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Ischemic stroke has been reported to cause significant changes to memory, thinking,
and behavior. Intriguingly, recently reported studies have indicated the association of
Trimethylamine N-oxide (TMAQO) with the acute phase of ischemic stroke. However,
the comprehensive underlying mechanism remained unknown. The objective of the
present study was to investigate the association between TMAO and recovery of
neurological function after ischemic stroke. For this purpose, a middle cerebral artery
occlusion/reperfusion (MCAQO/R) rat model was established and treated with TMAO
or/and sh-ALK5, followed by the neurological function evaluation. Behaviors of rats
were observed through staircase and cylinder tests. Moreover, the expression of
Smurf2 and ALK5 was detected by immunohistochemistry while expression of GFAP,
Neurocan, and Phosphacan in brain tissues was determined by immunofluorescence.
Thereafter, gain- and loss-of-function assays in astrocytes, the proliferation, viability,
and migration were evaluated by the EdU, CCK-8, and Transwell assays. Besides,
Smurf2 mRNA expression was determined by the RT-gPCR, whereas, Smurf2, ALKS5,
GFAP, Neurocan, and Phosphacan expression was evaluated by the Western blotting.
Finally, the interaction of Smurf2 with ALK5 and ALKS5 ubiquitination was assessed
by the co-immunoprecipitation. Notably, our results showed that TMAO promoted the
proliferation of reactive astrocyte and formation of glial scar in MCAO/R rats. However,
this effect was abolished by the Smurf2 overexpression or ALK5 silencing. We further
found that TMAO upregulated the ALK5 expression by inhibiting the ubiquitination role of
Smurf2. Overexpression of ALK5 reversed the inhibitory effect of Smurf2 on astrocyte
proliferation, migration, and viability. Collectively, our work identifies the evolutionarily
TMAO/Smurf2/ALK5 signaling as a major genetic factor in the control of reactive
astrocyte proliferation and glial scar formation in ischemic stroke, thus laying a theoretical
foundation for the identification of ischemic stroke.

Keywords: ischemic stroke, trimethylamine N-oxide, SMAD specific E3 ubiquitin-protein ligase 2, activin receptor-
like kinase-5, glial scarring, neurological function
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Suetal. TMAO Aggregates Ischemic Stroke
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FIGURE 1 | Proliferation of reactive astrocytes and glial scarring is promoted by TMAO. (A) Evaluation of neurological function on MCAO/R rats treated with TMAO.
(B) Number of collected chow pellets detected by staircase test in MCAO/R rats treated with TMAO. (C) Scoring results of asymmetry by cylinder test in MCAO/R rats
treated with TMAQ. (D) Statistical results of TMAO concentration in brain tissues of MCAO/R rats treated with TMAQ. (E) Expression of GFAP, Neurocan, and
Phophacan detected by immunofluorescence assay in brain tissues of MCAO/R rats treated with TMAO. (F) Expression of GFAP, Neurocan, and Phosphacan
determined by Western blotting in brain tissues of MCAO/R rats treated with TMAO. *p < 0.05 compared with sham-operated rats (n = 15). #p < 0.05 compared
with MCAO/R rats (n = 15). NS p > 0.05 compared with the control rats (n = 15). One-way ANOVA is employed for data comparison among multiple groups followed
by Tukey’s post hoc test.

