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ARTICLE INFO ABSTRACT

Editor: Dr. S.Y. Chen Cobalt is a hazardous material that has harmful effects on neurotoxicity. Excessive exposure to cobalt or inac-

tivation of the unique proline isomerase Pinl contributes to age-dependent neurodegeneration. However,

Keywords: nothing is known about the role of Pin1 in cobalt-induced neurodegeneration. Here we find that out of several
Cf)balt hazardous materials, only cobalt dose-dependently decreased Pinl expression and alterations in its substrates,
Pinl . including cis and trans phosphorylated Tau in human neuronal cells, concomitant with neurotoxicity. Cobalt-
Neurodegeneration

induced neurotoxicity was aggravated by Pinl genetic or chemical inhibition, but rescued by Pinl upregula-
tion. Furthermore, less than 4 g/l of blood cobalt induced dose- and age-dependent Pinl downregulation in
murine brains, ensuing neurodegenerative changes. These defects were corroborated by changes in Pinl sub-
strates, including cis and trans phosphorylated Tau, amyloid precursor protein, p amyloid and GSK3p. Moreover,
blood Pinl was downregulated in human hip replacement patients with median blood cobalt level of 2.514 pg/1,
which is significantly less than the safety threshold of 10 pg/l, suggesting an early role Pinl played in neuro-
degenerative damages. Thus, Pinl inactivation by cobalt contributes to age-dependent neurodegeneration,
revealing that cobalt is a hazardous material triggering AD-like neurodegenerative damages.

Phosphorylated Tau (P-Tau)

1. Introduction (Fowler, 2016; Lison et al., 2018). It is characterized by cognitive defi-

cits, neuritis, sensorineural deafness, neurological tinnitus, optic atro-

Cobalt and its compounds are widely distributed in nature and
globally used in industries, including batteries, hard alloys, magnetic
materials, catalysts, desiccants, reagents, pigments and dyes. As a
component of vitamin Bjo, cobalt is an essential element for cellular
growth, differentiation and development (Bumoko et al., 2015; Desh-
mukh et al., 2013). However, excessive bodily cobalt can cause toxicity

phy, visual impairment due to occupational, environmental, dietary
exposure or endogenous release from cobalt alloy artificial prostheses
(joint replacement) (Catalani et al., 2012a; Leyssens et al., 2017). More
than 1 million metal-on-metal (MoM) articulations have been implanted
worldwide, leading it one of the most important cobalt exposure sources
(Tvermoes et al., 2015; Bozic, 2009). The majority of patients with
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Fig. 1. Effects on Pinl expression and cytotoxicity upon CoCl, exposure. (A) After 36 h exposure to CoCl,, Pinl protein level was decreased concomitant with
upregulation of the oxidative form of Pinl (oxPinl), the inactive form of Pinl. (B) Pin1 protein level was also detected with fluorescent microscopy (green) after 36 h
CoCl, exposure. DAPI (blue) labels nuclei. (C) Cobalt increased the ratio of cis/trans P-Tau and T231 P-Tau after 24 h and 36 h exposure in a concentration-dependent
manner, suggesting the inactivation of Pinl isomerase activity upon cobalt exposure. (D) CoCl, caused cell cycle arrest in the GO/G1 phase after 24 h and 36 h
exposure. Apoptotic rates increased in response to CoCl, exposure as noted by Hoechst staining (E) and Annexin V/PI-flow cytometry (F). (G) Corroborating to the
cell cycle arrest and apoptosis, Cyclin D1 was downregulated, while Caspase-9 protein level was upregulated after 24 h and 36 h CoCl, exposure. *P < 0.05,
**P < 0.01 and ***P < 0.001 compared with the control (0 uM CoCly). Scale bar for (B): 100 um; (E): 500 um. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

well-functioning implants have blood cobalt concentrations ranging
between 0.2 and 10 pg/1 (Leyssens et al., 2017). In vivo and in vitro
studies have shown that excess cobalt causes reduction in exploratory
behavior in rats, repression of synaptic transmission, and Af release
from neuroblastoma (SHSY5Y) cells (Zheng et al., 2019; Olivieri et al.,
2001a; Tang et al., 2020a). These results suggest a potential connection
between cobalt and neurodegeneration. However, how cobalt

contributes to neurodegeneration is not fully understood.

Notably, brain cobalt levels in patients with Alzheimer’s disease
have been shown to be 1.8 times higher than those in controls (Wenstrup
et al., 1990). Alzheimer’s disease (AD) is the most common neurode-
generative disease characterized by progressive cognitive function and
memory disorder mostly found in the elderly. Accumulation of extra-
cellular senile plaques composed of B amyloid (Af), intracellular
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Fig. 1. (continued).

neurofibrillary tangles (NFT) composed of hyperphosphorylated Tau,
and a progressive neuronal loss are distinct pathological features of AD
(Mattson, 2004). Worldwide, approximately 50 million people suffer
from AD-related dementia, with up to 82 million expected by 2030 and
152 million by 2050 (International AsD, 2019). Approximately 400
heritability studies have established that only about 10% of AD may be
accounted for by heritability, the remaining 90% being due to envi-
ronmental factors (Manolio et al., 2009). Heavy metals such as copper,
zinc and iron are considered risk factors of neurodegenerative diseases,
including AD (Bolognin et al., 2009).

Pinl in the AD brain hippocampus is significantly reduced and/or
oxidized to the inactive form (oxPin1), leading to loss of Pinl isomerase
activity (Sultana et al., 2006). Pin1 is a unique peptidyl-prolyl cis-trans
isomerase (PPlase), which specifically isomerizes certain Ser/Thr-Pro
motifs after phosphorylation, thereby regulating the function of the
substrate protein (Lu et al., 1999). This conformational transformation
mediated by Pinl has profound effects on stress response, cell growth,
neuronal differentiation, survival, immune function and germ cell
development (Lu et al., 1999; Becker and Bonni, 2006). Furthermore,
neurodegenerative changes have been observed in Pinl knockout mice
(Becker and Bonni, 2006). Pinl SNP preventing Pinl inhibition delays
the onset of AD in humans (Ma et al., 2012) and a Pinl loss-function
somatic mutation is identified in human AD patients (Park et al.,

2019). Pinl has been shown to prevent neurodegeneration in AD by
repressing extracellular senile plaque and intracellular NFTs accumu-
lation by accelerating dephosphorylation of P-Tau and amyloid pre-
cursor protein (APP) (Sultana et al., 2006; Pastorino et al., 2006;
Nakamura et al., 2012). When phosphorylated, Tau exists in two iso-
forms: pathological cis and physiological trans. The trans isoform is
functional and undergoes dephosphorylation and degradation. In
contrast, cis P-Tau is non-functional and cannot be dephosphorylated
and degraded, with high tendency for aggregation and tangle formation.
The cis P-Tau antibody has been proven beneficial for the detection of
the ‘toxic’ version of Tau in early stages of AD (Kondo et al., 2015).
These results indicate that Pinl helps protect against age-dependent
neurodegeneration in AD. However, so far nothing is known about
whether cobalt alters Pinl level and activity, and whether Pinl plays
any role in environmentally triggered AD.

