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Atrazine (AT), awidely utilized chemical herbicide, causes widespread contamination of agricultural water
bodies. Recently, exposure to AT has been linked to the development of age-related neurodegenerative
diseases (NDs), suggesting its neurotoxicity potential. As an endocrine disruptor, AT targets the hypothalamus,
acrucial part of the neuroendocrine system. However, the toxicological mechanism of AT exposure to the
hypothalamus and its correlation with ND development remain unexplored. Our results indicated that
AT exposure caused significant morphological and structural damage to the hypothalamus, leading to
the loss of mature and intact neurons and microglial activation. Furthermore, hypothalamic neural stem
cells (HtNSCs) were recruited to areas of neuronal damage caused by AT. Through invivo and invitro
experiments, we clarified the outcomes of AT-induced HtNSC recruitment alongside the loss of mature/
intact neurons. Mechanistically, AT induces senescence in these recruited HtNSCs by activating integrated
stress response signaling. This consequently hinders the repair of damaged neurons by inhibiting HINSC
proliferation and differentiation. Overall, our findings underscore the pivotal role of the integrated stress
response pathway in AT-induced HtNSC senescence and hypothalamic damage. Additionally, the present
study offers novel perspectives to understand the mechanisms of AT-induced neurotoxicity and provides
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preliminary evidence linking AT contamination to the development of NDs.

Introduction

In recent years, persistent environmental pollution from cer-
tain pesticides, owing to high-dose exposure and long-term
use, has raised great public health concerns [1]. Atrazine (AT;
Chemical Abstracts Service no. 1912-24-9) is a widespread
chemical herbicide, primarily designed for weed control in crop
fields, and has been utilized worldwide for 65 years [2]. With
an annual usage of 90,000 tons, AT ranks as the second largest
herbicide used globally. Despite restrictions in the European
Union and the United States, AT continues to be used in various
countries such as China, India, and Brazil, due to its economic
value and potent weed control capabilities [2,3]. Recent studies
in environmental ecology and toxicology have highlighted
serious concerns regarding the persistent pollution caused by
AT, which enters groundwater and aquatic environments at
excessive concentrations [4]. Notably, due to its lengthy half-
life, ranging from 41 to 231 d, AT remains detectable in European
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coastal waters even after regulatory restrictions on its use [2].
This persistence is attributed to ocean currents and the planet’s
water cycle, as observed in regions like the Aegean Sea, which
is affected by water interchange with the Black Sea and the
Marmara Sea, where AT is still in use [5]. Therefore, AT pol-
lution represents a global concern that poses a long-term health
risk to the population living in agricultural and water areas.
More importantly, understanding its toxicity mechanism is
crucial for developing effective mitigation strategies.

The spectrum of the toxicological impact of AT extends
across diverse taxa, manifesting in amphibians [6], aquatic ani-
mals [7], and mammals [8]. This compound can induce dys-
function in the reproductive system [9], respiratory system
[10], digestive system [6], and nervous system [11]. Convincing
evidence reveals that exposure to AT can induce irreversible
damage to the testes and seminiferous tubules by destroying
the blood-testis barrier, thus reducing the motility and quality
of sperm [12]. Moreover, the toxicity of AT is also recorded in
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the gastrointestinal system. For instance, low doses of AT expo-
sure to rats showed necrosis and lipidosis in hepatocytes and
portal lymphocytic inflammation [13]. Similarly, in amphibian
tadpoles, AT exposure can lead to damage of the intestinal
microvilli and epithelial cells, as well as induce imbalances in the
intestinal microbiota and metabolic disorders [14]. Recent work
has demonstrated that AT induces extensive damage to the central
nervous system (CNS), including degeneration of neurons in
the cerebellum, brain, and hippocampus and dysfunction of the
nigrostriatal system [4]. The mechanisms by which AT causes CNS
damage and dysfunction are not yet fully understood; however,
current evidence points to several key processes, including the
induction of oxidative stress [15], neuronal death [15], impairment
of microglial phagocytic function [16], and disruption of major
neurotransmitter systems [17]. Furthermore, as a neuroendocrine
disruptor, AT has been shown to affect endogenous hormone
signals through the hypothalamus-pituitary-gonadal axis,
causing reproductive dysfunction [18]. As the beginning of
the hypothalamus-pituitary-gonadal axis, the hypothalamus
plays a key role in neuroendocrine regulation. It interacts with
peripheral tissues and reacts to nutritional and environmental
signals to coordinate the aspects of physiological homeostasis
[19]. However, previous works have concentrated more on
the adverse impact of AT on hypothalamic neuroendocrine
function; little is known about the molecular mechanism of
AT-induced hypothalamic injury.

Growing evidence suggests that persistent exposure to pes-
ticides is linked to the prevalence of age-related neurodegenera-
tive diseases (NDs) like Alzheimer’s disease and Parkinson’s
disease [20]. We previously found that AT exposure evoked
renal tubular cell senescence and promoted the progression
of renal injury by blocking parkin-mediated mitophagy [21].
Similarly, our previous study also revealed that mice exhibited
spatial learning and memory impairments after AT treatment
[22]. These aging-like phenotypes suggest that senescence in
nerve cells may be aggravated. The hypothalamus, vital for coor-
dinating a variety of fundamental life functions, was recently
considered to exert a critical effect on the supervision of the
aging speed, and hypothalamic neural stem cells (HtNSCs)
mediate this process [23]. In mammals, there is a pool of neural
stem cells (NSCs) in the hypothalamus, which plays an impor-
tant effect in the generation of new neurons (neurogenesis)
and damage repair [24]. Recent research has convincingly shown
that NSC proliferation and their ability to produce new neurons
decline rapidly after senescence, while the incidence of NDs and
aging-related diseases increases [19,24]. As described above,
NSC senescence may be a potential pathway for AT-induced
neurotoxicity and hypothalamic injury. However, knowledge
of how AT affects NSCs remains limited.

