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Abstract
disease. The concentration of endogenous formaldehyde (FA) positively correlates with the severity of cognitive impairments in AD

Age-related cognitive impairment, for instance Alzheimer’s disease (AD), is a chronic, progressive, neurodegeneration

patients. However, the FA concentrations used in the previous studies were usually higher than the physiological and pathological
levels in aging people. To elucidate the relationship between FA and the pathogenesis of AD, it is necessary to investigate the effect of
long-term exposure of neurons to low concentration of FA, which is consistent with the pathological FA concentration. In this study, we
established a cell culture method to simulate the chronic low-concentration FA exposure by using a serial passage strategy. Murine
neuroblastoma N2a cells and primary murine hippocampal neurons were exposed to a simulated pathological FA concentration referred
to AD patients. During the long-term of culture, FA gradually accumulated in the medium and impaired N2a cells. High performance
liquid chromatography, cell viability assay and lactate dehydrogenase assay showed that, the FA-elimination capacity of N2a cell
decreases with the incubation time, accompanied with inhibition of cell growth and increase in cell death. Holographic microscopy
showed that long-term simulated pathological FA exposure attenuated the cells’ adhesive morphology. Cells exposed to FA became
thicker, exhibiting impairment of neuronal processes. The number of primary neurites in primary hippocampal neurons were reduced by
FA exposure, suggesting a decrease in the connectivity between neurons. Formaldehyde accumulation promoted Tau phosphorylation at
its Thr181 and Ser396 epitopes, which may be one of the factors leading to decrease in primary neurites. Our findings indicate that
accumulation of simulated pathological concentration of FA impairs neurons, induces Tau hyperphosphrylation and decreases neural
connectivity, which would lead to neural dysfunction and eventually contribute to the pathogenesis of age-related cognitive impairment.
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Chronic formaldehyde (FA) exposure leads to
impairment of human memory!?. The concentration
of endogenous (urine) FA is positively correlated
with the
patients B4,

severity of cognitive impairments in
The urine FA level could indirectly
indicate the formaldehyde level in brain tissues
blood-brain

barrier %, The average pathological concentration of

because FA can easily cross the
FA in the urine of Alzheimer’s disease (AD) patients
is (13.70 + 5.17) pmol/L, i.e., the pathological FA
concentration for AD, which is ~1.4 times for
the physiological urine FA concentration ((9.61 +
2.90) wmol/L) in age-matched normal participants!”.
Intentional ingestion of high concentration of FA

leads to a decline in the neuropsychological integrity
of animals. Rats injected with FA (0.5 mmol/L)
exhibited cognitive deficits in the Morris water maze
and led to acute and chronic long-term potentiation
impairments ®. Higher concentrations of FA rapidly
induce cell death, which is not suitable for the
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observation of the long-term cellular effect. N2a cells
treated with 0.5 mmol/L FA for 24 h decreased to 60%
viability after 24 h¥. SH-SYS5Y cells incubated in the
presence of FA(0.3 mmol/L) for 24 h showed a decrease
in cell viability to 75% . However, age-related
cognitive impairment, for instance AD, is a chronic,
progressive and irreversible neurodegeneration. To
study the relationship between FA and age-related
cognitive impairment, the FA concentrations used in
the previous reports were higher than the physiological
and pathological concentrations of endogenous FA in
aging people. Therefore, the long-term cellular effects
of exposure to low concentrations of FA, consistent
with the pathological FA concentration, should be
investigated.

Cognitive function depends upon the connectivity
between neurons and the established neural circuit™”.
Impairment of neural circuit is closely related with
neurodegenerative diseases, for instance AD [Y,
Neurites are involved in synaptic plasticity ¥ and

formation of neuronal networks [

. Impairment of
neurites or neuronal processes leads to the disturbance
in the connections between neurons, and thus affects
the neural plasticity. Lu and colleagues® have observed
the atrophy of neuronal processes of N2a cells in the
presence of high concentrations of FA (0.5 mmol/L) in
a short-term culture. Later, Yu and coworkers™ have
confirmed the same phenomenon. However, whether
pathological concentration of FA can induce atrophy
of neuronal processes and neurites during a long-term
culture remains elusive.

