
CNS Neurosci Ther. 2024;30:e14567.	 ﻿	   | 1 of 13
https://doi.org/10.1111/cns.14567

wileyonlinelibrary.com/journal/cns

1  |  INTRODUC TION

Microglia are the most important resident immune cells in the cen-
tral nervous system and play key roles in immune surveillance and 
neuroinflammatory pathological processes.1 In recent years, the link 

between microglial immune function and its metabolic state has re-
ceived further attention. Metabolic pathways involved in microglial ac-
tivity adapt to and contribute to the microglial activation phenotype. It 
has been well-studied that microglia tend to switch from the oxidative 
phosphorylation (OXPHOS) to the aerobic glycolytic pathway when 
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Abstract
Aims: This study aimed to investigate the relationship between microglial metabolism 
and neuroinflammation by examining the impact of citrate accumulation in microglia 
and its potential regulation through Cs K215 hypoacetylation.
Methods: Experimental approaches included assessing Cs enzyme activity through 
Cs K215Q mutation and investigating the inhibitory effects of hesperidin, a natural 
flavanone glycoside, on citrate synthase. Microglial phagocytosis and expression of 
pro-inflammatory cytokines were also examined in relation to Cs K215Q mutation 
and hesperidin treatment.
Results: Cs K215Q mutation and hesperidin exhibited significant inhibitory ef-
fects on Cs enzyme activity, microglial citrate accumulation, phagocytosis, and 
pro-inflammatory cytokine expression. Interestingly, Sirt3 knockdown aggravated 
microglial pro-inflammatory functions during neuroinflammation, despite its proven 
role in Cs deacetylation.
Conclusion: Cs K215Q mutation and hesperidin effectively inhibited microglial pro-
inflammatory functions without reversing the metabolic reprogramming. These find-
ings suggest that targeting Cs K215 hypoacetylation and utilizing hesperidin may hold 
promise for modulating neuroinflammation in microglia.
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activated during brain inflammation, which is similar to Warburg effect 
in tumor cells2,3 and called metabolic reprogramming.

Citrate is produced from the aldol condensation of oxaloac-
etate and acetyl-CoA in the citric acid cycle (also known as the 
tricarboxylic acid cycle, TCA cycle). This reaction is catalyzed 
by citrate synthase (CS). In TCA cycle, citrate is converted into 
isocitrate via cis-aconitate by the enzyme aconitase.4 In pro-
inflammatory microglia, citrate accumulates and is transported 
into the cytoplasm by mitochondrial citrate carrier (CIC), which 
may be due to the disruption of TCA cycle and increased glycoly-
sis flow.3 In human macrophages, mitochondrial citrate export and 
breakdown is associated with the production of several import-
ant pro-inflammatory mediators, like NO, ROS, and prostaglandin 
E2 (PGE2), etc.5–7 Citrate in cytoplasm could be further cleaved 
into oxaloacetate and acetyl CoA. Acetyl CoA in cytoplasm could 
enter fatty acid synthesis and provide necessary substrates for the 
acetylation modification of various proteins.7,8 Overall, increased 
level of citrate is an important feature of pro-inflammatory activa-
tion of microglia and macrophages.

Posttranslational modification (PTM), including phosphoryla-
tion, acetylation, methylation, etc., is one of the most effective 
ways of protein modification. PTMs are commonly used to con-
trol metabolic flux because the time scale of gene expression is 
too long to balance the rapid turnover of metabolites.9 In some 
recent studies, lysine acetylation is regarded as a vital factor that 
links the metabolite acetyl-CoA and the functions of metabolism-
related enzymes, including some key enzymes in metabolism 
pathways.10,11

Hesperidin is a flavonoid commonly found in citrus fruits, 
particularly in the peels and membranes of oranges and lem-
ons.12 Previous researches focused on hesperidin's antioxidant, 
anti-inflammatory, and anticancer activities.13–15 Hesperidin ex-
hibits strong antioxidant effects by neutralizing free radicals. 
Hesperidin also shows anti-inflammatory properties by inhibit-
ing inflammatory mediators and cytokines. It modulates inflam-
mation pathways and may help diseases like arthritis.16 A recent 
study reported that hesperidin may be a potential inhibitor of Cs 
through molecular docking in silico.17 If the inhibitory effect of 
hesperidin on Cs could be confirmed, we can use hesperidin to 
study the effects of enhanced Cs activity and citrate accumula-
tion on microglial functions during neuroinflammation.

The previous researches usually focused on how to reduce ex-
cessive pro-inflammatory responses by reversing metabolic repro-
gramming of microglia and unblocking the TCA cycle and oxidative 
phosphorylation.9,18 In this study, we found that the reduction of 
Cs acetylation modification and enhanced activity mediated by 
Sirt3 is an important reason for the enhanced pro-inflammatory 
function of microglia. By restoring Cs acetylation levels or inhib-
iting Cs activity with hesperidin, the citrate accumulation and the 
pro-inflammatory function of microglia can be effectively inhib-
ited, although this strategy has little effect on restoring the mi-
croglial TCA cycle.

