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Abstract 

Background  Alternate day fasting (ADF) as a healthy dietary pattern has been reported to improve brain func-
tions and behaviors, but the effect of ADF on diabetes-related brain disorders and the potential mechanisms remain 
unclear. In this study, we investigated the impact of ADF on neuroinflammation and exploratory behavior in type 1 
diabetic (T1D) mice and explored the specific molecular mechanisms from the perspective of the gut microbiota 
and host metabolism.

Results  ADF can effectively relieve neuroinflammation and exploratory behavioral disorders in T1D mice. According 
to fecal microbiota transplant and bacterial supplementation, we demonstrated that ADF-driven enrichment of Akker-
mansia muciniphila (AKK) was necessary for boosting exploratory behavior in T1D mice. The gut microbiota-derived 
metabolite δ-valerobetaine (VB) reduced hepatic carnitine synthesis by inhibiting BBOX, and caused exploratory 
behavioral disorders in mice. In vitro and in vivo studies revealed that AKK bacteria had the ability to consume VB, 
and thereby increased systemic carnitine level. In addition, carnitine was found to deplete lipid droplet accumulation 
in microglia by enhancing fatty acid oxidation and lipolysis, reduce neuroinflammation and neuron injury, and then 
increase exploratory behavior in T1D mice.

Conclusions  Our study sheds light on the gut-liver-brain metabolic axis mechanism on the protective role of ADF 
in T1D-associated neuroinflammation and exploratory behavioral disorders and AKK bacteria exert as a key mediator.
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Graphical Abstract

Introduction
Type 1 diabetes (T1D) is an autoimmune disease due to 
pancreatic β-cell destruction that leads to insulin defi-
ciency and hyperglycemia [1]. The prevalence of T1D 
is globally increasing, and approximately 8.4 million 
individuals suffered from T1D in 2021 and this num-
ber will rise to 13.5–17.4 million in 2040 [1]. Of note, 
diabetes affects brain functions and behaviors, result-
ing in a higher risk of dementia [2, 3]. Some potential 
mechanisms on diabetic brain disorders have been pro-
posed such as insulin resistance [4], oxidative stress [5], 
mitochondria damage [6], autophagy [7] and metabolic 
disturbances [8]. Besides, numerous studies have also 
reported that neuroinflammation plays a significant 
role in the onset and development of diabetic brain dis-
orders [9, 10]. Compared to type 2 diabetes, however, 
neuroinflammation in T1D has received relatively less 
attention, posing a significant challenge to the care and 
management of brain health in T1D patients.

Accumulating evidence suggests that the gut micro-
biota and its metabolites modulate the gut-brain axis 
and exert as a key mediator for neuroinflammation [11]. 
Chen et al. reported that the gut microbiota imbalances 
promoted neuroinflammation via poly-unsaturated fatty 
acids and induced Alzheimer’s disease (AD) pathologies 
in mice [12]. Xu et al. found that the gut dysbiosis con-
tributed to depression-like behaviors by increasing neu-
roinflammation due to short-chain fatty acids (SCFAs) 
deficiency [13]. Aging-driven shifts in the gut bacteria 
caused microglia inflammation and behavior disorders 
through microbial metabolite TβMCA [14]. Previously, 
we also revealed that the gut microbiota from healthy 
mice reduced neuroinflammation and cognitive decline 
in T1D mice by increasing glutamate [15] and aspartate 
[16]. Besides, the impacts of the gut microbiota on neu-
roinflammation were also mediated by it metabolites 
SCFAs [17], indoles [18], glycerophospholipid [19] and 
obeticholic acid [20]. Thus it can be seen that the gut 
microbiota and its metabolites play a pivotal role in the 
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onset and progression of neuroinflammation, unveiling 
potential targets for the prevention and treatment of dia-
betes-induced behavioral disorders.

At present, scientists have proposed to mitigate neuro-
inflammation via targeted modulation of the gut microbi-
ota. For example, dietary fiber as prebiotics has the ability 
to reshape the gut microbiota and increase SCFAs pro-
duction and thereby attenuated neuroinflammation and 
cognitive impairment in mice [21]. Sun et  al. reported 
that Eucommiae polysaccharides relieved diet-induced 
neuroinflammation and behavioral disorders of mice by 
regulating microbiota-driven tryptophan metabolism 
[22]. Polysaccharides from Astragalus membranaceus 
were found to alter microbial metabolites and alleviate 
LPS-induced neuroinflammation in mice [23]. In addi-
tion to prebiotics, probiotics also exhibited analogous 
effects, for example, supplementation with Clostridium 
butyricum decreased neuroinflammation in the AD 
mice via butyrate [24]. Kong et al. uncovered the ability 
of Bifidobacterium longum to enhance microbial kynure-
nine metabolism and then regulate neurotransmitters 
and neuroinflammation in autistic rats [25]. The antide-
pressant effect of Bifidobacterium breve was mediated 
through activating AhR by indole-3-lactate and decreas-
ing neuroinflammation in mice [26]. More importantly, 
intermittent fasting (IF) is becoming a popular eating 
pattern that reshapes the gut microbiota and host metab-
olism and then exerts health-promoting effects on dia-
betes [27], cancer [28], hypertension [29], autoimmunity 
[30], and obesity [31]. In recent years, the protective role 
of IF in brain functions has also been revealed by target-
ing the gut microbial metabolism [32–34]. Therefore, IF-
driven modulation of the gut microbiota might be a novel 
therapeutic avenue for nervous system diseases, thereby 
achieving the improvement of brain disorders through 
enteral  therapy. Herein we hypothesized that alternate 
day fasting (ADF) may relieve neuroinflammation and 
boost exploratory behavior in T1D mice by regulating the 
gut-brain metabolic axis.

In this study, therefore, T1D mice were subjected 
to ADF, and the open field test was utilized to evaluate 
exploratory behavior. We found that ADF can effectively 
alleviate neuroinflammation and increase exploratory 
behavior in T1D mice. The protective effect of ADF 
might be mediate by enriching Akkermansia muciniph-
ila and depleting microbial metabolite δ-valerobetaine 
(VB). Moreover, VB deficiency was found to increase sys-
temic carnitine level and then decreased lipid droplets 
in microglia and inhibited neuroinflammation. Hence, 
our study not only proposed the potential of ADF for the 
prevention and management of neuroinflammation and 
exploratory behavioral disorders in T1D, but also dis-
closed a novel gut-liver-brain metabolic axis mechanism.

Results
ADF boosts exploratory behavior and alters the gut 
microbiota in T1D mice
In this study, we developed a mouse model of T1D 
induced by streptozotocin, and typical T1D symptoms 
were observed as indicated by significant increases in 
fasting blood glucose level (Figure S1a), daily food intake 
(Figure S1b) and daily water intake (Figure S1c), but a sig-
nificant decrease in body weight (Figure S1d). To exam-
ine the effect of intermittent fasting (IF) on exploratory 
behavior, T1D and normal control (CON) mice were 
subjected to alternate day fasting (ADF) for 10  weeks, 
and the open field test (OFT) was used to assess explora-
tory behavior of mice, as shown in Fig.  1a. The OFT 
results reveal that T1D mice exhibited significantly lower 
exploratory behavior relative to CON mice, as indicated 
by reductions in the percentages of distance (Figs. 1b and 
1c) and time (Figs. 1b and  1 d) in center area and immo-
bile time in edge area (Figs. 1b and 1e). However, after a 
10-week ADF, these behavioral parameters in T1D mice 
were restored to normal levels, suggesting that ADF 
boosted exploratory behavior in T1D mice. ADF did not 
cause a significant impact on behavioral parameters in 
CON mice except immobile time in edge area (Figs. 1b-
1f ). There were no significant differences in immobile 
time in center area after ADF (Fig. 1f ). In addition, ADF 
did not result in significant alterations in fasting blood 
glucose level (Figure S2a), daily food intake (Figure S2c) 
and daily water intake (Figure S2d) in CON mice, while 
their levels were significantly decreased in T1D mice 
after ADF. Body weight of CON mice was significantly 
lower after ADF, but there was no significant change in 
T1D mice (Figure S2b).