Here, we investigated cobalt toxicity both in vitro and in vivo to
address the interplay between cobalt exposure, age and Pinl in trig-
gering neurological dysfunction. The role of Pinl was examined in
human neuroglioma cells upon both genetic modification and chemical
inhibition. As the population avoids the complexity and interference
between mixed occupational exposure sources, the clinical significance
of our findings was further substantiated by correlating the levels of
cobalt and Pinl in clinical human blood samples derived from hip
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Fig. 2. Effects of cobalt on neurotoxicity in H4 cells with Pinl knockdown. Pinl knockdown (labeled as KD) cells were exposed for 24 or 36 h to 400 pM CoCls. (A)
Pinl was downregulated with a lentivirus knockdown vector. Cobalt exposure induced further reduction in Pinl protein levels. (B) Protein expression of cis P-Tau,
trans P-Tau and T231 P-Tau in response to CoCl,. The ratio of cis/trans P-Tau is shown next to the western blot. (C) CoCl; led to cell cycle arrest in the GO/G1 phase
after 24 h exposure and in the S phase after 36 h exposure. (D) Apoptosis rates, detected by Annexin V/ PI-flow cytometry, increased in response to CoCl, exposure. €
Absent cobalt exposure, Pinl KD cells viability was indistinguishable from controls. However, upon cobalt exposure, cell viability significantly decreased, as evi-
denced with the CCK-8 assay. Data represent mean + SD (n = 6). (F) Cell cycle regulation protein Cyclin D1 was downregulated in H4 KD cells after 24 h or 36 h of
CoCl, exposure. NC groups represent H4 cells transfected with control lentivirus, as a negative control of the Pin1 KD cells. *P < 0.05, **P < 0.01 and ***P < 0.001
when comparing between the presence and absence of cobalt under the same Pinl condition (i.e., within NC groups or KD groups); # P < 0.05, ## P < 0.01 and ###
P < 0.001 when comparing between NC and Pinl KD cells upon same exposures (either both exposed or unexposed to cobalt).

replacement patients with endogenous cobalt exposure.
2. Methods
2.1. Reagents

Cobalt (II) chloride hexahydrate (99.9% w/w) was purchased from
Sigma-Aldrich (USA). Co** standard solution for ICP-MS was purchased
from PerkinElmer (USA). TRIzol reagent was purchased from Invitrogen
TM Life Technologies (USA). PrimeScript 1st Strand cDNA Synthesis Kit
and in situ Apoptosis Detection Kit were purchased from Takara (Japan).
Anti-GAPDH antibody, anti-Caspase-9 antibody, anti-Tau antibody,
anti-Tau (phospho T231) antibody, anti-GSK3p (glycogen synthase
kinase-3 p) antibody, anti-APP antibody and anti-Cyclin D1 antibody

were purchased from Abcam (UK). Anti-Af 1-42 antibody (Abcam UK,
ab201060) for western blotting could detect both monomer (4 kDa) and
high molecular weight oligomer (45 kDa), with the latter demonstrated
in this study. Anti-Pinl antibody were purchased from ProteinTech
(USA). Anti-cis P-Tau antibody, anti-trans P-Tau antibody and anti-
oxPinl antibody were kindly provided by Professor Lu Kun Ping
(Chen et al., 2015a). Anti-rabbit IgG alkaline phosphatase-linked sec-
ondary antibody was purchased from GE Healthcare (USA). Bicincho-
ninic acid (BCA) protein assay kit was purchased from Thermo Fisher
Scientific (USA). Cell lysis buffer RIPA for western blots and Cell
Counting Kit-8 were purchased from Phygene (China). Polyvinylidene
difluoride (PVDF) membrane was purchased from Millipore Immobilon
(USA). Chemiluminescence reagent mixture ECL Plus was purchased
from Tanon (China). Loading buffer for western blot, DAPI and Goat
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Fig. 2. (continued).

Anti-Mouse IgG/FITC were purchased from Solarbio (China). Horse-
radish peroxidase (HRP)-labeled goat anti-rabbit IgG (H + L) secondary
antibody, Hoechst 33258 staining kit and Lipid Peroxidation MDA Assay
Kit were purchased from Beyotime Biotechnology (China).
Penicillin-Streptomycin Solution and Dulbecco’s Modified Eagle Me-
dium were purchased from Hyclone (USA). Fetal bovine serum was
purchased from Gibco (USA). FITC/ Annexin V apoptosis detection kit
and PI/RNase staining buffer were purchased from BD Biosciences
Pharmingen (USA). Lentiviruses LV3-Pinl and LV5-Pin1 were packed by
GenePharma (China). Pin1 inhibitor all-trans retinoic acid (ATRA) and
Juglone were purchased from Macklin (China) and Alfa Aesar (UK),
individually. For blood samples from patients, K2-EDTA-coated tubes
were purchased from BD Biosciences (USA) and the Lymphocyte Sepa-
ration Medium from Hao Yang Biological Manufacture (China).

2.2. H4 cell culture and exposure

H4 human neuroglioma cells (H4 cells) are selected for higher rele-
vance of H4 cells data’s utility for the sequence of events leading to
neurodegeneration and AD. H4 cells were purchased from cell bank of
Chinese Academy of Sciences (China Center for Type Culture Collection,
China) and cultured in DMEM with 10% FBS, penicillin (100 U/ml) and
streptomycin (50 g/ml). All cells were maintained in a humidified
incubator containing 5% CO3 at 37 °C. The medium was replaced every
2 days. H4 cells with 80% confluency were exposed to CoCl,, as a
representative of environmental inorganic cobalt exposure as well as a
better comparison with other studies (Catalani et al., 2012b; Léonard
and Lauwerys, 1990; Munoz-Sanchez and Chanez-Cardenas, 2019). The
concentrations of CoCly used in this study were determined in CCK8
pilot experiments. CoCl;, exposure for 24 h at 100, 200, 400 and 600 pM
caused cell damage in the range of 20-30% cell viability. The in vitro

concentrations we used here (100-600 uM, 5.89-35.34 mg/L) has been
wildly used for previous studies (100-500 uM, 20-50 mg/L) (Zheng
etal., 2019; Gupta et al., 2020; Maliha et al., 2019; Olivieri et al., 2001b;
Guan et al., 2015). For Pinl overexpression, lentivirus LV5-Pinl was
transfected to H4 cells according to manufacturer’s instructions. For
Pinl knockdown, lentivirus LV3-Pinl, pKLO plasmid and inhibitors
ATRA and Juglone were used following the manufacturer’s instructions.