2  |  RESULTS

2.1  |  Increased citrate level in microglia is 
accompanied by significantly decreased acetylation of 
Cs during neuroinflammation

We detected the citrate level in ipsilateral hippocampus after CCI 
and in primary microglia after LPS administration, using hesperidin 
as a specific inhibitor of Cs. The increase in citrate levels in ipsilateral 
hippocampus became significant 24 h after injury (Figure 1A). LPS 
stimulation significantly increased the citrate level in primary micro-
glia, which was significantly reduced after hesperidin pretreatment 
and became insensitive to LPS (Figure 1B).

In order to confirm the metabolic reprogramming in primary 
microglia during neuroinflammation, we measured glycolysis by 
analyzing the extracellular acidification rate (ECAR) and mito-
chondrial oxidative phosphorylation on the basis of the oxygen 
consumption rate (OCR). We found that basal respiration and 
spare maximal respiration were both significantly decreased after 
LPS simulation. Hesperidin pretreatment could significantly re-
duce basal respiration and spare maximal respiration in control 
groups, but there were no significant differences in LPS groups 
(Figure 1C–E). Furthermore, we found that hesperidin could sig-
nificantly enhance glycolysis and glycolytic capacity of primary 
microglia in control groups, which may be due to hesperidin block-
ing the downstream TCA cycle to a certain extent. But hesperidin 
could not further increase glycolysis and glycolytic capacity in LPS 
groups (Figure 1F–H).

Since Cs is the indispensable enzyme for citrate synthesis, 
we detected the changes in Cs expression during neuroinflam-
mation. Our results showed that there was no significant dif-
ference in the Cs expression between groups, whether in the 
ipsilateral hippocampus after injury or in primary microglia stim-
ulated by LPS (Figure 2A–D). Interestingly, acetylation of Cs sig-
nificantly decreased in primary microglia after LPS administration 
(Figure  2E,F). The uncropped and unedited blot images are pro-
vided in Figure S1.

It could be seen from our data that increased citrate levels in 
microglia during neuroinflammation may be related to reduced 
Cs acetylation levels rather than the changes in Cs expression. 
Hesperidin could reduce citrate in microglia during neuroinflam-
mation but had little effect on microglial metabolic reprogramming 
after LPS stimulation.

2.2  |  Reduction of Cs K215 acetylation 
contributes to enhanced enzymatic activity and 
accumulated citrate

To investigate the detailed acetylation modification during neu-
roinflammation, we used label-free mass spectrometry analysis 
for protein acetylation modification to detect which proteins and 
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which sites had significant changes in acetylation modification in 
the injured ipsilateral hippocampus 24 h after TBI. Citrate synthase 
of eukaryotic type showed up in acetylated peptides enrichment 
analysis (Figure 3A). The top 23 proteins with the most significant 
differences and their modification sites were displayed (Figure 3B). 
The acetylation at K215 on Cs was confirmed (Figure 3C). We as-
sumed that the reduction of Cs K215 acetylation was related with 

its enhanced enzymatic activity because we found that Cs enzyme 
activity in ipsilateral hippocampus after TBI significantly increased 
and peaked at 24 h after injury (Figure 3D). We further performed a 
cross-species alignment of the amino acid sequences near Cs K215. 
It is possible that K215 is a crucial lysine residue since K215 keeps 
high conservation among various mammals including humans 
(Figure 3E).

F I G U R E  1 Citrate accumulation during neuroinflammation and effects of hesperidin. (A) Citrate levels in ipsilateral hippocampus 6, 
24, and 72 h after traumatic brain injury (n = 6). One-way ANOVA and Tukey's multiple comparisons test were used. (B) Citrate levels in 
primary microglia after LPS stimulation with/without hesperidin pretreatment (n = 6). One-way ANOVA and Tukey's multiple comparisons 
test were used. (C) OCR measurements of primary microglia after LPS stimulation with/without hesperidin pretreatment (n = 6). (D, 
E) Statistics on basic OCR and maximum OCR (n = 6). One-way ANOVA and Tukey's multiple comparisons test were used. (F) ECAR 
measurements of primary microglia after LPS stimulation with/without hesperidin pretreatment (n = 6). (G, H) Statistics on basic Glycolysis 
and Glycolytic capacity (n = 6). One-way ANOVA and Tukey's multiple comparisons test were used. Bar graphs are represented as mean ± SD. 
****p < 0.0001, ***p < 0.001, **p < 0.005; hesp, hesperidin; ns, no significance; veh, vehicle.
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Next, we constructed a Cs expression vector with K215Q point 
mutation to mimic the hyperacetylated state at K215 and trans-
fected primary microglia with rAAV-cMG2 virus. OCR analysis 
revealed that Cs K215Q could reduce basal and spare maximal res-
piration of primary microglia in control groups but neither of them 
could be further reduced in LPS groups (Figure 4A–C). ECAR analysis 
revealed that Cs K215Q could slightly increase microglial glycolysis 
and glycolytic capacity in both control and LPS groups and the dif-
ferences were significant (Figure 4D–F).