Subsequently, the changes in the gut microbiota were 
analyzed in T1D mice after ADF by using 16S rRNA 
gene sequencing. At the phylum level, the percentage 
of Bacteroidetes was decreased, but the percentages of 
Firmicutes, Verrucomicrobia, Proteobacteria and Act-
inobacteria were increased in both CON and T1D mice 
after ADF, as shown in Fig.  1g. These changes were 
more pronounced in T1D mice, for example, the per-
centage of Verrucomicrobia increased from 0.15% to 
2.49% after ADF. At the genus level, the PCoA result 
shows a more distinct separation in the microbial pat-
tern in T1D mice after ADF when compared with CON 
mice (Fig.  1h). Furthermore, we used the volcano plot 
to identify significantly altered microbes between CON 
and T1D mice (Figure S3a) as well as between T1D and 
T1D-IF mice (Figure S3b). The Venn diagram demon-
strates that there were 15 gut microbes that signifi-
cantly altered between CON and T1D mice but also 
varied in T1D mice after ADF (Figure S3c). Then, these 
15 microbes were illustrated as a heatmap in Fig.  1i, 
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where we found that the relative abundances of most 
microbes markedly increased in T1D mice after ADF 
and remained at similar levels with CON and CON-IF 
mice, including Succinispira, Akkermansia, Pheinheim-
era, Nodosilinea, IIeibacterium, Allobaculum, Beggia-
toa, Faecalitalea, Absiella, Bavariicoccus, Sphigomonas, 
Marinobacter, and Saccharibacillus. Therefore, our 
results imply that ADF has potential to reshape the gut 
microbiota and increase exploratory behavior in T1D 
mice.

ADF reduces neuroinflammation and neuron injury 
in the prefrontal cortex of T1D mice
Since the prefrontal cortex (PFC) is a primary brain 
region that contributes to exploratory behavior [35], we 
analyzed the effect of ADF on microglial activation and 
neuron injury in this region of T1D mice. The results 
show that the number of Iba-1 positive staining was sig-
nificantly higher in the PFC of T1D mice relative to CON 
mice but markedly reduced after ADF (Figs. 2a and 2b), 
indicating that ADF suppressed T1D-induced microglial 

Fig. 1  Alternate day fasting boosts exploratory behavior and reshapes the gut microbiota in T1D mice. a Schematic diagram of the experimental 
procedure: After a one-week acclimation, T1D mice were developed by an intraperitoneal injection of streptozotocin (STZ) solution for 5 days, 
and the corresponding normal control (CON) mice were treated with the same volume of citrate buffer. Subsequently, T1D and CON mice were 
subjected to alternate day fasting (ADF) for 10 weeks and labeled as T1D-IF and CON-IF, respectively. After ADF, exploratory behavior was evaluated 
by the open field test (OFT) and then samples were collected for further analysis. b-f Changes in (b) the motion trails, the percentages of (c) 
distance and (d) time in center area as well as immobile time in (e) edge area and (f) center area in CON and T1D mice after ADF in the OFT (n = 6 
per group). g The percentages of the gut microbiota at the phylum level in CON, CON-IF, T1D and T1D-IF mice (n = 6 per group). h Classification 
of the microbial patterns among different groups at the genus level by PCoA (n = 6 per group). i Heatmap showing gut microbes that significantly 
altered between CON and T1D mice and also varied in T1D mice after ADF (n = 6 per group). The significant of difference among CON, CON-IF, T1D 
and T1D-IF groups was analyzed using one-way ANOVA with a post-hoc Dunnett’s test for multiple comparisons, and different lowercase letters 
represent a statistically significant difference between different groups (p < 0.05)
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activation in the PFC. This finding was further confirmed 
by the changes in proinflammatory factors, where we 
found that the mRNA expression levels of IL-6 (Fig. 2c), 
IL-1β (Fig.  2d) and TNF-α (Fig.  2e) were significantly 
higher in the PFC of T1D mice compared with CON mice 
but reduced to normal levels after ADF. Relative to CON 
mice, of note, the number of Nissl body positive staining 
was dramatically reduced in the PFC of T1D mice, which 
can be mitigated after ADF (Figs.  2f and  2 g), implying 
that ADF protected against PFC neuron injury caused by 
T1D.

ADF reshapes host metabolism especially increased 
carnitine synthesis and fatty acid oxidation
Furthermore, we examined the metabolic changes in the 
PFC and serum of T1D mice following ADF by using an 
untargeted LC–MS-based metabolomics method. The 
PCA results reveal that ADF resulted in clear separations 
in the metabolic patterns of the PFC and serum between 
CON and T1D mice under both positive (Figs. 3a and 3b) 
and negative (Figures S4a and S4b) modes. Yet, interest-
ingly, the PFC metabolic patterns in T1D mice after ADF 

were close to those in CON mice (Figs. 3a and S3a), sug-
gesting that ADF reshaped T1D-induced PFC metabolic 
disorders. Then, using an integrated method of multivari-
ate and univariate analyses, metabolites with VIP > 1.0, 
P < 0.01 and FC > 2.0 were selected as important metabo-
lites as illustrated in Figure S5a for PFC and Figure S5b 
for serum. After ADF, the levels of most metabolites in 
the PFC and serum did not obviously alter in CON mice, 
but were significantly reversed in T1D mice (Figures S5a 
and S5b). The metabolite set  enrichment  analysis was 
performed to achieve the functional classification of 
these metabolites, and top 10 enriched metabolic func-
tions in the PFC and serum were presented in Figs.  3c 
and  3 d, respectively. We identified 3 common enriched 
metabolic functions in the PFC and serum, including 
oxidation of branched chain fatty acids, beta oxidation 
of very long chain fatty acids, and carnitine synthesis. In 
these metabolic functions, carnitine is a common metab-
olite involved in regulating fatty acid oxidation (FAO, 
Fig. 3e).

Afterward, we developed a targeted analytical method 
of carnitine, and the retention time and MS/MS fragment 

Fig. 2  Alternate day fasting mitigates neuroinflammation and neuron injury in the prefrontal cortex of T1D mice. a, b Representative images 
of Iba-1 immunofluorescence staining and the quantitative data in the prefrontal cortex (PFC) of normal control (CON) and type 1 diabetic (T1D) 
mice as well as alternate day fasting (ADF)-treated CON and T1D mice (CON-IF and T1D-IF) (n = 5 per group). c-e The mRNA expression levels of (c) 
IL-6, d IL-1β and (e) TNF-α in the PFC of CON, T1D, CON-IF and T1D-IF mice (n = 6 per group). f, g Representative images of Nissl body staining 
and the quantitative data in the PFC of CON, T1D, CON-IF and T1D-IF mice (n = 5 per group). The significant of difference among CON, CON-IF, 
T1D and T1D-IF groups was analyzed by one-way ANOVA with a post-hoc Dunnett’s test for multiple comparisons, and different lowercase letters 
represent a statistically significant difference between different groups (p < 0.05)
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ions of carnitine in biological samples closely matched 
those of the standard substance, indicating high reliabil-
ity and specificity of the analytical method (Figs. 3f and  
3 g). The results of quantitative analysis demonstrate 
that T1D mice had significantly lower levels of carni-
tine in the PFC (Fig. 3h) and serum (Fig. 3i) than CON 
mice, which can be reversed to normal levels after ADF. 
Yet, ADF did not significantly alter the carnitine levels in 
the PFC and serum in CON mice. Additionally, we found 
that the level of carnitine in the PFC was significantly 

and positively correlated with the percentages of distance 
(Fig.  3j) and time (Fig.  3k) in center area and immobile 
time in center area (Fig. 3m), but negatively linked with 
immobile time in edge area (Fig. 3l). The significant posi-
tive associations were also detected between the serum 
carnitine level and the percentages of distance (Fig.  3n) 
and time (Fig.  3o) in center area. The level of carnitine 
in the serum was negatively related to immobile time in 
edge area (Fig.  3p), while no significant correlation was 
observed with immobile time in center area (Fig.  3q). 