FIGURE 2 | Overexpression of Smurf2 suppresses the promoting effect of TMAO on proliferation, migration, and viability of astrocytes. (A) Smurf2 expression in rat
brain tissues (n = 15) detected by IHC assay. (B) Smurf2 expression in differently treated cells determined by RT-gPCR. (C) Smurf2 expression determined by western
blotting in differently treated cells. (D) Results of CCK-8 assay on cell viability upon different treatments. (E) Proliferation of cells upon different treatments detected by
EdU assay. (F) Migration ability of cells upon different treatments assessed by Transwell migration assay. (G) Protein expression of GFAP, Neurocan and Phosphacan
determined using Western blotting in differently treated cells. “po < 0.05 compared with the control group. #p < 0.05 compared with the TMAO + oe-NC group.
One-way ANOVA was employed for data comparison among multiple groups followed by Tukey’s post hoc test.
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overexpression of Smurf2 curtailed cell viability in TMAO-
treated astrocytes (Figure 2D). Besides, EAU and Transwell
assay results displayed that the proliferation and migration
ability of TMAO-treated astrocytes was distinctly increased, yet,
TMAO-treated astrocytes (overexpressing Smurf2) were found
to be dampened proliferation and migration (Figures 2E,F;
Supplementary Figures 1B,C). Furthermore, the expression of
GFAP, Neurocan, and Phosphacan determined by Western
blotting showed an upward trend in the TMAO-treated
astrocytes, while the opposite results were observed following
overexpression of Smurf2 (Figure 2G). Taken together, the above
data exhibited that overexpression of Smurf2 can abolish the
promotion of astrocyte proliferation, migration, and viability
induced by TMAO.

TMAO Promotes ALK5 Expression by
Inhibiting the Ubiquitination Function of
Smurf2

To further investigate the downstream mechanism underlying
TMAO/Smurf2, expression of ALK5 in brain tissues of sham-
operated rats, MCAO/R rats, and MCAO/R rats treated with
TMAO was detected by IHC. Our results showed that ALK5
expression was elevated in brain tissues of MCAO/R rats, which
was also promoted in brain tissues of MCAO/R rats treated with
TMAO (Figure 3A; Supplementary Figure 2). Moreover, the
expression of ALKS5 in astrocytes was determined by the western
blot analysis, the results of which showed an enhancement
in astrocytes treated with TMAO in comparison to control
astrocytes (Figure 3B). Thereafter, the silencing efficiency of
Smurf2 in astrocytes was detected by RT-qPCR and western
blotting. The results showed that compared with astrocytes
treated with sh-NC, the expression of Smurf2 was significantly
decreased in astrocytes treated with sh-Smurf2-1 or sh-Smurf2-2
(Figures 3C,D). Since the silencing efficiency of sh-Smurf2-1 was
higher than that of sh-Smurf2-2, subsequent experiments were
conducted with sh-Smurf2-1 to knockdown the expression of
Smurf2. Besides, the efficiency of Smurf2 overexpression was also
verified and the results showed that oe-Smurf2 could successfully
increase the expression of Smurf2 (Figure 2B).

Nonetheless, our results of western blotting showed that
the protein expression of ALK5 was decreased in astrocytes
treated with oe-Smurf2 while it was significantly increased in
astrocytes treated with sh-Smurf2. However, upon addition of
MG132, the protein expression of ALK5 did not significantly
change (Figure 3E), suggesting the correlation of the Smurf2
ubiquitination with the ALK5 expression. To further explore
whether Smurf2 affects the expression of ALK5, we used
Co-IP assay to verify the interaction between Smurf2 and
ALK5 in cells and the results showed the interaction of
Smurf2 with ALK5 at the endogenous level (Figure 3F).
Moreover, the endogenous level of ubiquitination was detected
by ubiquitination assay, which showed that the degree of ALK5
ubiquitination was enhanced in the astrocytes overexpressing
Smurf2, whilst it was reduced in the astrocytes silencing Smurf2
(Figure 3G). These results suggested that Smurf2 enhanced
the ubiquitination and degradation of ALKS5. Furthermore, the

results of Western blotting showed that the expression of Smurf2
was upregulated while that of ALK5 was downregulated in
astrocytes overexpressing both TMAO and Smurf2 (Figure 3H).
Hence, the aforementioned data suggested that TMAO could
potentially promote ALK5 expression by suppressing the
ubiquitination function of Smurf2.

Overexpression of ALK5 Reverses the
Inhibitory Effects of Smurf2 on Astrocyte

Proliferation, Migration, and Viability

To further explore the degradation of ALK5 by ubiquitination
of Smurf2 to regulate astrocyte proliferation, migration, and
activation, the expression of Smurf2 and ALKS5 in differently
treated astrocytes was determined by the western blotting. The
results showed that the expression of Smurf2 was increased in
TMAO-treated astrocytes overexpressing Smurf2 while ALK5
expression was distinctly reduced. Moreover, in TMAO-treated
cells overexpressing both Smurf2 and ALK5, Smurf2 expression
did not exhibit any significant change while ALK5 expression was
enhanced (Figure 4A).

