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Abstract

Studies in vivo have demonstrated that the accumulation of p-amino acids (D-AAs) is associated with age-related diseases
and increased immune activation. However, the underlying mechanism(s) of these observations are not well defined. The
metabolism of D-AAs by p-amino oxidase (DAO) produces hydrogen peroxide (H,0,), a reactive oxygen species involved
in several physiological processes including immune response, cell differentiation, and proliferation. Excessive levels of
H,0, contribute to oxidative stress and eventual cell death, a characteristic of age-related pathology. Here, we explored the
molecular mechanisms of p-serine (D-Ser) and p-alanine (p-Ala) in human liver cancer cells, HepG2, with a focus on the
production of H,O, the downstream secretion of pro-inflammatory cytokine and chemokine, and subsequent cell death. In
HepG?2 cells, we demonstrated that p-Ser decreased H,O, production and induced concentration-dependent depolarization of
mitochondrial membrane potential (MMP). This was associated with the upregulation of activated NF-kB, pro-inflammatory
cytokine, TNF-a, and chemokine, IL-8 secretion, and subsequent apoptosis. Conversely, p-Ala-treated cells induced H,0O,
production, and were also accompanied by the upregulation of activated NF-kB, TNF-a, and IL-8, but did not cause signifi-
cant apoptosis. The present study confirms the role of both p-Ser and p-Ala in inducing inflammatory responses, but each
via unique activation pathways. This response was associated with apoptotic cell death only with p-Ser. Further research
is required to gain a better understanding of the mechanisms underlying p-AA-induced inflammation and its downstream
consequences, especially in the context of aging given the wide detection of these entities in systemic circulation.
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Introduction

Amino acids exist naturally in L- and D-forms, as they have
a chiral center, a-carbon. L-amino acids have long been
known for ribosome-based protein synthesis in all mam-
mals. However, it was only a decade ago that p-amino acids
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(p-AAs) were discovered to be present in mammals, owing
to the advancement in the detection methods for chiral amino
acids. Since then, p-AAs have been implicated in various
biological processes, where each entity appears to play a
different and specialized role. For instance, D-aspartate
is a major regulator of adult neurogenesis, and D-serine
(p-Ser) acts as a co-agonist of the N-methyl p-aspartate-
type (NMDA) glutamate receptors in the brain, which are
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involved in mammalian learning, memory, and behaviour
(Errico et al. 2008; Mothet et al. 2000). Additionally, -
AAs have been found to accumulate in tissues and organs in
age-related diseases, including Alzheimer’s disease, chronic
kidney disease, and cataract, which suggests that D-AAs may
play a role in the process of aging (Fujii et al. 2011). In
our previous study, we found strong correlations between
D-AAs [p-asparagine (D-Asn), D-Ser, D-alanine (D-Ala) and
D-proline (D-Pro)] in plasma and chronological age, clinical
markers of organ dysfunction as well as markers of immune
activation in both people living with HIV (PLWH), a disease
known to be associated with accelerated/accentuated aging,
as well as individuals without HIV between 25 and 84 years
of age (Gabuzda et al. 2020; Yap et al. 2022). However, the
pathophysiological role of plasma p-AAs in the context of
human aging and inflammation is poorly understood.

D-Amino acid oxidase (DAO) and p-aspartate oxi-
dase (DDO) are stereospecific degrative enzymes which
metabolize p-AAs. DDO acts on acidic D-AAs, particularly
D-aspartate, D-glutamate, and NMDA (Katane and Homma
2010) while non-polar D-AAs such as p-Ser and p-Ala, and
hydrophobic and bulky p-AAs such as p-tyrosine, D-pheny-
lalanine, and Dp-tryptophan are metabolized by DAO (Sacchi
et al. 2018). Both DDO and DAO catalyze p-AAs to produce
imino acid, coupled with the reduction of flavin adenine
dinucleotide (FAD). Subsequently, FAD re-oxidizes spon-
taneously in the presence of oxygen to produce hydrogen
peroxide (H,0,), while the imino acid hydrolyses to a-keto
acid and ammonia (Sacchi et al. 2018).

H,0, is a secondary messenger which regulates several
signaling processes, such as cell proliferation, differen-
tiation, and migration (Foreman et al. 2003; Li et al. 2006;
Mailloux 2018; Ushio-Fukai 2006). H,O, can have both
positive and negative effects depending on the level of H,0,
and the cell type under investigation (Veal et al. 2007). H,0,
is also a reactive oxygen species (ROS) and at high levels
causes oxidative stress, which initiates a number of down-
stream cascading events including mitochondria dysfunc-
tion, activation of pro-inflammatory cytokines, apoptotic and
autophagic cell death; all pathways which have been shown
to be involved in age-related organ decline (Finkel and Hol-
brook 2000; Gibson 2013; Pole et al. 2016; Redza-Dutordoir
and Averill-Bates 2016).