Tau, one of the important microtubule associated
proteins is distributed in cytoplasm and neurites !,
This protein promotes the assembly of microtubule and
cellular skeleton
synaptic plasticity and cognitive
dysfunction ¥, Hyperphosphorylation of Tau leads to

stabilizes system of neurons,

functioning in

disruption of microtubule system and neural plasticity [,
As described previously, FA is capable of inducing
Tau phosphorylation at T181 and S396, subsequently
leading to cell death through activation of glycogen
synthase kinase-3 beta (GSK-3B) and calmodulin-
dependent protein kinase Il (CaMK I ) %21 The
phosphorylation of Tau at T181 and S396 peaked at 4 h
of exposure to FA (0.5 mmol/L), gradually decreased
from 4 h to 8 h and then increased again from 8§ h to
12 h during the culture®. Treatment with 0.2 mmol/L
FA induced «cell death and increased Tau
hyperphosphorylation at T181 and S396 in SH-SYS5Y

cell®. The detrimental component of methanol toxicity
in the methanol-fed mice caused hippocampal
Tau phosphorylation and the subsequent impaired
memory ?2. However, whether long-term exposure to a
pathological concentration of FA could increase Tau
hyperphosphorylation and subsequently lead to cell
death is unclear.

As described previously in our work [, we
re-analysed the clinical investigated data (Figure S1).
In the present study, the concentration of FA employed
was based on the average values in AD patients and
normal ageing participants. We established a cell
culture system with long-term treatment with a low
concentration of FA to simulate the chronic exposure
to the FA concentration of AD patients who were in
hospital. The response of N2a cells to the low
concentration FA exposure was examined. We found
that low concentration of FA accumulation decreased
viability, followed by alterations in cell morphology
and Tau hyperphosphorylation. We provide novel
evidence to support that long-term exposure to a
simulated pathological concentration of FA would
induce impairment of neurites and neuronal processes,
Tau hyperphosphorylation and cell death.

1 Materials and methods

1.1 Cell culture and accumulation of simulated
pathological concentration of FA

Murine neuroblastoma Neuro-2a cells (China Cell
Resource Confederation, Beijing, China) were
DMEM-F12 USA)

supplemented with 10% (v/v) fetal bovine serum (FBS;

maintained  in (Corning,
PAA Laboratories, Austria) as monolayers in petri
dishes (Corning, USA), at 37°C and 5% CO, with >
95% relative humidity. Unless stated otherwise, cells
were enzymatically digested (0.25%  trypsin,
Gibco/Invitrogen, USA; and 0.025% ethylene diamine
tetraacetic acid, EDTA; in phosphate buffered saline,
PBS; pH 7.2) and passaged every two days.

To evaluate the effect of exposure to a
pathological dose of FA in N2a cells® %, cells were
maintained in the cell culture medium with the
presence of a low concentration of FA(Sigma-Aldrich,
USA) by a serial passage strategy. We simplified and
instead of the
simulated pathological concentration unless stated
otherwise. To simulate the chronic exposure to

called pathological concentration

accumulation of the pathological dose of FA, cells
were seeded into 100 mm petri dishes at 5x10° cells/ml



2017; 44 (7) T, % HRIBRKERBHRY

QS BUNR M E B ARIE 71 R FMEE S TR

*603-

in 8 ml of cell culture medium (4 x10° cells), which
was supplemented with 10 pmol/L FA (FA-medium).
Inoculated and fresh cell culture media were collected.
Cells were passaged daily for the following 6 days.
The conditional FA-medium was collected before the

-

2

+10Hm01/LFAr\§+10pmol/LFAr\

passaging. After trypsinization, aliquots of cell samples
were harvested, and 4 x10° cells were seeded into a
new 100 mm petri dish with 8 ml of FA-medium
(Figure 1). The control cells were serially passaged in
cell culture medium without the addition of FA.

