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A lysine-restricted diet ameliorates obesity
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The effects of dietary amino acid restriction on obesity may be related to the
gut microbiome, but its role and mechanism in lysine-restricted diet (LRD) on
childhood obesity is largely undefined. Herein, we show that blood lysine
levels are elevated in children with obesity compared to healthy controls.
Using young mice, we show that LRD ameliorates obesity via gut microbiota
modulation. We further identify Parabacteroides goldsteinii (P. goldsteinii) as a
candidate contributor and validate that its supplementation reduces obesity
phenotype. Metabolomics reveals that P. goldsteinii increases 1,4-methylimi-
dazoleacetic acid (MIAA), a metabolite linked to decreased body weight in
animal models. Mechanistically, we show that MIAA inhibits the expression of
the demethylase FTO, leading to increased m°A modifications on Sic2a4 mRNA
via the reader protein YTHDCI. Collectively, these findings suggest a role for
P. goldsteinii and its metabolite MIAA on LRD-mediated obesity reduction,
potentially via the FTO-SLC2A4 axis to restrict adipose tissue expansion.

Childhood obesity is a major global public health issue. By 2050, 746
million children and adolescents are estimated to be affected by
obesity globally'. Compared with normal-weight children, overweight
or children with obesity are at a greater risk of developing metabolic
diseases such as diabetes, and cardiovascular diseases”. Childhood
obesity is characterized by unique physiological vulnerabilities and
behavioral-social determinants, with longitudinal cardiometabolic
risks necessitating growth-conscious interventions>*. Many factors can
lead to childhood obesity, including genetics, environmental factors,
and diet, with the latter being currently recognized as one of the most
influential factors’. Excessive calorie intake can lead to pathological

weight gain and fat accumulation®. Dietary restriction (DR) may serve
as an excellent intervention approach to enhance metabolism and
boost human health’®. DR methods mainly include energy restriction,
protein restriction (PR), and intermittent fasting’. A prior study
revealed that while the timing of daily caloric intake did not alter the
energy metabolism of individuals with obesity, it did influence their
appetite and hunger responses'’. However, a low-fat diet (LFD) may
lead to insufficient dietary fat intake, including unsaturated fatty
acids", which are critical for respiratory and neurodevelopmental
health in infants and adolescents'>. Furthermore, inadequate dietary
fat intake can impair the absorption of fat-soluble vitamins, potentially
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causing skeletal deformities, blindness, bleeding disorders, and neu-
rological damage in children'*". More importantly, clinical studies
have shown that PR can improve a body’s metabolic status, thereby
enhancing its insulin sensitivity and reducing obesity'®. Additionally,
PR has been shown to improve the metabolic status and prolong the
lifespan of rodents8,

The gut microbiota plays key roles in maintaining the gastro-
intestinal microecological environment. Gut microbiota can metabo-
lize dietary nutrients and influence many physiological processes,
including fat accumulation and blood glucose metabolism'**°. The
structure and function of the gut microbiota can be influenced by
various factors, including host genetics”, antibiotics”, and diet”.
Murine studies indicate that DR remodels the gut microbiota compo-
sition/function via reduced intake or nutrient alteration, thereby
ameliorating obesity and metabolic dysregulation*. Clinical research
has also revealed that long-term DR maintains a healthy metabolic
level by reducing the ratio of Firmicutes to Bacteroidetes and enrich-
ing anti-inflammatory microbial communities in the gut®. Therefore, it
is generally believed that changes in dietary structures can play a sig-
nificant physiological regulatory role by regulating the levels of
intestinal microbiota and metabolites. Study also suggests that the gut
microbiota plays important roles in mediating weight loss and
improving the host metabolic profile related to DR**%. Furthermore,
some scholars have proposed that selectively reducing specific
essential amino acids can improve an organism’s metabolism,
regardless of its total protein and calorie intake. For example, it has
been reported that restricting essential amino acids®®~' in the diet of
experimental mice can effectively reduce energy expenditure and food
intake, and even counteract the fat accumulation and insulin resistance
induced by a high-fat diet (HFD) in obese mice. Emerging evidence
further suggests amino acid-restricted diets remodel gut microbiota
composition, ameliorating obesity and inflammation in HFD-fed
mice®.