Given our prior observation of age-related accumulation
of plasma pD-AAs and its association with increased immune
activation (Yap et al. 2022), we posit that cellular exposure
to D-AAs induces inflammation, mediated by the production
of H,0, and nuclear factor-xB (NF-kB) activation, leading
to cell death. In this study, we investigated the in vitro effects
of two abundantly found p-AAs in human plasma, b-Ser and
D-Ala on human liver cancer cells (HepG2) and the down-
stream molecular mechanisms, contributing to p-Ser and
D-Ala-induced inflammation.
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Methods
Cell lines and cell culture

The human liver cancer cell line, HepG2 cell line, was
purchased from ATCC (Virginia, USA) and was cultured
in Eagle’s Minimum Essential Medium (EMEM; ATCC,
Virginia, USA) supplemented with 10% fetal bovine serum
(FBS), 100 U/mL penicillin and 100 pg/mL streptomycin
(Gibco; Thermo Fisher Scientific, Massachusetts, USA) in a
humidified incubator of 5% CO, at 37 °C. Cells were subcul-
tured by trypsinization at subconfluence and culture medium
was changed every 2-3 days.

Treatment of p-Ser and p-Ala

The concentrations of p-Ser and p-Ala used for all experi-
mental assays were determined from the dose-response
curves using the MTT (Sigma-Aldrich, St. Louis, MO, USA)
assay. Briefly, cells were treated with increasing concentra-
tions of p-Ala and p-Ser (Sigma-Aldrich, St. Louis, MO,
USA) (12.5-600 mM) for 24 h and 48 h. 10 pL of MTT
solution (5 mg/ml) was then added to each well contain-
ing 100 L of culture medium, and the plates were incu-
bated for 4 h at 37 °C. Formed formazan crystals were dis-
solved with 100 uL of isopropyl alcohol containing 0.05
N hydrochloric acid. Absorbance was measured at 570 nm
using a microplate reader (BioTek, USA). The ICs, values,
which represented the concentrations that inhibit 50% of cell
growth, were obtained by plotting graphs of cell viability
(%) against drug concentration (See supplementary Fig. 1
for dose—response curves). The ICs, values at 48 h, 30 mM,
and 60 mM for p-Ser and p-Ala, respectively, were chosen as
they were similar to concentrations used in previous studies
(Brandish et al. 2006; Okada et al. 2017). Concentrations at
half ICs, ICs;, and two times of ICy, at 48 h were used for
downstream experiments.

RNA preparation and real-time reverse
transcription-polymerase chain reaction (RT-qPCR)

HepG2 cells were seeded at approximately ~8 x 10* cells/
well in a 6-well tissue culture plate and grown until 80%
confluence. Cells were treated with p-Ala and p-Ser for
48 h, trypsinized, and total cellular RNA isolated using
Monarch® Total RNA Miniprep Kit according to the manu-
facturer’s protocol (NEB, USA). 1 ug RNA was then reverse
transcribed using LunaScript® RT SuperMix Kit as per the
manufacturer’s protocol. The DAO mRNA levels were deter-
mined by real-time PCR (ABI ViiA 7, Applied Biosystems,
USA). The DAO primers used were: forward primer, 5'CGC
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AGACGTGATTGTCAACT'3; reverse primer, 5’GGATGA
TGTACGGGGAATTG'3. The reference gene beta-2-mi-
croglobulin (B2M) was used to normalize DAO mRNA lev-
els and the sequences of the primers were: forward primer,
5'AGGACTGGTCTTTCTATCTCTTG'3; reverse primer,
5'CGGCATCTTCAAACCTCCAT'3. Thermal cycling was
initiated with incubation at 50 °C for 2 min and 95 °C for 10
min followed by 40 cycles of 95 °C for 15 s, 60 °C for 1 min.
Melt curve analysis was performed at the end of each PCR
experiment. Normalized DAO mRNA levels were quantified
by importing RT-qPCR quantification cycle (C,) values of
the gene of interest and reference genes. Relative expression
levels were calculated by “2C, methods (*C, sample — C,
calibrator).

Analysis of DAO and NF-kB proteins by Western blot

After 48 h of p-Ser and p-Ala treatment, cells were washed
and lysed using cold RIPA buffer (Thermo Scientific, USA)
containing 1 X protease and phosphatase inhibitor and
1 XEDTA for 15 min before scraping with a cell scraper.
Lysates were centrifuged at 14,000Xg for 15 min and super-
natants were stored at — 80 °C until further analysis. The
total protein concentration of the lysates was measured
using Pierce™ BCA protein assay kit (Thermo Scientific,
USA) and the amount of protein loaded in each well was
standardized. The protein extracts were resolved in 10%
SDS—polyacrylamide gel followed by western transfer to
Immobilon polyvinylidene difluoride membrane (PVDF;
EMD Millipore). Total protein on blot was stained using
Pierce™ Reversible Protein Stain Kit (Thermo Scientific,
USA). After blocking with 10% BSA in TBST for an hour,
the membranes were incubated with the primary antibody
at 4 °C overnight. The membranes were then washed and
incubated with peroxidase-conjugated secondary antibod-
ies for 1 h at room temperature. The antibodies used are
as follows: rabbit anti-DAO (1:5000; Abcam), rabbit anti-
pNF-kB (1:1000; Cell Signaling Technology), rabbit anti-
NF-xB (1:1000; Cell Signaling Technology) and anti-rabbit
IgG, horseradish peroxidase (HRP)-linked antibody (Cell
Signaling Technology). Specific bands were visualized using
the chemiluminescent Pierce™ ECL Western (Thermo Sci-
entific, USA) and analyzed using GelAnalyzer 19.1. DAO
protein levels were normalized to the total protein of the
samples’ respective lanes. Relative protein expression was
calculated and compared between control and treatment.