It was shown that LPS could increase the Cs enzyme activity of 
primary microglia, and Cs K215Q point mutation could exert a sig-
nificant inhibitory effect on enzyme activity similar to that of hes-
peridin (Figure 4G). And Cs K215Q could significantly alleviate the 
citrate accumulation in microglia in LPS groups (Figure 4H).

In this part we proved that Cs K215 hypoacetylation was respon-
sible for its enhanced enzyme activity. Cs K215Q mutation could 
inhibit its activity and had a slight impact on the metabolic repro-
gramming of microglia.

2.3  |  Sirt3 is responsible for Cs deacetylation in 
primary microglia during neuroinflammation

To examine how acetylation modification of microglial Cs K215 is 
regulated, we measured the expression of the potential responsible 

enzyme Sirt3, which was regarded as an important deacetylase in mi-
tochondria according to previous studies. The expressions of Sirt3 
in primary microglia significantly increased after LPS stimulation 
(Figure 5A,E), these results are logically consistent with the hypoa-
cetylation of Cs. Moreover, our co-immunoprecipitation experiments 
showed that Sirt3 was able to interact with Cs in primary microglia 
(Figure 5A). To confirm this, we over-expressed 3xFlag-tagged Sirt3 in 
NIH/3 T3 cells and performed co-immunoprecipitation experiments 
using an anti-Flag antibody. This overexpression would not affect the 
expression baseline of Cs, but it could be seen that Cs interacted with 
overexpressed Sirt3 (Figure  5B,F). Furthermore, we overexpressed 
3xFlag-tagged Sirt3 in primary microglia with the help of rAAV-cMG2 
and performed co-immunoprecipitation experiments, obvious co-
precipitation bands of Sirt3 and Cs could be observed regardless of 
whether microglia were treated by LPS (Figure 5C).

Alterations in Sirt3 expression actually affected the level of Cs 
acetylation. We compared the level of Cs acetylation under the 
conditions of Sirt3 wild type, Sirt3 knockdown, and Sirt3 overex-
pression, respectively. After LPS stimulation, Sirt3 overexpression 
could significantly reduce Cs acetylation to a very low level; while 
Cs acetylation could be significantly increased by Sirt3 knockdown, 
even higher than that in microglia expressing wildtype Sirt3 in control 
groups (Figure 5D,G). Sirt3 may play an important role in the regula-
tion of acetylation of Cs in microglia during neuroinflammation. The 
uncropped and unedited blot images are provided in Figure S1.

F I G U R E  2 Expression and acetylation of citrate synthase. (A, C) Cs expression in ipsilateral hippocampus 6, 24, and 72 h after traumatic 
brain injury were analyzed by western blotting (n = 3). One-way ANOVA and Tukey's multiple comparisons test were used. (B, D) Cs 
expression in primary microglia after LPS stimulation with/without hesperidin pretreatment were analyzed by western blotting (n = 3). One-
way ANOVA and Tukey's multiple comparisons test were used. (E, F) Cs acetylation in primary microglia after LPS stimulation with/without 
hesperidin pretreatment were analyzed by immunoprecipitation and western blotting (n = 3). Two-tailed unpaired t-test was used. Bar graphs 
are represented as mean ± SD. ***p < 0.001; hesp, hesperidin; ns, no significance.
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F I G U R E  3 Label-free acetylation mass spectrometry and bioinformatics. (A) Bubble graph shows that 20 proteins, in which there 
are significant differences in peptides enrichment, are sorted by rich factor in descending order. Citrate synthase of eukaryotic type is 
highlighted in red. (B) Heatmap shows the top 23 proteins with significant differences of acetylation modification in ipsilateral hippocampus 
24 h after TBI. p Value < 0.05 AND |log2(Fold Change)| > 1. Cs K215 is highlighted in red. (C) Acetylated Cs peptide identified by mass 
spectrometry. Enriched Cs protein was digested by trypsin and further subjected to LC–MS/MS for identification. The lysine conjugated 
with Ace indicates the acetylation site. (D) Cs enzyme activity in ipsilateral hippocampus 6, 24, and 72 h after traumatic brain injury 
(n = 6). One-way ANOVA and Tukey's multiple comparisons test were used. (E) Sequence alignment of the region surrounding acetylated 
K215 among human beings and other vertebrate species. Acetylated lysine is highlighted in red rectangle. Bar graphs are represented as 
mean ± SD. ****p < 0.0001; ns, no significance.
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F I G U R E  4 The effects of K215Q mutation on microglial metabolism, Cs activity and citrate accumulation. (A) OCR measurements of 
primary microglia expressing wildtype Cs or Cs K215Q mutant after LPS stimulation (n = 6). (B, C) Statistics on basic OCR and maximum 
OCR (n = 6). One-way ANOVA and Tukey's multiple comparisons test were used. (D) ECAR measurements of primary microglia expressing 
wildtype Cs or Cs K215Q mutant after LPS stimulation (n = 6). (E, F) Statistics on basic Glycolysis and Glycolytic capacity (n = 6). One-way 
ANOVA and Tukey's multiple comparisons test were used. (G) Cs enzyme activity in primary microglia expressing Cs wildtype or Cs K215Q 
mutant after LPS stimulation with/without hesperidin pretreatment (n = 6). One-way ANOVA and Tukey's multiple comparisons test were 
used. (H) Citrate levels in primary microglia expressing Cs wildtype or Cs K215Q mutant after LPS stimulation with/without hesperidin 
pretreatment (n = 6). One-way ANOVA and Tukey's multiple comparisons test were used. Bar graphs are represented as mean ± SD. 
****p < 0.0001, ***p < 0.001, **p < 0.005; hesp, hesperidin; ns, no significance; veh, vehicle.
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FIGURE 5  Legend on next page
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2.4  |  Cs K215 hypoacetylation could regulate 
microglial pro-inflammatory functions independent of 
Sirt3 expression