Fig. 3  Alternate day fasting reshapes host metabolism in T1D mice. a, b PCA classification of the metabolic patterns of the (a) prefrontal cortex 
(PFC) and (b) serum detected using LC–MS-based untargeted metabolomics under positive mode in normal control (CON) and type 1 diabetic 
(T1D) mice as well as alternate day fasting (ADF)-treated CON and T1D mice (CON-IF and T1D-IF) (n = 8 per group). c, d Top 10 important metabolic 
functions in the (c) PFC and (d) serum analyzed by the metabolite set enrichment analysis based on key metabolites. e Molecular structure 
of carnitine. f, g The retention time and MS/MS fragment ions of (f) carnitine standard substance and (g) carnitine in biological samples using LC–
MS analysis. h, i Changes in the carnitine level in the (h) PFC and (i) serum of CON, CON-IF, T1D and T1D-IF mice (n = 8 per group). j-q Correlations 
between the percentages of (j, n) distance and (k, o) time in center area as well as immobile time in (l, p) edge area and (m, q) center area 
in the OFT and carnitine in the PFC and serum of mice. The significant of difference among CON, CON-IF, T1D and T1D-IF groups was analyzed 
by one-way ANOVA with a post-hoc Dunnett’s test for multiple comparisons, and different lowercase letters represent a statistically significant 
difference between different groups (p < 0.05)
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These results indicate that increased carnitine level may 
contribute to the improvement of exploratory behavior 
in T1D mice. Taken together, our findings suggest that 
ADF may increase systemic carnitine level and FAO, and 
thereby reduce neuroinflammation and boost explora-
tory behavior in T1D mice.

Microbial metabolite δ‑valerobetaine suppresses hepatic 
carnitine synthesis and reduces exploratory behavior
Carnitine is mainly synthesized via the hydroxylation 
of γ-butyrobetaine (γBB) by γBB hydroxylase (BBOX) 
in the liver (Fig.  4a). After ADF, we found a significant 
increase in the mRNA expression level of BBOX in the 
liver of T1D mice (Fig.  4b), which could be responsible 
to ADF-driven increase in the carnitine level. To exam-
ine the relationship of carnitine with other metabolites, 
Spearman correlation analysis was carried out, and the 
results reveal that carnitine had a significant negative 
correlation with δ-valerobetaine (VB), a gut microbial 
metabolite [36], as shown in Fig. 4c. According to molec-
ular docking analysis, the estimated binding free energy 
of VB (−6.61 kcal/mol) was found to be higher than that 
of γBB (−5.67  kcal/mol) (Fig.  4d). This result indicates 
that VB may competitively inhibit the binding site of γBB 
to BBOX, which is in agreement with the finding of Zhao 
et al. [37]. In addition, we observed a significant positive 
correlation between carnitine and the neurotransmit-
ter glutamine (Fig.  4c). However, whether the beneficial 
effects of carnitine were mediated by promoting glu-
tamine production remains to be further explored.

To investigate the effect of VB on carnitine synthesis 
and exploratory behavior, CON mice were subjected to an 
intraperitoneal injection of VB for 3 weeks (Fig. 4e). The 
results show that the level of carnitine was significantly 
reduced in the serum (Fig. 4f ) and PFC (Fig. 4g) after VB 
treatment. The immunohistochemical analysis reveals 
that the number of BBOX positive staining was notably 
decreased in the liver of mice following VB treatment 
(Figs.  4h and 4i), implying that VB may reduce hepatic 
BBOX protein level. According to the OFT experiments, 
we found that VB reduced exploratory behavior in mice, 
as indicated by significantly lower percentages of distance 
(Figs. 4j and 4k) and time (Figs. 4j and  4 l) in center area 
as well as immobile time in center area (Fig. 4n). Moreo-
ver, treatment with VB resulted in an increase in immo-
bile time in edge area in mice (Fig. 4m). To analyze the 
impact of VB on carnitine synthesis in  vitro, AML12 
hepatocytes were treated with VB for 24 h (Figure S6a). 
After VB treatment, the levels of carnitine (Figure S6b) 
and BBOX mRNA expression (Figure S6c) were signifi-
cantly decreased in AML12 cells. Therefore, we specu-
lated that microbial metabolite VB can suppress hepatic 

carnitine synthesis, thereby lowering systemic carnitine 
level and exploratory behavior of mice.

ADF‑driven enrichment of Akkermansia muciniphila 
increases exploratory behavior by consuming 
δ‑valerobetaine
To inspect the causal role of the gut microbiota in the 
protective effect of ADF on exploratory behavior, T1D 
mice were transplanted with fecal microbiota from either 
T1D mice (T1D-R) or ADF-treated T1D mice (ADF-
R) for 10  weeks (Fig.  5a). Relative to T1D-R mice, the 
percentage of Firmicutes was reduced in ADF-R mice, 
while increases in the percentages of Bacteroidetes, Pro-
teobacteria, Verrucomicrobia and Actinobacteria were 
obtained (Figure S7). A clear separation in the microbial 
pattern was detected between T1D-R and ADF-R mice 
by using PCoA (Fig. 5b). At the genus level, we focused 
on analyzing the gut microbes that significantly reversed 
in T1D mice after ADF as presented in Fig. 1i, where 6 
gut microbes were still identified after fecal microbiota 
transplant (FMT), including Akkermansia, lleibacterium, 
Sphingomonas, Nodosilinea_PCC-7104, Allobaculum, 
and Faecalitalea (Fig.  5c). Among them, Akkerman-
sia exhibited the highest relative abundance and its 
level was significantly increased in ADF-R mice com-
pared with T1D-R mice, indicating successful coloniza-
tion of Akkermansia into T1D mice after FMT (Fig. 5c). 
Besides, ADF-R mice had a lower level of fecal VB (Fig-
ure S8a) and higher levels of PFC carnitine (Figure S8b), 
serum carnitine (Figure S8c) and BBOX mRNA expres-
sion (Figure S8d) than T1D-R mice. Relative to T1D-R 
mice, the number of Iba-1 positive staining was mark-
edly reduced in the PFC of ADF-R mice (Figures S8e and 
S8f ). The PFC levels of IL-6 (Figure S8g), IL-1β (p = 0.26, 
Figure S8h) and TNF-α (Figure S8i) were also observed 
to be decreased in ADF-R mice. Since 4-hydroxynon-
enal (4-HNE) is an end-product of lipid peroxidation, 
the level of 4-HNE positive staining in the PFC was sig-
nificantly decreased in ADF-R mice when compared with 
T1D-R mice (Figures S8j and S8k), suggesting that FMT 
from ADF-treated mice can alleviate lipid peroxidation 
in the PFC of T1D mice. The Nissl staining results show 
that T1D-R mice had a significantly lower level of Nissl 
body positive staining in the PFC than ADF-R mice (Fig-
ures  S8j and S8l). We also found that FMT from ADF-
treated mice increased exploratory behavior in T1D 
mice, as indicated by significantly higher percentages of 
distance (Figs.  5d and 5e) and time (Figs.  5d and 5f ) in 
center area and immobile time in center area (Fig.  5h), 
but significantly decreased immobile time in edge area 
(Fig. 5g).

To verify the effect of Akkermansia on carnitine 
synthesis and exploratory behavior, T1D mice were 
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administered Akkermansia muciniphila (AKK) via oral 
gavage for 8 weeks (Fig. 5i). After an 8-week AKK treat-
ment, the relative abundance of AKK bacteria was dra-
matically increased (Fig.  5j), suggesting successful 

colonization of AKK bacteria. In addition, we found 
that the levels of VB in the feces (Fig. 5k), serum (Fig. 5l) 
and liver (Fig.  5m) were significantly reduced in T1D 
mice, while the levels of carnitine in the liver (Fig.  5n) 