Hydrogen peroxide measurement by Amplex Red
assay

The production of H,0, was measured using the Amplex
Red kit (Molecular Probes/Invitrogen, USA). In brief, cells
were seeded in 96-well microplates and left for 24 h for

cell attachment and treated with p-Ala and p-Ser for 48 h.
Amplex Red and HRP were added after 48 h and incubated
at 37 °C for 60 min. The final concentrations of HRP and
Amplex Red were 0.1 U/mL and 50 puM, respectively. The
intensity was then measured in a multimode plate reader
in fluorescent mode (SpectraMax M3, Molecular Devices,
USA), with excitation at 540 nm and emission at 590 nm.

Assessment of mitochondrial membrane potential

Changes in mitochondrial membrane potential (MMP) were
detected with a lipophilic fluorochrome, JC-1 (BD™ Mito-
Screen, USA). Briefly, cells were seeded in 6-well plates and
treated with p-Ala and p-Ser for 48 h after overnight serum
starvation. The treated cells were detached using trypsin and
pelleted. The cells were washed with PBS, incubated with
JC-1 working solution for 15 min in an incubator with 5%
CO, at 37 °C and then washed twice with the assay buffer.
The samples were analyzed by flow cytometry (BD FAC-
SCanto II, USA), using the Green (FL-1) and Red (FL-2)
channels, according to the manufacturer’s protocol.

Measurement of TNF-a and IL-8 concentrations
using Ella

Cell culture supernatants were collected after 48 h of p-Ser
and p-Ala treatment. The levels of TNF-a and IL-8 were
measured using an automated immunoassay system, Ella
(Protein Simple, Bio-Techne, USA). Wash buffer was loaded
into each designated well. The supernatants were diluted
twofold with sample diluent and 50 pL of the diluted sample
was added to each well of the 16 x4 format cartridge. The
cartridge was inserted into the Ella machine, and the analysis
was performed using Simple Plex Runner 3.5.1.8 software
(Bio-Techne, USA).

Apoptosis assay and caspase activities

Apoptosis assay was done using FITC Annexin V Apop-
tosis Detection Kit (BD Pharmigen™, USA). Briefly, the
HepG2 cell line was seeded at approximately ~250,000 cells
per well in a 6-well plate and grown until 80% confluence.
Cells were treated with p-Ala and p-Ser for 48 h after over-
night serum starving. Cells were trypsinized, pelleted, and
washed twice with cold PBS. The cells were then resus-
pended in 1 x Binding Buffer at a concentration of 1x 10°
cells/mL. 100 pL of the suspension was then transferred to
a 5 mL Falcon tube. FITC Annexin V and PI were added to
the tube. The tube was mixed and incubated for 15 min at
room temperature in the dark. The samples were analyzed
by flow cytometry (BD FACSCanto II, USA) within an hour.

Caspases 8, 9, and 3/7 were measured using Caspase-
Glo assay (Promega, USA) according to the manufacturer’s
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protocols. Briefly, the cells were seeded at a density of
5% 10 cells/well in 96-well white tissue culture plates. The
cells were treated with p-Ala and p-Ser for 1, 3, 6, 9, 12, 18
and 24 h. The Caspase-Glo reagents were added to the wells
and mixed well using a plate shaker at 400 rpm for 2 min.
The plate was incubated at room temperature for 30 min.
The luminescence of each sample was measured using a
multimode plate reader in luminescence mode (SpectraMax
M3, Molecular Devices, USA).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 8
(USA). All in vitro experiments were replicated at least 3
times. The data are presented as mean + SEM and pairwise
comparisons were performed using Student’s #-test. Statisti-
cal significance was defined as p-values less than 0.05.

Result

DAO mRNA and protein expression following p-Ser
and p-Ala treatment

DAO enzyme metabolizes neutral and non-polar b-AAs
such as p-Ser and p-Ala. To examine the changes in DAO
gene expression levels after b-Ser and p-Ala treatment on
HepG2, RT-qPCR was performed to measure DAO mRNA
expression. Figures 1A, B show the relative DAO mRNA
expression after treatment with different concentrations of

p-Ser and p-Ala. Contrary to expectation, the regulation of
the DAO gene differed following exposure to p-Ser and p-
Ala. The DAO mRNA expression was downregulated when
cells were treated with higher concentrations of p-Ser. On
the other hand, the gene expression of DAO in HepG2 cells
increased by approximately twofold when treated with a low
concentration of p-Ala and subsequently decreased with
higher p-Ala concentrations.