2.3. Western blot

Briefly, tissue and cell lysates were extracted with RIPA buffer.
Protein concentration was measured by BCA Protein Assay Kit. Protein
samples were heated for 10 min at 100 °C in 1 x loading buffer. 20 pug
proteins were separated by electrophoresis on a 10-15% Tris-glycine
acrylamide gel and transferred to a PVDF membrane using Trans-Blot
Cell (Bio-Rad, USA). The membrane was blocked with 5% of fat-free
milk for 1 h at room temperature and then incubated with the needed
primary antibody overnight at 4 °C. After washed with 1 x TBS con-
taining 0.1% Tween 20 (TBST), the membrane was incubated with
secondary antibody at room temperature for 1 h. After washed with
TBST, the membrane was incubated in ECL reagents, and images were
taken with the Tanon 5200 imaging system (Shanghai, China). The blots
were analyzed with Image J software (USA) for band densities. For
detecting oxidized Cys-113 of Pinl (oxPinl), standard protocol was
carried out as described in (Chen et al., 2015b). Briefly, the membranes
were blocked with 3% bovine serum albumin (BSA) in PBST for 1 h at
room temperature, followed by incubation with anti-Oxy-Cys113 poly-
clonal antibody (1:1000) for 2 h at room temperature. Following the
primary antibody incubation, the membranes were washed three times
in Wash Blot for 5 min each and incubated with ECL Plex Cy5 Dye
conjugated anti-rabbit antibody for 1 h in dark at room temperature. The
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Fig. 3. Effects of cobalt on neurotoxicity in H4 cells with Pinl knockdown. In order to explore the functional role of Pinl, its inhibitors ATRA and Juglone were
evaluated in cells exposed to 200 pM CoCl; for 72 h. (A) Pinl protein levels were downregulated by Pinl inhibitors, and cobalt exposure induced further decrease in
Pinl protein levels. (B) The ratio of cis/trans P-Tau and P-Tau protein levels were further increased upon Pinl inhibition. (C) Cell cycle arrest caused by cobalt
exposure, with quantification presented in (D). (E) CyclinD1 protein level further decreased upon cobalt exposure in respective ATRA and Juglone groups (Pinl
inhibitor +/- cobalt groups), which corresponds with cell cycle arrest. (F) Apoptosis rates increased upon CoCl, exposure detected by Hoechst staining and Annexin
V/ PI-flow cytometry. (G) Quantification of apoptosis. (H) Absent cobalt exposure, H4 cells showed indistinguishable differences in cell viability, while in response to
cobalt exposure, cell proliferation was more severely impaired by cobalt in the presence of ATRA and Juglone, compared with WT + CoCl, group. Data analyzed with
the CCK8 assay are shown as mean + SD (n = 6). *P < 0.05, **P < 0.01 and ***P < 0.001 compared with WT H4 cells without Pinl inhibitor neither cobalt
exposure; # P < 0.05, ## P < 0.01 and ### P < 0.001 compared with WT H4 cells upon cobalt exposure; & P < 0.05, && P < 0.01 and &&& P < 0.001 compared
with ATRA exposed H4 cells; p for P < 0.05, pp< 0.01 and ppp P < 0.001 compared with Juglone exposed H4 cells. Scale bar, 500 pm.

membranes were washed in Wash Blot three times for 5 min each and
the membrane was scanned with the Storm860 Phospholmager (GE
Healthcare). The densities of protein bands were measured using ImageJ
software. The relative expression levels of target proteins were quanti-
fied with those of housekeeping proteins. Then, the expression levels
were statistically analyzed.

2.4. Cell cycle and apoptosis measurement

H4 cells at log phase were collected and seeded to 60 mm plates at
a cell density of 2 x 10° cells/ml. Cells were exposed to CoCly in
triplicates as noted above. After fixation, cells were dyed with PI
staining buffer. Cell cycle was then detected by flow cytometry (BD
FACSVerse) with the excitation of 488 nm. For apoptosis measure-
ment, the same procedure was performed, followed by FITC/
Annexin-V apoptosis kit and flow cytometry detection (488/530
nm). Apoptosis was also measured with the Hoechst 33258 staining
kit. Four fields were taken in each well by inverted fluorescence
microscope (Olympus, Japan). The fluorescence was measured at
350 nm/ 460 nm (excitation/emission) wavelengths under Leica

DMi8 fluorescence microscope. The intensity of fluorescence was
measured by ImagelJ.

2.5. Quantitative real-time PCR

Total cellular RNA was isolated using TRIzol reagent according to
the manufacturer’s instructions. cDNA was prepared using the Pri-
meScript® 1st Strand cDNA Synthesis Kit and assessed by quantitative
real-time reverse transcription polymerase chain reaction (RT-PCR)
using LightCycler 480 Real-Time PCR System (Roche, Switzerland).
An aliquot of each PCR-amplified product was resolved via agarose gel
electrophoresis, stained with ethidium bromide and photographed
under ultraviolet light. For the respective samples, the PCR product
values were normalized to the GAPDH PCR product values. The
primer sequences selected from the detected gene for cDNA amplifi-
cation are listed. Pinl forward: 5’-TGATCAACGGCTACTACCAG-3’
and reverse: 5-CAAACGAGGCGTCTTCAAAT-3’. Gapdh forward: 5’-
GGCACAGTCAAGGCTGAGAATG-3" and 5’-ATGGTGG
TGAAGACGCCAGTA-3'.

reverse:



F. Zheng et al. Journal of Hazardous Materials 419 (2021) 126378
D¢ E B
4 100 Il G0/G1 §
e BB £
€t 80 e . K]
@ i Cyclin D1 |simme s s —— e — 5
o
o 60 BRR s
% g B-Actin )_ G Gud Gup S== ‘ 5
40
= s cocl, - *+ - + - o+ i
5 ATRA - - + + - - 3
e o Juglone - - - - + + %)
Scoct, * = + - + CoCl,
ATRA - - + + - - ATRA - - + + - -
Juglone _ - - - + + Juglone - - - & + +

ATRA + CoCl; Juglone Juglone + CoCl;

T
w0 o w0t
FITC-A

T T T
L ST
FITC-A

10 10 10
FITC-A

-7

G 3
©
) sas  p 2 W Early
(&) _
S 20] B m  o16\m Later
[] o
et
Q °
o * %
= Y
T 104 o 8
"6 -
- 3
:
o
a 0- o O
o cocl, + -+ - * coCl, + -
ATRA = - + + - - ATRA - - +
Juglone - - - - + + Juglone - - .