Fig. 4  Treatment with δ-valerobetaine inhibits hepatic carnitine synthesis and reduces exploratory behavior in mice. a Carnitine is mainly 
synthesized via the hydroxylation of γ-butyrobetaine (γBB) by γBB hydroxylase (BBOX) in the liver. b The mRNA expression level of BBOX in the liver 
of type 1 diabetic (T1D) mice and alternate day fasting (ADF)-treated T1D mice (n = 6 per group). c Spearman correlation coefficient of carnitine 
with other key metabolites (p < 0.05). d The estimated binding free energy of γBB and δ-valerobetaine (VB) analyzed by molecular docking analysis. 
e Schematic diagram of the experimental procedure: After a one-week acclimation, normal control (CON) mice were subjected to an intraperitoneal 
injection of either VB or saline vehicle for 3 weeks. Subsequently, exploratory behavior was evaluated by the open field test (OFT) and samples were 
collected for further analysis. f, g The carnitine levels in the (f) serum and (g) prefrontal cortex (PFC) of CON and VB-treated mice (n = 5 per group). 
h, i Representative images of BBOX immunohistochemistry staining and the quantitative data in the liver of CON and VB-treated mice (n = 5 
per group). j-n Changes in (j) the motion trails and the percentages of (k) distance and (l) time in center area as well as immobile time in (m) edge 
area and (n) center area in CON and VB-treated mice in the OFT (n = 8 per group). The significant of difference between two groups was analyzed 
by two-tailed unpaired student’s t test. Significant level: *p < 0.05, **p < 0.01
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Fig. 5  Alternate day fasting-driven enrichment of Akkermansia muciniphila improves exploratory behavioral disorders in T1D mice. a Schematic 
diagram of the experimental procedure: The recipient T1D mice were given an antibiotic cocktail (Abx) to deplete their endogenous gut 
bacteria for one week, and then transplanted with fecal microbiota from T1D mice (T1D-R) or alternate day fasting (ADF)-treated T1D mice 
(ADF-R) once a day for the first week and every three days for 9 weeks. The open field test (OFT) was performed to evaluate exploratory behavior 
of mice and samples were collected for further analysis. b Classification of the microbial patterns between T1D-R and ADF-R mice at the genus 
level by PCoA (n = 6 per group). c The relative abundances of gut microbes that significantly reversed in T1D mice after ADF and still identified 
after fecal microbiota transplant (n = 6 per group). (d-h) Changes in (d) the motion trails and the percentages of (e) distance and (f) time in center 
area as well as immobile time in (g) edge area and (h) center area in T1D-R and ADF-R mice in the OFT (n = 11 per group). i Schematic diagram 
of the experimental procedure: T1D mice were orally administered with either sterile PBS or bacterial suspension of A. muciniphila (AKK) every other 
day for 8 weeks, and then exploratory behavior was evaluated by the OFT and samples were collected for further analysis. j Changes in the relative 
abundance of A. muciniphila in T1D mice after a 8-week AKK supplementation (n = 6 per group); k-m The level of δ-valerobetaine (VB) in the (k) 
feces (n = 5 per group), l serum (n = 6 per group) and (m) liver (n = 6 per group) of T1D mice and AKK-treated T1D mice. n, o The level of carnitine 
in the (n) liver and (o) serum of T1D mice and AKK-treated T1D mice (n = 5 per group). p-r The mRNA expression levels of (p) IL-6, q IL-1β and (r) 
TNF-α in the prefrontal cortex of T1D mice and AKK-treated T1D mice (n = 5 per group). s-w Changes in (s) the motion trails and the percentages 
of (t) distance and (u) time in center area as well as immobile time in (v) edge area and (w) center area in T1D mice and AKK-treated T1D mice 
in the OFT (n = 8 per group). x Changes in the concentration of VB in AKK bacterial suspension and PBS solution after 10 and 20 min (n = 4 
per group). The significant of difference between two groups was analyzed by two-tailed unpaired student’s t test. The significant of difference 
in the changes of the VB concentration with time was evaluated by a repeated measure ANOVA. Significant level: *p < 0.05, **p < 0.01, ***p < 0.001
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and serum (Fig. 5o) were increased. These findings sug-
gest that AKK bacteria may potentially consume VB and 
thereby increase carnitine synthesis. Moreover, the levels 
of IL-6 (Fig. 5p), IL-1β (Fig. 5q) and TNF-α (Fig. 5r) were 
reduced in the PFC of T1D mice after AKK treatment. In 
the OFT experiments, we observed increases in the per-
centages of distance (Figs. 5s and  5 t) and time (Figs. 5s 
and 5u) in center area and immobile time in center area 
(Fig. 5w) as well as a decrease in immobile time in edge 
area (Fig.  5v), indicating that AKK bacteria may boost 
exploratory behavior in T1D mice. To further confirm 
whether AKK bacteria can consume VB, we added VB 
into AKK bacterial suspension or PBS solution, and 
measured the concentration of VB in the solution after 10 
and 20 min (Fig. 5x). The results demonstrate that the VB 
level was significantly reduced in AKK bacterial suspen-
sion relative to PBS solution (Fig. 5x), implying that AKK 
bacteria have the ability to deplete VB. Consequently, we 
speculated that AKK bacteria enriched by ADF relieved 
neuroinflammation and enhanced exploratory behavior 
in T1D mice by regulating the VB-carnitine metabolic 
axis.

Carnitine inhibits neuroinflammation via reducing lipid 
droplets in microglia and increases exploratory behavior
To explore the protective mechanism of carnitine (CAR) 
on exploratory behavior, T1D mice were treated with 
intraperitoneal injection of CAR for 10  weeks (Fig.  6a). 
Considering the fact that CAR is a key mediator in long-
chain FAO [38], we analyzed the change of lipid droplets 
in microglia of the PFC in T1D mice after CAR treat-
ment via immunofluorescent staining. The results illus-
trates that the percentage of cells co-localizing Iba-1 and 
BODIPY was dramatically lower in the PFC of T1D mice 
treated with CAR (Figs. 6b and 6c). Moreover, a signifi-
cant reduction in the number of Iba-1 positive staining 
was also observed in CAR-treated T1D mice (Figs.  6b 
and  6 d). Neuroinflammation in the PFC of T1D mice 
was ameliorated after CAR treatment, as indicated by 
significantly lower levels of IL-6 (Fig. 6e), IL-1β (Fig. 6f ) 
and TNF-α (Fig. 6g) in CAR-treated T1D mice. It can be 
seen from the immumohistochemical results that T1D 
mice exhibited a significantly decrease in the number of 
4-HNE positive staining (Figs.  6h and 6j) and increase 
in Nissl body positive staining (Figs.  6i and 6k) in the 
PFC after CAR treatment, indicating that CAR relieved 
T1D-induced lipid peroxidation and neuron injury in the 
brain. Additionally, the percentages of distance (Figs.  6l 
and  6 m) and time (Figs.  6l and 6n) in center area and 
immobile time in center area (p = 0.18, Fig.  6p) were 
increased but immobile time in edge area (Fig.  6o) was 
decreased in CAR-treated T1D mice, manifesting the 
improvement of exploratory behavior. Furthermore, we 

analyzed the effect of CAR on PFC lipid metabolism in 
T1D mice, and found that CAR treatment can consid-
erably increase the expression levels of genes related to 
fatty acid β-oxidation (Fig. 6q; e.g. CPT1b, ACACA) and 
lipolysis (Fig. 6r; e.g. ATGL, HSL, PLIN3). Nevertheless, 
fatty acid synthesis (e.g. ACC1, DGAT) was not signifi-
cantly altered in the PFC of T1D mice after CAR treat-
ment (Fig. 6s).

Furthermore, in  vitro studies were utilized to further 
verify the effect of CAR on lipid droplets and inflamma-
tory response in microglial cells. High glucose (HGlu) 
stimulation significantly increased BV2 cell viability at 
the concentrations of 35, 45 and 55 mM (Figures S9a and 
S9b), while CAR treatment can attenuate HGlu-induced 
increase in BV2 cell viability especially at a concentration 
of 10 μM (Figures S9c and S9d). Hence, 35 mM glucose 
and 10  μM CAR were selected for subsequent BV2 cell 
experiments. Next, BV2 cells were pretreated with CAR 
for 2 h and then cultured under HGlu condition for 12 h, 
as illustrated in Figure S10a. The immunofluorescent 
staining shows that the percentage of BV2 cells co-local-
izing Iba-1 and BODIPY was notably reduced after CAR 
treatment, suggesting that CAR can reduce lipid droplet 
accumulation in HGlu-treated BV2 cells (Figures  S10b 
and S10c). Under HGlu condition, BV2 cells treated with 
CAR had significant decreases in intracellular and extra-
cellular levels of pro-inflammatory cytokines, including 
IL-6 (Figures  S11a and S11d), IL-1β (Figure S11b) and 
TNF-α (Figures S11c and S11e). Consistent with in vivo 
results, CAR notably increased the expression levels of 
genes related to fatty acid β-oxidation (Figure S12a; e.g. 
CPT1b, ACACA) and lipolysis (Figure S12b; e.g. ATGL, 
HSL) in HGlu-treated BV2 cells. Besides, the reductions 
in mRNA expression levels of ACC1 and DGAT (Fig-
ure S12c) indicated a lower fatty acid synthesis in CAR-
treated BV2 cells under HGlu condition. To investigate 
whether VB directly induces neuroinflammation, BV2 
cells were treated with VB and the expression levels of 
pro-inflammatory factors were analyzed after 12 h (Fig-
ure S13a). After VB treatment, the mRNA expression lev-
els of IL-6 (Figure S13b), IL-1β (Figure S13c) and TNF-α 
(Figure S13d) were not significantly altered in BV2 cells, 
suggesting that VB may not directly lead to neuroinflam-
mation. Collectively, we elucidated that CAR improved 
neuroinflammation and exploratory behavior in T1D 
mice by reducing lipid droplets in microglia.