We then investigated the level of DAO protein expres-
sion to confirm the changes in gene expression. A slight
increase in DAO protein expression was observed in low
concentrations of p-Ser treated cells. However, the protein
expression remained unchanged when the cells were exposed
to a higher concentration of p-Ser (Fig. 1C). For p-Ala, DAO
protein expression concurred with the gene expression pro-
file (Fig. 1D). These experiments provided the earliest indi-
cation that both entities likely had different molecular path-
ways, as we previously observed in our study on its effects
in modulating immune activation (Yap et al. 2022).

Hydrogen peroxide production following p-Ser
and p-Ala treatment

DAO enzyme metabolizes D-AAs and produces H,0, as a
by-product. We next investigated the production of H,0, fol-
lowing p-Ser and p-Ala treatment for 48 h using the Amplex
Red assay. The assay employs an approach which converts
Amplex Red to resofurin, a fluorescence compound, by
HRP in the presence of H,O,. The concentration of H,0, is
reflected by the fluorescence intensity emitted by resofurin.

Fig.1 p-Ser treatment reduced A B
DAO mRNA expression and s 5
induced DAO protein expres- 'g 257 = D-ser 2 &3 * o
sion, whereas treatment of g 2.0- g 20 = T = D-Ala
D-Ala increased DAO mRNA 2 < | =
expression and DAO protein £ z 51
expression in HepG2 cells. g 1.04 % g 1.0 T \
Gene expression levels of DAO 3 g ]
were measured using RT-qPCR 059 9:5 | e
g KI-q 2 2 ‘
following 48 h of p-Ser (A) and g 0.0 g 0.0 . | . - 1
p-Ala (B) treatment. Represent- 4 0 13 30 60 © o 30 60 120
ative western blots and relative Concentrations (mM) Concentrations (mM)
quantitative analysis of DAO in c D b-Ala
p-Ser-treated (C) and p-Ala- D-Ser 0 15 30 60 (mM) 0 30 60 120
treated (D) cells. The data are (mM)
expressed as the mean + SEM DAO — DAO
(n=3). Data were compared by
) 2.5 2.5

the Student’s #-test. *p <0.05 as == D-Ser . = D-Ala
compared to untreated cells % 5 2.0- g 5 2.0 T

273 N 2% N T

Q § 151 Q § 15 L

a % ax

2 ¢ 1.0 2104

= 2 =9 . -

5 £ 0.5- é £ 0.5 |

0.0- 0.0 T — | ~
0 15 30 60 0 30 60 120

Concentration (mM)

@ Springer

Concentration (mM)



p-Amino acids differentially trigger an inflammatory environment in vitro

Page50f13 6

Consistent with the profiles of DAO gene expression follow-
ing exposure to different b-AA concentrations, we observed
a reducing trend of H,O, production in p-Ser-treated cells
(Fig. 2A), whereas H,0, levels were increased at lower con-
centrations of pD-Ala but decreased at the highest concentra-
tion (Fig. 2B). This profile suggested that in cells treated
with p-Ala, the increase in DAO enzyme led to the increased
production of H,0,, whereas such metabolism did not occur
in p-Ser-treated cells.

Mitochondrial membrane potential (MMP)
following p-Ser and p-Ala treatment

We then determined the effect of H,O, production on MMP
in HepG2 cells by employing JC-1 dye, as studies have
shown that H,O, decreases mitochondrial function, and
subsequently initiates apoptosis (Li et al. 2003). JC-1 dye
has been widely used to detect MMP in healthy and apop-
totic cells across multiple cell types. JC-1 dye is a cationic
dye exhibiting green fluorescence, which can permeate into

Fig.2 D-Ser treatment reduced
hydrogen peroxide production
but p-Ala treatment increased
hydrogen peroxide production
in HepG?2 cells. The levels of
hydrogen peroxide were meas-
ured by Amplex Red assay fol-

g
o
1
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dk
lowing 48 h of p-Ser (A) and p-
Ala (B) treatment. The data are 0.5+
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Fig.3 Mitochondrial membrane potential decreased after 48 h of
D-Ser treatment but not in p-Ala-treated cells. The membrane poten-
tial was measured using the red/green fluorescence ratio of the JC-1
dye in the mitochondria following 48 h of p-Ser (A) and p-Ala (B)
treatment. Red shift of the dye means more aggregates are formed
(higher membrane potential; hyperpolarization), whereas a lower red

the mitochondria where it accumulates, and forms revers-
ible complexes called J aggregates in a concentration-
dependent manner. Mitochondrial depolarization is indi-
cated by a reduction in the aggregates to monomers ratio.
D-Ser treatment led to hyperpolarization of mitochondria as
reflected by a significant increase in the ratio of aggregates-
to-monomers at low concentration but depolarized in a
dose-dependent manner (Fig. 3A). A similar trend can be
observed in D-Ala-treated cells, where hyperpolarization of
MMP occurred at low concentration but depolarized when
concentrations increased, but this did not reach statistical
significance (Fig. 3B).

