L. *Po0.05; ***Po0.001. M, mol/L.

Modulation of sirtuins on NAT1 and NAT2 activity 197
comparison to Ac-PABA, indicating that NAT2 would has a
greater metabolizing function than NAT1 in PBMC. Given that the
results were measured on supernatants of PBMC cultures and they
were not from the supernatant of lysate of cells, these low levels of
product formation were similar to others previously reported19.
NAT1 and NAT2 acetylate their substrates by ‘ping pong bi-bi’
reactions and in the NATs acetylated state, they behave as stable
proteins; conversely, their deacetylation generates fast polyubiqui-
tination and subsequent protein degradation3. In this regard,
reversible acetylation is a regulation mechanism for the enzyme
activity of several proteins. HDAC enzymes, like sirtuins,
are responsible of carrying out this mechanism, through the
removal of the acetyl group and, therefore, they generate unstable
proteins9.

Specifically, SIRT1 and SIRT6 are cytoplasmic enzymes with a
deacetylase function that are found in the same environment
together with NATs and could have an effect on these proteins;
since it has been reported that sirtuins target different substrates
such as proteins involved in metabolism. Therefore, in this study,
we analyzed the expression profile of the cytoplasmic sirtuins
1 and 6 in lymphocytes, since to date there are no reports of its
detection by flow cytometry. Our results show for the first time
that SIRT6 is expressed at levels below 15% in lymphocytes,
while for SIRT1 there is a greater variability in its expression
levels, which are above 42%. This means that the percentage of
SIRT1-positive cells is higher than the percentage of SIRT6-
positive cells. It could be interesting to evaluate the presence of
these proteins in subpopulations of lymphocytes and explore their
function in relevant processes such as proliferation or cytokine
production.

Acetylation is a crucial step for NAT proteins in order to induce
their function and/or activity on xenobiotic compounds and drugs.
Since we observed that there is a co-expression of NAT2 and
SIRT1, and NAT1 and SIRT6 in lymphocytes, we prompted us to
explore the regulation mechanism that sirtuin exert on NATs.
Sirtuins are deacetylases that target proteins such as FOXO1,
PGAM1, p53, p73, RUNX3, SREB1a, SREBP2, E2F1 and
ER8120–22 among others. The deacetylated-state of proteins carried
out by sirtuins, generates the instability of their substrates and, in
consequence, an alteration in their activity. All sirtuin enzymes are
dependent on oxidized NADþ and there are different conditions
that can alter the levels of this cofactor, affecting the biosynthesis
and activity of sirtuins23 such as age, weight or percentage of
adipose tissue11,22,24. It has been reported that by suppressing
SIRT1 activity with NAM, there is an increase in the acetylation of
PGC-1α; on the contrary, when concentrations of 50 μmol/L of
RSV, a sirtuin agonist, were used, the acetylation of PGC-1α
decreased25. In our work, we investigated the possibility that
sirtuins are regulators of NAT1 and NAT2 through the deacetyla-
tion mechanism that affects the enzymatic activity of NATs. The
concentrations of RSV and NAM for the activation and inhibition
of sirtuins were used at around 100 µmol/L for RSV and 20 mmol/L
for NAM given that numerous studies have shown that higher
concentrations of resveratrol or NAM induce apoptosis in a variety
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of cells26. Our results showed no significant loss of NAT1 and
NAT2 activity with any concentration of RSV evaluated. Therefore,
the capacity of sirtuins to adjust NATs downward require more new
studies to determine why RSV did not alter the NAT activity in the
conditions of our study. Recently, a number of non-polyphenolic
synthetic SIRT1-activating compounds (SRT series) have been
described, which have no structural similarity to RSV and are
1000 times more potent than RSV. These compounds could be used
for future applications to increase the capacity to monitor the status
of sirtuin activity in a cellular environment27.

On the other hand, NAM, an inhibitor of sirtuins, modified NAT2
activity and generated an important increase, which was not
observed in the NAT1 activity. This suggests that when sirtuins
are inhibited, they prevent NAT2 deacetylation; causing, therefore, a
shift in the equilibrium of the NAT2 proteins towards a stable
acetylated state that is capable of performing a better and faster
metabolizing function on its substrates. Regarding to this, we carried
out an in silico analysis in order to search for acetylation sites within
NAT2 protein. Using the PHOSIDA database (http://www.phosida.
com), we were able to predict the next acetylated sites: K13, K100,
K188, K243, K272; which can be target of sirtuins.

Although several studies have reported the activation and
inhibition of sirtuins with agonists and inhibitors of sirtuins, such
as RSV and NAM, the selectivity and sensitivity to individual
isoforms within the human SIRT1-7 group is not equal26,27. To
date, there are more reports describing the action that these
compounds exert on SIRT1 than on SIRT6, consequently, the
possible post-transcriptional regulation of NAT2 evaluated in this
study could be related to SIRT1. Moreover, our investigation did
not make it possible to identify the member of the sirtuin family
responsible for the possible effect on NAT2. Our results are the
first to be reported on this type of post-transcriptional regulation;
however, further studies are necessary in order to determine
whether these proteins are linked or which sirtuins are involved
in this regulatory mechanism.

Our findings demonstrated that lymphocytes from peripheral
venous blood express NAT1 and NAT2 proteins and sirtuins, with
low concentration levels of SIRT6 and higher levels of SIRT1. We
provide strong evidence that high levels of Ac-INH generated by
inhibition with NAM could be an effect of the mechanism of
regulation that sirtuins are exerting on NAT2. i.e. once deacetyla-
tion function of sirtuins is inhibited, they are not able to remove
the acetyl groups from NAT2, making this protein more stable
and, therefore, increasing its activity. We hypothesize that an
interaction between sirtuins and NAT2, does exist which mediates
NAT2 regulation. However, it is necessary to carry out further
investigation in order to explore whether such interaction is direct
and functional, and to determine whether the predicted lysine sites
are target of sirtuins. Moreover, future studies are aimed at
determining whether SIRT1 is directly involved in post-transcrip-
tional regulation of NATs in different subpopulations of lympho-
cytes and their effect, by identifying this previously unrecognized
function of SIRT1 in NAT2. Our study has further expanded the
range of biological functions aimed at by this regulation so that
this should provide a basis for future studies aimed at further
delineation of disorders linked to SIRT1 dysfunction.
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