F YTy
" 102 3 s

b AL AL L
1 10° 1

[
FITC-A b FITC-A

T
o w0 w0’ w0 w0f

FITC-A

i g1 Bp
2 e
E *kk
8 501
>
©
o
0-
+ - + CoCl, - + - + - +
+ - - ATRA - - + + -
= + + Juglone - - - - + 4

Fig. 3. (continued).

2.6. Animals and exposure

Male C57BL/6J mice were used in this study. The mice aged 8 weeks
(15-26 g) and 48 weeks (24-39 g) were used to determine CoCl; toxicity
and the effect of Pinl in different age range. Mice were randomly allo-
cated into 4 groups: 0 (saline), 4, 8 and 16 mg/kg of CoCl, groups. Next,
mice from each group were intraperitoneal injected once a day for 30
days. All animal experiments were performed with proper care in
accordance to the Guide for the Care and Use of Laboratory Animals.
Animals were housed in the barrier environment of animal experiment
center of Fujian Medical University with relative humidity at 60 + 10%,
room temperature of 20 £+ 2 °C and a 12 h of light/dark cycle. The
C57BL/6J mice were fed with standard laboratory chow. Food and
water were provided ad libitum. All animals were kept in stress-free,
hygienic and animal-friendly conditions.

According to ICP-MS results in vivo, the blood cobalt level in mice
was 1.5969, 2.7265 and 3.4584 pg/1 in three exposure groups (4, 8, and
16 mg/kg), respectively. These doses are clinically relevant in MoM hip
replacement patients according to blood cobalt levels detected by ICP-
MS. The hip replacement patients have an endogenous blood cobalt
level of 2.514 pg/l (median). Therefore, our mice exposure doses are
comparable with endogenous cobalt exposure patients.

2.7. Inductively coupled plasma mass spectrometry (ICP-MS)

Mice experiments were carried out as previously described (Zheng
et al., 2019). For blood samples from humans, 200 ul of plasma was
digested in 8 ml of nitric acid (69.5% v/v) for 40 min, followed by 2 h in
115 °C to remove acid. The samples were diluted with 1% nitric acid to
final volume of 15 ml, followed by an analogous detection procedure.
Values lower than the detection limit were set to the limit as 0.060 ug/1.

2.8. HE staining, silver impregnation and nissl staining

Brains of mice were fixed with 4% paraformaldehyde and transferred
to 70% of ethanol. Next, the brains were placed in processing cassettes,
dehydrated through a serial of alcohol gradients, and embedded in
paraffin wax. Then, 5-pm-thick brain tissue sections were dewaxed in
xylene, rehydrated through decreasing concentrations of ethanol, and
washed in running water. Tissues were stained with haematoxylin and
eosin, silver nitrate and silver ammonia solution, or toluidine blue.

2.9. TUNEL assay

To label apoptotic nuclei, the 3’-OH end of DNA fragments were
visualized by the method of terminal transferase-mediated dUTP nick
end-labeling (TUNEL). The TUNEL assay was performed according to
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Fig. 4. Effects of cobalt on neurotoxicity in H4 cells with Pinl overexpression. Pinl overexpressing cells (labeled as OE) were exposed to 400 pM CoCl, for 24 h or
36 h. (A) Pinl was upregulated by lentivirus overexpression vector. Cobalt exposure induced a reduction of Pinl protein levels. (B) Protein expression of cis and trans
P-Tau in response to CoCl, is shown. The ratio of cis/trans P-Tau protein level was presented next to the western blot. (C) CoCl, caused cell cycle arrest in GO/G1
phase after 24 h exposure and in S phase after 36 h exposure. (D) Apoptosis rates increased upon CoCl, exposure as detected by Annexin V/ PI-flow cytometry. (E)
Absent cobalt exposure, Pinl H4 OE cells showed indistinguishable cell viability compared to WT cells. However, upon cobalt exposure, Pinl OE rescued cell
viability. Data represent mean =+ SD (n = 6). (F) Cell cycle related protein Cyclin D1 was downregulated in H4 OE cells after 24 h and 36 h of CoCl, exposure. NC
groups represented H4 cells transfected with control lentivirus, as a negative control (NC) of the Pinl overexpression (OE) cells. *P < 0.05, **P < 0.01 and

***P < 0.001 when comparing groups on the presence and absence of cobalt exposure under the same Pinl condition (within NC groups or within OE groups); #
P < 0.05, ## P < 0.01 and ### P < 0.001 when comparing NC and Pinl OE cells under the same exposure conditions (in the presence or absence of cobalt).

the manufacturer’s instructions. The nuclei of apoptotic and non-
apoptotic cells were counterstained with DAPI (1 pg/ml). The labeled
cells were analyzed by Leica DM3000 fluorescence microscope. The
intensity of fluorescence was measured by ImageJ.

2.10. Immunostaining

H4 cells were fixed in 4% PFA/sucrose in PBS for 20 min at room
temperature, quenched with 50 mM NH4CI in PBS for 10 min at room
temperature (RT), and permeabilized with 0.2% Triton X-100 in PBS for
5 min at RT. Blocking was performed with 5% BSA for 30 min. Primary
antibodies were diluted in 5% BSA and incubated at RT for 2 h, followed
by PBS washes and incubation with corresponding secondary antibodies
for 1 h at RT in the dark, with gentle mixing. Nuclei were stained with
Hoechst. Fluorescence microscopy was performed on a Zeiss Axioskop 2

microscope and Axiovison software (Zeiss, v4.8). The intensity of fluo-
rescence was measured by ImageJ.

2.11. Spatial learning

Mice were trained for 5 days in a 150 cm circular Morris water maze
pool. The pool was filled to a depth of 25 cm with water that was
maintained at 26 °C. Milk was added to make water opaque (Liou et al.,
2002a) where a 15 cm round platform was submerged in a fixed position
1 cm below water level and placed in the carter of one of the quadrants.
Daily training session consisted of 4 trials (15-30 min intervals) starting
from 4 randomized starting positions. Mice that failed to locate the
platform within 1 min, were gently guided to the platform and left there
for 10 s. Escape latency for each group was calculated using the average
time of four quadrant tests on training days. Probe trials were conducted
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Fig. 4. (continued).

on day 6 after the 5-day training period, where the platform was
removed from the pool and mice swam freely for 60 s. Mice were tracked
with tracking equipment and software (Mobile Datum, China), which
was used to calculate escape latency, path length and swimming velocity
during training, and, during the probe trial, time spent in each quadrant
and latency to first enter the target quadrant and target position.