There is limited knowledge about the hypothalamic neuro-
toxicity of AT exposure, particularly in relation to its effects on
HtNSCs. To address this knowledge gap, we orally administered
AT to mice at different doses to investigate its effects on NSCs
and neurotoxicity. In parallel, the potential molecular mecha-
nism of AT-induced HtNSC senescence was determined by
RNA sequencing (RNA-Seq) and further verified using the
C17.2NSCline and inhibitors of target molecules in vitro. Our
findings provide the first evidence of AT-induced HINSC senes-
cence and reveal the role of the integrated stress response (ISR)
signaling pathway in this process. Importantly, the current
study is poised to enhance public understanding of the proag-
ing role of AT in mammals.
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Results

AT exposure caused pathological and neuronal

damage in mouse hypothalami

The chemical structure of AT is shown in Fig. S1. To evaluate
the effect of AT exposure on morphological and ultrastructural
damage to the hypothalamus in mice, hematoxylin and eosin
(HE) staining and transmission electron microscopy (TEM)
were performed. HE staining results showed that the control
(Con) group exhibited only minor disintegrated nuclear neu-
rons and a few microglia in the hypothalamus; most neurons
retained normal morphology, with intact nuclei, clear contours,
uniformly stained cytoplasm, and no evident signs of degen-
eration or necrosis (Fig. 1A). In contrast, after AT exposure,
nuclear disintegration increased and microglia were substan-
tially activated in a dose-dependent manner. Approximately
1.5- to 2-fold higher levels of nuclear disintegration and microg-
lial activation were observed in the AT-2 group (200 mg/kg AT
exposure) compared to the AT-1 group (50 mg/kg AT expo-
sure). These findings were also corroborated by the histological
damage score, which showed a notable increase after AT expo-
sure (Fig. 1B). The TEM results revealed that the hypothalami
in the AT-2 treatment group showed severe ultrastructural
damage (Fig. 1C), manifested by endoplasmic reticulum (ER)
expansion (white arrows), polyribosome depolymerization
(yellow arrows), myelin sheath fragmentation (green arrows),
and nuclear inclusions (red arrows). The Flameng score is a
semiquantitative method for evaluating the severity of mito-
chondrial damage, with a positive correlation between the score
and the extent of mitochondrial injury [25]. The results of the
mitochondrial Flameng score (Fig. 1D) and average surface
area (Fig. 1E) indicated that AT exposure impaired the mito-
chondrial structure in a dose-dependent manner. Surprisingly,
senescence-related lipofuscin (asterisk) was observed in the
AT-2 group.

Asaneuroendocrine center, the hypothalamus has been shown
to exhibit dysfunction after AT exposure [26]. Ultrastructural
analysis by TEM revealed that AT caused myelin sheath breakage
in hypothalamic neurons, suggesting that neuronal damage may
be the driving factor of its dysfunction. We labeled axons (neu-
rofilament, NF') and myelin sheaths (myelin basic protein,
MBP™) using multiplex immunofluorescence (IF) staining to
evaluate the effect of AT exposure on neuronal structural integ-
rity (Fig. 1F). The results showed that AT dose-dependently
reduced the ratio of intact neurons in the hypothalami (Fig.
1H). Similarly, the ratio of mature neurons was also signifi-
cantly decreased by AT exposure (Fig. 11), as evidenced by the
colocalization of neuronal nuclei (NeuN) and microtubule-
associated protein 2 (MAP2; Fig. 1G). These results indicated
that AT exposure induced hypothalamic neuron damage and
impaired recovery from the loss of mature neurons, which may
be related to cell senescence.

Microglia and HtNSCs were recruited in the area of

neural injury after AT exposure

Microglia, serving as the primary mediators of innate immune
responses in the CNS, are essential in neuroinflammation and
secondary injury after nerve damage [27]. Consistent with the
HE staining results, the number of microglia increased after
AT exposure in a dose-dependent manner (Fig. 2A). Moreover,
microglia were observed to phagocytize myelin debris in the
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Fig. 1. Atrazine exposure caused pathological and neuronal damage in mouse hypothalami. (A) Representative images of hypothalamus tissue sections by hematoxylin and
eosin (HE) staining; triangles indicate microglia, and arrows indicate disintegrated nuclear neurons. (B) Histological damage score in the hypothalamus. (C) Representative
images of the hypothalamus tissue ultrastructure observed by transmission electron microscopy (TEM). N, nucleus; M, mitochondria; white arrows, endoplasmic reticulum
expansion; yellow arrows, polyribosome depolymerization; green arrows, myelin sheath fragmentation; red arrows, nuclear inclusions; asterisk, lipofuscin. (D) Mitochondrial
Flameng score in the hypothalamus. (E) Mitochondrial average surface area. (F) Double immunofluorescence staining of hypothalamus tissue samples; representative images
of myelin basic protein (MBP) and neurofilament (NF) staining. MBP*NF* double-positive cells represent intact neurons. The intact neuron ratio was calculated as MBP*NF*
cell count/total cell count in a given field of view. (G) Double immunofluorescence staining of hypothalamus tissue samples; representative images of microtubule-associated
protein 2 (MAP2) and neuronal nuclei (NeuN) staining. MAP2*NeuN* double-positive cells represent mature neurons. The mature neuron ratio was calculated as MAP2*NeuN*
cell count/total cell count in a given field of view. Scale bars, 50 um. (H and I) Statistical analysis of the (H) intact neuron ratio and (I) mature neuron ratio. The cell-structure-
specific markers used include MBP (myelin sheath), NF (axons), MAP2 (mature neurons), and NeuN (mature neurons). The data are presented as mean + SD. Statistical
analysis was performed using one-way analysis of variance (ANOVA) for multiple group comparisons followed by Tukey’s post hoc pairwise comparison. P < 0.01, and P <
0.001 vs. the control (Con) group.
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Fig. 2. Microglia and hypothalamic neural stem cells (HtNSCs) were recruited to the damaged neural areas after atrazine exposure. (A and B) Double immunofluorescence
staining of hypothalamus tissue samples. Scale bars, 50 pm. (A) Representative images of ionized calcium-binding adapter molecule 1 (IBA-1) and NF staining. (B) Representative
images of IBA-1 and MBP staining. The cell-structure-specific markers used include MBP (myelin sheath) and NF (axons). IBA-1*, microglia. (C) Relative IBA-1"/NF™ ratio.
(D) Relative IBA-1*/MBP* ratio. The IBA-1*/NF* or IBA-1*/MBP™ ratio represents the proportion of microglia to structurally intact neurons in a given field of view. (E) Double
immunofluorescence staining of hypothalamus tissue samples; representative images of SRY (sex determining region Y)-box 2 (SOX2) and MBP staining. SOX2*, neural stem
cell. (F) Relative SOX2*/MBP* ratio. The SOX2*/NF* ratio represents the proportion of HtNSCs to structurally intact neurons in a given field of view. (G) Western blotting
measurements of the protein levels of vimentin and connexin 43 in hypothalamus. (H and ) Statistical analysis of (H) vimentin and (I) connexin 43 protein levels. The data
are presented as mean + SD. Statistical analysis was performed using one-way ANOVA for multiple group comparisons followed by Tukey’s post hoc pairwise comparison.
P <0.05, P < 0.01,and P < 0.001 vs. the Con group.
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AT-2 treatment group (Fig. 2B). Importantly, based on IF colo-
calization analysis of NF or MBP and ionized calcium-binding
adapter molecule 1 (IBA-1, microglia+), microglia in the area
of hypothalamic injury were markedly activated induced by
AT, as reflected by the increased ratio of IBA-1*/NF* and IBA-
17/MBP* cells (Fig. 2C and D). On the other hand, recent evi-
dence suggests that a third pool of NSCs exists in the mouse
hypothalamus and is engaged in damage repair, systemic aging,
and reproduction [24]. As shown in Fig. 2E, IF costaining of the
active HEINSC marker (SRY [sex determining region Y]-box 2
[SOX2*]) and myelin sheath marker (MBP™) revealed that the
expression levels of SOX2* and MBP™ exhibited a conspicuous
negative correlation after AT exposure. Furthermore, SOX2*
HNSCs were significantly recruited in a dose-dependent
manner in the AT-treated group. Importantly, these recruited
HINSCs (SOX2*) were predominantly located in damaged areas
lacking MBP™ expression (Fig. 2F). Furthermore, tanycytes, a
specialized type of HINSC, play a crucial role in injury restora-
tion [28]. As markers of tanycytes, vimentin and connexin 43
exhibited significantly increased expression levels in the hypo-
thalamus of the AT-1 and AT-2 treatment groups (Fig. 2G to I).
This further indicated that these HINSCs may be recruited from
tanycytes with the characteristics of damage repair. These results
suggested that after AT exposure, microglia and HINSCs were
recruited to areas of neuronal damage in the hypothalamus, and
this recruitment appears to facilitate the repair process.

