
Evaluation of the Neuroprotective Effect of Sirt3 in Experimental 
Stroke

Rajkumar Verma1, Rodney M. Ritzel1, Joshua Crapser1, Brett D. Friedler1, Louise D. 
McCullough1,2

1Department of Neurosciences, UConn Health, Farmington, CT, 06032 USA

2Department of Neurology, University of Texas Health Science Center, Houston, TX, 77030 USA

Abstract

Sirtuins (Sirt) are a family of NAD+ dependent histone deacetylase (HDAC) proteins implicated 

in aging, cell cycle regulation, and metabolism. These proteins are involved in the epigenetic 

modification of neuromodulatory proteins after strokevia acetylation/deacetylation. The specific 

role of Sirt3, a mitochondrial sirtuin, in post-stroke injury has been relatively unexplored. Using 

male Sirt3 knockout (KO) mice and wild-type littermates (WT), we show that Sirt3 KO mice 

show significant neuroprotection at 3 days after ischemia/reperfusion (I/R) or stroke injury. The 

deacetylation activity of Sirt3, measured as the amount of reduced acetylated lysine, was increased 

after stroke. Stroke-induced increases in liver kinase 1 (LKB1) activity were also reduced in KO 

mice at 3 days after stroke. On further investigation, we found that the levels of Sirt1, another 

important member of the Sirtuin family, were increased in the brains of Sirt3 KO mice after 

stroke. To determine the translational relevance of these findings, we then tested the effects of 

pharmacological Inhibition of Sirt3. We found no benefit of Sirt3 inhibition despite clear evidence 

of deacetylation. Overall, these data suggest that Sirt3 KO mice show neuroprotection by a 

compensatory rise in Sirt1 rather than the loss of Sirt3 after stroke. Further analysis reveals that the 

beneficial effects of Sirt1 might be mediated by a decrease in LKB1 activity after stroke. Finally, 

our data clearly demonstrate the importance of using both pharmacological and genetic methods in 

pre-clinical stroke studies.
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Introduction

Ischemic stroke is a leading cause of death and disability in the USA [1]. Ischemia-induced 

impairment of energy metabolism is a critical factor contributing to brain injury and 

recovery [2, 3]. Besides the well-established mechanisms of cell death (i.e., excitotoxicity, 

calcium overload, oxidative stress, acute inflammation, and apoptosis), cellular disruption 

of the acetylation of histones and other proteins has recently been recognized as a 

common feature in many neurodegenerative disorders [4]. Given the profound effect of 

histone acetylation on gene expression, recent research has evaluated the use of histone 

deacetylase (HD AC) inhibitors in stroke and traumatic brain injury [5]. These agents 

exert neuroprotective effects by raising histone acetylation levels, suppressing transcription 

factors (e.g., p53), reducing inflammatory gene expression (e.g., IL-1b, COX), increasing 

extracellular glutamate clearance, or by stabilizing mitochondrial integrity [6, 7]. While 

these studies have focused mainly on class I and II families of HDAC inhibitors, little is 

known regarding HDAC III (the sirtuins) inhibition in the context of ischemia. Sirtuins 

(Sirt) are NAD+ dependent HDAC proteins implicated in a variety of cellular functions 

including aging, cell cycle regulation, and cellular metabolism [8]. Among the seven 

known human Sirtuins, Sirt3 has emerged as a key regulator of several important proteins 

involved in mitochondrial energy metabolism. For example, loss of Sirt3 increases glycolytic 

metabolism, allowing metabolically challenged cells to survive longer [9, 10]. Thus, the loss 

of Sirt3 might increase glycolytic metabolism and help maintain the survival of vulnerable 

neurons. In addition to Sirt3, Sirt1 is another prominent sirtuin found mainly in the nucleus. 

Sirt1 and Sirt3 coordinate to increase cellular energy stores and ultimately maintain cellular 

energy homeostasis [11]. Several reports suggest that both Sirt1 and Sirt3 facilitate the 

transcriptional repression of nuclear genes encoding proteins involved in sensing metabolic 

stress or the deacetylation of non-histone proteins such as liver kinase Bl (LKB1) also 

known as serine/threonine kinase 11 [12, 13]. LKB1 is a nuclear enzyme that is activated 

by deacetylation in addition to conventional activation by the 14–3-3 family proteins [14]. 