+10 pmol/L FA {\

(]
Trypsinization
I R

FA- medlum Cell sample FA- medlum Cell sample FA-medium  Ce]] sample

Fresh medium E En.
Cell sample
Medlum Cell sample Medlurn Cell sample Medium  Cell sample
Day 0 Day 1 Day 2 . Day 6

Fig. 1 The schematic diagram of the serial passages of cell culture in the presence and absence of FA

Neuro-2a (N2a) cells were inoculated at a seeding density of 5x10° cells/ml and cultured in the presence of FA (final concentration, 10 wmol/L) for 24 h,

after which aliquots were taken for another inoculation at the same seeding density and in the presence of the same concentration of FA. Then, this

culture procedure was continued until the end of day 6. Aliquots were taken each day for the analysis as indicated.

1.2 Priamry culture of hippocampal neuron

Primary fetal hippocampal neurons were isolated
from 18-day pregnant C57BL/6 mice, as described
previously?. In brief, hippocampi were dissociated by
trypsinization and trituration and the dissociated cells
were plated into 12-well plates at 1.8x10* cells/cm? on
poly-D-lysine-coated glass coverslips. Cultures were
maintained in the neuron culture medium: neurobasal
medium (Gibco, USA) with 2% B27 supplement
(Gibco,USA), 1% glutamax (Gibco, USA) and 1%
pen/strep (Gibco,USA). Cultures were then fed with
1/2 media changes every three days (remove 0.5 ml
and add 1 ml) to protect against media evaporation and
metabolic by product accumulation. Primary cultured
neurons were used for plasmid transfection after 13
days incubation (13 DIV).
1.3 Primary neurite assay

Primary cultured neurons were transfected with
pEGFP-Nlplasmid (a kind gift from Prof. LI
Guo-Dong, Institute of Biophysics, Chinese Academy

of Sciences) using lipo2000 (Invitrogen, USA)for 3 h
on 13 DIV and then the medium was changed with
fresh neuron culture medium. The transfected neurons
were treated with FA the next day, as described above.
In these experiments, pEGFP-N1 and lipo 2000 were
mixed at a mass: volume ratio of 1 pg @ 1 ul. Images
of cultured hippocampal neurons were obtained after
three days incubation with a confocal microscope
system (FV1200; Olympus, Japan) equipped with a
20 x NA1.3 lens using FV1200. The morphology of
neuron was analysed with the ImageJ software. The
number of the primary neurites was determined.
1.4 Ultraviolet high-performance
chromatography (UV-HPLC)

The concentration of FA in cell culture medium
was measured by UV-HPLC. In brief, 0.5 ml of 10%
trichloroacetic acid (Xilong Chemical Co., Ltd., USA)
was added to 1 ml of cell culture medium prior
to centrifugation (12 000 r/min, 4°C , 30 min). The
supernatants (0.4 ml) were pipetted into 1.5-ml

liquid
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Eppendorf tubes and mixed with 0.5 ml of acetonitrile
(HPLC-grade purity, Fisher Scientific, USA) and
0.1 ml of 2, 4-dinitrophenylhydrazine (DNPH; Beijing
Chemical Reagent Research Institute, Beijing, China).
Next, the samples were centrifuged (12 000 r/min,
4°C , 10 min), incubated in a 60°C water bath for
30 min, and centrifuged again (12 000 r/min, 4°C ,
10 min). The FA concentration was determined via
HPLC(Shimadzu, Japan) as described previously™.
1.5 Cell viability assay

Cell viability was measured by a CCK-8 kit
(Beyotime, China). In brief, cells were seeded into
96-well plates at a concentration of 1x10* cells per
well and treated with 10 pmol/L FA as described
above. 24 h later, the CCK-8 reagent was added. Plates
were incubated at 37°C for 1 h, and the absorbance
was recorded at 450 nm by a plate reader (Molecular
Devices, USA)PL.
1.6 Lactate dehydrogenase (LDH) assay

Cytotoxicity was measured by an LDH
cytotoxicity assay kit (Beyotime, China). In brief, cells
were seeded into 96-well plates at 4 x10%well and
exposed to 10 wmol/L FA for 24 h. Cells grew in the
medium-without FA were used as the control. The
LDH reagent was added (1 : 100) and incubated at
37°Cfor 1 h. Then, 120 ul of medium from each well
was transferred into a new 96-well plate, and the
absorbance was recorded at 490 nm by a plate reader
(Molecular Devices, USA).
1.7 Digital holographic microscopy

