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Abstract

Background: Inflammation contributes to the poor prognosis of intracerebral hemorrhage (ICH). Intermittent fasting
(IF) has been shown to be protective against inflammation in multiple pathogenic processes. In the present study,

we aimed to investigated the beneficial effects of IF in attenuating neuroinflammation and neurological deficits in a
mouse model of ICH and to investigate the underlying mechanism.

Methods: ICH was modeled by intrastriatal injection of autologous blood and IF was modeled by every-other-day
feeding in male control mice (C57BL/6), mice with and microglia specific knockout Sirt37:Cx3cr1-Cre (Sirt3 cKO), and
Sirt3”f (wild-type) mice. Brain tissues and arterial blood were harvested at 1, 3, 7 and 28 days after ICH for immuno-
histochemistry analysis of Iba-1, DARPP-32 and HO-1, morphological analysis by HE staining and inflammatory factor
release tests by ELISA. Neurological functions were approached by corner test and cylinder test. Fluorescent double-
labeled staining of Iba-1 with CD16, Arg1 or Sirt3 was used to provide direct image of co-expression of these mol-
ecules in microglia. TUNEL, cleaved caspase-3 and Nissl staining was performed to evaluate cellular injuries.

Results: [F alleviated neurological deficits in both acute and chronic phases after ICH. Morphologically, IF enhanced
hematoma clearance, reduced brain edema in acute phase and attenuated striatum atrophy in chronic phase. In
addition, IF decreased the numbers of TUNEL™ cells and increased NissI* neuron number at day 1, 3 and 7 after ICH. IF
suppressed CD16%Iba-1" microglia activation at day 3 after ICH and reduced inflammatory releases, such as IL.-13 and
TNF-a. The above effects of IF were attenuated by microglia Sirt3 deletion partly because of an inhibition of Nrf2/HO-1
signaling pathway. Interestingly, IF increased Iba-11 microglia number at day 7 which mainly expressed Arg1 while
decreased the proinflammatory factor levels. In mice with microglia-specific Sirt3 deletion, the effects of IF on Iba-17
microglia activation and anti-inflammatory factor expressions were attenuated when compared with wild-type Sirt3”f
mice.
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Conclusions: IF protects against ICH by suppressing the inflammatory responses via the Sirt3/Nrf2/HO-1 pathway.

Keywords: Intracerebral hemorrhage, Intermittent fasting, Sirt3, Microglia, Inflammation

Background

Intracerebral hemorrhage (ICH) accounts for 10-15%
of all stroke cases which are characterized with 30-67%
mortality and poor prognosis [1]. Neurosurgical clot
evacuation is currently the primary treatment for ICH
[2]. However, clinical trials did not show a clear benefit
of hematoma evacuation over conservative management
[3, 4]. Thus, it is needed to further investigate the mecha-
nisms if ICH so that more efficient therapeutic strategies
could be developed.

During the secondary brain injury after ICH, neuro-
inflammation mediated by microglial activation plays an
essential role [5]. The products of red blood cell break-
down, such as hemoglobin, heme and iron, are strong
inducers for microglia activation [6]. Activated microglia
play multiple roles in ICH: it exhibits a protective effect
by engulfing cellular debris and deleterious products, but
also leads to strong inflammatory response by releasing
proinflammatory cytokines, such as interleukin (IL)-1p,
IL-6, inducible nitric oxide synthase (iNOS) and tumor
necrosis factor (TNF)-a [7]. Recent studies have shown
that the suppression of microglia-induced inflammatory
response protects brain against damages caused by ICH
[8]. In addition, our previous studies have demonstrated
that the inhibition of microglial activation leads to neuro-
protective effects in neurological functions [9].

Intermittent fasting (IF), defined as every-other-day
feeding, has been shown to extend lifespan and enhance
health status in mammals [10, 11]. Recent studies have
also reported that IF exerts a beneficial effect in differ-
ent models of central nervous system (CNS) disorders or
aged brain [12, 13]. Mechanistically, IF enhances neuronal
resistance against multiple types of injuries by inducing a
mild adaptive stress response, therefore improving learn-
ing, memory, brain plasticity as well as reducing inflam-
mation and neurodegeneration [14, 15]. IF also confers a
protective effect against oxidative stress and inflamma-
tion by activating antistress responses, including nuclear
respiratory factor (Nrf)-1, Nrf-2 and mammalian target
of rapamycin (mTOR) pathways [16, 17]. Moreover, IF
increases NAD + /NADH through altering cellular meta-
bolic processes which leads to the Sirtuin proteins activa-
tion [18]. We have recently shown that, Sirt3, which is a
member of the Sirtuin family and is primarily located in
mitochondria in the cells, plays an essential role in regu-
lating cellular apoptosis and autophagy after oxidative
neuronal stress [19]. However, it remains unknown if IF
has any beneficial effects in ICH.