Activation of NF-kB protein level and TNF-a and IL-8
concentrations in the supernatant following o-Ser
and D-Ala treatment

H,0, is involved in intracellular signal transduction path-
ways, including the activation of NF-kB (Chandel et al.
2000; Gunawardena et al. 2019). To investigate the role of
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NF-kB in p-AA metabolism, we measured the phosphoryl-
ated and total NF-xB in HepG2 cells following p-Ser and
D-Ala treatment. We found that the level of phosphoryl-
ated NF-xB decreased at a lower concentration of p-Ser but
increased by twofold at the highest concentration, a trend
similarly seen in p-Ala-treated cells (Fig. 4A). Although
we initially postulated that H,O, was the likely stimuli of
NF-kB activation, it appears that other pathways may also
be involved particularly in the context of p-Ser.

NF-xB proteins play a critical role in regulating both
innate and adaptive immune responses, and NF-kB acti-
vation controls gene expression of multiple inflammatory
cytokines (Kimura et al. 2020). To confirm our prior in vivo
findings (Yap et al. 2022), we measured the concentrations of
pro-inflammatory cytokine, TNF-a and chemokine IL-8, in
the cell supernatant after 48 h of p-Ser and p-Ala treatment

Fig.4 Phosphorylated NF-xB A
protein expression, TNF-a,

and IL-8 concentrations in cell
supernatant were increased at

the highest concentrations of

D-Ser and D-Ala treatment. The

levels of phosphorylated NF-kB

protein (A) were determined

by Western blotting after 48 h

of p-Ser and p-Ala treatment.

The levels of TNF-a (B) and

IL-8 (C) were determined by

Ella after 48 h of p-Ser and 0 15 30
p-Ala treatment. The data are

expressed as the mean +SEM

(n=3). Data were compared by B
the Student’s 7 test. *p <0.05,

**p <0.001 as compared to

untreated cells
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using an automated ELISA platform. The result showed that
higher concentrations of p-Ser increased the concentration
of TNF-a, from 0.9 pg/ml in untreated to 3.1 pg/ml in 60
mM of p-Ser (Fig. 4B), which is similar to p-Ala treatment,
from 0.9 pg/ml in untreated to 4.6 pg/ml in 120 mM of p-
Ala (Fig. 4C). Furthermore, D-Ser treatment increased IL-8
concentration, from 1373.3 pg/ml in untreated to 11,597.7
pg/ml in 60 mM of p-Ser, whereas for p-Ala, from 1385.0
pg/ml in untreated to 15,388.3 pg/ml in 120 mM of p-Ala.

Apoptosis assay and caspase assay

To examine if the production of H,0, and TNF-a leads
to apoptosis following p-Ser and p-Ala treatment, apop-
tosis was measured using annexin V following p-AA
exposure. Annexin V binds strongly and specifically with
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phosphatidylserine, a phospholipid which exists in the inner
leaflet of the plasma membrane during normal conditions.
Cells that undergo apoptosis will transport phosphatidylser-
ine from the inner to the outer leaflet of the plasma mem-
brane, which signals the early stage of apoptosis. In con-
junction with propidium iodide, annexin V binding assay
can rapidly distinguish between apoptotic and necrotic cells.

As shown in Fig. 5A, the percentage of apoptotic cells
significantly increased following increasing treatment con-
centrations with p-Ser, where 50% of apoptotic cells were

detected when cells were treated at ICy, of p-Ser and H,0O,
(See Supplementary Fig. 2 for MTT assay for H,0,). In
addition, the percentage of early apoptotic cells for all the
concentrations was significantly increased compared to
untreated cells, an observation also seen following H,0,
treatment, demonstrating that p-Ser induces apoptosis in a
dose-dependent manner. Conversely, p-Ala treatment did
not induce a dose-dependent apoptosis in HepG2, unlike
p-Ser and H,0, (Fig. 5B). These findings suggest that b-Ser
may induce apoptosis by causing a collapse of MMP and
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Fig.5 p-Ser induced a dose-dependent apoptosis in HepG?2 cells but
not p-Ala. Levels of caspase-8, 9, and 3/7 decreased in p-Ser treat-
ment but only caspase-8 and 9 levels decreased in p-Ala treatment.
Apoptosis was assessed using Annexin-V and propidium iodide (PI)
kit after 48 h of p-Ser (A) and p-Ala (B) treatment using flow cytom-
etry (see supplementary Fig. 3 for flow cytometry plots). Apoptotic

-& Caspase 9
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cells were referred to as Annexin-V positive cells. Caspase-8, 9, and
3/7 activities were analyzed in HepG2 using Caspase-Glo kit over
24 h of p-Ser (C) and p-Ala (D) treatment. The data are expressed as
the mean+ SEM (n=3). Data were compared by the Student’s #-test.
*p <0.05, ¥¥p <0.001 as compared to untreated cells
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high production of TNF-a and activated NF-kB, while p-Ala
might trigger a cell survival signal with increased activation
of NF-xB.