Lysine, an essential amino acid, is only absorbed in its L-form by
biological entities. Upon ingestion, lysine enters small intestinal
mucosal cells from the intestinal lumen via active transport and then
travels to the liver through the portal vein®. Study has confirmed that
lysine participates in the synthesis of various proteins and fat meta-
bolism in the body**. Lysine not only maintains metabolic homeostasis
but may also be associated with childhood growth and development,
as it plays critical roles in enhancing immune function, promoting
brain and physical maturation, improving nutritional status, and sti-
mulating appetite®”. Therefore, prolonged adherence to lysine-
restricted diet (LRD) in healthy children may lead to potential devel-
opmental impairments. However, whether an LRD can contribute to
weight loss remains unclear. Therefore, in this study, we investigated
the impact of an LRD on the phenotypes of childhood obesity. We
elucidated, from the perspective of the gut microbiota, the mechan-
isms underlying the anti-obesity effects of LRD. Additionally, we dis-
covered and characterized a bacterial strain, Parabacteroides
goldsteinii (P. goldsteinii), that protected against childhood obesity,
and obtained clear evidence that P. goldsteinii enhanced the level of
1,4-methylimidazoleacetic acid (MIAA). MIAA is an endogenous bio-
marker and metabolite of histamine turnover®®. Mechanistic studies
show that MIAA supplementation increases the m°A modification
levels of solute carrier family 2 member 4 (Slc2a4) mRNA by inhibiting
fat mass and obesity-associated protein (FTO), an RNA demethylase
that removes m°A modifications®”. This inhibition reduces FTO
expression, thereby elevating m°A levels on Slc2a4 mRNA. The m°A
modifications are recognized by the YTH N°-methyladenosine RNA-
binding protein C1 (YTHDCI1). This pathway improves glucose meta-
bolism and reduces adiposity, ultimately lowering body weight. To
enhance the resistance of P. goldsteinii to gastric acid and digestive
enzymes, we also formulated an innovative microencapsulation
treatment and found that encapsulated P. goldsteinii had a significantly

enhanced anti-obesity effect. These findings will provide new strate-
gies and ideas for the treatment of childhood obesity.

Results

LRD ameliorates the obesity phenotype in young mice fed
with HFD

This study included 30 children with obesity and 30 healthy controls
assigned to groups on the basis of their body mass index (BMI) (Fig. 1a
and Supplementary Table 1). We discovered a considerable rise in the
level of lysine in the plasma of children with obesity compared to that
in healthy controls (Fig. 1b). Moreover, plasma lysine levels were
positively correlated with the children’s BMI and homeostatic model
assessment of insulin resistance (HOMA-IR) score (Fig. 1c, d). There-
fore, we speculated that a higher intake of lysine may be one of the risk
factors for childhood obesity.