AT exposure restrained the proliferation and
differentiation of recruited HtNSCs

Here are seemingly contradictory results: mature neurons in
the hypothalamus were significantly reduced, whereas massive
HNSCs were recruited. We hypothesized that the differentia-
tion and proliferation of these recruited HtNSCs may be
restrained. According to the NSC differentiation marker protein
profile (Fig. 3A), we detected the expression levels of double-
cortin (DCX) and p3-tubulin (TUBB3). The results revealed
that DCX and TUBB3 were rarely expressed in areas recruited
by SOX2" NSCs in a dose-dependent manner (Fig. 3B to E),
suggesting that these recruited HtNSCs were not directly dif-
ferentiated into neurons under AT exposure. Additionally, the
expression levels of the proliferation-specific marker mini chro-
mosome maintenance 2 (MCM2) were also markedly decreased
by AT (Fig. 3F and G). Therefore, these results further support
our hypothesis.

AT exposure induced DNA damage and senescence
of HtNSCs by activating the ISR pathway

Diminished proliferation and differentiation abilities are clear
signs of senescent NSCs [29], suggesting that AT-induced dys-
function of HtNSCs may be associated with senescence. We
subsequently determined the levels of the DNA damage marker
gamma-histone H2A variant X (y-H2AX) and the senescence
marker lamin BI in the recruited HtNSCs. As shown in Fig.
4A to D, y-H2AX was highly expressed, whereas lamin Bl
expression was down-regulated in SOX2" HtNSCs after AT
exposure. Similarly, the protein levels of y-H2AX in the hypo-
thalamus of the AT-2 group were strikingly elevated, whereas
the lamin B1 levels were decreased (Fig. 4E and F). These results
indicated that the recruited HINSCs were in a state of senes-
cence and DNA damage due to AT exposure.

To explore the specific mechanism of AT-induced HINSC
senescence, RNA-Seq analysis was performed in this study.
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Given the observed dose-dependent effect of AT neurotoxicity,
the 200 mg/kg AT exposure likely more effectively reveals the
molecular mechanisms underlying AT-induced HtNSC senes-
cence. Therefore, we selected the 200 mg/kg dose for RNA-Seq
to identify potential key pathways and gene expression changes
involved in this process. Results indicated a remarkable differ-
ence between the Con and AT treatment groups, as observed
by principal component analysis and hierarchical clustering
(Fig. S2A and B). This indicated that AT exposure changed the
transcriptional profile of the hypothalamus. A total of 520 dif-
ferentially expressed genes were identified between the 2 groups
(Fig. S2C). Among them, 205 genes were up-regulated after
AT treatment, including the ISR pathway-related genes DNA
damage-inducible transcript 3/C/EBP homologous protein (DDIT3/
CHORP), activating transcription factor 4 (ATF4), Eif2ak3/protein
kinase R-like endoplasmic reticulum kinase (PERK), and eukaryotic
initiation factor 2 alpha kinase 4 (Eif2ak4), as well as the senescence-
related gene cyclin-dependent kinase inhibitor 1A (CDKNIA) and
the DNA damage-related gene histone H2A variant X (H2AX, Fig.
S2C). Moreover, the pathway of ISR signaling was up-regulated
in the AT-treated mouse hypothalami based on the Gene Set
Enrichment Analysis (GSEA) results (Fig. S2D). The ISR pathway
is a cellular signaling network induced by extracellular stress (Fig.
S2E). Its overactivation, leading to loss of proteostasis, is associated
with various age-related diseases [30]. Our results indicated that
AT exposure notably activated ISR signaling in a dose-dependent
manner, as reflected by the elevated phosphorylation of PERK and
eukaryotic translation initiation factor 2 alpha (eIF2a) and the
increased levels of ATF4 and CHOP (Fig. 4G and Fig. S2F to K).
More importantly, the expression levels of ATF4 were markedly
elevated in SOX2" HtNSCs after AT exposure (Fig. 4H and I).
These findings revealed that the ISR signaling pathway exerts a
vital role in AT-induced HEINSC senescence.