Deacetylation of LKB1 promotes its translocation from the nucleus to the cytosol and thus 

facilitates its activation [15, 16] following I/R injury [17]. Therefore, we hypothesized that 

the loss of Sirt3 would be beneficial in stroke, potentially mediated through Inhibition of 

LKB1 activation.

Materials and Methods

Animals and Ischemic Stroke

Sirt3 KO (129-Sirt3tm1.1Fwa/J) and WT (129S1/SvImJ) mice were purchased from the 

Jackson Laboratories to initiate an in-house breeding colony. A total of 164 global Sirt3 KO 

or littermate male WT mice were randomly divided and subjected to stroke, out of which a 

total of 153 were used in the final analysis. The details of the number of mice used in each 

individual experiment are given in the figure legends of the respective experiment. Focal 

transient cerebral ischemia was induced in young male mice (2–3 months, 20–25 g) for 60 

min with a right middle cerebral artery occlusion (MCAo) as described previously [18]. 

Rectal temperatures were maintained at approximately 37 °C during surgery and ischemia 

with an automated temperature control feedback system. Sham-operated animals underwent 
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the same surgical procedure, except that the suture was not advanced into the internal carotid 

artery. Successful occlusion was confirmed by laser Doppler reflecting < 15% residual 

MCA flow, with the return of flow to 85% of baseline upon reperfusion. All analysis was 

performed blinded to surgical condition and genotype.

India Ink Vascular Staining

WT and KO mice were anesthetized (isoflurane) and perfused with PBS followed by 

4% paraformaldehyde and India ink (50% India ink, 5% FeS04in PBS). The brains were 

carefully harvested and visualized using a digital camera after brief refrigeration (Panasonic 

HC V770).

Drug Treatment

The Sirt3 inhibitor AGK7 (sc-204281) selectively inhibits Sirt3, Sirt1, and Sirt2 (IC50 = > 

5, > 50, and > 50 μM for Sirt3, Sirt1, and Sirt2, respectively). An initial dose–response 

curve was performed with AGK7 (0.15, 0.5, 1.5 mg/kg, i.p.). A single dose of the drug was 

administered 3 h after MCAo (n = 6 per treatment group). Mice were sacrificed after 6 h 

and/or 3 days after stroke for either histological or biochemical analysis.

Infarct Analysis

For histological assessment, all mice were euthanized at 3 days after stroke with avertin 

overdose (i.p). Transcardial perfusion was performed with cold PBS followed by 4% 

paraformaldehyde; the brain was post-fixed for 24 h and placed in cryoprotectant (30% 

sucrose). The brains were cut into 30-μm-thick free-floating sections on a freezing 

microtome, and every eighth slice was stained with cresyl violet to evaluate ischemic cell 

damage. The images were digitalized, and infarct measurements were analyzed by a blinded 

investigator using the Software (Sigma Scan Pro5) as previously described [18]. Infarct 

volumes were presented as a percentage volume (percentage of contralateral structures with 

correction for edema).

Behavioral Testing

Prior to surgery, a baseline behavioral reference was generated for each behavioral test 

except neurological scoring. Animals were tested on each behavioral task again 3 days after 

stroke. Testing was performed at a fixed time in the moming (09:00–11:00) by investigators 

blinded to the experimental design. All equipment and surfaces were cleaned with 70% 

ethanol before and after testing each animal. Mice were tested in the following order: 

neurological scoring, open field, and rotarod.

Gross Behavioral Assessment and Neurological Deficit Score

Body weight was monitored 1 day before and every day following ischemia. Rectal 

temperatures were recorded during ischemia (immediately after removal from a feedback 

controlled surgical heating pad) and immediately before sacrifice. Neurological deficits were 

assessed at 3 days after stroke using the scoring system from 0 (no deficit) to 4 (severe 

deficit) as in [19] with minor modifications [18].
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Open Field

The open field test measures spontaneous locomotor activity in a novel environment. Mice 

were individually placed in an open field chamber (15″ × 15″) in a dark room. Locomotor 

activity was quantified as the total number of beam breaks by mice using a computer-

operated PAS-Open Field system (San Diego Instruments, San Diego, CA). Anxiety levels 

were measured by taking the percentage of the total beam breaks in the center of the 

chamber versus the total (peripheral + central). Each testing session lasted 10 min, and the 

data was collected at 300-second intervals. The sum of intervals was used to analyze the 

data.