Based on these findings, we first established HFD and LFD mouse
models fed with LRD. We conducted 40% and 80% LRD experiments in
mice fed an LFD or an HFD to compare the effects of LRD on the body
weights of normal and obese mice (Fig. 1e and Supplementary Fig. 1a).
We did not observe weight loss effects with the 40% LRD regimen.
Furthermore, neither the LRD regimen significantly altered the body
weights of mice in the LFD group. Only the 80% LRD significantly
reduced the body weights of obese mice fed a HFD, and this weight
loss required at least 8 weeks of LRD to be achieved (Fig. 1f-h and
Supplementary Fig. 1b-g). To assess the effects of LRD on the intrinsic
nutritional status of mice, we monitored oxygen consumption (VO,)
and validation of carbon dioxide production (VCO,) using metabolic
cages to calculate the respiratory exchange ratio (RER) and energy
expenditure (EE). The results demonstrated that HFD-fed mice exhib-
ited significantly reduced VO,, VCO,, and EE, particularly during the
dark (active) phase, with no notable impact of LRD intervention on VO,
or EE in HFD-fed mice, further analysis revealed that changes in RER
followed consistent trends across all experimental groups (Fig. li-m
and Supplementary Fig. 1h-j). Similarly, LRD intervention showed no
significant effects on ambulatory activity or fecal triglyceride levels in
mice (Fig. In and Supplementary Fig. 1k). These findings suggest that
the weight-reducing effects of LRD intervention are not directly asso-
ciated with the intrinsic nutritional status but are instead linked to
ameliorated systemic insulin resistance of the animals (Fig. 1o-t).
Subsequently, we found that while the 80% LRD intervention did not
reduce liver weight in HFD-fed mice, it effectively ameliorated hepatic
lipid accumulation and concurrently improved abnormal blood lipid
profiles (Fig. 1u, v and Supplementary Fig. 1l). Furthermore, we
observed that 80% LRD significantly decreased epididymal white adi-
pose tissue (eWAT) mass and reduced adipocyte size in HFD mice
(Supplementary Fig. Im-o0). Additionally, the weight loss effect of 80%
LRD was also observed in the Leptin knock out (KO) mouse models
(Supplementary Fig. 2a-p). Next, we compared the weight loss effects
of the 80% LRD with those of the weight loss drug orlistat (Supple-
mentary Fig. 3a). We found that the 80% LRD achieved a weight loss
efficacy similar to that of orlistat. However, we did not observe any
synergistic effects when both treatments were administered con-
currently (Supplementary Fig. 3b-p).

LRD ameliorates intestinal microecological disturbances in
obese mice

Building on the established role of the intestine in dietary essential
amino acid metabolism and the link between amino acid absorption
and gut microbiota stability, we observed significant dysbiosis in HFD-
fed mice, characterized by elevated a-diversity indices; notably, 80%
LRD intervention attenuated this increase in a-diversity (Fig. 2a), but as
revealed by PCoA analysis, exerted no discernible effect on B-diversity
(Fig. 2b) while distinctly altering the relative abundance of species
(Fig. 2c). Furthermore, 80% LRD intervention was observed to sig-
nificantly ameliorate intestinal barrier injury in the two obese mouse
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Fig. 1| The LRD demonstrates significant efficacy against obesity in young mice
fed with HFD. a Flow chart of the population survey. b Comparison of serum lysine
concentration between healthy control and children with obesity. ¢, d Correlation
of serum lysine concentration with body mass index (BMI) and homeostatic model
assessment of insulin resistance (HOMA-IR) in children and linear regression lines
with 95% confidence intervals. e Flow chart of the animal experiments. f-h Body
weight, body weight gain and the body size of mice in each group over the course of
the 8-week experiment. i Energy expenditure (EE) fluctuations in mice during light
and dark cycles with different diets. j EE during light and dark periods in mice on
different diets. k Respiratory exchange ratio (RER) fluctuations in mice during light
and dark cycles with different diets. I Oxygen consumption (VO,) measurements
for mice on varied dietary conditions. m Carbon dioxide production (VCO,) mea-
surements for mice on varied dietary conditions over time. n Measurement of
triglyceride (TG) content in stool across different dietary groups. o-r Glucose

0 80%

HFD

metabolism of mice in each group at the end of the experiment including intra-
peritoneal glucose tolerance test (GTT) with the area under curve (AUC) of GTT,
intraperitoneal insulin tolerance test (ITT) with AUC. s, t Fasting insulin and HOMA-
IR. u Weight of liver. v Liver morphology and H&E-stained sections (representative
images) (scale bars, 50 pm) in mice exposed to different diets. Each dot represents
a child volunteer (b-d) (V=30 per group). P values were calculated with the
unpaired two-tailed Student’s ¢ test (b), Pearson and Spearman correlation analysis
(two-tailed) (c, d). Each point in graphs (g, j, I, n, p, r-u) represents the value
obtained in an independent mouse (n =8, per group). Data were presented as
mean + S.E.M. P values were calculated with the two-way repeated-measure ANOVA
(f, i, k, m, o, q), one-way ANOVA followed by Tukey’s post-hoc analysis

(g, 1, n, p, r-t), Kruskal-Wallis test followed by Dunn’s post-hoc analysis (j) and exact
P value were shown in figure panels. Source data are provided in a Source data file.

models (Fig. 2d and Supplementary Fig. 4a-h). Therefore, we utilized
the gastric intervention of an antibiotic mixture (ABX) solution to
simulate a germ-free like mouse model (Supplementary Fig. 4i). The
results demonstrated that ABX intervention for two weeks exerted no
discernible impact on the phenotype of HFD-fed mice; moreover,

concurrent administration with 80% LRD yielded no additive effect
(Supplementary Fig. 4j-p).