AT exposure induced senescence and ISR signaling

activation in C17.2 NSCs

The C17.2 NSC line was subsequently used to investigate the
mechanism of AT-induced HtNSC senescence in vitro (Fig. 5A).
Based on the cell viability assay (Fig. 5B), we selected AT con-
centrations of 50, 100, and 200 pM for subsequent experiments
(IC5, = 383.07). Consistent with in vivo results, AT caused
senescence of C17.2 NSCs, which was manifested by an increase
in the proportion of the senescence-associated f-galactosidase®
(SA-B-Gal™) cells (Fig. 5C and D). Moreover, the expression
levels of the differentiation marker TUBB3 and the proliferation
marker MCM2 in C17.2 NSCs were remarkably decreased
dose-dependently after AT exposure (Fig. 5E to H). Furthermore,
genes related to the senescence-associated secretory phenotype
(SASP), including matrix metalloproteinase-3 (MMP3), cyclin-
dependent kinase inhibitor 2A (CDKN2A), interleukin 6 (IL-6),
interleukin 8 (IL-8), and C-X-C motif chemokine ligand 1 (CXCLI),
were also notably elevated in C17.2 NSCs (Fig. S3A to E).
Likewise, the expression levels of the senescence-related pro-
teins CDKN1A and phosphorylated histone H2A variant
Xp-H2AX (p-H2AX; Fig. 51 and Fig. S3F to G) were signifi-
cantly promoted with higher doses of AT, while the prolifera-
tion-related proteins proliferating cell nuclear antigen and
cyclin D (Fig. 51 and Fig. S3H and I) were decreased con-
versely. Of note, consistent with the animal experimental
results, ISR signaling activity was notably elevated in C17.2
NSCs after AT exposure in a dose-dependent manner (Fig. 5]
and Fig. S3] to O). These results further confirmed that AT can
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Fig. 3. Atrazine exposure restrained the proliferation and differentiation of the recruited hypothalamic neural stem cells (NSCs). (A) Schematic diagram showing stages of
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tissue samples. (D) Representative images of SOX2 and DCX staining. (E) Representative images of SOX2 and TUBB3 staining. (F) Representative images of SOX2 and mini
chromosome maintenance 2 (MCM2) staining. MCM2 is a proliferation-specific marker. (G) Relative MCM2*/SOX2* ratio. The MCM2*/SOX2* ratio represents the proportion
of actively proliferating HtNSCs to total HtNSCs in a given field of view. Scale bars, 50 pm. The data are presented as mean + SD. Statistical analysis was performed using
one-way ANOVA for multiple group comparisons followed by Tukey’s post hoc pairwise comparison. ”*P < 0.001 vs. the Con group. GFAP, glial fibrillary acidic protein.

Chen et al. 2024 | https://doi.org/10.34133/research.0547 6


https://doi.org/10.34133/research.0547

Research

A B Cc
% X 501
o *kk
£ s + 2L 40 °
o S 38
S+ 307
RS
+ é 204 ——
% P10 H
> = -
N
S P&
-~ - D
= ;
< <
0 ~
D X 150
8
2
N —
X 8 100
8 + *okok
Y
m O 501 :
o o £ % *okk
= = E S
< < S g 0- 9
S AN
S D&
Oy »
E F G PN A a2
4- o 157 ® S =
o z - prErk [ o ] 140 00
> 2 H = =
& & g x5 °1 55 10] pevv (T ] 0 os
VHAX |- == = = = 15 kba & g ol c 8 * , p-elF2a [0 o0 W o S 36 kDa
Lamin &1 [T T 6c 0s T S HOEZ g
. = ®© = 05 - —
a-Tubulin (@6 & & & & & & & & |55 kDa % 14 B ° ATF4 - ~ - 49 kDa
F
= 8 0.0 CHOP [ 7, ™ ©am = s &30 kDa

S 4D (¥ a-Tubulin [ & & &5 & & & & & | 55 kDa

H Con AT-2

AT-1
ATF4 SOX2 ATF4 ATF4 SOX2
2 257 49 Kook
Kk jE:L
2.0 3

3 - B
=
3 5 X
| 5 o
c 15 I 2 :
c 159 & N
: 3. i
£ 1.0+ I, 8
¥ o054 T '
Z L
a < 0.0- < O
= QQ ’ ﬂ/ o(\ :\ Q/
T S S

Fig.4. Atrazine exposure induced DNA damage and senescence of recruited HtNSCs by activating integrated stress response (ISR) signaling. (Aand B) Double immunofluorescence
staining of hypothalamus tissue samples. (A) Representative images of SOX2 and gamma-histone H2A variant X (y-H2AX) staining; y-H2AX is a specific marker of DNA
damage. (B) Representative images of SOX2 and lamin Bl staining. Lamin Bl is a specific marker of cell senescence. (C and D) Statistical analysis of the percentage
of (C) y-H2AX*SOX2" cells and (D) lamin B1*SOX2* cells relative to the total SOX2* cells. Scale bars, 50 pm. (E) Western blotting measurements of the protein levels
of y-H2AX and lamin Bl in hypothalamus. (F) Statistical analysis of y-H2AX and lamin B1 protein levels. (G) Western blotting measurements of the protein levels of the ISR
signaling pathway in the hypothalamus. (H) Representative images of SOX2 and activating transcription factor 4 (ATF4) staining. (1) Statistical analysis of ATF4 mean density
and ATF4+*SOX2*/S0X2*. The data are presented as mean =+ SD. Statistical analysis was performed using one-way ANOVA for multiple group comparisons followed by Tukey's
post hoc pairwise comparison. P < 0.05and ~P < 0.001vs. the Con group. PERK, protein kinase R-like endoplasmic reticulum kinase; p-PERK, phosphorylated protein kinase
R-like endoplasmic reticulum kinase; ATF4, activating transcription factor 4; CHOP, C/EBP homologous protein.