Rotarod

Mice were placed on a rotating cylindrical rod accelerating from 2 rotations per minute 

(rpm) to 20 rpm, over a span of 5 min. Subjects were given two trials each on the rotarod on 

the day − 2, − 1, + 1,+ 2, and + 3 respective to stroke. A 20-min break was given between 

trials. The latency to fall from the rotating rod was recorded for each trial (in seconds), and 

the mean latency was used for comparison between groups.

Measurement of Total Glutathione

Glutathione was measured in whole tissue lysate obtained from the perilesional frontal 

cortex at 3 days after stroke using a protocol supplied by the vendor (Cayman, Ann Arbor, 

MI) to determine reduced glutathione (GSH) content in the lysate (nmol/mg protein).

Hemorrhagic Transformation

Brain slices were taken at the same distance from bregma (0.5 mm anterior to bregma) 

and three sections/animal (n = 4) were analyzed in the area of the infarct. Hemorrhagic 

transformation was calculated based on the area of oxidized hemoglobin present in the 

ischemic hemisphere. Using Image J Software (National Institutes of Health, MD, USA), 

each image was adjusted to grayscale and the threshold adjusted such that only the areas 

of oxidized hemoglobin showed signal. This area was divided by the area of the ipsilateral 

hemisphere and multiplied by 100 to obtain the percent of the hemisphere containing 

oxidized hemoglobin that was a result of hemorrhagic transformation.

Protein Expression and Western Blot Analysis

Brain samples were obtained at 6 and 72 h (or 3 days) after stroke or sham surgery 

and were immediately dissected into the right ipsilateral (R; ischemic) and left (L; non-

ischemic) contralateral hemispheres. The perilesional frontal cortical region of ipsilateral 

hemisphere was separated and homogenized with Dounce homogenizers in cold HEPES 

lysis buffer (250 mM sucrose, 10 mM HEPES (pH 7.5), 1.5 mM MgC12, 15 mM KCl, 0.1 

mM EDTA, 0.1 mM EGTA, 1 mM DTT, 1% Triton X PMSF, phosphatase, and protease 

inhibitor cocktail) as previously described for whole cell lysate [20]. A total 30 μg of 

protein quantified by BCA kit (Thermo Scientific, Rockford, IL) was loaded into each well 

and resolved on 4–15% SDS gels and transferred to a PVDF (polyvinylidene difluoride) 

membrane. Sirt3, Sirt1, pLKB1, LKB1, acetylated lysine (Ac-Lys), (all from Cell Signaling 

Technology Danvers, MA), and Actin (Sigma-Aldrich Corp, St. Louis, MO) were detected 
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with their respective primary antibodies. All blots were blocked with either 5% non-fat 

dry milk or 4% BSA for 1 h at room temperature and incubated overnight with primary 

antibodies at 4 °C. Secondary antibodies were either goat anti-rabbit IgG 1:10,000 (GE 

Healthcare Bio-Sciences Pittsburgh, PA) or goat anti-mouse IgG 1:10,000 (GE Healthcare 

Bio-Sciences Pittsburgh, PA). SuperSignal West Pico Chemiluminescent Substrate (Thermo 

Scientific, Rockford, IL) was used for signal detection. Densitometry (n = 4–6 per group) 

was performed with Image J Software.

Statistics

All the data were analyzed and expressed as mean ± S. E. M. Behavioral and other tests 

comprising three or more groups were analyzed by one-way ANOVA with a Bonferroni 

post hoc test to correct for multiple comparisons or Student’s t test, except for neurologic 

deficit scores, which were analyzed by Mann-Whitney U test. In a two-factor interaction 

“group versus time points,” a two-way ANOVA with repeated measures was used followed 

by a Bonferroni post hoc correction. A probability value of p < 0.05 was considered to be 

statistically significant. Investigators performing and analyzing behavioral tests and other 

analyses were blinded to treatment and surgical conditions.

Results

Cerebral Vascular Anatomy Is similar In Both Sirt3 KO and WT mice

To rule out the possibility of inherent differences in perfusion territory in Sirt3 KO 

versus WT mice, we performed large vessel staining in naïve mice using India ink. There 

were no apparent differences in the structure of the major cerebral arteries or posterior 

communicating artery anastomosis (n = 5, Fig. 1a). Trans-temporal laser Doppler analysis 

of cortical blood flow dynamics showed no difference between Sirt3 KO and littermate WT 

mice during and after MCAo (Fig. 1b).