The pro-inflammatory functions of microglia are usually described 
with its ability to secrete pro-inflammatory cytokines and to phago-
cytose extracellular substances. Here we used phRodo-labeled 
zymosan bioparticles to measure microglial phagocytosis. LPS 
stimulation could significantly enhance microglial phagocytosis. 
Interestingly, Cs K215Q mutation and hesperidin could significantly 
inhibit microglial phagocytosis while Sirt3 knockdown made micro-
glial phagocytosis even stronger after LPS stimulation (Figure 6A). 
The proportion of pHRodo-positive cells and the average red fluo-
rescence intensity statistics confirmed the results (Figure  6B,C). 
IL-1β, TNF-α, and IL-6, mainly secreted by M1-activated microglia ac-
cording to classic neuroinflammation theory, are the most important 
pro-inflammatory cytokines involved in cytokine storm in the acute 
phase after TBI. Both hesperidin and Cs K215Q mutant could signifi-
cantly reduce the mRNA expression of these three cytokines after 
LPS stimulation (Figure 6D–F).

It is worth noting that Sirt3 knockdown did not exhibit the ex-
pected anti-inflammatory effects. Sirt3 knockdown caused primary 
microglia to exhibit significantly stronger phagocytic function and 
express significantly more pro-inflammatory cytokines after LPS 
stimulation than those expressing wild type Sirt3. These results in-
dicates that Sirt3 may have anti-neuroinflammatory effects through 
its other more widespread target proteins although Sirt3 is the en-
zyme responsible for Cs deacetylation.

3  |  DISCUSSION

Hesperidin, a natural phenolic compound, is a flavanone glycoside 
with various biological effects. Hesperidin is found in tea, olive oil, 
and especially citrus fruits and is used in traditional Chinese medi-
cine.19 It has been shown that hesperidin could play a vital role 
in antioxidant, anti-inflammatory, and neuroprotective effects in 
different models of central nervous system (CNS) disorders.20–23 
Previous studies have shown that hesperidin could regulate mi-
croglial activation by inhibiting Toll-like receptor 4 (TLR4) and 
phosphorylated-NF-κB and ameliorate the toxic neurobehavioral 
effects by reducing oxidative stress and enhancing hippocampal 
neurogenesis.24 However, the effect of hesperidin on microglial 
metabolism has not received enough attention, although some 

studies have found that hesperidin may be a potential inhibitor of 
Cs through molecular docking in silico.17 In this study, we success-
fully inhibited Cs enzyme activity with hesperidin. Hesperidin and 
Cs K215Q showed similar effects on inhibiting microglial phago-
cytosis and the expression of inflammatory cytokines, indicating 
that hesperidin may control neuroinflammation by inhibiting cit-
rate synthesis.