We subsequently measured caspase-8, 9, and 3/7 enzyme
activity using a Caspase-Glo kit to identify whether apop-
tosis was caspase-dependent or caspase-independent. There
was a significant reduction of caspase-8 after 6 h of incuba-
tion and caspase-9 after 9 h of incubation in both p-Ser- and
D-Ala-treated cells (Fig. 5C, D). Caspase-3/7 was reduced
after 12 h of p-Ser treatment over a 24-h time-period,
whereas it remained unchanged in p-Ala-treated cells. We
opted to measure the levels of caspases over the initial 24-h
period before apoptosis occurred at 48 h as we reasoned that
caspase activation precedes the process of apoptosis. These
results demonstrated that treatment with p-Ser induced
apoptosis in a caspase-independent manner, whereas there
was no caspase activation in pD-Ala-treated cells as it did not
induce significant apoptosis.

Discussion

We previously reported that increased immune activation
was correlated with elevated levels of plasma p-AAs (Yap
et al. 2022). However, the cellular pathways following the
breakdown of D-AAs by DAO in inducing inflammation have
not been well studied. We hypothesized that the oxidation of
D-AAs by the DAO enzyme produces high levels of H,0, in
cells, leading to oxidative stress and inflammation. Here, we

explored the possible cellular mechanisms following expo-
sure to increasing levels of p-Ser and p-Ala on HepG?2 cells
which express the DAO gene. We demonstrated that p-Ser
and p-Ala affected cellular responses differently in HepG2
cells, albeit both leading to the production of inflammatory
cytokines. When HepG2 cells were treated with p-Ser, DAO
gene expression was downregulated, and protein expres-
sion was unchanged, with a decrease in H,O, production
and depolarization of MMP in a dose-dependent manner.
Activated NF-xB levels increased at the highest concentra-
tions of D-Ser, corresponding with high levels of TNF-o and
IL-8 in cell culture supernatant. This led to a caspase-inde-
pendent, dose-dependent apoptosis of cells. Contrary to the
observations with p-Ser, the DAO gene and protein expres-
sions were upregulated when HepG2 cells were treated with
D-Ala, with increased production of H,0, and depolarization
of MMP at higher concentrations. This was accompanied
by high levels of activated NF-xB, TNF-a and IL-8. No
significant apoptosis was observed in D-Ala-treated cells.
These findings suggest that treatment of p-Ser and p-Ala
in HepG2 cells induces inflammation, possibly via distinct
mechanisms (Fig. 6).

We mainly focused on p-Ser and p-Ala in this study as
both are well-studied substrates of the DAO enzyme and are
found in abundance as free forms in human plasma (Ishii
et al. 2018; Miyoshi et al. 2011; Yap et al. 2022). p-Ser and
D-Ala are also produced by intestinal microbiota and are
suggested to have a potential role in the host-microbiome
crosstalk in the context of aging (Matsumoto et al. 2018).
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Fig.6 Schematic pathways for p-serine (D-Ser) and p-alanine (p-Ala)
in HepG2 cells. In HepG2 cells, high concentrations of p-Ser acti-
vate general control nondepressible 2 (GCN2) instead of the DAO
pathway, which induces the activation of NF-kB and the secretion of
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TNF-a, subsequently contributing to apoptosis. Although p-Ala did
not cause apoptosis, the level of pro-inflammatory cytokine TNF-a
increases through activation of NF-kB when HepG2 cells were
treated with high concentrations of p-Ala
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HepG2 was selected as the representative model cell line
for liver tissue, an organ which we found to demonstrate
increased markers of liver fibrosis with the accumulation of
plasma D-AAs in our prior study (Yap et al. 2022). Further-
more, HepG2 has been documented to have high DAO gene
expression (Thul et al. 2017) and this facilitates our study
of the effect(s)of D-AA naturally without having to depend
on genetically modified models.

The concentrations of b-AAs in body fluid are maintained
physiologically at low levels as detected in previous studies
and the DAO enzyme is responsible for regulating neutral
and non-polar p-AAs (Ishii et al. 2018; Kimura et al. 2020;
Yap et al. 2022). The DAO enzyme is primarily located
in the mammalian kidney, liver, and brain (Murtas et al.
2017). Although the exact mechanisms of DAO induction
are not fully understood, it is likely that the substrates for
DAO enzyme, including p-Ser and p-Ala, are one of the
DAO inducers (Gabler and Fischer 1999). In this study,
we observed that D-Ala upregulated DAO gene and protein
expressions. On the other hand, treatment of p-Ser down-
regulated DAO gene expression, although there was a slight
increase in DAO protein expression at low concentrations.
This difference may potentially be attributed to differences
in post-transcriptional regulatory mechanisms, including
differences in the stability of mRNA or RNA processing
or protein expression without a concurrent increase in gene
expression (Buccitelli and Selbach 2020). Moreover, the
DAO enzyme is known to metabolize both p-Ser and p-
Ala but with a higher affinity for p-Ala (Murtas et al. 2017;
Pollegioni et al. 2018). These results may indicate that the
ability to induce DAO expression may differ between p-Ser
and p-Ala, with p-Ala potentially being a stronger inducer
compared to p-Ser in HepG2 cells. The levels of p-Ser are
known to be tightly regulated by DAO enzyme in neurons
and glial cells as p-Ser is a co-agonist for the NMDA recep-
tor. Dysregulation of p-Ser levels affects the function of
NMDA, which subsequently leads to Parkinson's disease and
schizophrenia (Lu et al. 2011; Verrall et al. 2007). However,
it is not well studied in hepatocytes.