Cell morphology was measured by using digital
holographic microscopy. Aliquots were taken for the
measurements on morphological parameters by a
holographic imaging system (Phase Holographic
Imaging AB, Sweden) as previously described ™. For
holographic time-lapse microscopy, the HoloMonitor
M3 digital holographic microscope captured 3D
information from N2a cells (inoculated at 5 x10%/ml)
treated with 10 wmol/L FA. Holograms were digitally
captured every 30 min. The thickness (7'), area (4 ) and
volume (V) of the cells were recorded. The thickness
value (T") was adjusted using the cubic root of the cell
volume in order to describe the cell adhesive capacity:

T'=T/\/V . The holograms were analysed by using the
Hstudio M3 software (Phase Holographic Imaging AB,
Sweden).
1.8 Western blotting

The lysate proteins were extracted from the
N2a cells incubated in the presence and absence of

10 wmol/L FA, as described above. After the indicated
incubation time, the growth medium was removed by
aspiration, and each well was washed twice with 1 ml
of PBS. The total protein were harvested in ice-cold
SDN buffer (Beijing Cell chip Biotechnology, Beijing,
China) containing a phosphatase and protease inhibitor
(1 mmol/L PMSF). Protein samples for SDS-PAGE
were prepared, as described previously ¥,  After
SDS-PAGE, the proteins were transferred to PVDF
membranes and the PVDF membranes were incubated
with primary antibodies of Tau (1 : 1000 dilution,
Millipore, USA), p-T181(1 : 1000, SBA, USA), p-S396
(1 ¢ 1000; Invitrogen, USA) and B-actin (1 : 2000,
Santa Cruze, USA) B-actin was used as loading
control. The immunoreactive bands were visualized
after exposure of the membranes to Kodak X-ray film.
1.9 TImmunofluorescence staining

Immunofluorescence staining were performed as
previously described™. In brief, N2a cells were fixed in
4% paraformaldehyde for 10 min. After fixation, cells
were incubated in 0.1% Triton X-100 at 4°C for 10 min
and then washed 3 times in PBS for 5 min each. Cells
were incubated in PBS with 10% normal goat serum at
room temperature for 30 min and then incubated in
primary antibodies p-T181 or p-S396 overnight at 4°C.
The specimens were incubated with biotin-labelled
secondary antibodies (37°C, 1 h) after washed 3 times
with PBS and the images was obtained by microscopy
(Leica, Germany).
1.10 Statistical analysis

Data were shown as means + standard error mean
(s.e.m.) of at least three independent experiments,
unless otherwise stated. Means were compared using
stated. The
distribution of primary neurite number was analysed
by Chi-square test. Significance was accepted at
P<0.05.

2 Results

one-way ANOVA, unless otherwise

2.1 Accumulation of pathological FA declines cell
viability and induces cell death

The baseline FA concentration in the control medium
(without FA) was stabilized at (5.12 £0.81) pmol/L
during the 6-day incubation period (Figure 2a).
Therefore, 10 pwmol/L FA was supplemented into the
cell culture medium (FA-medium) to mimic the
pathological concentration of FA(~15 pmol/L), based
on our previous measurements on the uric FA
level in AD patients " (Figure S1). N2a cells were
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maintained in the FA-medium for 6 days by a serial
passage procedure (Figure 1). The HPLC assay showed
that the FA concentration in the daily collected
FA-medium gradually increased from ~6 pmol/L(day
1) to ~11 umol/L (day 6), showing accumulation of
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formaldehyde (Figure 2a). Thus, N2a cells could
eliminate the excessive FA in the medium, which can
be attributed to the metabolism of FA by N2a cells;
however, the capacity to eliminate FA decreased with
increasing duration of exposure to FA.
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Fig. 2 Effects of long-term pathological FA (10 pmol/L) exposure on N2a cell