Based on the results of CCK-8, EdU, and Transwell
assays, the cell viability, proliferation, and migration were
curtailed in TMAO-treated cells overexpressing Smurf2, which
was neutralized by overexpression of ALK5 (Figures 4B-D).
Additionally, western blot assay revealed that the expression
of GFAP, Neurocan, and Phosphacan in astrocytes co-treated
with TMAO and oe-Smurf2 was reduced, which was normalized
following overexpression of ALK5 (Figure 4E). These results
indicated that overexpression of ALK5 may neutralize the
inhibitory effect of Smurf2 on astrocyte proliferation, migration,
and viability.

Silencing of ALK5 Reverses the Promoting
Effect of TMAO on Astrocyte Proliferation,

Migration, and Activation

To further validate the effects of silenced ALK5 on astrocyte
proliferation and glial scar formation, ALK5 expression
was silenced by the transfection of plasmids in TMAO-
treated astrocytes, followed by the detection of transfection
efficiency on ALK5 by RT-qPCR and western blot assay.
The results showed that the expression of ALK5 was
prominently reduced in astrocytes treated with sh-ALKS5-
1 and sh-ALK5-2 (Figures5A,B). Since the silencing
efficiency of sh-ALK5-1 was higher than that of sh-
ALK5-2, subsequent experiments were carried out with
sh-ALK5-1 for ALKS5 silencing. Western blotting results
further demonstrated that the expression of Smurf2 did
not exhibit any variation while ALK5 expression was
downregulated in astrocytes co-treated with TMAO and
sh-ALKS5 (Figure 5C).

The results obtained from CCK-8, EdU, and Transwell
assays displayed that the cell viability, proliferation, and
migration were reduced in cells co-treated with TMAO and
sh-ALK5 (Figures 5D-F). The results of Western blotting
further exhibited that the expression of GFAP, Neurocan,
and Phosphacan was downregulated in TMAO-treated

Frontiers in Cellular Neuroscience | www.frontiersin.org

March 2021 | Volume 15 | Article 569424


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Suetal.

TMAO Aggregates Ischemic Stroke

A B C
mm Normal Q mm Control g mm sh-NC
60 mm Sham Z 157 mm TMAO . g 157 mm sh-Smurf2-1
== MCAOR 5 g == sh-Smurf2-2
€ | mm MCAOR + TMAO ALK5 El 56 kDa S <
gl . 2 10 ‘@
2 19 3
g B-actin E’ 42kDa g s
2 < <
F 20 > o T 05 g
< & ¥ s &
2 s
0 ® 00 =
o 3
o 14
D = sh-NC E B 0e-NC + DMSO i sh-NC + DMSO
B sh-Smurf2-1 B oe-Smurf2 + DMSO EE sh-Smurf2 + DMSO
m sh-Smurf2-2 = 0e-NC +MG132 = sh-NC +MG132
B oe-Smurf2 + MG132 EE sh-Smurf2 + MG132
g Smurf2|—-~n— R~ ..lsekDa :
SmuﬁZE gokpa g 10 g 20 # : NS
gog ALK5|~-‘~---~-|56kDa ? * ! 1 « Ns
s i
B-actin IE 42kDa  § £1s ' T
2 06 B-actin ---n----|42koa g :
Lo @ g * $ 10 )
SRS O O & & O O & & g i =
& & S04 9 O o @ D S :
&S °
& s : FILET TS vos{chille & |
go2 o oL g k&) < off .
] & %@ & @@ ) ‘o@ By @@ & i
= 0.0 & & X & 0.0
5 ° Smurf2 ALKS
['4
F G . H
IP:ALKS | | 50 & ub EE TMAO + 0e-NC
P B TMAO + oe-Smurf2
W@ "l ALK5 2
- = ALKS | W .. | 56 kDa 215
S NS
——— | B-actin & & &\§ > 05
x 2 ®
MG132 + + + + vO & T "
90 & X\O & N o x 0.0
o L & Smurf2 ALK5
& &
FIGURE 3 | TMAO promotes the expression of ALK5 via disruption of the Smuf2 ubiquitination function. (A) IHC results of ALK5 expression. (B) ALK5 expression
determined by Western blotting in astrocytes. (C) Smurf2 expression determined by RT-gPCR in astrocytes. (D) Smurf2 expression determined by Western blotting in
astrocytes. (E) ALK5 protein expression detected by Western blotting. (F) IP assay to detect the interaction between Smurf2 and ALK5 in astrocytes. (G) IP assay to
detect the degree of ALK5 ubiquitination. (H) Protein expression of ALK5 in astrocytes assessed by Western blotting. *p < 0.05 compared with the control, sh-NC,
0e-NC + DMSO or TMAO + oe-NC group. #p < 0.05 compared with the oe-NC + MG132 group. & p < 0.05 compared with the sh-NC + DMSO group. @ p < 0.05
compared with the sh-NC + MG132 group. NS indicates the comparison is not statistically significant. Unpaired t-test is adopted for data comparison between two
groups. One-way ANOVA is employed for data comparison among multiple groups followed by Tukey’s post hoc test.