The oxidation of b-AAs by the DAO enzyme produces
H,0,, which acts as a secondary messenger in modulating
normal cellular functions (Valko et al. 2007). Subsequently,
we measured the levels of H,0O, and noted it decreased in
D-Ser treated cells, while the production increased in p-Ala
treated cells. These results are consistent with the results
we obtained for DAO gene and protein expression, whereby
H,0O, production correlated with increased DAO expression
and vice versa. However, this finding was contrary to a pre-
vious study which showed that increasing concentrations of
D-Ser produced an increasing amount of H,0, in Chinese
hamster ovary cells transfected with DAO gene (Brandish
et al. 2006). This difference may be attributed to the elevated
levels of DAO expression from the genetic modification of

cells leading to higher amounts of H,O, produced following
D-Ser metabolism. Conversely, another study demonstrated
that p-Ala increased free radical production in isolated liver
mitochondria whereas p-Ser caused a much-muted response
(Cortés-Rojo et al. 2007), which is consistent with our
results. The difference in responses may also be attributed to
the type of cells used where hepatocytes contain a variety of
antioxidant and detoxifying enzymes which protect against
oxidative stress and prevent damage to liver cells (Bardallo
et al. 2022; Grant 1991), and thus may account for an attenu-
ated H,O, production.

H,0, signaling is tightly regulated to maintain the intra-
cellular redox homeostasis and the mitochondrial ROS scav-
enging system is responsible to remove excess H,0O, and
superoxide (Kusama et al. 1989; Zhou and O’Rourke 2012).
However, unregulated H,O, production which overwhelms
the scavenging system will cause MMP depolarization and
eventually lead to mitochondrial failure and cell death (Rich-
ardson and Schadt 2014). Treatment with H,0, was found to
decrease MMP in a dose-dependent manner, causing necro-
sis, as well as caspase-dependent apoptosis in lung cancer
cells (Park 2018). Studies have also found that an increase
of MMP triggered by low concentrations of etoposide in
HL60 cells to correlate with the cell cycle arrest, whereas
increasing concentrations of etoposide induces massive
apoptosis and a collapse of MMP (Facompré et al. 2000).
In our study, we observed that p-Ser decreased MMP in a
dose-dependent manner, despite the reduction of H,O, pro-
duction. Similar to p-Ser, there was a slight depolarization of
MMP in p-Ala-treated cells with increased concentrations,
although not statistically significant. These results suggest
D-Ser may impact MMP by means other than H,0,, which
could include elevated ATP production or disruption of vari-
ous macromolecules within the mitochondria, resulting in
altered mitochondrial function (Logan et al. 2016; Sakamuru
et al. 2022). Conversely, p-Ala had a lower effect on MMP
despite increased levels of H,0,, possibly due to the detoxi-
fying capacity of hepatocytes, a natural function of these
cells (Bardallo et al. 2022). These findings collectively sug-
gest that D-AAs exposure triggers varying degrees of cellular
signaling, and this is dependent on the specific type of D-AA
and its concentration.

H,0, can trigger the NF-«B transcription factor, by phos-
phorylating IxkBa at Tyr42 which leads to IkBa dissociation
from NF-kB and its eventual degradation (Perkins 2007).
The activation of NF-kB protein promotes the expression
of pro-inflammatory cytokines, TNF-a, IL-6, IL-1f, and
chemokine, IL-8 (Liu et al. 2017; Yamamoto and Gaynor
2004). This physiological signaling process is a key stress
response signaling pathway, which is also a significant patho-
physiological feature of aging (Papaconstantinou 2019). The
data from this present study suggest that both p-Ser and p-
Ala may have a pro-inflammatory role through activation of
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NF-kB when exposed to high concentrations. This finding is
consistent with that of Okada et al. (2017) who discovered
that in the human tubular cells, p-Ser induced the secretion
of pro-inflammatory cytokine, IL-6, and chemokine, IL-8
(Okada et al. 2017). Furthermore, p-Ala was suggested to
be recognized by mammalian hosts as a bacterial signature,
like a pathogen- or microbe-associated pattern, to stimulate
immune responses (Suzuki et al. 2021). The activation of
NF-kB by p-Ala is likely through DAO-induced H,0, as
observed in our study, whereas p-Ser through alternative
pathways. However, we note that the increase of NF-kB
activation occurred only at high p-Ala concentrations and
not at lower concentrations consistent with H,O, produc-
tion following p-Ala exposure. We speculate that this may
be due to physiological or other compensatory mechanisms
at play which initially attenuate the activation of NF-xB but
eventually become overwhelmed beyond a certain thresh-
old, a concept previously described with the interaction of
H,0, and insulin signaling (Iwakami et al. 2011). Further
studies assessing oxidative and inflammation gene/protein
arrays may be useful to discern this. It is also noteworthy
that NF-kB activation was observed at high concentrations
of p-AAs in this study. We are currently uncertain about the
highest physiological concentrations achieved by pD-AAs as
this has not been reported. p-AAs were found to accumulate
in aged tissues and age-related diseases (Chervyakov et al.
2011; Fujii et al. 2011). It is possible that the enzymatic
function of DAO to become saturated and for b-AAs to accu-
mulate triggering various biological pathways like NF-xB.
Though this accumulation may not be as high as twice ICy,
as used in this study, it does demonstrate that high levels of
D-AAs are immunogenic.