Genetic Deletion of Sirt3 Is Neuroprotective

Sirt3 KO mice had significantly reduced hemispheric infarct size (p < 0.05) compared to 

littermate WT control (37.72 ± 5.21 vs. 52.8 ± 6.76; n = 8–9/group) (Fig. 2a). This was 

reflected in the observed neurological deficit score (NDS) where a significant reduction 

(p < 0.05) was found at 3 days after stroke in Sirt3 KO mice (Fig. 2b). Sirt3 KO and 

WT mice showed no differences in general locomotor activity after stroke as evidenced by 

equivalent total beam breaks in the open field (Fig. 3a). However, KO mice spent more time 

(p < 0.05) in the central zone of the open field, indicative of a reduction in the post-stroke 

anxiety phenotype (Fig. 3b). Sirt3 KO mice spent significantly more time (p < 0.05) on 

an accelerating rotarod (Fig. 3c), indicating they had less deficite in balance and motor 

coordination. Sirt3 KO mice also had increased (p < 0.05) amount of reduced glutathione 

(GSH) after stroke (Fig. 3d) suggesting that KO mice had a superior antioxidant defense 

system compared to WT after stroke.

Sirt3 Activity, but Not Expression, Changed with Stroke

Sirt3 protein expression was the same in sham and stroke mice (Fig. 4a) at different time 

points after stroke. However, Ac-Lys levels were significantly decreased (p < 0.05) after 

Verma et al. Page 5

Transl Stroke Res. Author manuscript; available in PMC 2022 October 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



stroke (Fig. 4a). Further, a progressive loss of lysine acetylation was noted with increasing 

reperfusion duration in both WT and KO mice after stroke. Basal levels of acetylated lysine 

were higher in KO mice (Fig. 4c).

Sirt1 Expression Is Upregulated in Sirt3 KO Mice After Stroke

Given that two of the seven sirtuins (Sirt1 and Sirt3) are structural homologs, overlapping 

and redundant functions may compensate for isotype deletion [11], Both Sirt1 and Sirt3 are 

ubiquitously expressed in the brain especially in neurons [21, 22, 23, 24], We found that 

Sirt1 and Sirt3 are co-expressed in the same cells in the brain (Supplementary Fig. 1). Sirt3 

is widely expressed in NeuN-positive neurons (Supplementary Fig. 2) and Iba-1-positive 

microglia (Supplementary Fig. 4) but is minimally expressed in GFAP-positive astrocytes 

(Supplementary Fig. 3), We also examined the expression of Sirt1 in Sirt3 KO mice after 

stroke (Fig. 5a–c), Sirt1 expression was significantly increased (p < 0,05) in Sirt3 KO 

mice after stroke (Fig. 5b). This suggests that elevated Sirt1 expression might partially 

compensate for the loss of Sirt3 under stress conditions.

Sirt3-Mediated Deacetylation Activates the Serine/Tkreonine Kinase LKB1

Nearly all cells that express Sirt3 also express LKB1 in the brain (Supplementary Fig. 

5). Deacetylation of LKB1 increases its activation by phosphorylation at Ser428 [16]. 

Phosphorylated LKB1 (pLKB1) then further activates numerous downstream targets [25]. 

We found that stroke-induced increased expression of pLKB1 was reduced (p < 0.05) in 

KO mice (Fig. 5d). These findings suggest that Sirt3 might be involved in the deacetylation-

mediated phosphorylation of LKB1.

Effect of Pharmacological Inhibition of Sirt3 in WT Mice

Next, we tested the effect of the Sirt3 inhibitor in both Sirt3 KO and WT mice. We first 

optimized the dose of inhibitor based on its effects on lysine acetylation (Fig. 6). We saw 

a ceiling effect at a 0.5-mg/kg dose of the inhibitor above which no additional increase in 

lysine acetylation was seen. We also saw a significant reduction in Sirt3 expression after 

inhibitor treatment, but the effect was not dose-dependent (Fig. 6). Sirt3 Inhibition reduced 

Sirt1 expression in WT mice after stroke (Fig. 6). Unexpectedly, the Sirt3 inhibitor did not 

decrease infarct volume at a dose of 0.15 or 0.5 mg/kg (Fig. 7a, b). Moreover, a higher dose 

(1.5 mg/kg) of the inhibitor unexpectedly increased infarct volume (51.8 ± 6.87 vs. 62.56 ± 

7.89) and significantly increased hemorrhagic transformation. We observed a similar trend 

of increase in hemorrhagic transformation after treatment (1.5 mg/kg) in Sirt3 KO mice (Fig. 