N2a cells were cultured and inoculated as described for Figure 1. The concentration of FA in the medium gradually accumulated when cells were grew
in the presence of FA while the concentration of FA in the medium of control cells maintained stable at the base line level (a). The relative number of
the FA-treated cells dramatically dropped down along the incubation time as compared with the control cells (b). The viability of the FA-treated cells
also decreased along the incubation time (c) but the viability of the control cells remained unchanged (d). The activity of released LDH in the
conditional medium from the FA-treated cells increased at day 5 and day 6 (e) while that in the conditional medium from the control cells remained
unchanged. The data were from a representative experiment. n is the number of parallel samples. Data were shown as mean + S.D. Means were
compared by Student’s ¢-test. *P < 0.05; **P <0.01; ***P < 0.001.
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Along with the decrease in FA-elimination
capacity, FA-induced decrease in cell number was also
recorded. The number of cells increased (P < 0.05) at
day 1 but gradually decreased in the following days
(Figure 2b). The number of the FA-treated cells was
fewer than 50% of the control cells after 6-day
CCK-8
FA-induced decrease in cell viability with increasing
duration of FA treatment (Figure 2c). The viability of
FA-exposed cells was significantly decreased(P < 0.05)
at day 3 and was only ~25% of the day 0 cells(P < 0.001)
at day 6. The viability of control cells was maintained

incubation. The assay confirmed the

at a stable level during the 6-day incubation period
(Figure 2d). FA-induced cell damage was measured via
the LDH assay. Although, the LDH activity in the
medium was not changed from day 1 to day 4, the
decrease in cell number and cell viability from day 1 to
day 4 suggested that the leakage of LDH per cell was
increased. The LDH leakage markedly increased (P <
0.01) at day 5 and day 6, indicating elevated cell death
in the FA-exposed cells later in the exposure period
(Figure 2e). Meanwhile, we did not detect the increase
of LDH activity in the control medium, indicating that
no cell death occurred in the control cells (Figure 2f).
These results indicate that long-term exposure to
low-concentration FA (10 umol/L) decreases cell
viability and induces cell death, especially at the later
incubation period (from day 4 to day 6), when the
FA-elimination been
inhibited.

2.2 Long-term pathological FA

capacity has significantly

exposure

weakens the cells’
Holographic

adhesive morphology
time-lapse ~ microscopy ~ was
employed to monitor the changes in the morphology of
the FA-exposed cells and the control cells. Cells were
passaged daily as described above. During the serial
passaging, cells in both the FA-exposed and control
conditions became less attachable, as indicated by the
increase in the adjusted thickness. In particular, the
value of adjusted thickness of the FA-exposed cells
was significantly larger (P < 0.01) than that of the
controls from day 3 to day 5, indicating that the FA
exposure weakened the cell adhesion (Figure 3a). The
area of the control cells remained stable during the
5-day incubation period. However, the area of the
FA-exposed cells decreased at day 3 and day 5

(Figure 3b). The volume of control cells increased later
during the incubation period, but the volume of the
FA-exposed cells remained stable (Figure 3c). An
increase in cellular volume in the FA-exposed cells
was recorded at day 1, suggesting that short-term
exposure to low concentrations of FA was able to
promote the growth of N2a cells, as depicted in
Figure 2b. However, the volumes of the control and
FA-exposed cells were similar from day 3 to day 5. As
shown in Figure S2, cells exposed to FA for 3 days
appeared rounder than the controls, similar to the
results described above. In addition, phase-contrast
bright field imaging showed that 6 days of continuous
FA exposure significantly repressed the extension of
cell processes, and cells were rounded and aggregated,
which was accompanied with a decrease in cell density
(Figure 3e). In contrast, N2a cells in the control group
adhered to the bottom of the petri dish and spread out
and spindle-shaped and maintained a high cell density
(Figure 3f). Therefore, N2a cells are sensitive to
treatment with low-dose FA at 10 pmol/L. The
monitoring of dynamic morphological changes
revealed that long-term pathological FA exposure
weakens the adhesive morphology of the cells. The
FA-induced rounding and inhibition of cell process
formation in neuronal cell lines imply that long-term,
low-dose pathological FA exposure would likely
impair the connections between neurons.
2.3 Long-term pathological FA disrupts neurite
morphology