In the present study, we investigated the role of IF in
ICH-induced brain damage and microglial activation, as
well as the involvement of Sirt3. We found that during
both the acute and chronic stages of ICH, IF conferred a
beneficial effect against neuronal injury through supress-
ing the inflammation induced by microglia activation.
In this process, microglial Sirt3 reduced the release of
proinflammatory factors, therefore attenuating neuroin-
flammation response and neurological deficits through
activating Nrf2/HO-1 signaling pathway. This study sug-
gests that IF and Sirt3 modulation are potential thera-
peutic strategies for ICH.

Methods

Animals

All the mice used in this study were male and at the age of
8-10 weeks. Eighty-nine C57BL/6 mice, 62 Sirt3” mice
(Wild type) and 75 Sirt375Cx3cr1-Cre mice (Sirt3 cKO)
(purchased from Shanghai Model Organisms, China)
were randomly assigned into different experimental
groups according to different study designs (details were
available in Tab S9). Mice were housed in a 12-h light/
dark cycle under conditions of a controlled temperature
and humidity. Mice in the IF group were feed every other
day with free access to water while the other groups were
allowed unlimited access to food and water. All experi-
ments were conducted according to protocols approved
by the Institutional Animal Ethics Committee of Fourth
Military Medical University.

Intracerebral hemorrhage model

ICH was induced by intrastriatal injection of 30 pl
autologous blood extracted from right femoral artery
into the right basal ganglia as previously described [20]
and details were available in the Additional file 1: Data
Supplement.

Experimental design
In experiment 1, C57BL/6 mice were randomly assigned
into ICH and ICH+IF groups. Behavioral tests, Nissl
staining, microglia activation measurement with Iba-1
staining and cytokine release were performed on days 1,
3, 7 and 28 after ICH. Hematoma volume, brain edema
and TUNEL™ cells was analysed on days 1, 3 and 7. Brain
atrophy was measured on day 28.

In experiment 2, C57BL/6 mice were randomly
assigned into sham, ICH and ICH+IF groups. Sirt3
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expression in the ipsilateral basal ganglia was measured
on days 3 and 7 after ICH.

In experiment 3, Sirt3”f or Sirt374Cx3cr1-Cre mice
were randomly assigned into ICH and ICH+IF groups.
Behavioral tests were performed on days 1, 3, 7 and
28 after ICH. Hematoma volume, brain edema and
HO-1/Nrf2 expression were measured on days 3 and
7. TUNEL™ cells was analysed on days 1, 3 and 7. Brain
atrophy was measured on day 28. M1 type microglia acti-
vation was observed on day 3 while M2 type was on day
7.

In experiment 4, Sirt3”f or Sirt374Cx3cr1-Cre mice
were randomly assigned into two groups receiving Vehi-
cle or DMF treatment before ICH+IF for 7 days and
all the data were obtained on day 3 after ICH, including
hematoma volume, behavioral score and cytokine release.

Behavioral tests were performed in all animals before
modeling and the images for histological analysis were
obtained within 2 mm around the hematoma area in the
basal ganglia (Additional file 1: Fig. S1).

Behavioral tests

Neurological function was evaluated on days O, 1, 3, 7
and 28 after ICH by an investigator blinded to the group
assignments with corner test and cylinder test descried
as previous [21, 22] and details were available in the
Additional file 1: Data Supplement.

Nissl and hematoxylin—-eosin (H&E) staining
Details were available in the Additional file 1: Data
Supplement.

TUNEL staining

Cellular injury was qualified by TUNEL staining accord-
ing to the manufacturer’s protocol (Roche, Switzerland).
Slices were photographed with a fluorescence micro-
scope (U-HGLGPS, OLYMPUS, Japan) under 40 x mag-
nification. The numbers of TUNEL-positive cells were
calculated with Image] software (version 1.8.0). Data was
presented as the number of TUNEL-positive cells per
square millimetre [23].