7c). The Sirt3 inhibitor also reduced expression of pLKB1 at a dose of 0.15 or 0.5 mg/kg 

but unexpectedly restored its expression at a dose of 1.5 mg/kg (Fig. 8) to the level seen in 

the vehicle-treated group. These data suggest that pharmacological Inhibition of Sirt3 may 

be ineffective or even detrimental due to off-target effects on Sirt1. This suggests that the 

neuroprotective effects seen in Sirt3 KO mice may be mediated by a compensatory increase 

in Sirt1 levels rather than the loss of Sirt3.
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Discussion

The present study provides evidence for neuroprotection in male Sirt3 KO mice after 

ischemic brain injury. We also found decreased activity of LKB1 in Sirt3 KO mice after 

stroke, which coincides with reduced ischemic damage. Using both genetic deletion and 

pharmacological Inhibition of Sirt3, we demonstrate that the deacetylation activity of Sirt3, 

measured by reduced levels of acetylated lysine [26], increased after stroke. In our first 

set of experiments, we showed that genetic deletion of Sirt3 led to acute neuroprotection 

and reduced behavioral deficite after stroke. Interestingly, we observed no change in total 

Sirt3 protein levels after ischemia/reperfusion (I/R) injury. However, Sirt3 activity (as 

measured by deacetylation activity) increases after stroke. At baseline (sham animals), 

lysine acetylation was higher in KO mice, which suggests reduced deacetylation activity in 

the absence of Sirt3. This comparison also highlights the significant contribution of Sirt3 in 

brain deacetylation, consistent with previous observations [27].

Although little is known about how deacetylation of lysine activates/deactivates other 

cellular proteins, previous reports suggest Sirt3-mediated deacetylation may re-activate 

metabolic enzymes that help cope with the need for increased ATP production through 

β-oxidation in mitochondria during ischemic stress [28]. One recent study has shown that 

I/R injury triggers Sirt3-dependent deacetylation of ceramide synthases and this elevation 

of ceramide leads to increased ROS generation and an exacerbation of brain injury [29]. 

Several other targets of Sirt3-mediated deacetylation have been reported [30] and may play 

important roles in stroke outcome. We found an increase in the active form of LKB1 in 

the brain (i.e., pLKB1) after stroke as compared to sham in WT mice, but an unexpected 

reduction of pLKB1 in Sirt3 KO mice after stroke. This observation suggests that Sirt3 

regulates LKB1 activity, which is consistent with prior findings in non-neural tissues [31]. 

Therefore, the neuroprotection seen in Sirt3 KO mice may be partially mediated by this 

reduction in LKB1 activation. A reduction in pLKB1 and its downstream targets (e.g., 

AMPK) leads to neuroprotection in ischemic stroke, and this may be the mechanism by 

which injury is reduced in Sirt3 KO mice [32, 33].

This study also found that Sirt1 is upregulated in Sirt3 KO mice after stroke, which we 

examined after our pharmacological attempts to lower Sirt3 which led to an exacerbation 

of ischemic injury. Both Sirt1 and Sirt3 share high levels of sequence homology and 

substrate specificity and have many common functions and targets, but differ in their relative 

subcellular location [11]. Therefore, we thought a compensatory increase in Sirt1, which has 

been shown to be protective in ischemic injury [34], might also influence stroke outcome 

in the Sirt3 KO mice. Although little is known about the overlapping roles of Sirt3 and 

Sirt1, genetic compensation is a common mechanism seen in many “loss of function” 

models [35, 36, 37, 38] and can be a major issue in constitutive knockout models that 

is often ignored. To confirm that Inhibition of Sirt3 is a potential therapeutic target, we 

utilized a relatively specific pharmacological inhibitor of Sirt3. Inhibition of Sirt3 in WT 

mice not only decreased Sirt3 but also reduced Sirt1 expression. Given that both Sirt3 

and Sirt1 have both common and unique targets, examining total lysine acetylation does 

not provide specific Information about their target effects. However, the reduction of total 
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lysine acetylation seen in Sirt3 KO mice after stroke, even in the setting of increased Sirt1 

expression, suggests Sirt3’s prime role is as a deacetylating enzyme.