To further evaluate the effect of long-term
pathological FA on the connections between neurons,
we cultured primary hippocampus neurons and
compared the neurite morphology between the
FA-treated and control neurons. Neurons (13DIV)
were treated with 10 umol/L FA for 3 days. The
medium was changed daily. The number of neuritis in
the FA-treated neurons (Figure 4a) was smaller than
that in the control neuron (Figure 4b). The number of
neurites in the control neurons averaged ~6. While,
the number of neurites of the FA-treated neurons were
~4, significantly smaller (P < 0.0.1) than that of the
control (Figure 4c). Therefore, we hypothesized that
long-term pathological FA would lead to neural
damage by interfering with the morphology and
function of neurites.
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Fig. 3 Morphological changes of N2a cells in the presence of FA of ~10 pmol/L

Cell culture and inoculation were performed as described for Figure 1. Aliquots of N2a cells were takenon day 1, day 3 and day 5 for the measurements

of morphological parameters when cells had adherent to the bottom of the petri dishes, by holographic imaging. The adjusted thickness (77 W ) (a),
area (b) and volume (c) were compared between the 10 wmol/L FA-treated and control cells. The representative holographic images of the FA-treated
and control cells were displayed in panel (d). The representative bright field phase-contrast images of the morphologies of day 6 cells were displayed in
panel (e) (FA-treated group) and panel (f) (control group). Data in panel (a)~(c) were obtained from at least three independent experiments. Day 1: n =
170 for FA-treated cells and n = 124 for control cells. Day 3: n = 143 for FA-treated cells and n = 163 for control cells. Day 5: n = 198 for FA-treated
cells and n = 230 for control cells. Data were shown as means =+ s. e. m. Means were compared with one-way ANOVA. The P value and the asterisks in
panel (a~c) indicated the mean comparisons between the FA-treated and control cells at each time point. *P < 0.05; **P < 0.01; ***P < 0.001. The
pound signs indicated the comparisons between the means of the FA-treated cells and the means of the control cells at day 1.%P < 0.01; #P < 0.001.
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Fig. 4 Changes in neurites morphology in the presence of FA at the concentration of 10 pmol/L
The representative morphology of the neurites of primary hippocampal neurons cultured in the presence of 10 pmol/L formaldehyde (a) and control
neurons cultured without the presence of formaldehyde (b) were displayed. The primary neurons were transfected with EGFP plasmid at 13DIV and the
transfected neurons were then treated with FA at the concentration of 10 pmol/L for three days. The medium was changed every day. Images of

EGFP-positive neurons were observed with fluorescence confocal microscopy. The number of primary neurites was quantified by the ImageJ software.
(c) The number of primary neurites of the FA-treated neurons (n = 53) was significantly smaller than the control neurons (n = 64). (d) The distribution

of primary neurites numbers in the FA-treated and control neuron populations differed significantly. The distribution of neurites number was analyzed

by Chi-square test. Data in panel (c, d) were collected from three independent experiments. Data are shown as mean + s.e.m. Means were compared with

one-way ANOVA. *P<0.05; **P<0.01.

2.4 Long-term pathological FA exposure leads to
Tau hyperphosphorylation

It was established that high concentration of FA
leads to death by inducing
hyperphosphorylation * 2!, Western blotting showed
that the phosphorylation at T181 and S396 increased
along with the incubation time (from day 0 to day 6) in
the FA-exposed cells (Figure 5a) but the level of
p-T181 and p-S396 was stable in the control cells

cell Tau

(Figure 5b). Immunofluorescence staining confirmed
that the number of cells positive for p-T181 and
p-S396 (red) increased with incubation time in the
FA-exposed group (Figure 5c). Under the experimental
conditions, cells in the absence of FA showed no
significant changes in Tau phosphorylation. All of
these results demonstrated that long-term pathological
FA the of Tau
phosphorylation.

exposure increased level
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Fig. 5 Changes in the phosphorylation of Tau protein in N2a cells in the presence of FA
Cell culture conditions were as described for Figure 1. The phosphorylation of Tau protein in N2a cells treated with 10 wmol/L FA (a) and in N2a
control cells that were cultured without the presence of FA (b) from day 0 to day 6 was detected via Western blotting with anti-p-S396 and anti-p-T181
(a). Immunofluorescence staining of phosphorylation of Tau protein (¢) with anti-p-S396 (red) and anti-p-T181 (red) was carried out in N2a cells in the
presence of FA from day 0 to day 6.
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3 Discussion