Immunohistochemistry and immunofluorescence

Brain sections were washed with 0.01 M PBS followed by
incubation with 5% BSA (Bovine Serum Albumin) block-
ing buffer. The sections were then incubated with primary
antibodies diluted in 0.01 M PBS (seen in the Additional
file 1: Data Supplement) at 4°C overnight. Then after
washed with PBS three times, slices were incubated
with the secondary antibodies conjugated with IgG bio-
tin, Alexa Fluor 488 or 594 for 2 h at room temperature.
For immunofluorescence, the slides were washed 3 times
and then covered with a mounting medium containing
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4,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich,
F6057). A confocal microscope (FluoView FV 1000,
Olympus, Japan) was used to obtain immunofluores-
cence microscopic images. For immunohistochemistry,
sections were placed in 3,3’-Diaminobenzidine (DAB)
solution containing 0.03% H,O, for 5-8 min. For cell
counting, five images per animal were taken and all the
measurements were repeated three times by a blinded
investigator.

Microglia isolation
Details were available in the Additional file 1: Data
Supplement.

Enzyme-linked immunosorbent assay (ELISA)

ELISA was used to measure concentration of cytokines
IL-1B (ab100704), TNF-a (ab100747), IL-10 (ab46103)
and TGEF-P1 (ab119557) in blood according to the manu-
facturer’s protocol (Abcam, USA).

RT-PCR
Details were available in the Additional file 1: Data
Supplement.

Western blot analysis
Details were available in the Additional file 1: Data
Supplement.

Statistical analysis

All the experiments were repeated at least 3 times and
data was presented as mean = standard deviation (SD)
and analysed with GraphPad Prism 8.0 (GraphPad Soft-
ware, USA). The data comparison among multiple groups
was performed with one-way ANOVA followed by Tuk-
ey’s post hoc test. Two-way ANOVA analysis plus post
hoc Bonferroni’s test was applied for behavioral data. Stu-
dent ¢ test was performed to analysis data between two
groups. p <0.05 was considered statistically significant.

Results

IF attenuates hemorrhagic brain damage in mice

To determine the effects of IF on ICH-induced brain
damage, mice were assigned randomly to ICH and
ICH+IF groups and sacrificed at 1, 3, 7 and 28 days after
ICH onset. When compared with ICH groups, the neuro-
logical function of mice was improved significantly on an
IF diet except for the day 1 (Additional file 1: Tables S1,
S2, Fig. 1A, B). Mice treated with IF had smaller hema-
toma than ICH groups at day 3 and 7 after ICH induc-
tion (Fig. 1C, D). Consistently, IF reduced brain edema
significantly as indicated by hemisphere volumes at
day 3 and 7 except for day 1 (Additional file 1: Table S3,
Fig. 1C, E). At day 28, IF-treated mice showed reduced
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striatum atrophy as indicated by DARPP-32 positive area
shrinkage as compared to ICH groups (24.76% +5.17%
vs 18.34%+3.59%, n=6, p<0.05, Fig. 1F, G). TUNEL
staining showed that the number of apoptotic cells was
reduced at day 1, 3 and 7 (Additional file 1: Table S4,
Fig. 1H, I). To further explore neuronal apoptosis, immu-
nofluorescence staining and confocal microscopy for
cleaved caspase-3 and the neuron marker NeuN was
performed. The data demonstrated that IF reduced apop-
totic neuron at day 3 and 7 (Additional file 1: Fig. S2). On
the other side, IF preserved the number of Nissl-positive
neurons in the ipsilateral hemisphere significantly from
day 1 to 28 after ICH (Additional file 1: Table S5, Fig. 1],
K). These results indicated that IF had protective effects
against brain damage and neurological deficits in both
the acute and chronic stages of ICH in mice.