astrocytes silencing ALK5 (Figure 5G). Collectively, these
results indicated that the silencing of ALK5 can inhibit the
promoting effect of TMAO on astrocyte proliferation, migration,
and viability.

TMAO Promotes the Proliferation of
Reactive Astrocytes and Glial Scarring

Through the Smurf2/ALK5 Axis

Thereafter, we further attempted to validate the effects of TMAO,
Smurf2, and ALK5 on reactive astrocyte proliferation and
glial scar formation in rats. For this purpose, MCAO/R rats
were injected with relevant adenoviruses to increase/decrease
expression of TMAO, Smurf2 or ALK5, followed by the
determination of the expression of Smurf2 and ALKS5 by
western blotting. The results exhibited that Smurf2 expression

was not significantly different and the expression of ALK5
was decreased in brain tissues of MCAO/R rats co-treated
with  TMAO and sh-ALK5 (Figure 6A). Meanwhile, the
results of neurological function scoring showed that the
neurological function score was significantly increased in
MCAOJ/R rats co-treated with TMAO and sh-ALK5 (Figure 6B).
Behavioral evaluation results showed that the number of chow
pellets collected on day 14 by MCAO/R rats co-treated with
TMAO and sh-ALK5 was significantly increased whereas the
asymmetric score was reduced (Figures 6C,D). The results
of both immunofluorescence and western blotting exhibited
that the expression of GFAP, Neurocan, and Phosphacan was
downregulated in brain tissues of MCAO/R rats co-treated with
TMAO and sh-ALK5 (Figures 6E,F). These results suggest the
potential of TMAO to promote reactive astrocyte proliferation
and glial scarring through the Smurf2/ALKS5 axis.
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FIGURE 4 | Overexpression of ALK5 disrupts Smurf2-induced inhibition of astrocyte proliferation, migration and viability. (A) Expression of Smurf2 and ALKS
determined by Western blotting in each group of cells. (B) CCK-8 assay results of cell viability in each group. (C) EJU assay results of cell proliferation ability of each
group. (D) Migration ability measured by Transwell migration assay in cells. (E) The expression of GFAP, Neurocan and Phosphacan in each group of cells detected by
Western blotting. *p < 0.05 compared with the TMAO + oe-NC group. #p < 0.05 compared with the TMAO + oe-Smurf2 group. NS, p < 0.05 compared with the
TMAO group. One-way ANOVA is employed for data comparison among multiple groups followed by Tukey’s post hoc test.