The sirtuins family, including Sirt1-7, are NAD+-dependent 
deacetylases with high evolutionary conservation.25 Sirt3, Sirt4, 
and Sirt5 are major, if not exclusively, localized in the mitochondrial 
matrix.26–28 Sirt3 is the primary regulator of mitochondrial lysine 
acetylation,26 Sirt5 could regulate lysine malonylation and succi-
nylation,29,30 and Sirt4 has weak ADP ribosyltransferase activity.31 
Previous studies have reported that Sirt3 could regulate the acetyl-
ation and enzymatic activity of key enzymes in several metabolic 
pathways, including complex I and complex II in the respiratory 
chain,32 hydroxymethylglutaryl-CoA synthase 2 (HMGCS2) in keto-
genesis,33 superoxide dismutase (SOD2) in oxidative stress,34 and so 
on. Although we have proven in this study that Sirt3 is the enzyme 
responsible for Cs deacetylation and knockdown of Sirt3 could in-
deed increase Cs acetylation, Sirt3 knockdown aggravates microglial 
phagocytosis and pro-inflammatory cytokine expression. These re-
sults are consistent with the anti-neuroinflammatory effects of Sirt3 
reported in previous studies. Therefore, we believe that although 
Cs K215Q could significantly inhibit pro-inflammatory activation of 
microglia, intervention targeting Sirt3 may cause uncontrollable off-
target effects.

The relationship between microglial metabolism and inflam-
matory function has been a subject of extensive research. Recent 
studies have shed light on this intricate connection, although certain 
aspects remain unclear. Emerging evidence suggests that metabolic 
pathways play a crucial role in regulating microglial activation and 
subsequent inflammatory responses. Metabolic reprogramming, 
particularly the shift from oxidative phosphorylation to glycolysis, 
has been implicated in promoting pro-inflammatory phenotypes 
in microglia.35 This metabolic switch enhances the production of 
inflammatory mediators, such as cytokines and reactive oxygen 
species, contributing to neuroinflammation.36 Studies have also 
highlighted the influence of various metabolic intermediates, includ-
ing fatty acids, glucose, and ketone bodies, on microglial function. 
These metabolites can modulate microglial polarization and inflam-
matory outcomes.37 However, several gaps in our understanding 
persist. It remains unclear how specific metabolic pathways and 
intermediates precisely regulate microglial inflammatory responses. 

F I G U R E  5 Sirt3 is responsible for Cs deacetylation in primary microglia during neuroinflammation. (A, E) Protein interaction between 
Cs and Sirt3, and Sirt3 expression were analyzed by immunoprecipitation and western blotting in primary microglia expressing wildtype Cs 
after LPS stimulation (n = 3). Two-tailed unpaired t-test was used. (B, F) Protein interaction between Cs and Sirt3, and Sirt3 expression were 
analyzed by immunoprecipitation and western blotting in NIH/3 T3 cells overexpressing Sirt3-3xFlag (n = 3). (C) Protein interaction between 
Cs and Sirt3 was analyzed by immunoprecipitation and western blotting in primary microglia overexpressing Sirt3-3xFlag (n = 3). Two-tailed 
unpaired t-test was used. (D, G) Cs acetylation in primary microglia with wildtype Sirt3, Sirt3 knockdown, or Sirt3-3xFlag overexpression 
after LPS stimulation was analyzed by immunoprecipitation and western blotting (n = 3). One-way ANOVA and Tukey's multiple comparisons 
test were used. Bar graphs are represented as mean ± SD. ****p < 0.0001, ***p < 0.001, **p < 0.005, *p < 0.05; KD, knockdown; ns, no 
significance; OE: overexpression.
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F I G U R E  6 Cs K215 hypoacetylation could regulate microglial pro-inflammatory functions independent of Sirt3 expression. (A) 
Representative immunofluorescence and bright field images indicate primary microglial phagocytosis expressing Cs WT, Cs K215Q mutant 
or Sirt3 knockdown, after LPS and hesperidin administration or not (n = 6). Arrows indicate pHRodo Zymosan Bioparticles engulfed by 
primary microglia. Scale bar: 20 μm. (B) The percentage of pHRodo Zymosan+ microglia in total microglia expressing Cs WT, Cs K215Q 
mutant, or Sirt3 knockdown, after LPS and hesperidin administration or not (n = 6). One-way ANOVA and Tukey's multiple comparisons test 
were used. (C) The mean gray value according to the red channel in was calculated by ImageJ (n = 6). One-way ANOVA and Tukey's multiple 
comparisons test were used. (D–F) IL-1β, TNF-α, and IL-6 mRNA qRT-PCR is used to evaluate microglial pro-inflammatory cytokines (n = 6). 
One-way ANOVA and Tukey's multiple comparisons test were used. Bar graphs are represented as mean ± SD. ****p < 0.0001, ***p < 0.001, 
**p < 0.005; hesp, hesperidin; KD, knockdown; ns, no significance; veh, vehicle.
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Additionally, the interplay between microglial metabolism and other 
factors, such as aging or neurodegenerative diseases, requires fur-
ther investigation.