IF regulates microglia activation and inflammatory
cytokines release after ICH

We next investigated the effects of IF on microglia acti-
vation after ICH. Iba-1 positive microglia accumulated at
day 1 in the ipsilateral hemisphere, increased from day 3
to 7, but decreased at day 28 (Fig. 2A, B). Interestingly,
the number of Iba-1" microglia and the protein levels of
Iba-1 decreased after IF treatment at day 3 and 28 but
increased at day 7 (Additional file 1: Tab S6, Fig. 2A, B,
Additional file 1: Fig. S3). However, microglia-driven
inflammatory response measured with ELISA indicated
that proinflammatory factors IL-1f and TNF-a in the
blood were increased in response to ICH, which were
attenuated by IF-treatment from day 3 to day 28 (Addi-
tional file 1: Table S7, Fig. 2C, D). In addition, the mRNA
levels of IL-1p and TNF-a in brain tissue around hema-
toma also increased after ICH, which was attenuated by
IF (Additional file 1: Table S8, Fig. 2E, F). Considering the
plasticity of microglia in response to different microenvi-
ronment, we speculated that the inconsistency in changes
of microglia activation and proinflammatory factors
secretory was possibly due to different functional types of
microglia. As shown in Fig. 2G-], the proinflammatory
marker CD16 and anti-inflammatory marker Argl were
double stained with Iba-1 at day 3 and 7, respectively.
IF significantly reduced the CD16%Iba-1" cells at day 3
(202.001+48.00 vs 85.00+32, n=12, p<0.01, Fig. 2G,
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I) and increased Argltlba-17 at day 7 (106.00+35.00
vs 254.00£48.00, n=12, p<0.01, Fig. 1H, J) after ICH
onset. These results indicated that IF might suppress
microglia-induced inflammation in acute stage and drive
microglia polarization towards anti-inflammation pheno-
type in subacute stage of ICH.

Microglial Sirt3 is upregulated by IF after ICH

We further investigated whether Sirt3 is involved in the
effects of IF on microglia activation after ICH. Immuno-
fluorescence staining was used to offer direct evidence
of Sirt3 expression in microglia. As shown in Fig. 3A,
B, Sirt3 expression was increased in microglia at 3 days
after ICH as compared to Sham groups, which further
increased in ICH+IF group (sham 8.35+2.24 vs. ICH
12.624+4.26 vs. ICH+IF 18.81+£3.17, n=12, p<0.01).
Similar results were also obtained for day 7 (ICH
1245+8.76 vs. ICH+IF 21.23+6.33, n=12, p<0.05,
Additional file 1: Fig S4). In addition, western blot also
confirmed the upregulated Sirt3 in ICH and ICH+IF
groups (Sham 1.0040.08 vs ICH 1.13+0.22 vs. ICH+IF
1.52+0.12, n=5, p<0.01, Fig. 3C, D). These data indi-
cated that Sirt3 in microglia was upregulated by IF, and
might play a role in IF-induced neuroprotection after
ICH.

Microglial Sirt3 deletion attenuates the neuroprotective
effects of IF following ICH

Sirt375Cx3cr1-Cre (Sirt3 cKO) mice in which Sirt3 was
deleted specifically in microglia were used to determine
the role of microglial Sirt3 in IF-induced neuroprotective
response. As shown in Fig. 4A, B, Sirt3 ¢cKO mice exhib-
ited worse neurological functions as indicated by the
higher corner test and cylinder test scores as compared
to control Sirt3”! mice in both the acute and chronic
stages after ICH +IF (Additional file 1: Tables S1, S2). In
addition, Sirt3 cKO mice had larger hematoma volume
and edema content (Additional file 1: Table S3, Fig. 4C—
E) at day 3 and 7 and more severe striatum atrophy at
day 28 as compared to control Sirt3” mice after ICH + IF
(Sirt3"" 17.45%+4.26% vs Sirt3 cKO 25.32%+5.18%,
n=6, p<0.05, Fig. 4F, G). TUNEL staining showed that at
day 1 after ICH, the number of TUNEL-positive cells was

(See figure on next page.)

Fig. 1 Effects of intermittent fasting on ICH-induced brain injury and neurological deficits in mice. Cylinder test A and corner test B tests were
performed pre-ICH (n=41-42) and at day 1 (n=37-38),3 (n=27),7 (n=18) and 28 (n=09) after ICH in mice with or without IF treatment. C
Representative HE staining images of the largest clot at day 1, 3 and 7 days after ICH with or without IF treatment, Scale bar=1 mm. Quantification
of hematoma size D and brain volume E in ICH and ICH + IF groups (n=6). F Examples of DARPP-1 immunohistochemistry in the basal ganglia