Chen et al. 2024 | https://doi.org/10.34133/research.0547 7


https://doi.org/10.34133/research.0547

Research

A c17.2 B — 1501

1004

(6}
o
1

IC50=383.07 yM

Cell viability (%

/
'.\

/
'.\

/
'.\
o

| [ f | T T T T T T T
~ / ~ = ~ 0 25 50 100 200 400 800
Atrazine (M)

Con:0 puM A1:50 yM A2:100 uM A3:200 uM
C D
A2
» 80
| ©
- o O
g | %L 60
&l £ 8
& g 9 40
] %’ o8
a g 20
Y
E ° 5
G
P
‘D
c
[
c ke
c
o
o 3
1S
™
o
o
-]
|—
H
2
‘@
c
(0]
ke
3
< o
1S
AN
=
©]
=
|
Con A1 A2 A3
p-hzax (B 0 W] 17kDa
> PeNA [ o = ] 35kDa
cyetin D (MBS W% W) 36kDa
J
Con A1 A2 A3
)
< eiF2c [ 36D

Fig. 5. Atrazine exposure induced senescence and ISR signal activation in C17.2 NSCs. (A) C17.2 NSCs were treated with atrazine. (B) Cell viability across various concentrations
of atrazine treatment. (C) Representative image of C17.2 NSCs by senescence-associated p-galactosidase (SA-B-Gal) staining. Magnification: x400. (D) Statistical analysis of
percentage of SA-p-Gal™ cells. (E) Representative images of 4’ ,6-diamidino-2-phenylindole (DAPI) and TUBB3 staining. (F) Representative images of DAPI and MCM2 staining;
scale bars, 100 um. (G and H) Statistical analysis of (G) TUBB3 and (H) MCM2 mean density. (I) Western blotting measurements of the protein levels of cyclin-dependent kinase
inhibitor 1A (CDKNI1A), phosphorylated histone H2A variant Xp-H2AX (p-H2AX), proliferating cell nuclear antigen (PCNA), and cyclin D in C17.2 NSCs. (J) Western blotting
measurements of the protein levels of the ISR signaling pathway in C17.2 NSCs. The data are presented as mean + SD. Statistical analysis was performed using one-way ANOVA
for multiple group comparisons followed by Tukey's post hoc pairwise comparison. P < 0.05 and P < 0.001 vs. the Con group.
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inhibit the repair of hypothalamic injury by inducing HtNSC
senescence.

Inhibition of ISR signaling alleviated AT-induced

senescence in C17.2 NSCs

To verify the key role of ISR signaling in AT-induced NSC
senescence, we used the PERK inhibitor GSK2606414 (GSK)
and the eIF2a inhibitor ISRIB to block the ISR signaling path-
way (Fig. S4A). SA-B-Gal staining showed that pretreatment
with GSK or ISRIB significantly mitigated AT-induced senes-
cence of C17.2 NSCs (Fig. 6A and B). Meanwhile, the impaired
differentiation and proliferation of C17.2 NSCs induced by
AT exposure were alleviated by GSK and ISRIB (Fig. 6C to F).
Furthermore, treatment of C17.2 cells with GSK or ISRIB pre-
vented the AT-induced up-regulation of SASP-related genes
(Fig. S4B to F) and senescence-related proteins (Fig. 6G and
Fig. S4G and H). Additionally, this treatment reversed the
down-regulation of proliferation-related proteins (Fig. 6G and
Fig. S4I and J). Finally, the Western blot analysis results indi-
cated that GSK and ISRIB pretreatment effectively blocked
the AT-induced activation of the ISR signaling pathway (Fig.
6H and Fig. S4K to P). Overall, these data confirmed that the
ISR signaling pathway was notably activated in HtNSCs and
played a vital role in the senescence of HINSCs caused by AT
exposure.

Discussion

Emerging evidence suggests that environmental factors, espe-
cially persistent pesticide pollution, are linked to the develop-
ment of NDs such as Parkinson’s disease [20]. Dementia, a
common consequence of NDs, will affect 150 million individu-
als within the next 30 years, causing both physical suffering
and economic burden [31]. Research has demonstrated that
stem cell therapy holds great potential for the treatment of
degenerative conditions such as motor neuron disease and
Parkinson’s disease [32]. Hence, investigating the toxic mecha-
nisms of widely used pesticides on NSCs is vital. AT, the second
most commonly used herbicide globally, poses a serious threat
to human health through exposure via the food chain or drink-
ing water [2]. In this study, we demonstrate, for the first time,
that AT causes neuronal injury and microglia activation and
recruits HENSCs to areas of neuronal injury in hypothalami.
Intriguingly, AT induces senescence in these recruited HINSCs
by activating the ISR signaling pathway. This senescence of
HNSCs further hinders neuronal damage repair by reducing
their proliferation and differentiation. Importantly, our findings
provide preliminary evidence of a potential association between
AT contamination and the development of aging-related NDs,
which may help raise public health awareness regarding AT
contamination.

The hypothalamus is a crucial neuroendocrine center that
regulates reproduction, emotion, body temperature, exercise,
and aging. While numerous studies have documented the
pathological damage effects of AT exposure to the liver, kidney,
spleen, brain, cerebellum, and hippocampus [2,4,33,34], research
on the hypothalamus has predominantly focused on AT-induced
hormonal disruptions, with limited attention to its morphologi-
cal and structural damage [17]. Mitochondria and the ER play
a vital role in maintaining protein homeostasis [35]. Studies
have shown that a decrease in protein clearance capacity and
loss of protein homeostasis are indicative of cell senescence

Chen et al. 2024 | https://doi.org/10.34133/research.0547

[36]. In this study, we observed severe morphological and ultra-
structural damage in the hypothalamus due to AT exposure,
including nuclear disintegration, neuronal myelin fragmen-
tation, and structural damage to the ER and mitochondria.
Furthermore, increased lipofuscin and a decrease in mitochon-
drial surface area suggest that AT-induced hypothalamic dam-
age may be related to cell aging. Lipofuscin is often called
senescence pigment and considered a hallmark of aging [37].
To the best of our knowledge, there are currently no reports of
lipofuscin accumulation in neural tissue due to AT exposure.
Experimental studies have shown that some persistent envi-
ronmental pollutants, including pesticide fungicides (triadi-
menol) [38] and polystyrene nanoplastics [39], accelerate aging
in the intestinal and brain tissues of Caenorhabditis elegans and
zebra fish models. The accumulation of the aging biomarker
lipofuscin observed in these models is consistent with our find-
ings. Additionally, neuroinflammation in microglia is consid-
ered a critical marker of nerve damage and the development
of NDs [40,41]. A previous study showed that AT exposure
induced neurotoxicity and neuroinflammation by stimulating
microglia and suppressing the nuclear factor erythroid 2-related
factor 2 signaling pathway [40]. Consistent with this study, we
also found that AT induced marked activation of microglia in
the areas of neuronal injury in the hypothalamus.