Discussion
Intermittent fasting (IF) has been recognized as a healthy 
dietary pattern that can improve brain functions and 
behaviors [32]. In this study, we reported that ADF as 
a type of IF relieved neuroinflammation and boosted 
exploratory behavior in T1D mice by normalizing the 
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gut-liver-brain metabolic axis (Fig. 7). ADF increased sys-
temic carnitine level and reduced microglial activation 
in the PFC of T1D mice. Hepatic carnitine synthesis was 
mediated by the gut microbiota-derived metabolite VB 
via inhibiting BBOX, and treatment with VB decreased 
exploratory behavior in mice. Using fecal microbiota 
transplant and AKK supplementation, we proved that 

ADF-driven enrichment of AKK bacteria was necessary 
for improving exploratory behavior in T1D mice. We also 
revealed that AKK bacteria may consume VB by in vitro 
and in vivo studies and thereby increased systemic carni-
tine level. Moreover, the carnitine treatment was found 
to decrease lipid droplet accumulation in microglia 
by enhancing fatty acid oxidation (FAO) and lipolysis, 

Fig. 6  Treatment with carnitine reduces neuroinflammation and exploratory behavioral disorders in T1D mice. a Schematic diagram 
of the experimental procedure: T1D mice were subjected to an intraperitoneal injection of either carnitine (CAR) or saline vehicle for 10 weeks. Then, 
exploratory behavior was evaluated by the open field test (OFT) and samples were collected for further analysis. b-d Representative images of Iba-1 
and BODIPY staining and the corresponding quantitative data in the prefrontal cortex (PFC) of T1D and CAR-treated T1D mice (n = 4 per group). 
e–g The mRNA expression levels of (e) IL-6, f IL-1β and (g) TNF-α in the PFC of T1D and CAR-treated T1D mice (n = 6 per group). h–k Representative 
images of (h, j) 4-HNE and (i, k) Nissl body staining and the corresponding quantitative data in the prefrontal cortex (PFC) of T1D and CAR-treated 
T1D mice (n = 4 per group). l-p Changes in (l) the motion trails and the percentages of (m) distance and (n) time in center area as well as immobile 
time in (o) edge area and (p) center area in T1D and CAR-treated T1D mice in the OFT (n = 10 per group). q-s The mRNA expression levels of genes 
related to (q) fatty acid β-oxidation (CPT1b, CPT2 and ACACA), (r) lipolysis (ATGL, HSL and PLIN3), and (s) fatty acid synthesis (ACC1 and DGAT) 
(n = 6–8 per group). The significant of difference between two groups was analyzed by two-tailed unpaired student’s t test. Significant level: 
*p < 0.05, **p < 0.01, ***p < 0.001
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relieve neuroinflammation and neuron injury, and then 
increased exploratory behavior in T1D mice. Conse-
quently, our results shed light on the protective effect of 
ADF on neuroinflammation and exploratory behavioral 
disorders in T1D via the crosstalk of microbial metabo-
lite VB, carnitine and microglia.

In recent years, numerous studies illuminated that the 
gut microbiota can mediate the beneficial effects of IF 
on brain functions through regulating host metabolism. 
Liu et  al. reported that ADF reduced cognitive decline 
in T2D mice by remodeling the gut microbiota and its 
metabolites, including 3-indolepropionic acid, serotonin, 
and SCFAs [39]. IF has been also shown to enrich pro-
biotics Lactobacillus, decrease carbohydrate metabolism 
and increase amino acid metabolism, thereby alleviating 

AD-like pathology and cognitive decline in an AD mouse 
model [33]. Here we found that ADF markedly facilitated 
hepatic carnitine production and increased systemic car-
nitine level in T1D mice. Later, carnitine enhanced FAO 
and lipolysis and then reduced lipid droplets in microglia. 
It has been reported that carnitine plays a vital role in 
long-chain FAO [38] and the accumulation of lipid drop-
lets in microglia has been proved as a key trigger for neu-
roinflammation [40]. In addition, the therapeutic effects 
of carnitine on neurological and psychiatric diseases 
have been widely proved by improving oxidative stress, 
inflammatory response, mitochondrial dysfunction, neu-
rotransmission and fatty acid transport [41]. Herein our 
results suggest that ADF lowered neuroinflammation 
by promoting carnitine-mediated FAO and depleting 

Fig. 7  Schematic diagram on the protective effect of alternate day fasting on exploratory behavioral disorders in T1D mice via the gut-liver-brain 
axis. Alternate day fasting (ADF) can increase systemic carnitine level through the enrichment of Akkermansia muciniphila (AKK), which 
has the potential to consume microbial metabolite δ-valerobetaine (VB). Subsequently, carnitine reduces lipid droplet accumulation in microglia 
by enhancing fatty acid oxidation and lipolysis, lowers neuroinflammation, and then increases exploratory behavior
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lipid droplets in microglia, and then boosted exploratory 
behavior in T1D mice. In this process, metabolite VB was 
identified to exert a crucial mediating effect. Of note, VB 
has been confirmed to originate from the gut microbiota 
and inhibit hepatic carnitine synthesis and FAO [36]. 
Microbial metabolite VB exerts a crucial role in human 
health and disease [42]. For example, VB inhibited 
hepatic BBOX expression, decreased carnitine synthesis 
and FAO, and resulted in liver steatosis [37] and cardiac 
hypertrophy [43]. Additionally, VB has also been revealed 
to impair glucose metabolism [44], energy metabolism 
[45] and neuronal function [46]. In this study, we dem-
onstrated another detrimental effect of VB that reduces 
exploratory behavior in T1D mice by lowering hepatic 
carnitine synthesis, suppressing carnitine-driven FAO in 
microglia and inducing neuroinflammation.

Another interesting finding in this study reveals that 
AKK bacteria can be enriched after ADF, which is essen-
tial for protection against exploratory behavior in T1D 
mice. Accumulating evidence indicates the central role 
of AKK bacteria and its therapeutic potential in neu-
ropsychiatric disorders [47]. Zhu et  al. reported that 
metformin treatment improved cognitive impairment in 
aged mice by enriching the abundance of AKK bacteria 
and inhibiting the pro-inflammatory cytokine IL-6 [48]. 
AKK bacteria can also maintain SCFAs-mediated micro-
glial homeostasis and prevent cognitive decline in sleep-
deprived mice [49]. Ou et  al. found that AKK bacteria 
effectively relieve disorders in glucolipid metabolism and 
intestine barrier function, delay amyloid pathology and 
then improve cognitive deficits in an AD mouse model 
[50]. Additionally, the protective effect of AKK bacteria 
on diabetic cognitive decline was also reported in T2D 
mice via remodeling host metabolism and mitigating 
neuroinflammation by Du et  al. [51]. Herein we eluci-
dated a novel mechanism on the important role of AKK 
bacteria in the improvement of neuroinflammation and 
exploratory behavior in T1D mice: AKK bacteria con-
sumed harmful microbial metabolite VB, increased sys-
temic carnitine level, and inhibited neuroinflammation 
caused by lipid droplet accumulation in microglia. There-
fore, the assessment of the levels of AKK bacteria and VB 
may provide a way to monitor the effectiveness of ADF 
for improving exploratory behavior in diabetes.