2.12. Study population

In order to examine the clinical significance, we recruited hip
replacement patients. 30 questionnaires, including 16 cases and 14
controls, were distributed, and all were collected from Department of
Orthopaedics, Fuzhou Second Hospital between July 2019 and October
2019, China. Each patient underwent primary MoM total hip arthro-
plasty at an average of 6 (3-15) years before revision. For the inclusion
in the study, cobalt exposure group was defined using the following
criteria: (1) patients were required to have had a MoM hip prosthesis
and at least one year after surgery, without proven infection or fracture;
(2) patients are between 45 and 65 years old; (3) patients had no other
metal prosthesis in the body; (4) patients had no functional abnormality
in liver or kidney. Subjects without hip replacement during the same
period were selected as controls. The control group had no working
experience in metal factories, neither lived near the factories. All sub-
jects were long-term residents in Fujian. Subjects who were taking drugs
containing cobalt, chromium, or have failed to provide complete clinical
data or with poor adherence were excluded from the study.

2.13. Questionnaire survey

All interviewers were specially trained before conducting the stan-
dard questionnaire. The questionnaire included demographic charac-
teristics (age, gender) as well as clinical physiological and biochemical

indicators (red blood cells, glucose, total cholesterol, high-density li-
poprotein, low-density lipoprotein, etc.).

2.14. Blood samples

Blood samples were collected in a K2-EDTA-coated tube and
centrifuged at 3500 g for 10 min, 4 °C to separate plasma. Following the
manufacturer’s instructions for the lymphocytes’ separation medium,
blood samples were further processed to obtain leukocytes and then the
samples were stored at —80 °C. Plasma was used for the determination of
cobalt concentration and peripheral blood leukocytes were used for WB
detection.

2.15. Statistical analysis

The results were analyzed using the SPSS version 19.0. For the water
maze experiment, the latency was analyzed by multivariate analysis of
variance (ANOVA) of repeated measurement data. For space the probe
trials, speed before entering the platform was analyzed by the rank sum
test. The rests were analyzed by one-way ANOVA. For comparison
among multiple groups, the least significant difference (LSD) post-hoc
test was used. For plasma cobalt levels, nonparametric tests were
applied. For blood protein levels, student t-test was applied. A P value
<0.05 was considered statistically significant in all cases.

2.16. Ethics approval

All procedures performed in studies involving human participants
were in accordance with the ethical standards of the institutional and/or
national research committee and with the 1964 Helsinki declaration and
its later amendments or comparable ethical standards. The protocol was
approved by the ethics committee of Fuzhou Second Hospital (Sheet No.
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Fig. 5. Neurodegenerative effects of cobalt in 2- and 12-month-old mice. (A) After exposure, Co>* content increased in the blood, cortex, hippocampus of 12-month-
old mice (n = 5). (B) Protein levels of Pinl in the hippocampus and cortex were significantly downregulated by cobalt regardless of age. (C) The upregulation of Tau,
T231 P-Tau protein levels as well as cis-/trans- P-Tau ratio by cobalt marks the involvement of Pinl in the process. (D) Quantification of (C). (E) The upregulation of
APP, ABy_4> and GSK3p marks the neurodegeneration caused by cobalt. (F) quantification of (E). (G) Neuronal apoptosis detected by TUNEL assay in both the
hippocampus and cortex of 12-month-old mice. Scale bars of the upper panels indicate 100 um, while in the zoom-in images, the scale bars indicate 50 um. (H) Cobalt
caused upregulations of apoptosis relative protein Caspase-9 in both the hippocampus and cortex from 2- and 12-month-old mice. (I) Results of histopathological
examination in both the hippocampal and cortex of 12-month-old mice (n = 3) are shown. Left panel: HE staining with pyknosis of neuron indicated as red arrow,
while red nerve cell labeled as yellow arrow. Middle panel: Bielschowsky’s silver staining with fiber tangles and age spots marked with black arrow. Right panel: Nissl
staining with Nissl’s body noticed with black arrow. Scale bar indicates 500 ym. (J-N) Morris water-maze test showed learning and recognition deficiencies were
caused by cobalt exposure (n = 5). In training trials (J), the representative tracks for each group were shown. In 2-month-old mice, all exposure group presented
significant differences in all days. In 12-month-old mice, escape latencies in 8 and 16 mg/kg groups are significantly longer than the control group of the same day, as
well as day 2 and day 4 of 4 mg/kg groups (P < 0.05). Space prob trials results including representative tracks (K), number of virtual platform crossings (L),
swimming speed (M, cm/s) and time spent (N) in the effective region (seconds) of the mice are presented. All data are shown as mean + SD. * for P < 0.05,
** P < 0.01 and *** P < 0.001 compared with the control in respective age group; # for P < 0.05, ## P < 0.01 and ### P < 0.001 compared with relative 2-month-
old mice. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2019-2-1). All selected patients and controls provided informed consent.
All applicable institutional and/or national guidelines for the care and
use of animals were followed.

aluminum on Pin1 protein expression on human neuroglioma (H4) cells
after 36 h exposure (Fig. S1). Only cobalt induced Pinl downregulation
in a concentration-dependent manner (Fig. 1A). Furthermore, cobalt
especially at high doses (400 and 600 uM) also induced Pin1 oxidization
on the active site Cys113, (oxPinl), which also suggested the inactiva-
tion of Pinl activity and its function in AD (Fig. 1A, B). To further
determine the effects of cobalt on Pin1 isomerase activity in neurons, we
assayed protein levels of T231 phosphorylated Tau (P-Tau) as well as its
cis and trans isoforms because Pin1 catalyzes cis to trans isomerization of

3. Results
3.1. Effects of cobalt on Pinl and neurotoxicity in H4 cells

We examined the effects of paraquat, manganese, cobalt and

10
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Fig. 5. (continued).

P-Tau. Indeed, cobalt increased the ratio of cis/trans P-Tau after 24 h and
36 h exposure in a concentration-dependent manner (Fig. 1C). These
results were accompanied by concentration-dependent increases in total
T231 P-Tau (Fig. 1C) as expected because unlike trans, cis P-tau is more
resistant to protein dephosphorylation and degradation (Nakamura
et al., 2012).