Microglial metabolic reprogramming leads to the upregulation 
and reliance on aerobic glycolysis, which is due to the rate of re-
sponse required of microglia for an effective neuroinflammation. 
Glycolysis is able to produce ATP less efficiently, but more rapidly, 
than OXPHOS. Fragmented TCA cycle is the result of two break-
points, succinate dehydrogenase (SDH) and isocitrate dehydroge-
nase (IDH). The accumulation of citrate inside mitochondria could 
inhibit SDH, which results in further inhibition of the TCA cycle and 
accumulation of citrate.38 In this study, we used hesperidin and Cs 
K215Q mutation to inhibit Cs enzyme activity, reduce citrate accu-
mulation, and inhibit the pro-inflammatory functions of microglia. 
However, microglial metabolic reprogramming has not been re-
versed, and TCA cycle and OXPHOS have not been improved. The 
mid- to long-term benefits of this treatment strategy still require 
further study.

In conclusion, we find that Cs K215 hypoacetylation, regulated 
by mitochondrial Sirt3, contributes to increased Cs enzyme activ-
ity and enhanced microglial pro-inflammatory functions after TBI 
in vivo and LPS administration in vitro. Cs K215Q mutation and hes-
peridin treatment have anti-inflammatory effects despite microglial 
metabolic reprogramming remaining.

4  |  METHODS AND MATERIAL S

4.1  |  Animals and controlled cortex injury

Adult male C57BL/6J wildtype mice (6–8 weeks old) were used. 
All animals in this study were approved by the Animal Care and 
Experimental Committee of the School of Medicine of Shanghai Jiao 
Tong University. Mice were housed in individual cages in a temper-
ature- and humidity-controlled animal facility with a 12-h light/dark 
cycle. Mice were housed in the animal facility for at least 7 days be-
fore controlled cortex injury (CCI) surgery, and they were given free 
access to food and water during this period.

The moderate CCI model was created. After the mice were anes-
thetized with 4% isoflurane and placed in a stereotactic frame. A 
circular skull flap in the center of lambda and bregma with a 4 mm 
diameter was removed. Moderate TBI was then generated by a CCI 
impactor, with a depth of 2 mm and velocity of 3 m/s, according to 
a previous protocol. The animals were returned to their cages for 
recovery after the surgery.

4.2  |  Perfusion and tissue processing

Mice were anesthetized using 4% isoflurane and transcardially 
perfused with 0.9% NaCl solution. For biochemistry and molecu-
lar biological experiments, fresh brain tissues were sampled from 

ipsilateral cortex and hippocampus and were froze at −80°C for 
later use.

4.3  |  Primary microglia isolation and culture

Primary microglia were generated by postnatal 0 to 3 days in wildtype 
(WT) mice. Brains were dissected from postnatal 0–3-day-old mice 
and then dissociated by 0.25% trypsin and trituration until no small 
clumps were observed in the cell suspension. Single-cell suspensions 
were obtained by passing the suspension through a 70-mm nylon 
cell strainer. Finally, the cell suspension was plated onto 75-cm2 
poly-lysine-coated culture flasks. The cells were grown in Dulbecco's 
modified Eagle medium (DMEM, Invitrogen, Waltham, MA, USA) 
supplemented with 20% fetal bovine serum (FBS, Gibco, Grand 
Island, NY, USA) and 1% penicillin-streptomycin (Invitrogen). After 
10 days of culture, primary microglia were separated and collected 
for experiments.

4.4  |  LPS and hesperidin treatment on 
primary microglia

To induce metabolic reprogramming, primary microglia were treated 
for 18 h with 5 μg/mL LPS (from E. coli, Sigma, L4391) in DMEM 
+10% FBS. Controls received vehicle solution (PBS) only. To inhibit 
Cs activity, primary microglia were pretreated with 50 μM hesperidin 
(MCE, HY-15337) or vehicle (saline) in DMEM +10% FBS. After 24 h 
of hesperidin pretreatment, LPS or LPS-vehicle solution was used, 
and cells were co-treated with hesperidin and LPS for another 18 h.

4.5  |  Cs K215Q mutant construction and 
transfection

Cs wildtype vector was created by inserting a Cs transcript 
NM_026444.4 behind the CMV promotor of pcDNA3.1. Cs K215Q 
mutant vector was created by the similar way but the adenine A834 
in cDNA was replaced by guanine G834. These plasmids were trans-
fected into NIH/3 T3 cells with the help of Lipofectamine 3000 
agents (ThermoFisher, L3000008).

4.6  |  Sirt3 knockdown and overexpression

Sirt3 knockdown was performed by using short hairpin RNA 
(shRNA). The following shRNA were used in this study:

shScramble: CAACA​AGA​TGA​AGA​GCA​CCAA.
shSIRT3: GGTGG​AAG​AAG​GTC​CAT​ATCT.
Sirt3 wildtype overexpression vector was created by inserting a 

Sirt3 transcript NM_001177804.1, which was followed by 3xFlag, 
behind the CMV promotor of pcDNA3.1. These plasmids were 
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transfected into NIH/3 T3 cells with the help of Lipofectamine 3000 
agents (ThermoFisher, L3000008).