A complete neuron structure and an adequate number of
mature neurons are crucial for sustaining the normal function
of the CNS. Through IF costaining, we found that the propor-
tion of intact neurons and mature neurons was significantly
decreased after AT exposure, as reflected by the reduced density
of MBP*, NF*, MAP2", and NeuN". These results directly
proved the neurotoxicity of AT. Learning and memory deficits,
substantial symptoms of CNS injury, are associated with neu-
ronal structural damage and microglial dysfunction. Our pre-
vious study showed that, in the Morris water maze test, AT
exposure at 50 and 200 mg/kg caused mice to spend more time
searching for the platform, and the number of times the mice
crossed the platform area after its removal was lower than that
of the control group [22]. Additionally, multiple studies have
found that AT exposure induced learning and memory impair-
ments in rates [42], a phenotype that directly supports the
reduced intact neurons and mature neurons observed in this
study. NSCs, with self-renewal and differentiation potential,
play a pivotal role in neurogenesis and neural repair in NDs
[43]. Hence, this raises an interesting biological question: does
AT-induced neuronal injury trigger NSC recruitment to pro-
duce new neurons? Surprisingly, our results indicated that
HtNSCs were indeed recruited to the areas of neuronal injury
after AT exposure, as evidenced by the main localization of
recruited SOX2" NSCs in damaged areas lacking MBP expres-
sion. Tanycyte NSCs in the mouse hypothalamus possess strong
regenerative potential and are involved in the repair process
following neural injury [28,29]. A previous study indicated that
mechanical injury induced by inserting an acupuncture needle
into the median eminence led to strong activation of tanycyte
NSCs, in contrast to their quiescent state observed in sham
control mice [28]. Therefore, in our study, the recruitment of
tanycyte NSCs provides further evidence that the mouse ner-
vous system attempts to restore AT-induced hypothalamic neu-
ronal damage.

However, the results of this study showed that AT-induced
neurotoxicity was not alleviated by the recruited HtNSCs. As
a recently discovered type of NSC, HtNSCs have the potential
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to attenuate or even revert multiple aspects of systemic senes-
cence [19]. An early study revealed that lipid accumulation can
inhibit HENSC differentiation and proliferation by inducing
senescence, which subsequently leads to damage and dysfunc-
tion of hypothalamic neurons [29]. This suggests that the
observed loss of intact neurons and the recruitment of HINSCs
may be related to AT-induced HtNSC senescence. As expected,
AT exposure impaired the proliferation and differentiation of
HINSCs in a dose-dependent manner. In parallel, AT exposure
induced DNA damage and senescence in these recruited
HNSCs, as manifested by the up-regulation of y-H2AX and
down-regulation of lamin B1 in SOX2* HtNSCs. As reported,
the capacity of NSCs to proliferate and generate new neurons
markedly diminishes after senescence, while the occurrence of
neurodegeneration and age-related diseases rises [24]. This is
consistent with our findings, where we observed that after AT
exposure, particularly at a dose of 200 mg/kg, the proportion of
HNSCs differentiating into neurons in the area of neural injury
was significantly reduced. These results explain the observed
decrease in the number of intact and mature neurons, as well
as the strong correlation between AT contamination and the
occurrence and progression of NDs. It can be inferred that
when AT exposure induces neuronal damage, HtNSCs are
recruited in an attempt to exert a repair function to maintain
neurogenesis; however, this process is inhibited upon induction
of HtNSC senescence. A previous study indicated that the
potential for senescent HINSCs to differentiate into neurons is
reduced, with some differentiating into oligodendrocytes [29].
This provides valuable insight; however, our study did not
further explore the ultimate fate of these senescent HtNSCs.
Instead, we focused on the specific molecular mechanisms by
which AT exposure induces HINSC senescence. Accumulating
evidence suggests that the early characteristics of many NDs
include impaired regenerative capacity of NSCs, which con-
tributes to promoting disease progression by inducing brain
tissue degeneration and dysfunction [44]. Therefore, it can be
confirmed that AT-induced NSC senescence contributes to hypo-
thalamic injury. However, the precise mechanisms by which
AT induces HINSC senescence remain unclear.

Current theories on the mechanisms of aging highlight the
progressive disruption of cellular protein homeostasis and the
decline in protein quality control as key factors [45]. As a cen-
tral regulator of protein homeostasis, the ISR signaling network
controls protein homeostasis by regulating protein synthesis rates
at both the cellular and organismal levels [30]. Mechanistically,
extracellular stressors such as toxin exposure induce the buildup
of misfolded proteins in the ER, which activates the stress sen-
sor eIF2 kinases like PERK, leading to its phosphorylation. This
phosphorylation subsequently stimulates the phosphorylation
of the substrate eIF2a and promotes the expression of down-
stream feedback factors CHOP and ATF4, thereby reducing
overall protein synthesis [30,46]. However, dysregulation of
ISR signaling is involved in the etiopathogenesis of multiple
complicated diseases, such as NDs, cognitive impairment, and
cancer [30]. In our study, RNA-Seq and Western blot analysis
indicated that the ISR pathway was stimulated by AT exposure
in mouse hypothalami. It is worth emphasizing that the ISR
pathway was also stimulated in HtNSCs after AT exposure, as
confirmed by the elevated expression levels of ATF4 in SOX2*
HtNSCs. HtNSCs have been identified as crucial for the hypo-
thalamic regulation of senescence [19]. Furthermore, the activ-
ity of ISR signaling increases with age, implying a potential
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connection to the senescence process. Recent work has indi-
cated that persistent activation of the ISR signaling contributes
to long-term memory impairment by reducing cognitive abili-
ties and damaging the structure and function of neurons in
aged mice [47]. Similarly, our results demonstrated that hyper-
activation of ISR signaling mediates AT-induced HtNSC senes-
cence and hypothalamic injury.

Additionally, these results clarify the seemingly contra-
dictory phenomenon where AT induces the recruitment of
HNSC:s for repair, yet these recruited HtNSCs undergo senes-
cence and show inhibited proliferation and differentiation.
NSCs in the mammalian brain exist in 2 states: a quiescent state
and an active state (or recruitment state, marked by specific
SOX2 expression) [48]. Generally, most NSCs maintain a revers-
ible cell cycle arrest or quiescent state. This state is crucial for
long-lived proliferative cells, as it protects them from exhaus-
tion of their proliferation potential and allows them to avoid
accumulation of damage to DNA, proteins, and mitochondria,
which could otherwise lead to malignant transformation or
senescence [49]. However, following neural damage, endoge-
nous quiescent NSCs become active and participate in the brain
repair process [50]. Thus, one possible explanation for this
phenomenon is that AT exposure leads to hypothalamic neu-
ronal damage, which, in turn, induces the activation and recruit-
ment of NSCs to the area of injury. These activated/recruited
NSCs, under AT exposure, experience proteostasis disruption
through the activation of the ISR signaling pathway, leading to
the accumulation of toxic proteins. Ultimately, this results in the
senescence of these recruited NSCs and a reduction in their pro-
liferative and differentiation capacities.