Since cis P-tau induces apoptosis in neurons (Kondo et al., 2015), we
then assayed the effects of cobalt on the cell cycle and apoptotic profiles
using FACS analyses. Cobalt concentration- and time-dependently
induced cell cycle arrest in the GO/Gl stage Fig. 1D) and cell
apoptosis (Fig. 1E, F). Late apoptotic cells, as detected by Annexin
V/PI-flow cytometry and defined as Annexin"/PI’, increased in both the
24 and 36 h cobalt exposure groups, while early apoptosis (defined as
Annexin'/PI") was significantly upregulated only after 36 h exposure
(Fig. 1F). The above cell cycle and apoptotic phenotypes were further
supported by reduced protein levels of Cyclin D1, whose activity is
required for cell cycle G1/S transition (Massagué, 2004) and whose
protein levels are upregulated by Pin1 (Liou et al., 2002b), and increased
protein levels of Caspase-9 (Fig. 1G), which is critical for apoptosis
(Bratton and Salvesen, 2010).

11

3.2. Effects of cobalt on neurotoxicity in H4 cells with Pinl inhibition

To further support that cobalt-induced Pinl downregulation is crit-
ical for cobalt to induce the above neurotoxicity phenotypes, we used
Pinl genetical knockdown or chemical inhibition to examine whether
either or both would aggravate cobalt neurotoxicity. For Pinl knock-
down, we generated Pinl knockdown (KD) stable cells using the vali-
dated shPinl lentivirus (Nakamura et al., 2012). Pinl was significantly
downregulated to 28.5% and 22.7% of control (24 and 36 h) in Pinl KD
cells (Fig. 2A). In addition, the cis/trans P-Tau ratio was further upre-
gulated upon cobalt exposure in Pinl KD cells in 36 h. T231 P-Tau
protein level was upregulated by Pin1 KD. When comparing KD-Ctl and
KD-CoClj, cells, downregulation of P-Tau was observed in response to
cobalt exposure (Fig. 2B). Cell cycle arrest in the GO/G1 stage was noted
after 24 h of cobalt exposure in Pinl KD cells, whereas after 36 h
exposure, cell cycle was arrested in the S stage (Fig. 2C). Apoptotic cells
increased in Pinl KD cells upon cobalt exposure (Fig. 2D). Corre-
spondingly, the reduction in cell viability upon cobalt exposure was
more pronounced in KD-CoCl, than NC-CoCl; cells, with 20.95% (24 h)
and 39.34% (36 h) downregulation, respectively (Fig. 2E). Combined
with Fig. 2A’s result, the cobalt exposure accounted for 40.5% decrease,
while Pin1-KD was obligated to a further 12.7% decrease in 24 h.
Similarly, Pinl-KD accounted for 24.4% in 48h treatment.
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Fig. 6. Examinations of Pinl protein level and function in human blood samples from hip joint replacement. Human sample data were divided into low Co (low
cobalt) and high Co (high cobalt) groups according to the median plasma cobalt level (0.669 pg/1). Blood cell Pinl and trans P-Tau protein levels were significantly

decreased in the high cobalt group. * for P < 0.05 compared with the control.

Table 1

Cobalt, Pinl and P-Tau levels in hip joint replacement patients.
Indices Low Co (n = 15) High Co (n = 15) Zort P
Cobalt level 0.060 (0.060, 2.514 (1.701, -4.822 <0.001*

0.060) 6.831)

Pinl 0.908 + 0.245 0.696 + 0.221 2.488 0.019*
cis P-Tau 0.984 + 0.451 0.706 + 0.443 1.703  0.100
trans P-Tau 1.444 +1.033 0.736 £+ 0.331 2.523  0.018*
cis/trans P-Tau 0.747 + 0.252 0.895 + 0.405 -1.162  0.256

ratio

Cobalt level presented as P50 (P25, P75) format in percentiles. In the low cobalt
group, samples falling under the detection limit were set to the same value of
detection limit (0.060). Pinl, cis P-Tau, trans P-Tau protein levels and the ratio
are shown as mean =+ SD. * for P < 0.05 determined with either nonparametric
tests or independent student t-test.

Corroborating the results in Fig. 1, Cyclin D1 was downregulated in
response to cobalt exposure. The decrease in Cyclin D1 protein level in
Pinl KD cells was consistent with cell cycle arrest (Fig. 2F).

For Pinl inhibitors, we tested two Pinl inhibitors ATRA and Juglone
(Wei et al., 2015; Wang et al., 2017). In order to fully inhibit the Pinl
levels, the exposure was extended to 72 h, while the concentration was
decreased to 200 uM, as the CCK8 result demonstrated a similar defect of
400 pM, 48 h. Juglone reduced Pinl protein but not mRNA level, while
ATRA did not decrease both in mRNA and protein of Pinl. Cobalt
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exposure led to a decrease in Pinl mRNA and a further reduction in
protein levels upon Pin1 inhibition by Juglone. Instead, ATRA inhibition
in combination with cobalt exposure only resulted in mRNA reduction
(Fig. 3A). Moreover, the cis/trans P-Tau ratio was upregulated after
cobalt exposure in all three exposure groups. Similarly, T231 P-Tau
protein levels were upregulated by Pinl inhibitors in the absence of
cobalt. This upregulation of P-Tau protein was more prominent upon
cobalt exposure (within Pinl inhibitor groups). It is noteworthy, the
Pin1 inhibitors-induced increase in P-Tau and cis/trans P-Tau ratio was
further increased by cobalt, possibly by reduction of residual Pinl
expression (Fig. 3B). The cell cycle was arrested in Pin1 inhibitor groups,
with further reduction observed upon cobalt (Fig. 3C, D). A decrease in
CyclinD1 was found in the presence of both inhibitors, and further
reduction was observed in response to cobalt exposure (Fig. 3E). Greater
number of apoptotic cells was found by both Hoechst staining and
Annexin V/PI staining in cobalt-exposed cells in the presence of the Pinl
inhibitors and cobalt exposure (vs. cobalt exposure alone) (Fig. 3F, G).
Corroborating the Pinl KD results, aggravated cellular damage was
noted in the presence of both cobalt and Pinl inhibitors (Fig. 3H).