Fasting-driven remodeling of the structure and com-
position of the gut microbiota has been verified by many 
studies, but its dynamic changes during fasting represent 
a complex process [52–54]. Due to the significant reduc-
tion in exogenous nutrient intake during fasting, the gut 
bacteria that depend on host-derived substrates could 
proliferate and suppress those that rely on dietary sub-
strates [55]. This shift in microbial dynamics may affect 
the adaptation of the gut microbiota and intestinal cells 

to the altered nutrient environment induced by fasting. 
Herein our study revealed that FMT can transfer the ben-
eficial effects of IF, but the non-bacterial components in 
the fecal suspension also warrant attention. Moreover, 
the bidirectional regulation between the gut microbiota 
and host metabolism during IF and FMT is highly com-
plex but cannot be overlooked, which requires further in-
depth investigations in the future.

In conclusion, we reported that ADF alleviated neuro-
inflammation and increased exploratory behavior in T1D 
mice by enriching AKK bacteria. The beneficial effect of 
AKK bacteria might be mediated by depleting microbial 
metabolite VB, increasing systemic carnitine level, reduc-
ing microglial lipid droplets and then inhibiting neuroin-
flammation. Our study uncovered a novel gut-liver-brain 
metabolic axis mechanism on the protective role of ADF 
in T1D-induced exploratory behavioral disorders. How-
ever, the present study still has some limitations that 
need to be further explored: (1) The detailed mechanisms 
underlying AKK bacteria metabolize VB in  vivo and 
whether other microbes or metabolites are also involved 
in mediating the beneficial effects of IF on neuroinflam-
mation and exploratory behavior can be elucidated in 
the future; (2) Additional behavioral assessments beyond 
the OFT would help to further confirm the presence of 
anxiety-like behavior; (3) Gene-level changes could be 
validated at the protein level to reinforce the reliability 
and significance of the findings; (4) It could be interesting 
to explore the impact of other IF types beyond ADF on 
neuroinflammation and exploratory behavior in diabetes; 
(5) The effects of ADF on intestinal metabolism and its 
potential beneficial outcomes merit further investiga-
tions; (6) The safety evaluation of ADF must be carried 
out prior to its clinical translational application in the 
prevention and management of exploratory behavioral 
disorders in T1D patients.

Materials and methods
Animals
In this study, 6-week-old male C57BL/6 mice weighing 
20.0 ± 2.0 g were purchased from the Beijing Vital River 
Laboratory Animal Technology Co., Ltd. and housed in 
the specific-pathogen-free condition (room tempera-
ture = 22 ± 2  °C; humidity = 45 ± 3%; 12-h alternating 
light cycle) at the Laboratory Animal Center of Wenzhou 
Medical University. Prior to experiments, mice were 
acclimated for one week. Mice had free access to standard 
chow and water, which were pretreated by irradiation and 
steam  autoclave  sterilizations, respectively. All animal 
experiments were conducted according to the Guide for 
the Care and Use of Laboratory Animals and approved 
by the Institutional Animal Care and Use Committee of 
Wenzhou Medical University (ID: xmsq2023-1395).
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Streptozotocin‑induced diabetic mouse model
After a 12-h fasting, mice were weighed and subjected 
to an intraperitoneal injection of streptozotocin solu-
tion prepared in citrate buffer (0.1 M, pH = 4.5) at a dose 
of 50 mg/kg body weight for 5 days. The normal control 
(CON) mice were injected with the same volume of cit-
rate buffer. Afterward, blood glucose level was measured 
from tail venous after a 3-day streptozotocin injection by 
using a handheld glucometer (ACCUCHEK Active, Man-
nheim, Germany). In this study, mice with blood glucose 
level above 11.1 mmol/L were defined as type 1 diabetic 
(T1D) mice.

Alternate day fasting (ADF)
Mice were randomly divided into four groups (n = 12 per 
group): (1) CON mice; (2) T1D mice; (3) CON mice with 
ADF (CON-IF); (4) T1D mice with ADF (T1D-IF). Mice 
in CON and T1D groups had free access to standard 
chow, while CON-IF and T1D-IF mice were subjected 
to an ADF procedure, namely 24  h of fasting followed 
by 24 h of ad libitum feeding. All mice had free access to 
water throughout the experiment.

Fecal microbiota transplantation (FMT)
Prior to FMT, the recipient T1D mice were given an anti-
biotic cocktail, including 0.5 g/L of vancomycin, 1 g/L of 
metronidazole, 0.2  g/L of ciprofloxacin, and 0.01  g/L of 
amphotericin B, to deplete their endogenous gut bacte-
ria for one week. Fresh fecal pellets were collected from 
T1D mice and ADF-treated T1D mice, respectively. To 
prepare bacterial suspension, the fecal pellets were dis-
solved in sterile phosphate buffer saline (PBS, 1:7.5, w/v), 
vortexed for 1 min and centrifuged at 1,000 g for 5 min 
to remove large particles. Then, the recipient T1D mice 
were randomly assigned into two groups, and immedi-
ately gavaged with 150 μL of the bacterial supernatant 
from either T1D mice or ADF-treated T1D mice. In this 
study, FMT was carried out once a day for the first week 
and every three days for 9 weeks.

Treatment with δ‑valerobetaine (VB) or carnitine (CAR)
For VB treatment, CON mice were injected intraperito-
neally with either 100 μL of saline vehicle or 100 μL of 
5  mM VB (5  mg/kg) once a day for 3  weeks. For CAR 
treatment, T1D mice were injected intraperitoneally with 
either 100 μL of saline vehicle or 100 μL of 50  mM VB 
(50 mg/kg) once a day for 10 weeks.

Supplementation with Akkermansia muciniphila
In this study, A. muciniphila (ATCC BAA-835) was pur-
chased from the Guangdong Microbial Culture Collec-
tion Center (Guangzhou. China) and grown in brain 
heart infusion (BHI) medium (30 g/L, BD, Sparks, MD) 

containing 2 g/L of gastrointestinal mucin (Yuanye Bio-
tech, Shanghai, China) and 0.5  g/L of L-cysteine (San-
gon Biotech, Shanghai, China) in an anaerobic chamber 
(10% H2, 10% CO2 and 80% N2) at 37  °C for 48 h. Sub-
sequently, A. muciniphila was harvested by centrifug-
ing at 10,000 g for 5 min at 4 °C and suspended in sterile 
phosphate-buffered saline (PBS, pH = 7.4) containing 
10% glycerol, and stored at −80 °C until use. The bacte-
ria were incubated in a BHI medium for 48  h to deter-
mine the colony-forming units per milliliter (CFU/mL) 
under anaerobic conditions. The bacterial concentration 
was measured by the optical density (OD) at 600 nm and 
determined to be 5.0 × 108  CFU/mL for an OD value of 
1.0. According to the OD value, A. muciniphila bacterial 
suspension was diluted with sterile PBS to a final con-
centration of 8.0 × 108 CFU per 0.2 mL. Then, T1D mice 
were orally administered with either 0.2 mL of sterile PBS 
or bacterial suspension every other day for 8 weeks.

The quantification of A. muciniphila by RT‑qPCR analysis
Total DNA of fecal samples was extracted by the TIAN-
amp stool DNA kit (DP328-02, TianGen, China) accord-
ing to the manufacturer’s protocol. The concentration of 
total DNA was measured via a NanoDrop spectrometer 
(Thermo Fisher Scientific, Beverly, MA). The quantitative 
detection was performed by the SYBR Premix Ex Taq II 
kit (Takara, Dalian, China) on LightCycler 480 (Roche, 
Switzerland). The relative expression level was calculated 
using the ΔΔCT method and normalized to universal 
16S. The specific primer sequences were synthesized by 
the Tsingke Biotechnology (Beijing, China) as listed in 
Table S1.