C17.2 NSCs are a cell line derived from the developing
mouse cerebellum that has multipotency for proliferation and
differentiation [51]. In the current study, we employed the
C17.2 NSC line to verify the animal experimental results and
validate the vital role of ISR signaling in AT-induced HtNSC
senescence using inhibitors. Consistent with animal experi-
mental results, AT exposure induced senescence, DNA damage,
and a reduction in the multipotency of C17.2 NSC cells in a
dose-dependent manner. Moreover, the expression levels of
p-PERK, p-elF2a, ATF4, and CHOP in the ISR signaling path-
way were notably increased in a concentration-dependent man-
ner of AT exposure. Of note, inhibition of ISR signaling by GSK
or ISRIB alleviated the aging-related phenotypes of C17.2 NSC
cells induced by AT exposure. These phenotypes included
increased SA-f-Gal activity, inhibited proliferation and differ-
entiation, up-regulated SASP-related genes, and DNA damage.
In recent years, the toxicity of pesticide exposure to NSCs and
the disruption of neurogenesis have received increasing atten-
tion. A previous study demonstrated that prenatal exposure of
rats to low doses of the fungicides cyprodinil, mepanipyrim,
and pyrimethanil affects NSC proliferation through crosstalk
between the PI3K/Akt and Wnt/p-catenin pathways, thereby
disrupting neurogenesis in the offspring [52]. Additionally, a
study on combined pesticide exposure showed that paraquat
and maneb affect the expression of cell-cycle-related genes
in NSCs and induce reactive oxygen species accumulation,
impairing NSC proliferation by altering redox status mecha-
nisms [53]. Although our study also found that AT exposure
inhibited HINSC proliferation and differentiation, these studies
differ from ours. For the first time, our results elucidate the
neurotoxic mechanisms of pesticide exposure from the perspec-
tive of NSC senescence, showing that it impairs the nervous

1


https://doi.org/10.34133/research.0547

Research

system’s self-repair ability. Furthermore, our in vivo and in vitro
experiments demonstrated that the ISR pathway is the target
of HINSC senescence induced by AT exposure.

However, the current study also has certain limitations. First,
this study did not conduct a more detailed dose-response analy-
sis or include lower-dose treatment groups. This would be neces-
sary to determine the threshold level required for AT-induced
neurotoxicity and its toxic effects at environmentally relevant
exposure concentrations. The dosing regimen in this study was
based more on the toxicological effects of AT rather than envi-
ronmental exposure levels. To achieve observable toxicological
effects within a shorter timeframe, the doses used were higher
than typical environmental exposure levels. This may limit the
environmental relevance of these findings and affect their extrap-
olation to real-world scenarios. Additionally, there is limited
evidence directly associating AT with the development of NDs.
Our study investigated only the effect of HINSC senescence in
AT exposure-induced hypothalamic toxicity in mice. Therefore,
further research is warranted to explore the effects of AT-induced
NSC senescence on the overall nervous system. Additionally,
research should investigate the relationship between human
exposure concentrations of AT and the development of NDs.
This includes environmental investigations of AT and examining
patients with NDs for indications of AT residual.

In conclusion, the present study provides the first evidence
that exposure to AT, a widely used commercial herbicide,
causes neurotoxicity and hypothalamic injury by inducing
HNSC senescence via activating the ISR signaling pathway.
Blocking the ISR pathway may effectively prevent NSC senes-
cence and could be used as a potential therapeutic target to
alleviate AT-induced neurotoxicity. Furthermore, our findings
identify a previously unrecognized mechanism of AT-induced
hypothalamic toxicity and provide preliminary evidence link-
ing pesticide exposure to the development of NDs.

Materials and Methods

Reagents and chemicals

In this study, AT (purity > 99.17%) was purchased from
Macklin Inc. (Shanghai, China). Cell Counting Kit-8 (CCK-8)
was purchased from DOJINDO (Kumamoto, Japan). A reverse
transcriptase kit was obtained from TransGen Biotech (Beijing,
China). The radioimmunoprecipitation assay lysis buffer and
the senescence f-galactosidase staining kit were purchased
from Beyotime Biotechnology (Shanghai, China). Moreover,
the PERK inhibitor GSK (S7307; purity: 99.92%) and the eIF2a
inhibitor ISRIB (S0706; purity: 98.81%) were purchased from
SelleckChem (Shanghai, China). Furthermore, all antibodies
used for Western blot and IF staining in this study are presented
in Table S1.

Animal and experimental design

All experimental procedures for lowering pain in the mice were
performed following the approval of the Guide for the Care
and Use of Laboratory Animals at Northeast Agricultural
University, Harbin, China (NEAUEC20200346). All animal
experiments adhered to the Animal Research: Reporting of
In Vivo Experiments guidelines. All experimental animals were
obtained from Changsheng Biotech (Liaoning, China) and
acclimated in the laboratory for 1 week (21 to 23 °C, 30% to
60% humidity, and 12 h light/dark cycle). Thirty 28-d-old male
C57BL/6 mice were randomly divided into 3 groups (n = 10):
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Con, AT-1 (50 mg/kg AT), and AT-2 (200 mg/kg AT) groups.
The mice in the AT-1 and AT-2 treatment groups were treated
with AT daily by gavage for 3 weeks. Subsequently, all the ani-
mals were sacrificed for sample collection. The doses of AT-1
and AT-2 were 1/35 or 1/8.75 of the LD, value in mice
(17.5 g/kg) after intragastric administration, according to
our previous study [54]. These dose selections align with find-
ings from the subacute toxicity study of AT, which indicated
that doses exceeding 50 mg/kg are pathogenic [55,56]. Further-
more, exposure to AT in the range of 50 to 200 mg/kg has
been shown to impair dopaminergic system function and induce
neurotoxicity [57].