3.3. Effects of cobalt on neurotoxicity in H4 cells with Pinl
overexpression

To further confirm the causal relationship between cobalt and Pinl,
we examined whether stable Pinl overexpression (OE) would rescue

Fig. 7. Pinl, cobalt and aging mediate
neurodegenerative damages. Here, we
suggest that neurodegenerative dam-
ages are contributed by cobalt and
aging. Cobalt exposure inactivates Pinl,
on one hand, results in trans P-Tau to cis
P-Tau transformation. On the other
hand, Pinl repression activates GSK3p,
followed by amyloid precursor proteins
(APP) and beta-amyloid (Ap) genera-
tion. Both pathways lead to the forma-
tion of neurofibrillary tangles (NFTs).
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cobalt-induced neurotoxicity in H4 cells. Cobalt exposure led to
decreased Pinl protein levels (Fig. 4A). Corroboratively, after 24 and
36 h cobalt exposure, the increase of cis/trans ratio in Pinl OE cells was
increased to a lesser extent, suggesting the role of Pinl (Fig. 4B). Cell
cycle arrest in GO/G1 stage and S stage was found 24 h and 36 h after
cobalt exposure in Pinl OE cells, individually (Fig. 4C). Apoptosis was
induced in Pinl OE cells by cobalt, but were alleviated by Pinl over-
expression (Fig. 4D). Moreover, the cobalt-induced decrease in cell
viability was partially rescued by Pinl overexpression in 36 h (Fig. 4E).
Finally, Cyclin D1 was indeed upregulated by Pinl OE, supporting the
cell cycle and viability results (Fig. 4F).

3.4. Effects of cobalt on Pinl and neurodegenerative damages in mice

Here, we employed the in vivo model to investigate the role of cobalt
and Pinl. Firstly, ICP-MS was performed to examine the distribution of
cobalt ions in varying parts of brains, including blood, cortex and hip-
pocampus. The levels of Co?* in blood, cerebral cortex and hippocampus
of cobalt-exposed groups were significantly higher than that of control
group in a dose-dependent manner (Fig. 5A). In cobalt-exposed groups,
disturbances of metal ions were also observed (Fig. S2). Consistent with
the in vitro findings, we observed a dose-dependent decrease in Pinl
protein levels in the hippocampus and cortex of mice exposed to 8 or
16 mg/kg cobalt. When comparing 2- with 12-month-old mice, the
reduction was more pronounced in the 12-month-old group (Fig. 5B).
Pinl isomerase activity was also inhibited in mice exposed to cobalt, as
Tau, P-Tau and the cis/trans P-Tau ratio increased, especially at older
age (Fig. 5 C & D for quantification). Previously, Pinl reduction has
been shown to activate GSK-3p, leading to phosphorylation and thus
aggregation of APP and Tau (Pastorino et al., 2006; Nakamura et al.,
2012). Therefore, we examined the effects of cobalt on the level of
AP1-42, APP and GSK3p. Upregulation of these proteins was observed in
the hippocampus and cortex of both 2- and 12-month-old mice. In older
mice, a dose-dependent increase in both Af;_42 and GSK3p expression
supports the notion that cobalt may trigger neurodegenerative damage
in an age-dependent manner (Fig. 5E & F). Also, in vivo apoptosis was
further strengthened by TUNEL assay (Fig. 5G). Corroborating the
TUNEL findings and in vitro results, apoptosis in both 2- and 12-month--
old mice was significantly increased by cobalt, as evidenced by the in-
crease in Caspase-9 protein in both hippocampus and cortex (Fig. 5H).
HE staining results indicated neuronal death caused by cobalt, which
was manifested as neuronal pyknosis. In hippocampus and cortex, a
significant increase in pyknosis of neuron and dark red neurons was seen
in the exposure group compared with the control. Bielschowsky’s silver
staining revealed the increase of neuronal fiber tangles and age spots
caused by cobalt. Furthermore, Nissl staining showed the reduction of
Nissl’s body caused by cobalt (Fig. 5I). To investigate potential cognitive
deficits associated with cobalt exposure, Morris water-maze test was
performed. Cognitive and memory weakening were found after cobalt
exposure and advanced age. In training trials of the Morris water maze,
mice treated with cobalt exhibited a longer escape latency and required
more attempts to find the hidden platform in the water pool compared to
control group, dose-dependently (Fig. 5J). A space probe trial was per-
formed after the training trials by removal of the platform. The original
platform location in the training trials was set as the virtual platform,
number of crossings through the platform, time spent in the effective
platform, as well as the paths in the virtual platform were recorded as
neurobehavioral parameters (Fig. 5K). The swimming speed of
12-month-old mice group was slower than that of the 2-month-old group
(Fig. 5M). The number of crossing the virtual platform and time spent in
the effective region for the cobalt group was less than that of the control
group (Fig. 5L & N).

3.5. Effects of cobalt on Pinl in hip replacement patients

To examine whether cobalt exposure would affect Pinl levels in
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human patients, we measured blood cobalt levels from patients under-
went MoM hip prosthesis. Plasma cobalt levels in these patients
(2.514 pg/1) were significantly higher than in the control group
(0.06 ug/1). We then divided the human samples into low and high co-
balt groups based on the median cobalt level (marked as Low Co and
High Co groups). As demonstrated in (Table S1), baseline demographics
of the two groups are statistically insignificant. We found that the high
cobalt group had lower Pin1 protein levels as well as trans P-Tau levels
(Fig. 6). Amongst the 30 samples tested, we failed to note statistical
differences either for cis P-Tau protein level or cis/trans P-Tau ratio
(Table 1).

4. Discussion

Cobalt is an established neurotoxicant (Tvermoes et al., 2015; Zheng
etal., 2019, 2020; Guan et al., 2015). Moreover, we recently discovered
that cobalt could cause neurodegenerative damages in mice (Guo et al.,
2020; Tang et al., 2020b); whose mechanism(s) of toxicity have yet to be
fully understood. In the present study, we show, for the first time, cobalt
exposure results in Pinl downregulation in the brain of 2- and
12-month-old mice as well as in human neuroglioma cells indicating
that environmentally toxicant-induced AD pathology might be mediated
by changes in the expression and activity of Pinl, which was further
confirmed in human patients (see Fig. 7 for mechanistic picture).

Previous studies on Pinl have focused on its dual role in the context
of cancer development (Pinl activation) and AD (Pinl inactivation)
(Lanni et al., 2020; Sherzai et al., 2020). However, its role in neurode-
generative diseases induced by environmental toxicants has yet to be
addressed. Amongst the environmental toxicants tested, Pinl reduction
upon exposures was only inherent to cobalt. We show here, upon Pinl
downregulation, cobalt caused cell damage, apoptosis and oxidative
stress both in vitro and in vivo. Furthermore, cell cycle arrest and the
decrease in its related protein Cyclin D1 were noted upon cobalt expo-
sure. Moreover, consistent with our previous findings (Liou et al.,
2002b), Cyclin D1 level was closely associated with Pinl levels: when
Pinl was upregulated, Cyclin D1 increased, and vice versa. These data
confirmed that cobalt induces apoptosis and cell cycle arrest through
Pinl inactivation.