Open field test (OFT)
The OFT was performed to evaluate exploratory behav-
ior of mice in an open-field apparatus (40 × 40 × 40  cm) 
and the chamber was divided into 16 small squares 
(10 × 10  cm). Mice were placed in the apparatus center 
and allowed to a 5-min free exploration. The center area 
was defined as the region located 10  cm from the wall. 
The motion trail was recorded via an overhead video sys-
tem (DigBehav, Jiliang Co. Ltd., Shanghai, China), and the 
percentages of distance and time in center area as well as 
the immobile time in edge and center areas were calcu-
lated as indicators of exploratory behavior.

Sample collection
Prior to the OFT, fecal samples were harvested into 
1.5  mL sterile EP tubes and stored at −80  °C. After the 
OFT, mice were anaesthetized with isoflurane and sacri-
ficed by rapid decapitation. To obtain serum sample, the 
whole blood was collected and centrifuged at 1,500 g at 
4  °C for 15  min. Since the prefrontal cortex (PFC) is a 
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major brain region involved in the regulation of explora-
tory behavior [35], this study focused on this area. There-
fore, the PFC and liver tissues were rapidly separated and 
collected into cryogenic tubes, frozen in liquid nitrogen 
and kept at −80 °C until use.

Untargeted LC–MS‑based metabolomics analysis
Untargeted LC–MS-based metabolomics analysis 
was carried out according to our previously published 
method [10]. Frozen brain tissue (10  mg) was weighed 
into an Eppendorf tube, and 400 μL of methanol (MeOH) 
and chloroform (CHCl3) were added at a 1:1 (v:v) ratio. 
The tissue sample was homogenized with a handheld 
electric homogenizer (FLUKO, Shanghai, China). Serum 
(20 μL) was transferred into an Eppendorf tube, and 
200 μL of MeOH and CHCl3 were added at a 1:1 (v:v) 
ratio. The mixture was vortexed for 15  s, stood on ice 
for 15 min, and then centrifuged at 10,000 g for 15 min 
at 4 °C. Afterward, the supernatant (polar layer) and the 
lower phase (nonpolar layer) were transferred to new 
Eppendorf tubes, respectively, dried with a N2 stream, 
and stored at −80  °C until analysis. For LC–MS analy-
sis, the dried polar extracts were redissolved in 80 μL of 
acetonitrile (ACN) and water (v:v = 1:1), while the dried 
nonpolar extracts were reconstituted in 100 μL of CHCl3 
and MeOH (v:v = 1:1). The solution was centrifuged 
at 15,000 g for 15 min at 4  °C, and the supernatant was 
transferred to a new Eppendorf tube for analysis.

Metabolomics analysis was performed using a SHI-
MADZU CBM-30A Lite LC system (Shimadzu, Kyoto, 
Japan) equipped with an API 6600 Q-TRAP (AB 
SCIEX, Foster City, CA, USA) under both ESI + and 
ESI- modes at a mass range of 80–1200  m/z. In this 
study, we used Waters Acquity amide HILIC column 
(2.1 × 100  mm, 1.7  μm) and Phenomenex Kinetex C18 
column (2.1 × 100  mm, 2.6  μm) to separate polar and 
lipid metabolites, respectively. The mobile phase for 
polar compounds consisted of 5 mM ammonium acetate 
and 0.1% formic acid in water (solvent A) and acetoni-
trile (solvent B). The gradient elution was set as follows: 
0–0.5 min, 98% B; 0.5–13 min, 98–40% B; 13–13.1 min, 
40–98% B; 13.1–18  min, 98% B. The mobile phase for 
lipid compounds consisted of water, MeOH and ACN 
(v:v:v = 3:1:1) containing 5  mM ammonium acetate 
(solvent A) and isopropanol (IPA) (solvent B). The gra-
dient elution was used as follows: 0–0.5  min, 25% B; 
0.5–1.5 min, 25–40% B; 1.5–3 min, 40–60% B; 3–13 min, 
60–98% B; 13–13.1 min, 98–25% B; 13.1–18 min, 25% B. 
The column temperature was maintained at 40  °C, with 
an injection volume of 2 μL, a flow rate of 0.3  mL/min 
and a collision energy of 40 V.

The LC–MS raw data were converted to mzXML for-
mat and preprocessed for peak alignment and peak 

picking using the XCMS software (XCMS plus, CA, 
USA). The main parameters were used as follows: 
Bw = 0.1, peak width = 50, Minfrac = 80%, Mzwid = 0.1. 
Then, three-dimensional raw datasets consisted of  m/z 
value, retention time, and peak intensity were exported 
into Microsoft Excel 2020 (Microsoft Corp., Redmond, 
WA). In this study, peaks with the intensity above 5000 
and the coefficient of variation (CV) below 30% were 
included from further analysis. Metabolites were identi-
fied using the MetDNA2 (http://​metdna.​zhulab.​cn/) and 
One-MAP (http://​www.​5omics.​com/) based on accu-
rate m/z value and MS/MS fragments. In addition, lipid 
compounds were identified according to m/z  value and 
MS/MS fragments in the LipidView software (v1.2, AB 
Sciex, MA, USA). Lastly, metabolites and lipids were fur-
ther verified via HMDB 5.0 [56].

Targeted LC–MS analysis
To detect the carnitine and delta-valerobetaine (VB) lev-
els in samples, a MeOH/CHCl3 method was performed 
according to our previous method [10], and the polar 
layer was dried with a N2 stream and stored at −80  °C 
until usage. The LC–MS analysis was conducted by using 
a SHIMADZU CBM-30A Lite LC system (Shimadzu, 
Kyoto, Japan) equipped with an API 6500 Q-TRAP (AB 
SCIEX, Foster City, CA, USA) under ESI + mode. A 
Waters Acquity amide HILIC column (2.1 × 100  mm, 
1.7 μm) was utilized in this study. The carnitine level was 
detected in precursor ion scan of  m/z  162.00 and neu-
tral loss of 58.00, and the declustering potential (DP) and 
collision energy (CE) were set at 20 V and 58 V, respec-
tively. For detecting the VB level, the precursor ion scan 
of  m/z  160.00 and neutral loss of 101.10 were used, 
and  the DP and CE values were set at 130  V and 22  V, 
respectively. The linear range of the standard curve was 
determined to be 1 to 1000 ng/mL with R2 > 0.99.

16S rRNA sequencing analysis
Total microbial DNA in fecal samples was extracted by 
the TIANamp stool DNA kit following the manufac-
turer’s protocol (TianGen, China). The concentration of 
total DNA was measured via the agarose gel electropho-
resis (AGE, 1%). The V3-V4 region of the 16S rRNA were 
amplified using the universal primers:  515 F (5’-GTG 
CCA GCM GCC GCG GTA A-3’); 806R (5’-GGA CTA 
CHV GGG TWT CTA AT-3’). Afterward, the PCR prod-
uct was purified according to the manufacturer’s proto-
col of QIAquick gel extraction kit (Qiagen, Germany), 
and sequenced using an Illumina HiSeq2500 PE250 
sequencer (San Diego, USA).

The raw tags were filtered by merging paired-end reads 
using FLASH software (v1.2.7) and subsequently pro-
cessed into clean tags through QIIME2 analysis [57]. The 

http://metdna.zhulab.cn/
http://www.5omics.com/
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UCHIME algorithm (v7.0.1001) was utilized to gener-
ate the effective tags, which were further clustered into 
operational taxonomic units (OTUs) at a similarity cut-
off of 97% with the UPARSE pipeline (v7.0.1001) [58]. 
The OTUs were annotated on the basis of taxonomic 
information from the SILVA database using the Mothur 
method, with a confidence threshold of 80%. Addition-
ally, alpha-and beta-diversity of the gut microbiota 
were analyzed via the QIIME2 software and R software 
(v3.5.3).