The observance of increased post-stroke Sirt1 levels in Sirt3 KO mice prompted us to 

develop additional experiments to determine if it was the reduction in Sirt3 or the increase 

in Sirt1 that led to the neuroprotective effect in Sirt3 KO mice. Pharmacological Inhibition 

did not reduce ischemic damage, and higher doses (1.5 mg/kg) that we confirmed restored 

endogenous lysine acetylation did not reduce LKB1 activity (i.e., stroke-induced elevation 

in pLKB1), but rather increased infarct volume and led to hemorrhagic transformation. This 

suggests that the drug “AGK7” had off-target effects at higher doses and led to Inhibition 

of other “protective” Sirtuins, likely Sirt1. Acetylation/deacetylation of LKB1 occurs on 

multiple lysine residues sites [15]; it is possible that Sirt1 and Sirt3 act on different but 

specific lysine residues on downstream targets. This needs to be explored further in future 

studies. Unlike our observations in Sirt3 KO mice where we saw a compensatory increase 

in Sirt1, we did not see any increase in Sirt1 expression after pharmacological Inhibition 

of Sirt3 with AGK7, rather we saw a dose-dependent reduction in Sirt1 expression. This 

is consistent with the hypothesis that the neuroprotection seen in Sirt3 KO mice is due 

to the compensatory increase in Sirt1 rather than the loss of Sirt3. Importantly, this study 

highlights the need of using both genetic and pharmacological methods in translational 

stroke research.

Conclusions/Limitations

Sirt3 KO mice show neuroprotection from ischemic stroke. However, acute pharmacological 

Inhibition of Sirt3 did not recapitulate our genetic findings. This prompted us to examine 

potential off-target effects in both models. Sirt3 KO mice had a compensatory increase 

in Sirt1, and this increase in Sirt1 likely led to neuroprotection in Sirt3 KO mice after 

stroke. This is consistent with our findings after using a Sirt3 inhibitor, which at high doses, 

worsened ischemic damage, in parallel with an increase in off-target Inhibition of Sirt1. 

Despite showing several interesting observations, there are some limitations to this study 

as we did not explore in detail the effects of the compensatory increase of Sirt1 in Sirt3 

KO mice on targets like LKB1 activation. We did not examine the effect of Sirt3 deletion 

or Inhibition at chronic time points after stroke, as these would likely be similar to the 

3-day outcomes. Although our study shows that targeting Sirt3 might not be a promising 

neuroprotective strategy, nevertheless, the enhanced expression of Sirt1 confirms that this 

may be a good therapeutic target for further development.
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Fig. 1. 
a Macroscopic analysis of the cerebral arterial vasculature shows no differences between 

Sirt KO and WT. Representative image of India ink staining in WT and KO mice shows 

branching of the internal carotid artery, anastomosis of internal carotid and basilar territories 

(n = 5/group). b Cortical perfusion during ischemia assessed by laser Doppler flowmetry 

(%LDF reduction) shows the reduction in perfusion during ischemia, and recovery of blood 

flow during reperfusion wag not different between genotypes
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Fig. 2. 
Sirt3 KO mice have smaller infarcts at 3 days after stroke. a Representative images of CV 

staining are shown. b KO mice show a significant reduction (*p < 0.05 vs. WT, Student’s t 
test) in infarct volume in both the cortex and total ipsilateral hemisphere. c Congruent with 

infarct volume, the neurological deficit score (ND score) was also significantly reduced (*p 
< 0,05 vs. WT, Mann-Whitney U test) in KO mice (n, KO = 9; WT = 8)
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Fig. 3. 
Sirt3 KO mice show improved behavioral recovery and elevated glutathione (reduced) levels 

3 days after stroke. a Both KO and WT mice show no change in exploratory activity as 

measured by total beam breaks. b KO mice show significantly less (*p < 0.05 vs. WT, 

Student’s t test) anxiety-like behavior after stroke. c KO mice show increased (*p < 0.05 vs. 