at 28 day after ICH with or without IF treatment, Scale bar=1 mm. G Quantification of ipsilateral shrinkage of the DARPP-32 positive area in the
mice (n=6). HTUNEL staining of ipsilateral mice brain and I the assessment of the number of TUNEL positive cells (n=6), Scale bar =50 um. J
Nissl staining of ipsilateral mice brain and K the assessment of the number of Niss| positive cells (n=6), Scale bar=50 pm. Statistical analysis was
performed using two-way ANOVA analysis plus post hoc Bonferroni's test for behavioural data (A, B), one-way ANOVA followed by post hoc Tukey’s
test for multiple comparisons (D-K). Values are mean & SD, *P < 0.05 compared with ICH group
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mean = SD, *P < 0.05 compared with ICH group
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Fig. 2 Effects of IF on microglia activation and inflammatory factors release after ICH. A Examples of Iba-1 immunohistochemistry in the ipsilateral
basal ganglia at different timepoints after ICH, Scale bar =50 um. B The number of Iba-1% cells was quantified as shown in the bar graphs (n=6).
Secretion of IL.-13 C and TNF-a D in blood after ICH was measured by ELISA (n=6). mRNA levels of IL-13 E and TNF-a F in microglia isolated from
ipsilateral cerebra were measured by qRT-PCR. Double fluorescent staining of CD16 (G, Red) or Arg1 (H, Red) with Iba-1 (Green) in the ipsilateral
basal ganglia respectively (Scale bar= 20 um) and counting of CD16%Iba-1" or Arg1*Iba-17 cell numbers (n=6). Statistical analysis was performed
using one-way ANOVA followed by post hoc Tukey's test for multiple comparisons (B-F), Student t test between two groups (1, J). Values are

ICHICH+IF ICHICH+IF

higher in Sirt3 cKO group (Additional file 1: Table S4,
Fig. 4H, I). Besides, condition knockout of Sirt3 in micro-
glia also increased the apoptotic neurons at day 3 and
7 (Additional file 1: Fig. S5). These data suggested that
microglial Sirt3 is required for IF-induced neuroprotec-
tive effects after ICH.

Sirt3 contributes to anti-neuroinflammatory effects of IF in
the acute stage of ICH

The role of Sirt3 in regulating microglia-driven inflam-
matory response in ICH+IF in the acute stage of ICH
(day 3) was further investigated. At day 3 after ICH+IF,
the number of Iba-1* microglia in the perihematomal
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Fig. 3 Sirt3 expression in microglia after IF treatment for 3 days in ICH mice. A Double fluorescent staining of Sirt3 (Red) and Iba-1 (Green) in the
ipsilateral basal ganglia, Scale bar =20 um. B Evaluation of fluorescence intensity of Sirt3 in the Sirt3tIba-1" cells (n=6). C Western blot analysis

of Sirt3 protein levels in microglia isolated from ipsilateral basal ganglia and quantification of relative gray value D compared with Sham group
(n=3). Statistical analysis was performed using one-way ANOVA followed by post hoc Tukey's test for multiple comparisons. Values are mean 4 SD,
&P <0.05 compared with Sham group, *P<0.05 compared with ICH group

area was greater in Sirt3 cKO than in Sirt3”! mice (
Sirt3"" 226.00+36.00 vs Sirt3 cKO 327.00 +43.00, n=6,
p<0.01, Fig. 5A, B). Accordingly, the mRNA levels of
IL-1B (Sirt3" 1.004:0.23 vs Sirt3 cKO 2.13+0.47, n=3,
p<0.05, Fig. 5C) and TNF-a (Sirt3”f 1.004:0.18 vs Sirt3
cKO 2.87+0.75, n=3, p<0.05, Fig. 5D) in perihemato-
mal areas were higher in Sirt3 cKO mice than in Sirt3"
counterparts. ELISA analysis of the serum also showed

higher levels of IL-1B (Sirt3”f 109.52416.28 vs. Sirt3
cKO 164.33+£23.32 pg/ml, n=6, p<0.01, Fig. 5E) and
TNE-a (Sirt3”f 6.06+3.12 vs Sirt3 cKO 9.67 £2.23 pg/
ml, n=6, p<0.05, Fig. 5F) in Sirt3 cKO mice. West-
ern blot also showed that the proinflammatory mark-
ers CD16 (Sirt3”f 1.0040.09 vs. Sirt3 ¢KO 1.43+0.12,
n=3, p<0.01, Fig. 5G, H) and CCL3 (Sirt3"f 1.0040.09
vs. Sirt3 cKO 2.134+0.21, n=3, p<0.01, Fig. 5G, I) were
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significantly increased in microglia isolated from peri-
hematomal regions in Sirt3 ¢KO mice as compared to
Sirt3"f mice.