Transmission electron microscopy

Hypothalamus tissues were isolated and fixed with glutaralde-
hyde, as described previously [58]. All the tissues were subse-
quently postfixed with OsO, and embedded with epoxy resin
after dehydration. Finally, the slices of hypothalamus were
stained. An HT7650 TEM microscope (Hitachi, Japan) was
employed to capture images. The Flameng score was employed
to estimate the Flameng mitochondrial injury score, as described
previously [25]. Briefly, 6 fields of view (each containing 20 mito-
chondria) were randomly selected for each tissue slice. A double-
blind protocol was subsequently implemented, with experienced
pathologists rating the samples according to the reported scoring
criteria (range 0 to 4). Additionally, the Image] software (National
Institutes of Health, Maryland, United States) was used to cal-
culate the average mitochondrial surface area.

HE staining

As previously described, HE staining was used to examine the
morphological damage of the hypothalamus [59]. Briefly, the
paraformaldehyde-fixed hypothalamus was embedded with
paraffin and cut to a thickness of 4 pm using a Leica automatic
slicer (HistoCore AUTOCUT, Leica, Germany). After HE stain-
ing, the hypothalamus slices were scanned using an automatic
microscopic scanner. Based on a previous study [60], 6 fields
of view were randomly selected for each tissue slice, and an
experienced pathologist was asked to score the morphological
damage in the hypothalamus using a double-blind method. The
scoring criteria were as follows: microglia cells (triangle, 1 point)
and disintegrated nuclear neurons (arrows, 2 points).

Immunostaining

The IF staining procedures were consistent with the previous
literature [61]. Briefly, paraffin sections of hypothalamus tissue
were rinsed with water for 5 min after dewaxing. Then, the
slices were treated with citric acid buffer solution (0.01 M,
pH 6.0) for antigen retrieval. For permeabilization, the slices
were incubated with 0.1% Triton X-100 (10 min). After blocking
with 5% goat serum, the slices were incubated with the
corresponding primary and secondary antibodies and 4',6-
diamidino-2-phenylindole for immunostaining. For cell IF, cells
were fixed with 4% neutral formaldehyde at 4 °C for 30 min)
[62]. The protocols for permeabilization, blocking, and immu-
nostaining were the same as those used for IF staining of tissue
slices. Finally, for visualization, a Leica fluorescence micro-
scope (DMi8, Leica, Germany) was employed. The Image]
software was applied to analyze the fluorescence density or the
positive cell ratio.
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Western blot analysis

Total protein from hypothalamus tissues and C17.2 NSC cells
was extracted using radioimmunoprecipitation assay lysis buf-
fer. The detailed protocols for Western blot were consistent
with our previous report [63]. Briefly, protein samples were
separated by 8% to 15% sodium dodecyl sulfate—polyacrylamide
gel electrophoresis and transferred to nitrocellulose mem-
branes. After blocking with 5% nonfat dry milk at 37 °C for
2 h, the membranes were incubated with the corresponding
primary and secondary antibodies for 12 h (4 °C) and 1 h
(37 °C), respectively. The immunoblots were subsequently
visualized using Amersham Imager 600 (GE, Switzerland)
and quantified using the Image]J software [64].

RNA-Seq analysis

Hypothalamus tissue samples from the Con group and the
200 mg/kg AT treatment group were selected for RNA-Seq
in this study (n = 3). Total RNA from hypothalamus tissues
was extracted and sequenced by MAGIGENE Biotech. Co.,
Ltd. (Shenzhen, China). After obtaining the raw reads, the Fastp
software was used to eliminate low-quality data. Consistent
with a previous study, HISAT2 (v2.0.5) was employed to ana-
lyze the data, and DESeq2 R package 1.16.1 was used to analyze
the differentially expressed genes (P < 0.05, fold change thresh-
old: 1) [65]. Furthermore, enrichment analysis was performed
on these expressed data using the GSEA software (V4.1.0).
A more detailed protocol for RNA-Seq is shown in the
Supplementary Materials.

Cell culture and treatment

The mouse NSC line C17.2 was obtained from MeisenCTCC
(Jinhua, China) and cultured in Dulbecco’s modified Eagle
medium/F12 (HyClone, United States) supplemented with 10%
fetal bovine serum, 2% equinum serum, 2 mM glutamine, and
1% anti-anti (37 °Cand 5% CO,). AT was dissolved in phosphate-
buffered saline and incubated with the cells for 12 h. Cells were
treated with different stimuli, including dimethyl sulfoxide
(<0.1%), GSK at 2 pM (IC4: 0.4 nM), and ISRIB at 200 nM
(ICsy: 5 nM), according to specific experimental protocols. The
doses of these stimuli used in this study were determined
according to the cell viability assay described below or the
manufacturer’s instructions.

Cell viability assay

The CCK-8 assay was applied to assess C17.2 cell viability [63].
Briefly, C17.2 cells were seeded in 96-well plates. After 12 h of
treatment, cell viability was determined using a CCK-8 assay
following the manufacturer’s specifications. The absorbance
was detected at 450 nm using a microplate reader (ELx808,
Biotek, United States).

Quantitative real-time polymerase chain reaction

In this study, the primers for quantitative real-time polymerase
chain reaction (PCR) were designed using the Oligo6 software
(Table S2). Primer specificity was verified using Primer-BLAST
(https://www.ncbi.nlm.nih.gov/tools/primer-blast). The details
of total RNA extraction and reverse transcription are described
in a previous study [66]. The quantitative real-time PCR
was performed using a QS-5 Flex PCR instrument (Applied
Biosystems, United States). Relative messenger RNA expression
was determined using the 2725CT method [67].
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Senescence f-galactosidase staining

SA-B-Gal activity is a marker of cell senescence. C17.2 cells
were seeded in a 6-well plate. They were subsequently subjected
to different treatments based on the predetermined design.
After specific experimental protocols, C17.2 NSCs were fixed
with p-galactosidase staining fixative for 15 min according to
the manufacturer’s instructions. Then, the cells were washed
with phosphate-buffered saline 3 times (3 min each time), and
1 ml of working staining solution was added to each well to
incubate for 12 h at 37 °C. Finally, the staining images were
recorded with an EVOS XL Core imaging system (Thermo
Fisher Scientific, United States).

Statistical analysis

All statistical data were analyzed and visualized using GraphPad
Prism 9.0 (GraphPad Software, San Diego, California, United
States) or SPSS 17.0 software (SPSS, Inc., Chicago, Illinois).
Statistical analysis was conducted using one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc pairwise com-
parison. All data in the current study are provided as mean +
standard deviation (SD). The detailed specifications of the sta-
tistical means are shown in the figure legends. Differences were
considered significant at P < 0.05.
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