DISCUSSION

Recently, accumulating research has brought attention to the
therapeutic implication of TMAO, especially in cardiovascular
diseases to manage hydrostatic and osmotic stress (Janeiro et al.,
2018; Ufnal and Nowinski, 2019). However, the comprehensive
underlying mechanism remained unknown. Thus, in the present
study, we attempted to explore the functional role of TMAO
specific for the restoration of neurological function following
ischemic stroke in rats. Collectively, our experimental data
demonstrated that TMAO promoted reactive astrogliosis and
glial scar formation to curb the neurological function restoration
by upregulating the ALK5 through Smurf2 inhibition.
Accordingly, a recently reported study has indicated the
increased level of TMAO during the acute stage following
the onset of ischemic stroke in a time-dependent manner
(Schneider et al,, 2020). Moreover, a remarkably increased
level of TMAO in the plasma has been detected in ischemic
stroke-atrial fibrillation patients when compared with patients
with atrial fibrillation (Liang et al., 2019). Consistently, our
study reported the high level of TMAO in rats induced with
MACO/R in association with poor recovery of neurological
function. Moreover, consistent with our data, a previous study

has also reported the elevated level of TMAO in the plasma
or serum of patients which foreshadows the higher risks of
dismal functional outcome and mortality (Rexidamu et al,
2019; Zhai et al., 2019). Besides, TMAQO treatment has been
found to impair the memory and learning abilities of aging
mice and enhance the astrocyte activation in astrocytes (Brunt
et al.,, 2020). To further facilitate the recovery of neurological
function, reactive astrogliosis has been demonstrated to play
a vital role in promoting neuronal plasticity (Sims and Yew,
2017). Based on the findings of our study, TMAO treatment
was observed to enhance the reactive astrogliosis and glial
scar formation accompanied by an elevated level of GFAP,
Neurocan, and Phosphacan. In addition to reactive astrogliosis,
the formation of the glial scar has been indicated to suppress
axonal regeneration during the recovery characterized by
increased expression of GFAP, Neurocan, and Phosphacan,
while sevoflurane post-conditioning has been shown with
neuroprotective action by reversing these results (Zhu et al,
2017). Hereby, subsequent attempts were made to explore the
potential way to suppress the promoting role of TMAO in
ischemic stroke.

Notably, Smurf2 has been reported to be intensively associated
with the diagnosis of atrial fibrillation and stroke, which was
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FIGURE 5 | Silencing of ALK5 attenuates the promoting effect of TMAO on astrocyte proliferation, migration and viability. (A) Transfection efficiency of ALK5 in cells
examined using RT-gPCR. (B) Protein expression of ALK5 in cells analyzed using Western blotting. (C) Expression of ALK5 and Smurf2 in cells determined by
Western blotting. (D) Cell viability evaluated using CCK-8 assay. (E) Cell proliferation evaluated using EdU assay. (F), Cell migration evaluated using Transwell assay.
(G), The expression of GFAP, Neurocan and Phosphacan in each group of cells detected by Western blotting. *o < 0.05 compared with the sh-NC group or the
TMAO + oe-NC group. NS, p > 0.05 compared with the TMAO group. Unpaired t-test is adopted for data comparison between two groups. One-way ANOVA is
employed for data comparison among multiple groups followed by Tukey’s post hoc test.
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FIGURE 6 | TMAO promotes reactive astrocyte proliferation and glial scarring through the Smurf2/ALK5 axis. (A) Smurf2 and ALK5 expression determined by
western blotting in brain tissues of MCAO/R rats. (B) Neurological scoring of rats after different treatments. (C) The number of collected chow pellets by rats in each
group detected by staircase test. (D) Asymmetric function detected by cylinder test. (E) Expression of GFAP, Neurocan and Phosphacan detected by
immunofluorescence assay in brain tissues of rats after different treatments. (F) Protein expression of GFAP, Neurocan and Phosphacan determined using Western
blotting in brain tissues of rats after different treatments. *o < 0.05 compared with MCAO/R + TMAO + sh-NC group (n = 15). NS p > 0.05 compared with MCAO/R
+ TMAO group (n = 15). One-way ANOVA is employed for data comparison among multiple groups followed by Tukey’s post hoc test.
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FIGURE 7 | Graphic presentation of molecular mechanism underlying TMAO in ischemic stroke. TMAQO promoted the expression of ALK5 by downregulating Smurf2,
thereby inhibiting the recovery of neurological function in ischemic stroke and promoting reactive astrocyte proliferation and glial scar formation.