Microglial Sirt3 promotes microglia polarization

to anti-neuroinflammatory phenotype in the subacute
stage of ICH

Because IF increased Arg'lba-17 cells while reduced
proinflammatory factor release in the subacute phase
(day 7) after ICH, there parameters were further meas-
ured in Sirt3 cKO mice. The number of Iba-1" microglia
had limited change in the perihematomal area was not
different between Sirt3”! mice and Sirt3"f cKO mice at
day 7 treated with IF after ICH (Sirt3"f 532.0083.00
vs Sirt3 ¢cKO 473.00£73.00, n=6, p=0.22, Fig. 6A, B).
However, the mRNA levels of IL-10 (Sirt37f 1.00+0.15 vs
Sirt3 ¢KO 0.41£0.27, n=3, p<0.05, Fig. 6C) and TGF-
B1 (Sirt3” 1.0040.15 vs. Sirt3 cKO 0.62+0.18, n=3,
p<0.05, Fig. 6D) in perihematomal areas were lower in
Sirt3 cKO mice than in Sirt3”f mice. Consistently, levels
of IL-10 (Sirt3"" 15.32+3.16 vs Sirt3 cKO 11.7340.86,
n=6, p<0.01, Fig. 6E) and TGF-B1 (Sirt3"f 168.44 + 31.70
vs. Sirt3 cKO 107.23+14.52, n=6, p<0.01, Fig. 6F) in
serum also decreased in Sirt3 cKO mice. In addition, the
anti-inflammatory markers CD163 (Sirt3”f 1.0040.14
vs. Sirt3 ¢cKO 0.54+0.25, n=3, p<0.05, Fig. 6G, H) and
CCL22 (Sirt3”' 1.004£0.17 vs. Sirt3 cKO 0.61+0.16,
n=3, p<0.05, Fig. 6G, I) were significantly downregu-
lated in microglia in the perihematomal regions in Sirt3
cKO mice as compared to Sirt3”f mice. These observa-
tions suggest that microglial Sirt3 is involved in the regu-
lation of microglia polarization in ICH+IF.

Sirt3 regulates microglial activation through Nrf2/HO-1
pathway in acute stage of ICH

To investigate whether the Nrf2/HO-1 signaling path-
way was regulated by Sirt3 in ICH+IF, the protein lev-
els of Nrf2 and HO-1 were first measured at multiple
timepoints in the acute and subacute stages of ICH in
WT mice. As shown in Additional file 1: Fig. S6, both
Nrf2 and HO-1 proteins increased significantly at day 1
and 3 but decreased almost to the baseline levels at day
7. Therefore, we chose day 3 as the timepoint for further
study. At day 3 after ICH, IF upregulated the expressions

Page 8 of 15

of Nrf2 and HO-1 in microglia which were attenuated
by Sirt3 deletion (Fig. 7A—C). Consistently, IF-induced
increases in number of HO-1" cells were attenuated by
Sirt3 deletion (Fig. 7D, E). Next, Sirt3"f cKO mice were
pretreated with a clinically approved Nrf2 activator,
dimethyl fumarate (DMF) or vehicle control for 7 days
before ICH+IF. HO-1 (1.00£0.21 vs 1.444+0.16, n=3,
p<0.05, Fig. 7F, G) and Nrf2 (1.004+0.16 vs 1.87+0.20,
n=3, p<0.05, Fig. 6F, H) levels were increased mark-
edly in the ICH+IF+DMF groups as compared to
ICH+IF + Vehicle groups. Moreover, the secretion of
IL-1p (164.334+23.32 vs. 138.25+15.33, n=6, p<0.05,
Fig. 7I) and TNF-a (9.67£1.90 vs. 7.04+1.76, n=6,
p<0.05, Fig. 7]) in serum were partly reduced by DMFE.
To determine whether DMF could recapitulate the ben-
eficial effects of IF in neurological performance and
hematoma resolution, neurofunctional scores and clot
volume were investigated at day 3 after ICH+IF with
DMEF pretreatment. The data indicated that DMF signifi-
cantly improved neurological deficits and reduced hema-
toma volume (Additional file 1: Fig. S7). Altogether, these
results indicated that the Nrf2/HO-1 signaling pathway
may be downstream of Sirt3 in microglial activation at
day 3 after ICH.

Discussion
Inflammation caused by degradation products of red
blood cells (RBCs) following intracerebral hemorrhage
leads to severe secondary brain injury, which is a major
reason leading to neuronal apoptosis and worsening
prognosis of ICH [24]. However, there is no effective clin-
ical intervention so far. The present study demonstrated
for the first that intermittent fasting protected against
ICH-induced neurologic deficits in both short and long
terms by suppressing microglia-driven inflammatory
response and neuronal apoptosis. Notably, genetic dele-
tion of microglia Sirt3 abolished the beneficial effects of
IF through inhibiting Nrf2/HO-1 signaling pathway in
the acute stage after ICH. These results suggested a criti-
cal role of Sirt3 in ICH-induced brain injury, especially in
regulating neuroinflammatory responses after ICH.