The overproduction of H,0,, loss of MMP, and high
levels of TNF-a may ultimately lead to apoptosis, a pro-
grammed cell death (Li et al. 2003; Xiang et al. 2016;
Micheau and Tschopp 2003). Apoptosis can be initiated
by two signaling pathways, caspase-independent and cas-
pase-dependent. Caspase-dependent apoptosis is triggered
through both extrinsic and intrinsic pathways. The extrinsic
pathway involves transmembrane receptor-mediated inter-
actions, such as death receptors which are members of the
TNF-receptor gene superfamily, and result in the activation
of the caspase-8 enzyme (Redza-Dutordoir and Averill-Bates
2016; Tummers and Green 2017). The intrinsic pathway
involves a diverse array of non-receptor-mediated stimuli
that produce intracellular signals that act directly on targets
within the cell and are mitochondrial-initiated events, and
this activates the caspase-9 enzyme (Redza-Dutordoir and
Averill-Bates 2016). Both extrinsic and intrinsic pathways
eventually activate the major effector caspases, caspase-3,
and caspase-7, leading to apoptosis. We observed a dose-
dependent, caspase-independent apoptosis in D-Ser-treated
cells, while no caspase activation or significant apoptosis in
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D-Ala-treated cells. A previous in vitro study investigating
the underlying mechanisms of p-Ser in kidney cell lines,
HK-2 and NHREC, which do not express the DAO gene,
demonstrated that p-Ser induced apoptosis and cellular
senescence through the DAO-independent general control
nondepressible 2 (GCN2) pathway (Okada et al. 2017). This
pathway is activated when amino acid starvation occurs and
it induces apoptosis and activation of NF-kB (Jiang et al.
2003; Kilberg et al. 2012). The study also demonstrated
an increase in caspase-3/7 activity after exposure to D-Ser,
which is contrary to our finding. A possible explanation for
this discrepancy could be the differential response mecha-
nisms of kidney cells and liver cells to p-Ser. It is conceiv-
able that in liver cells, p-Ser induces a caspase-inhibitory
condition, resulting in the caspase being in the inactivated
state and unable to initiate apoptosis and potentially leading
to a shift towards necrosis (Lou et al. 2021). It was demon-
strated that the presence of positive annexin V and negative
propidium iodide signal might also indicate the presence of
necrotic cells (Sawai and Domae 2011). However, further
investigation is warranted to delve into the intricate mecha-
nisms underlying the differential response observed in spe-
cific cell lines following p-Ser treatment. A previous study
found that p-Ala did not exert any toxicity towards tubular
cells, which is consistent with our result, even though the
concentrations we used in our study were higher and we
employed a different cell line (Okada et al. 2017). A pos-
sible explanation is that a high level of H,0, triggers the
activation of NF-kB, which may act as a pro-survival signal
instead of apoptosis. The NF-xB activation subsequently
induces the transcription of pro-inflammatory cytokines
including TNF-a, which can also act as a molecular switch
that induces inflammation and cell survival (Kaminskyy and
Zhivotovsky 2014; Sauer et al. 2000). These results may
imply that the cascading mechanism induced by p-Ala may
act as a pro-survival signal instead of apoptosis, unlike -
Ser. Nevertheless, our understanding of the biological con-
sequence of p-Ala on HepG?2 is currently limited.

Taken together, we demonstrated that both p-Ser and bp-
Ala induced inflammation in HepG?2 cells. This inflamma-
tion, in conjunction with mitochondria dysfunction, inten-
sifies the apoptosis signal in D-Ser-treated cells, through a
DAO-independent pathway. Despite both entities inducing
elevated NF-«xB levels, p-Ala-treated cells may receive that
signal as a pro-survival signal rather than promoting cell
death. These results provide additional insights into the dis-
tinct effects of p-Ser and p-Ala in HepG2 cells, highlight-
ing their involvement in separate pathways and the magni-
tude of the signal that is being triggered. Further molecular
investigations are necessary to gain a more comprehensive
understanding of the underlying mechanisms responsible for
D-Ser- and D-Ala-induced inflammation and their subsequent
cellular consequences.
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