In this paper, we show that a concentration of FA
based on the pathological level in AD patients could
repress cell viability, induce cell death, weaken cell
adhesion and increase the level of Tau phosphorylation
in N2a cells duringthe long-term cell culture with
persistent FA exposure in a novel serial-passage
culture strategy. Although accumulation of FA
damages neurons in wvitro and in wvivo, the FA
concentration used in most previous studies were
higher than the pathological FA level™*#!. In fact, the
elevation of endogenous FA during ageing is a rather
late  process. High-concentration FA  induces
immediate toxic effects on neuronal cells, which
cannot reflect the action of FA in the actual
pathogenesis in wvivo. The accumulative toxicity of
low-concentration FA in this work provides evidence
to support the hypothetic cytotoxicity of a chronic
increase in endogenous FA. This is helpful for
understanding the age-related cognitive impairment
with abnormal FA elevation®™.

As the fresh cell medium contains ~5 pmol/L
FA, we added 10 pmol/L to the cell culture medium to
mimic a pathological FA concentration at the
beginning of the experiment. However, in practice, the
FA concentration in the medium was lower than the
expected level. These results suggest that cells likely
increase the FA degradation process in order to
eliminate the excess FA in the environment, which
may be a self-protection function of cells in response
to a mild FA exposure. Many studies have shown that
herbal medicines protect cells against the FA-induced
apoptosis by reducing the FA level in the medium as

well® %

1. However, such defensive responses cannot be
sustained for a long time when the environmental FA
level is deliberately maintained in excess. Our serial
passage procedure can maintain a relatively long-term
incubation of cells with a low concentration of FA. It
successfully

pathological concentration of FA in the cell culture.

established an  accumulation of
We have got a chance to observe the impairment of
neural cells under the pathological concentration of
FA, referred to the AD patients on clinical.

Silent synapsis is one of the pathological changes
in the early onset of ADP, which is closely related
with changes in connectivity between neurons B
Therefore, we observed the dynamic morphological

changes in the FA-exposed cells along with the serial

passages in order to capture the real-time action of FA
on N2a cells. In the holographic imaging experiment,
cells were serially passaged as described in Figure 1,
except that the morphological information was
obtained during the initial cell adhesion process rather
than after 1 day of FA exposure. Here, accumulation of
pathological concentration of FA suppresses neurites
and neuronal processes indicating that formaldehyde
could play a role in disturbance of the connections
between neurons, which is related to silent synapsis.
This viewpoint is based on these observations as
(1) In the
treatment, N2a cells became round and atrophic and
less attached to the bottom of the petri dish (Figure 3).
(2) The hippocampal neurons possessed fewer cellular

follows. long-term pathological FA

processes compared with the control cells. These data
suggests that the low concentration of FA might
chronically inhibit the connections between neurons
through diminishing the neurites and neuronal
processes.

Tau protein plays an important role in the
formation and maintenance of axons and dendrites
(neurites)™, through promotion and stabilization of the
microtubule system and actin filaments ®73. The
function of Tau is regulated by phosphorylation and
dephosphorylation. When it is hyperphosphorylated,
Tau will disassociate off microtubules and actin
followed by the

cytoskeleton. In this work, long-term treatment with

filaments, disruption of the
pathological concentration of FA resulted in Tau
hyperphosphorylation at TI181 and S396. Tau
hyperphosphorylation  could  disassociate  off
microtubule system, leading to disruption of neuronal
processes and neurites.

Changes in the viability and number of cell
progressed in three stages. First, the cell number was
promoted by low concentration of FA in 24 h (Figure
2b). This phenomenon has been reported by several
laboratories??*, Second, however, from day 2 to day
4, cell growth was inhibited, resulting in the decrease
of cell viability. At this stage as shown in Figure 2a,
the FA concentration accumulated in the medium
accompanied with the increase of cytotoxicity, which
subsequently impaired the neuronal processes and
disturbed the cell adhesion capacity (Figure 3 and 4).
Third, from day 5 to day 6, cell death occurred because
LDH was markedly released into the culture medium
(Figure 2¢). According to Giordano and colleagues™,
dying cells release LDH in the medium whose
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quantification is proportional to the number of dead
cells. Therefore, the gradual decrease of the total cell
number could be attributed to the inhibition of cell
growth from day 2 to day 4, and then to cell death at
last two days, except for the promotion of cell
proliferation on day 1.