WT, Student’s t test) latency to fall (i.e., spent more time on a rotarod suggesting improved 

balance and coordination in KO mice after stroke. d Interestingly, reduced glutathione 

(GSH) level was higher (*p < 0.05 vs. WT, Student’g t test) in KO mice, suggesting 

enhanced antioxidant defense in these mice (n, KO = 6; WT = 7).
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Fig. 4. 
Sirt3 regulates protein acetylation after stroke. a Western blot images for Sirt3 and Ac-lysine 

expression using whole cell lysate from Sirt3 KO and WT mice after stroke. b Temporal 

analysis of Sirt3 protein expression after sham, 60 min/6 h or 60 min/72 h (3 days) after 

stroke showed no change in total Sirt3 protein levels. c However, temporal analysis of Ac-lys 

indicates two important findings; first, the level of Ac-lysine protein was higher (*p < 0.05 

vs. WT, Student’s t test) in KO compared to their respective time point Controls, and second, 

the amount of Ac-lysine decreases progressively after stroke (*p < 0.05 a one-way ANOVA). 

A two-way ANOVA found a significant interaction between stroke surgery and genotype [F 
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(2,10) = 31.39 p < 0.001] as well as the main effect of both stroke [F (2,10) = 206 p < 0.001] 

and genotype [F (1,5) = 246.9 p < 0.001] on Ac-lys expression (n = 4mice/group/time point; 

graphs show mean + S.E.M.).
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Fig. 5. 
Effect of stroke on Sirt3 and Sirt1 and their downstream target LKB1 a Representative 

western blot Image of Sirt3, Sirt1, and LKBL b Sirt3 KO mice show complete absence of 

Sirt3 protein. Stroke does not increase its total expression in WT mice. c Sirt1 expression 

was low in sham Sirt3 KO mice but increased at 3 days after stroke in these mice (*p < 

0.01 vs. WT, Student’s t test). Two-way ANOVA showed a significant interaction between 

stroke and genotype [F 1, 12 = 99.24 p < 0.001] on Sirt1 expression. d pLKB1 levels were 

significantly reduced (*p < 0.01 vs. WT, Student’s t test) in Sirt3 KO mice at 3 days after 

stroke (n = 4mice/group; graphs show mean + S.E.M.).

Verma et al. Page 18

Transl Stroke Res. Author manuscript; available in PMC 2022 October 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
Effect of pharmacological inhibition of Sirt3 on Sirt1 expression, Sirt3 activity, and 

expression. Western blot and accompanying histogram show that doses of 0.5 and 1.5 mg/kg 

i.p. of Sirt3 inhibitor “AGK7” significantly decrease (*p < 0.05 vs veh; one-way ANOVA) 

Sirt3 activity [measured in terms of a decrease in acetylated lysine (Ac-lys) expression] and 

expression of both Sirt1 and Sirt3 at 3 days after stroke in WT mice (*p < 0.05 vs. veh, 

one-way ANOVA; n = 6/group/time point, graphs show mean + S.E.M.).
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Fig. 7. 
Effect of Sirt3 inhibitor AGK7 on infarct volume and hemorrhagic transformation. a 
Representative images of cresyl violet (CV) staining are shown. b No dose-dependent effect 

of Sirt3 inhibition was seen in WT mice at 3 days after stroke. However, a higher dose (1.5 

mg/kg i.p.) paradoxically increased infarct volume by ~ 10–15% as compared to vehicle and 

other doses in WT mice after stroke. c Both the lower and intermediate doses (0.15 and 0.5 

mg/kg i.p., respectively) of inhibitor did not cause hemorrhagic transformation in WT mice; 

however, the higher dose (1.5 mg/kg. i.p.) led to significant (*p < 0.05 vs. veh; one-way 
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ANOVA) hemorrhagic transformation in both WT and KO mice suggesting its off-target 

effect at this dose (n = 6–8/mice group; graphs show mean + S.E.M.).
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Fig. 8. 
Effect of the Sirt3 inhibitor “AGK7” on LKB1 phosphorylation (i.e., activation). 

Representative image and accompanying histogram show that the lower and intermediate 

dose (0.15 and 0.5 mg/kg i.p., respectively) of inhibitor showed a significant reduction in 

LKB1 phosphorylation (*p < 0.05 vs. veh; one-way ANOVA). However, a higher dose (1.5 

mg/kg i.p.) paradoxically increased LKB1 phosphorylation at 3 days after stroke in WT 

mice (n = 6/time point/group; graphs show mean + S.E.M.).
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