identified from a protein-protein interaction (PPI) network and degradation of specific mRNAs can contribute to their
previously constructed (Zhang et al., 2020). Additionally, Smurf2 ~ decreased expression (Santibanez et al, 2007; Yang et al.,
can enhance neuron differentiation and improve functional — 2020). Smurf2 and ALK5 (TGFp receptor type I) have been
recovery from ischemic stroke by ubiquitinating and degrading  reported as downstream proteins of the TGFf signaling
the EZH2 (Yu et al,, 2013). TMAO has been elucidated to  system in vascular smooth muscle cells (Pan et al.,, 2007). In
exacerbate cardiac function and fibrosis by downregulating  consent with our findings, the regulatory role of Smurf2 has
Smurf2 (Yang et al, 2019). Accordingly, a series of gain-  been reported to promote ubiquitination and degradation
and loss-of-function assays in our study underscored the  of ALKS5 (Chae et al., 2019). On the other hand, TMAO has
inhibitory action of overexpressed Smurf2 on auxo-action  been reported to increase the ALK5 expression, whereas the
of TMAO on astrogliosis, migration, and activation, which  ubiquitination of ALK5 has been reported to be blocked by
was indicated by diminished expression of GFAP, Neurocan, the TMAO treatment in neonatal mouse fibroblasts (Yang
and Phosphacan. Peculiarly, GFAP has been defined as a et al, 2019). Intriguingly, these above-mentioned findings
complementary biomarker for the prediction of functional are in agreement with our present results, indicating that
outcome in patients suffering from acute ischemic stroke =~ TMAO could increase the ALKS5 expression by inhibiting
(Liu and Geng, 2018). However, reduced Neurocan level in  the ubiquitination role of Smurf2. Importantly, TGFB1 has
reactive astrocytes has been demonstrated to enhance the axonal ~ been documented to stimulate the expression of repulsive
regeneration, thus playing a catalytic role in the neurorestorative ~ guidance molecule to curb the restoration of neurological
action of bone marrow stromal cells (Shen et al, 2008). function by promoting reactive astrogliosis and glial scar
Likewise, decreased Phosphacan expression has been observed  formation (Zhang et al., 2018). Besides, it is also noteworthy
in MCAO-treated mice when the robust expression of early  that the overexpression of ALK5 (a major causal factor of
growth response-1 in reactive astrocytes was deficient (Beck  neurogenesis in adults) has been demonstrated to promote
et al., 2008). In consent with our results, glial scar markers  neurogenesis and functional recovery (Zhang et al., 2019), which
like GFAP, Neurocan, and Phosphacan, have been demonstrated  is contrary to our results that silencing of ALK5 repressed the
to be downregulated by the administration of CID1067700  astrogliosis, migration, and activation induced by TMAO in
(a Rab7 receptor antagonist involved in the formation of  contribution to the recovery of neurological function. This
astral sclerosis and glial scars caused by ischemic stroke),  suggests the need for further investigations to validate the
which was attributed to the suppressed astrogliosis and glial  results of the present study to identify the activators of the
scar formation as well as improved neurologic deficits as  above-mentioned differences.
observed in a rat model of ischemic stroke (Qin et al, In summary, the results in the present study underscored
2019). that TMAO contributed to reactive astrogliosis and glial
Furthermore, our data from the mechanistic investigation = scar formation during ischemic stroke, leading to suppressed
revealed that Smurf2 enhanced the ubiquitination and  neurological function restoration. Furthermore, the functional
degradation of ALKS5. Similarly, the increased ubiquitination  role of TMAO was found to depend on the downregulation of
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Smurf2 and upregulation of ALK5 (Figure 7). This pathway
appears to be clinically important for the development of
novel therapeutic targets for the alleviation of ischemic
stroke. However, at this stage, we cannot exclude the
possible involvement of other signaling pathways in the
neuroprotection of the TMAO/Smurf2/ALK5 axis due
to the complex microenvironments. Additionally, further
investigation is required to detect the physiological and
pathophysiological differences to correlate the animal results
to the human clinical setting. Hence, we recommend a
further experimental study on humans to determine the
clinical application value of the TMAO/Smurf2/ALK5 axis in
ischemic stroke.
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