Accumulation of FA cytotoxicity could be an
explanation for the phenomenon that the cell number
gradually decreased on the following days. FA
exposure promotes cellular oxidative stress as
described by Jung and coworkers™. In this laboratory,
it was also observed that addition of FA to cells

41-42]

markedly promotes the production of ROS M
so called FA stress ™. According to Zerin and
colleagues™, FA exposure induces oxidative stress,
mitochondrial dysfunction and apopotosis. Oxidative
stress plays a key role in age-related cognitive
impairment ¥ The intestinal microbiota is an
important source of endogenous FA for the APP/PS1
transgenic mouse . In this work, the medium was
replaced each day by fresh FA-medium to maintain the
FA concentration in the cell culture medium. FA
exposure was continued and the oxidative stress was
chronically maintained to the cells even though the
pathological concentration of FA was used.

Tau  hyperphosphorylation was  markedly
observed during the culture. At first, phosphorylation
of Tau acted as a cellular response to the formaldehyde
stress. As described by Wang and colleagues ™, Tau
hyperphosphorylation could have neuroprotective
effects on neurons as an early stage of cellular
response to oxidative stress. However, when the
oxidative stress is maintained and prolonged, Tau
hyperphosphorylation will be accumulated in cells,
which could become cytotoxic to neurons. Recently,
Tau pathology was regarded as an important risk factor
to induce excitatory neuron loss, grid cell dysfunction,
and spatial memory deficits reminiscent of early AD™.
This may be another explanation for changes in cell
number in the presence of low concentration of
formaldehyde under the conditions we used.

We treated N2a cells for 6 days with low
concentration of FA, which is based on the average
concentrations of urine FA in both AD patients and
normal participants but not on the blood or brain
concentrations of FA. The reasons may be as follows:
(1) Urine FA comes from blood, which permeates
through kidney. (2) FA is active in reactions with
amino groups, such as proteins. Blood proteins

markedly disturb the reaction of DNPH with FA and
result in large errors in the experiments. (3) In contrast,
urine contains very little protein and does not
remarkably interfere with the reaction of DNPH with
FA. The data are more consistent and repeatable from
urine FA determination. (4) Although we have
analysed the concentration of brain FA®, we cannot be
sure whether the values result simply from the reaction
between DNPH with FA, because brain tissues are
much more complicated than blood or urine. Finally,
(5) FA can pass through the blood brain barrier®™; thus,
uric data might indirectly represent the FA in brain
tissues. Thus, we used the average value of urine FA.
However, we should develop a new method to
determine the concentration of brain FA more
accurately in the future.

Taken together, we demonstrated that the

accumulation of pathological concentration of
endogenous FA is able to induce chronic damage to
N2a cells, especially the impairment of neuronal
processes and neurites, which may be resulted from

Tau hyperphosphorylation.
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Fig. S1 Scattering plotting for uric FAand cognitive scores
The requirements and conditions for the recruit of AD patients and normal participants were as described by Li and colleagues in this laboratory(Li T,
Su T, He Y, et al. Brain formaldehyde is related to water intake behavior. Aging Dis, 2016, 7(5): 561-584), except that the data were reanalyzed with
scattering plotting. The MMSE scores and concentrations of uric FA were measured from total AD patients (a), AD female patients (b), male patients
(c), total normal participants (a'), female participants (b') and male patients (c'). The dashline represents the average concentrations of FA for AD

patients and age-matched normal participants.
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Control group FA treated group

Fig. S2 Morphological changes in N2a cells in the presence of FA, visualized using real-time holographic imaging
Cell culture conditions were as described for Figure 1. Aliquots ofFA-treated cells were taken (day 1, 3, and 5) as indicated. Cell morphologies in the

presence and absence of 10 umol/L FA were monitored and visualized using real-time holographic imaging.