4.7  |  rAAV2-cMG2 virus packaging

The plasmid of rAAV2-cMG2 viral capsid is the gift from Prof. PhD. 
Minmin Luo of Tsinghua Institute of Multidisciplinary Biomedical 
Research (TIMBR), Beijing, China. The vectors of wildtype Cs, Cs 
K215Q mutant, Sirt3-3xFlag overexpression and Sirt3 knockdown 
were packaged into this virus.

4.8  |  Virus transfection in vitro

rAAV2-cMG2 was used for primary microglia transfection in vitro. 
primary microglia were seeded at 5 × 105 cells per well into 6-well 
plates and were transfected by the virus at a multiplicity of infec-
tion (MOI) of 10,000. After 2 days, these cells could be used for the 
follow-up experiments.

4.9  |  Microglial phagocytosis assay

For microglial phagocytosis assays, primary microglia were split 
into 96-well plates at 1000 cells per well in DMEM +10% FBS and 
treated with LPS, hesperidin and/or vehicle solutions as described 
above. Following specific treatments, 5 ng of pHRodo Red Zymosan 
Bioparticles (Thermo Fisher Scientific, P35364) in 100 μL of DMEM 
+5% FBS was added per well. Three bright field and red fluores-
cent images per well were acquired after 2 h using a fluorescence 
microscope (Olympus IXplore Standard). To analyze the phagocyto-
sis ability of primary microglia, the numbers of total pHRodo+ cells 
and of total primary microglia were counted, and the percentage of 
pHRodo+ primary microglia was calculated.

4.10  |  Cytokine detection by qRT-PCR

Total RNA was isolated from primary microglia after specific treat-
ments, by using Trizol (Invitrogen) according to the manufacturer's 
instructions. cDNA was synthesized by using a reverse transcription 
kit (TAKARA). PCR was performed by using SYBR Advantage Premix 
(TAKARA). The following primers for the cytokines which were de-
tected in this study were used:

IL-1β: Forward: 5′-GCAAC​TGT​TCC​TGA​ACT​CAACT-3′; Reverse: 
5′-ATCTT​TTG​GGG​TCC​GTC​AACT-3′.

TNF-α: Forward: 5′-CCCTC​ACA​CTC​AGA​TCA​TCTTCT-3′; 
Reverse: 5′-GCTAC​GAC​GTG​GGC​TACAG -3′.

IL-6: Forward: 5′-TAGTC​CTT​CCT​ACC​CCA​ATTTCC -3′; Reverse: 
5′-TTGGT​CCT​TAG​CCA​CTC​CTTC -3′.

GAPDH was used as the control:

Forward: 5′-AGGTC​GGT​GTG​AAC​GGA​TTTG-3′; Reverse: 5′-
TGTAG​ACC​ATG​TAG​TTG​AGGTCA-3′.

All experiments were done in triplicates.

4.11  |  Label-free mass spectrometry analysis for 
protein acetylation modification

Sham and 24 h post-TBI male wildtype mice (n = 3 mice per group) 
were perfused, and the hippocampus were extracted. SDT 
buffer was added to the sample and transferred to 2-mL tubes 
with amount quartz sand. The lysate was homogenized by MP 
Fastprep-24 Automated Homogenizer (6.0 M/S, 30s, twice). The 
homogenate was sonicated and then boiled for 10 min. After cen-
trifuged at 14000g for 15 min, the supernatant was filtered with 
0.22 μm filters. The filtrate was quantified with the BCA Protein 
Assay Kit (P0012, Beyotime). The sample was stored at −80°C. 
20 μg of proteins for each sample were mixed with 6X loading 
buffer respectively and boiled for 5 min. The proteins were sep-
arated on 12% SDS-PAGE gel. Protein bands were visualized by 
Coomassie Blue R-250 staining.

5 mg of proteins for each sample were reduced with 100 mM 
DTT for 5 min at 100°C. Then the detergent, DTT and other low-
molecular-weight components were removed using UA buffer 
(8 M Urea, 150 mM Tris–HCl pH 8.5) by repeated ultrafiltration 
(Sartorius, 30 kD). Then 100 μL iodoacetamide (100 mM IAA in 
UA buffer) was added to block reduced cysteine residues and the 
samples were incubated for 30 min in darkness. The filters were 
washed with 100 μL UA buffer three times and then 100 μL 50 mM 
NH4HCO3 buffer twice. Finally, the protein suspensions were di-
gested with 4 μg trypsin (Promega) in 40 μL 50 mM NH4HCO3 buf-
fer overnight at 37°C, and the resulting peptides were collected 
as a filtrate. The peptide segment was desalted by C18 column. 
The peptide content was estimated by UV light spectral density at 
280 nm using an extinctions coefficient of 1.1 of 0.1% (g/L) solu-
tion that was calculated on the basis of the frequency of trypto-
phan and tyrosine in vertebrate proteins. The peptides mixture 
was subjected to Acetyl-Lysine Motif [Ac-K] Kit (Cell Signaling 
Technology, 13416S) for Kac enrichment.