Cell experiments
BV2 microglia and mouse hepatocytes (AML12) were 
obtained from the Cell Center of the Institute of Basic 
Medical Sciences at Chinese Academy of Medical Sci-
ences. The cells were cultured with DMEM medium 
supplemented with 10% fetal bovine serum and 1% 
penicillin/streptomycin (C11995500BT, Gibco, Thermo 
Fisher Scientific, Wilmington, USA) in a humidified 5% 
CO2 incubator (Thermo Fisher Scientific) at 37  °C. For 
cell counting kit-8 (CCK8) assay, the BV2 cells were inoc-
ulated in 96-well plates and treated with glucose at the 
doses of 35, 45, 55 and 65 mM for 12 h to examine the 
effect of high glucose (HGlu) on the BV2 cell viability. 
The cells were then incubated with 90 μL of fresh DMEM 
medium and 10 μL of CCK8 reagent (GK10001, GlpBio, 
Shanghai, China) at 37 °C in the dark for 1 h. Finally, the 
cell viability was measured at 450 nm with a Microplate 
Reader (Thermo Fisher Scientific, Wilmington, USA). In 
this study, 35 mM glucose was selected as an HGlu con-
dition in vitro. To evaluate the impact of carnitine (CAR) 
on HGlu-treated BV2 cells, the cells were pretreated with 
CAR at the doses of 1, 2.5, 5 and 10 μM for 2 h and cul-
tured with 35 mM glucose for 12 h, and then the CCK8 
assay was conducted and 5  μM CAR was determined 
to be the effective dose. Hence, to inspect the effect of 
CAR on lipid metabolism and inflammatory response in 
microglia, the BV2 cells were pretreated with 5 μM CAR 
for 2  h and cultured with 35  mM glucose for 12  h, and 
then collected for further analysis. To examine the influ-
ence of VB on inflammatory response in microglia, the 
BV2 cells were treated with 100 and 200 μM VB for 12 h 
and collected for detecting proinflammatory factors. 
Additionally, the AML12 cells were treated with 100 μM 
VB for 24 h and then collected for analyzing the effect of 
VB on carnitine synthesis.

Ex vivo microbial metabolism assay
A. muciniphila was harvested and resuspended in sterile 
PBS (pH = 7.4) at a concentration of 8.0 × 108 CFU/mL to 
prepare bacterial suspension. Then, VB was added into 
either the bacterial suspension or sterile PBS solution, 

and the concentration of VB was measured by LC–MS at 
0, 10 and 20 min.

RT‑qPCR analysis
Total RNA of tissue samples was extracted by the Tri-
zol reagent (Invitrogen, USA) based on the manufac-
turer’s protocol. The concentration of total RNA was 
determined using a NanoDrop spectrometer (Thermo 
Fisher Scientific, Beverly, MA). Next, cDNA samples 
were synthesized with the HiScript III RT SuperMix for 
qPCR (+ gDNA wiper) (Vazyme) following the manufac-
turer’s protocol. The quantitative detection was carried 
out by the SYBR Premix Ex Taq II kit (Takara, Dalian, 
China) on LightCycler 480 (Roche, Switzerland). The 
relative expression level was calculated using the ΔΔCT 
method and normalized to GAPDH. The specific primer 
sequences were obtained from the Tsingke Biotechnol-
ogy (Beijing, China) as listed in Table S2.

Histological analysis
The mice (n = 4–5 per group) were randomly selected, 
anesthetized using isoflurane and euthanized follow-
ing perfusion with normal saline. The prefrontal cortex 
(PFC) and liver tissues were rapidly harvested and then 
fixed with 4% paraformaldehyde prepared in PBS buffer 
(0.1  M, pH = 7.5). The tissue samples were dehydrated 
by using a graded series of ethanol, embedded in paraf-
fin, and sectioned into 5 μm slices with a slicing machine 
(Leica, Germany). For immunofluorescence staining, 
the PFC sections were incubated with Anti-Iba1 anti-
body (Abcam, ab178846, 1:200) for microglia overnight 
at 4  °C. The sections were washed using PBS buffer and 
incubated with secondary antibody goat anti-Rabbit IgG 
(H + L) (Alexa Fluor 488, Invitrogen, CA, USA) at 37  °C 
for 1 h. After washing with PBS buffer, the sections were 
then treated with DAPI (0100–20, Southern Biotech, AL, 
USA) for 2 min at 22 °C. For immunohistochemistry anal-
ysis, the sections were dewaxed using xylene, rehydrated 
in a series of graded alcohol solutions, and incubated with 
4-hydroxynonenal (4-HNE) (Abcam, ab46545, 1:200) 
for the prefrontal cortex or the primary antibody BBOX 
(Affinity Biosciences, 1:100) for the liver tissue overnight 
at 4 °C. Subsequently, the sections were washed with PBS 
buffer for three times, incubated with goat anti-mouse/
rabbit IgG secondary antibodies conjugated with horse-
radish peroxidase (HRP) for 1 h at 37 °C, and stopped by 
3,3’-diaminobenzidine (DAB) chromogen kit (ZLI-9018, 
ZSGB-BIO, Beijing, China). For Nissl staining, the PFC 
sections were dewaxed in xylene, rehydrated with a series 
of graded alcohol solutions, and stained using 0.1% cresyl 
violet for 10 min. After washing with PBS buffer, the sec-
tions were differentiated in 95% ethyl alcohol for 5 min, 
dehydrated with a series of graded alcohol solutions, 
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cleared in xylene and then mounted with neutral resin. 
Lastly, images were acquired by a Nikon ECLIPSE NI 
microscope (Nikon, Tokyo, Japan) and the positive stain-
ing areas were quantified using ImageJ software (v1.47, 
Bethesda, MD, USA) with the Huang algorithm and the 
threshold set to 0–155 intensity. Group information was 
masked during the quantification process.

For microglial lipid droplet staining, the PFC samples 
were removed from paraformaldehyde, dehydrated with 
a graded series of 15%−30% sucrose in PBS, and then 
embedded in a cryomold using an optimum cutting tem-
perature (OCT) compound. The samples were quickly 
placed in liquid nitrogen for rapid freezing and sec-
tioned into 10 μm slices using a cryostat (Cryostar NX70, 
Thermo Fisher Scientific, Bremen, Germany). Later, the 
PFC sections were equilibrated to room temperature, 
washed with PBS buffer, and incubated overnight at 4 °C 
with an Anti-Iba1 antibody (Abcam, ab178846, 1:200). 
After washing in PBS buffer, the sections were incu-
bated with a secondary antibody goat anti-rabbit IgG 
(H + L) (Alexa Fluor 594, Invitrogen, CA, USA) at 37  °C 
for 1 h and BODIPY™ 493/503 (Thermo Fisher Scientific, 
D3922, 1:1000) at 22  °C for 20 min. After washing with 
PBS buffer, the sections were treated with DAPI (0100–
20, Southern Biotech, AL, USA) for 2  min at 22  °C. 
Finally, images were captured using a confocal laser scan-
ning microscope (C2si, Nikon, Tokyo, Japan) and the pos-
itive staining areas were quantified using ImageJ software 
(v1.47, Bethesda, MD, USA) with the Huang  algorithm 
and the threshold set to 50–255 intensity. Group infor-
mation was masked during the quantification process.

Data analysis and statistics
All mice were randomly assigned to the experimental 
procedures including animal grouping, treatment, sample 
collection and data analysis. Omics data were subjected 
to log-transformation and Pareto-scaling prior to multi-
variable analysis. For metabolomics data analysis, princi-
pal component analysis (PCA) was used to examine the 
changes in metabolic patterns among different groups 
with SIMCA-P + software (v12.0, Umetrics AB, Umea, 
Sweden). Orthogonal projection to latent structures dis-
criminant analysis (OPLS-DA) was then performed to 
maximize the metabolic differentiation between two 
groups and identify key metabolites based on the vari-
able importance in the projection (VIP > 1.0) method via 
the SIMCA-P + software. The alpha-diversity of the gut 
microbiota between different groups was analyzed by 
principal coordinate analysis (PCoA) with Bray–Curtis 
distance in R software (v2.15.3).

For univariate data analysis, the statistic differ-
ence between two groups was evaluated by two-tailed 
unpaired student’s t test using SPSS 22.0 software 

(SPSS, Inc., Chicago, IL, USA). The statistic differ-
ence among different groups was analyzed by one-way 
ANOVA with a post-hoc Dunnett’s test for multiple 
comparisons. In this study, a statistically significant 
difference was considered when p < 0.05. The vol-
cano plot analysis was constructed by plotting log2 
(FC, fold change) versus –log10 (P) in the R software. 
The  metabolite set  enrichment  analysis  was used to 
achieve the functional classification of metabolites 
based on the KEGG  pathway database using Metabo-
Analyst 6.0 [59].
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