Since Goodrick et al. first demonstrated that inter-
mittent fasting extends mice lifespan significantly
[25], subsequent studies showed that IF also has

(See figure on next page.)

#P<0.05 compared with Sirt3”" group

Fig. 4 Role of microglial Sirt3 in IF-induced neuroprotective effects after ICH. Cylinder test A and corner test B tests were performed pre-ICH
(h=41)and atday 1 (n=38),3 (n=27),7 (n=18) and 28 (n=9) after ICH in Sirt3” or Sirt3”'Cx3cr1-Cre mice with IF treatment. C Representative

HE staining images of the largest clot at day 3 and 7 days after ICH with IF treatment, Scale bar=1 mm. Quantification of hematoma size D and
brain volume E in Sirt37" or Sirt3”"Cx3cr1-Cre mice after ICH with IF (0 =6). F Examples of DARPP-1 immunohistochemistry in the basal ganglia at

28 day after ICH with IF treatment, Scale bar=1 mm. G Quantification of ipsilateral shrinkage of the DARPP-32 positive area in the mice (n=6). H
TUNEL staining of ipsilateral mice brain at day 1, 3 and 7 after ICH with IF treatment and | the assessment of the number of TUNEL positive cells
(n=6), Scale bar=50 um. Statistical analysis was performed using two-way ANOVA analysis plus post hoc Bonferroni's test for behavioral data (A, B),
one-way ANOVA followed by post hoc Tukey’s test for multiple comparisons (D, E), Student t test between two groups (G, I). Values are mean £ SD,
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multiple benefits in the management of cardiovascu-
lar disease, hypertension, liver ischemia, metabolic
disorders, obesity and adiposity through decreasing

metabolic homeostasis, oxidative stress and inflamma-
tion [26, 27]. In CNS disorders, IF has been shown to
improve cognitive performance in Alzheimer’s disease,
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Huntington’s disease and neuropsychiatric diseases [14,
28]. A recent study supports the notion that IF allevi-
ates poststroke brain damage via altering epigenetic
and transcriptional programming [17]. In the present

study, we have explored whether IF has any effects on
ICH-induced brain damage. Our results indicates that
every-other-day feed strategy ameliorates ICH-induced
neurological functional deficits in mice at day 3—28. The
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protective effects of IF may be partly through enhanc-
ing hematoma clearance and reducing brain edema
after ICH. Furthermore, the release of proinflammatory
cytokines, such as IL-1B and TNFa was suppressed by
IF treatment in the multiple phases of ICH, strongly
supporting the essential role of inflammation in func-
tional recovery after ICH, which may be the underlying

mechanism contributed to the neuroprotective effects
of IF. Interestingly, the beneficial effects of IF were lim-
ited at day 1 in our study. The underlying reason maybe
that it doesn’t work directly on the brain but through
a systematic response. A body of literature has shown
that intermittent fasting or calorie restriction works
by regulating energetic metabolism 12 to 24 h later
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after depletion of carbohydrates [26]. Besides, IF has
been proved to effectively restored the gut microbi-
ome, and then probably influences neurological func-
tion [29], which is an increasingly popular research
topic in recent years. Therefore, intermittent fasting
probably protect brain from ICH insult through shift-
ing energetic metabolism after a certain time. However,
whether this assumption holds still requires further
investigation.

Microglia are known as the main innate immune cells
in CNS which evoke inflammatory mediator release
when sense danger signals after ICH insult [8]. Increas-
ing evidence has indicated that the inhibition of activated
microglia ameliorate neuronal injuries after ICH [30].
Consistent with the previous studies, we find the poten-
tial link between downregulated Iba-1* microglia num-
ber by IF and improved neurological function at day 3
and 28 after ICH. However, the other major function of
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microglia is to engulf RBCs and remove cellular debris
[31]. Under certain conditions, microglia can also express
arginasel (Argl), insulin-like growth factor (IGF-1),
Yml and anti-inflammatory cytokines, such as IL-10
and IL-4, which facilitate recovery of CNS injury includ-
ing ischemic stroke [32]. Considering the high plasticity
of microglia according to different pathologic events or
microenvironments [33], deeper insight into the regula-
tory mechanisms of microglial phenotype variations may
help maintain the homeostasis of microglia activation.
Intriguingly, in the present study, IF increased Iba-1%
microglia at day 7 after ICH while supressed proinflam-
matory cytokine release. To gain an initial understand-
ing of the characteristics of the increased microglia, we
used the fluorescence double-labeling and found most of
these microglia expressed the anti-inflammatory marker
Argl. It is possible that IF promotes microglia polarize to
the anti-inflammatory subtype at the subacute stage after
ICH. Besides, although IF decreased the number of Iba-
1" microglia at the acute stage, the hematoma clearance
was enhanced. The clearance of hematoma may depend
on some unknown cells other than activated microglia
which still need further investigations.