The functions of Pinl are regulated by various post-translational
modifications, such as phosphorylation, oxidation, ubiquitination and
SUMOylation (Chen et al., 2020b). Our findings show that mRNA and
protein levels of Pinl are both downregulated upon cobalt exposure,
suggesting the possible mechanism of cobalt-induced Pinl inactivation
could be related to reduction in Pinl mRNA and oxidative stress. An
oxidative modification of Cys113 in the PPIase domain upon hydrogen
peroxide could lead to Pinl enzymatic activity abolishment (Chen et al.,
2015a). Similarly, we demonstrate here oxPinl upregulation and
oxidative stress are induced by cobalt, suggesting that cobalt inactivates
Pinl through oxidation. Besides, there are several potential regulatory
mechanisms worth exploration. For example, the insulin-resistant state
reported in AD brain and the associated PI3K/Akt pathway correlate
with Pinl levels in patients (Liao et al., 2009; Barker et al., 2020).
Further potential mechanism of cobalt inactivating Pin1 could be related
to the energy regulating pathways (such as PI3K/Akt pathway), and
molecules, e.g mTORC]1 (mammalian target of rapamycin 1) and
cellular tumor antigen p53. Last but not least, the death-associated
protein kinase 1 (DAPK1) (regulated by melatonin) decreases Ser71
phosphorylation of Pinl (Chen et al., 2020a). Thus, additional in-
vestigations are encouraged to discover novel upstream regulators of
Pinl.

Tau maintains the normal axonal microtubule network in neurons,
and its phosphorylation is an early event in promoting tangle formation,
which is inherent to AD (Lu et al., 2003). Pinl binds to P-Tau and in-
hibits the development of Tau-mediated neurodegeneration by cata-
lyzing the cis to trans conversion of P-Tau in AD (Lee et al., 2011). Our
experiments suggest that as cobalt exposure increased, Tau and P-Tau
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protein levels were upregulated, both in vitro and in vivo. Furthermore,
both experimental platforms corroborated that the cis/trans P-Tau ratio
was strongly and positively related to cobalt exposure, strengthening the
relationship between cobalt and Pinl inactivation in the context of
neurodegeneration. In familial AD, abnormal APP processing leads to
the formation of the AP peptide and aggregation (Hardy et al., 1998).
Processing of APP can be regulated by phosphorylation, and
proline-directed phosphorylation by GSK3p increases amyloid pathol-
ogy (Lee et al., 2003). Moreover, Pinl is necessary for APP’s anchoring
to the plasma membrane, favoring the non-amyloidogenic processing
and reducing its internalization (Phiel et al., 2003). In this study, we
have established the upregulation of GSK3p, APP and Ap in response to
cobalt, secondary to Pinl inactivation. It would be plausible to expose
cobalt to Pinl overexpressed animals and check whether cobalt-induced
toxicity was partially recovered. However, currently Pinl in vivo over-
expression is by the injection of Pinl adenovirus, however, the protein
expression would only last for 48 h (Risal et al., 2012). Moreover, as
Pinl shows dual role in Alzheimer’s disease and cancers (Driver and Lu,
2010), it would be not applicable to overexpress Pinl in long term (i.e.
30 days).

Clinically, in patients with hip replacement, cobalt levels were
significantly elevated, possibly owing to an increased degree of wear and
corrosion and with the occurrence of periprosthetic complications (e.g.,
loosening) (Leyssens et al., 2017). Therefore, blood cobalt level has been
proposed to monitor the conditions of prostheses in patients. However,
the “safety threshold” of blood cobalt level in joint prostheses patients
varies among different studies: a biokinetic model estimated 300 pg/1 as
safe (Paustenbach et al., 2013), while Sidaginamale et al. reported
4.5 pg/1 as a threshold value for the detection of abnormal wear (Sida-
ginamale et al., 2013); over 20 pg/l was regarded as at risk for systemic
toxicity by Van Der Straeten et al. (2013); another reported that for
10-year-exposure with a steady state of blood cobalt concentration of
10 pg/1is considered safe (Tvermoes et al., 2015). It is worth noting that
in this study, the median blood cobalt level was lower than all the above
(2.514 pg/1), accompanied with Pinl reduction. The finding ascertained
that cobalt caused Pinl downregulation and potential neurodegenera-
tive damages thereafter. Notably, in human AD patients, brain Pinl
expression levels were correlated with Tau tangles (Liou et al., 2002b).
Our previous study has also demonstrated cis P-Tau accumulation in AD
patients (Nakamura et al., 2012). Although we failed to observe signif-
icant changes in cis P-Tau nor cis/trans P-Tau ratio, a significant decrease
in trans P-Tau was found in human samples containing high cobalt
levels. One possible explanation might be that hip replacement patients
recruited in this study were still at the early stages of neurodegenerative
impairment, which very few markers were established (Dubois et al.,
2016). Therefore, they failed to show alterations inherent to AD bio-
markers (increase in cis P-Tau and cis/trans P Tau ratio). Cognitive
impairment has been found in patients with hip joint replacement sur-
gery (22%), known to progress AD (Wu et al., 2018). Therefore, the
decrease of trans P-Tau can be an early detection biomarker of cognitive
impairment in joint replacement patients processing to AD.

As the development of biological techniques, the antibodies against
more biomarkers such as total Tau, Af and neurofilament light are
available to test in human blood, serving as diagnosis evidence for AD
and cognitive dysfunction (Blennow, 2017; Shaw et al., 2020). However,
it is noteworthy Ap levels in body fluids are subject to changes in AD and
normal aging (Song et al., 2011; Herukka et al., 2017). Therefore, more
investigations of cis P-Tau (Kondo et al., 2015) and other biomarkers in
both blood and core cerebrospinal fluids are necessary in MoM hip
replacement patients with larger sampling scales to further confirm this
hypothesis. Besides, the concentration of potential biomarkers should be
taken into account for easier detection in patients. Moreover, analyses of
the characteristics of plasma exosomes (including morphology, number
and pathological proteins) have been suggested to be of benefit in AD
diagnosis, and it might therefore be applied to hip replacement patients
for examination of AD risk (Sun et al., 2020; Hong et al., 2019).
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In conclusion, we evaluated neurodegenerative changes in response
to cobalt exposure, an environmental hazard. We have established that
Pinl plays a protective role by modulating GSK3p, APP, Ap levels and
shifting pathological trans P-Tau to physiological cis P-Tau. Aging is
positively associated with the neurodegenerative sequalae of cobalt
exposure and Pinl inhibition. Our findings suggest that interaction
among cobalt, Pinl and aging promote neurodegeneration, and merit
future studies on Pinl as a putative therapeutic target in mitigating
neurodegenerative processes associated with cobalt.
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