Samples were analyzed on a nanoElute (Bruker, Bremen, 
Germany) coupled to a timsTOF Pro (Bruker, Bremen, Germany) 
equipped with a CaptiveSpray source. The MS data were analyzed 
using MaxQuant software version 1.6.17.0. MS data were searched 
against the database.

4.12  |  Citrate and Cs enzyme activity detection

The frozen brain samples and primary microglia after LPS/vehi-
cle and/or hesperidin administration were used for citrate levels 
and Cs enzyme activity detection by Citric Acid Content Assay 
Kit (Solarbio, BC2155) and Citrate Synthase Activity Assay Kit 
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(Solarbio, BC1065). The corresponding users' guide were followed. 
The data of Cs enzyme activity were normalized by the total pro-
tein per sample.

4.13  |  Seahorse extracellular flux assay

The oxygen consumption rate (OCR) and the extracellular acidifica-
tion rate (ECAR) were performed using the Seahorse XF Cell Mito 
Stress Test Kit (103015–100, Agilent Technologies) and Seahorse XF 
Glycolysis Stress Test Kit (103020–100, Agilent Technologies) ac-
cording to the manufacturer's protocols. 3 × 105 primary microglia 
per well were seeded onto a Seahorse XF 96-well culture microplate 
overnight and treated with LPS, hesperidin, and/or vehicle as de-
scribed above. Upon measurement, cells were washed twice with XF 
assay medium (102353–100, Agilent Technologies) and maintained 
in it. After baseline measurements, oligomycin, carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP) and Rotenone (Rote), and 
antimycin A (AA) were injected into the wells sequentially at specific 
time points for OCR analysis. For ECAR analysis, glucose, oligomycin 
(Oligo), and 2-DG were injected. The results were normalized to cell 
number, and data are presented as pmol/min for OCR and mPH/min 
for ECAR.

4.14  |  Coimmunoprecipitation, acetyl-lysine 
detection and western blotting

Primary microglia after LPS/vehicle and/or hesperidin administra-
tion were lysed in IP buffer (Solarbio, R0100). The lysates were 
centrifuged at 12,000g for 15 min at 4°C. The protein concentration 
was estimated by the Bradford method. Parts of the lysates were 
subjected to immunoprecipitation (IP) using rabbit anti-Cs antibody 
(1:50; Abcam, ab96600), mouse anti-Flag antibody (1:50; Abcam, 
ab125243), or rabbit control IgG (1:50; Abcam, ab128870). The sam-
ples were separated by 8% SDS polyacrylamide gel electrophoresis 
and electro-transferred onto a polyvinylidene difluoride membrane 
(Bio-Rad Lab, Hercules, CA).

The membrane was blocked with 5% skim milk for 2 h at room 
temperature and incubated with the following primary antibodies 
for 12 h at 4°C: rabbit anti-Cs antibody (1:1000; Abcam, ab96600); 
rabbit anti-Sirt3 (1:1000; Abcam, ab189860); HRP-conjugated rab-
bit anti-β-tubulin (1:10,000; Abcam, ab21058). The level of ace-
tyl-Cs was detected by mouse anti-acetyl-lysine antibody (1:1000; 
Cell Signaling, #9681). After the membrane had been washed 3 
times in a mixture of Tris-buffered saline and Tween-20 (TBST) for 
10 min each time, it was incubated with the appropriate horserad-
ish peroxidase-conjugated secondary antibody (1:10,000 dilution 
in TBST) for 1 h. For better coimmunoprecipitation (coIP) bands 
detection, a HRP-conjugated mouse anti-rabbit IgG light chain 
(1:10,000; Abbkine, A25022) was used. The blotted protein bands 
were visualized and analyzed by ChemiDoc system and ImageLab 
software from Bio Rad.

4.15  |  Statistical analysis

All data are presented as the mean ± the standard deviation (SD). 
Graphpad Prism 9.4.0 for Windows was used for statistical analysis of 
the data. All data were first subjected to Shapiro-Wilk or Kolmogorov-
Smirnov test for normality, and then one-way analysis of variance and 
post hoc comparisons were made with Tukey or two-tailed t-test as 
recommended by the software. Data that do not exhibit a normal 
distribution were analyzed via a nonparametric equivalent based on 
Kruskal-Wallis test and Dunn's multiple comparisons. The specific sta-
tistical methods used in each experiment are listed in Figure Legends. 
Statistical significance was inferred at p < 0.05.
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