The underlying mechanisms of IF in regulating inflam-
mation after ICH are still unknown. It has been reported
that energy deficiency caused by IF leads metabolic
changes to oxidative phosphorylation and maintain
stable mitochondrial function [16, 34]. In these pro-
cesses, Sirtuin family proteins probably have a crucial
role. Sirtuin-3 (Sirt3) is one of the important and exten-
sively studied proteins of Sirutins which locates mainly
in mitochondria and regulates mitochondrial func-
tions and energy metabolism in a variety of physiologi-
cal and pathological processes [35]. To uncover whether
Sirt3 participates in the IF-induced anti-inflammatory
functions, we first analysed the protein levels of Sirt3 in
microglia treated with IF and found the potential posi-
tive effects on regulating Sirt3 expression by IF. A con-
ditional microglia-specific Sirt3 depletion mouse strain
is further applied to explore its effects under the condi-
tion of energy restriction after ICH. Mice lacking Sirt3
in microglia have poor neurological functional retention
in both short and long terms treated with IF. In addi-
tion, the proinflammatory markers, such as CD16, CCL3,
IL-1B and TNF-a increased in Sirt3”Cx3cr1-Cre mice
compared with Sirt3”f mice at day 3 after ICH, while the
anti-inflammatory markers decreased at day7, suggesting
that IF may act through microglial Sirt3 to manipulate
neuroinflammation after ICH. It is worth noting, though,
Cx3crl-driven Cre recombinase is a widely used genetic
tool for enabling gene manipulation in microglia [36,
37], nonmicroglial cells expressing Cx3cr1, such as mac-
rophage and leakiness of cre activity into neurons have
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become a major concern [38]. In the present study, con-
ditional knockout of Sirt3 in cells with Cx3crl promoter
attenuated the protective effects of IF. It is reasonable to
get the view that Sirt3 in microglia participates in the
effects of IF, while there may be other cells included since
it is hardly to distinguish nonmicroglia, which was a limi-
tation of our work.

As reported, Nrf2/HO-1 signaling pathway has been
proved to function as one of the key molecular mecha-
nisms participating in oxidative stress and inflamma-
tory activity in multiple organs and cells including colon,
kidney and brain [39-41]. Under the condition of die-
tary energy restriction, Nrf2 activity can be reinforced
therefore regulates the transcription, modification, or
expression of downstream proteins, such as HO-1, glu-
tathione (GSH), superoxide dismutase (SOD) and fibro-
blast growth factor (FGF) [42, 43]. It has been previously
reported that in mice AD model, IF has the beneficial
effects on anxiety and cognition which is mediated by
Sirt3 through increasing the enzymatic activity of SOD
[28]. Correspondently, in Sirt3 null mice, the application
of Nrf2 agonist DMF can suppress the release of IL-1
and TNF-a as well as increase HO-1 expression at a cer-
tain level although not to the baseline of WT mice. These
finding illustrates that Nrf2/HO-1 pathway may be at
least partly associated with neurological adaptations and
inflammatory inhibition by IF after ICH.

Conclusions

In conclusion, our results revealed that IF limits neu-
rological deficits and neuronal apoptosis in early ICH
injury, and has a long-term protective effects against
neuroinflammation. The neuroprotective effects of IF are
mediated at least partly through Sirt3/Nrf2/HO-1 signal-
ing pathways in microglia (Fig. 8). However, the possible
link in the neuronal network between microglia and neu-
rons under the above condition still need further study.
Overall, IF may considerably serve as a potential non-
pharmacological dietary paradigm treating ICH.

’
»7 <= Activate
= Inhibit

Intermittent
Fasting

Fig. 8 IF alleviated neurological deficits and supressed
neuroinflammation after ICH via Sirt3/Nrf2/HO-1 pathway
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