We subsequently collected fecal samples from individuals with
obesity and healthy control children to establish a human fecal
microbiota transplantation (FMT) mouse model (Supplementary
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Fig. 2 | Gut microbiota plays an important role in anti-obesity with LRD. a The a
diversity of gut microbiota from different groups at the end of dietary treatment
was measured by Sobs, Ace and Chao index on OTU levels. b PCoA plot based on
Bray-Curtis dissimilarity matrices of gut microbiota in mice treated with different
diets. The data were compared by the Adonis test. ¢ Relative abundance of bacteria
in the gut microbiota of mice treated with different diets at the family level. d Left:
mRNA expression of Occludin in indicated mice by RT-qPCR (n =6 per group).

Right: representative blots (n =2 per group). e Schematic diagram of experimental
strategy for FMT. f, g The body weight and body weight gain of mice in each group.
h Differences in body size of mice between each groups after 2 weeks of FMT. i-1
Glucose metabolism of mice in each group at the end of experiment including GTT,
AUC of GTT, ITT and AUC of ITT. m, n Fasting insulin and HOMA-IR. o The weights

HFD HFD
LRDB0% FMT,,

HFD

of liver and eWAT of mice among each group after the 12-week experiment.

p Pathological changes in the liver and eWAT of mice exposed to different treat-
ments for 12 weeks, including H&E stained sections (representative images) (scale
bars, 50 pum) and the area of fat cells. q Level of HDL-C in plasma of mice after

12 weeks of exposure to different treatments. r Left: mRNA expression of Occludin
in indicated mice by qRT-PCR. Middle: representative blots. Right: Western blot
analysis of Occludin expression in tissues from indicated mice (n=6 or 3 per
group). Each point in graphs (a, b, g, j, I-0, q) represents the value obtained in an
independent mouse (n= 6 or 8 per group). Data were presented as mean + S.E.M.
P values were calculated with the two-way repeated-measure ANOVA (f, i, k), one-
way ANOVA followed by Tukey’s post-hoc analysis (a, d, g, j, I-r) and exact P value
were shown in figure panels. Source data are provided in a Source data file.

Fig. 5a). LFD mice transplanted with feces from children with obesity
presented a significantly obese phenotype, while HFD mice trans-
planted with fecal microbiota from healthy control individuals dis-
played a significant amelioration of their obese phenotype
(Supplementary Fig. 5b-i). In addition, we also observed tissue damage

and decreased barrier function in the colon of HFD group mice, which
was alleviated the transplantation of feces from healthy children
(Supplementary Fig. 5j-1). These findings further validate how differ-
ences in gut microbiota can impact the obesity phenotype. However,
whether the dysbiosis of gut microbiota caused by obesity is related to
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nutritional lysine levels remained unclear. Therefore, we first deter-
mined the effects of LRD on the gut microbiota and intestinal barrier
function. To further verify the causal relationship between LRD and
changes in the gut microbiota, we transplanted feces from mice on an
80% LRD into HFD mice (Fig. 2e). Our results confirmed that the weight
loss, weakening of insulin resistance, lipid level abnormalities were all
associated with the restoration of the normal gut microbiota balance
and repair of the intestinal barrier (Fig. 2f-r).

LRD increases the abundance of P. goldsteinii to achieve anti-
obesity effects

Next, using 16s rRNA gene sequencing analysis, we screened for dif-
ferent gut microbiota components at the genus level that might be
involved in the anti-obesity effects of LRD. Among all the microbial
taxa that responded to the LRD, Parabacteroides exhibited the most
significant changes at the genus level. Specifically, the abundance of
Parabacteroides significantly decreased in the intestines of HFD mice
but recovered after LRD (Supplementary Fig. 6a). We further identified
for species level participants and confirmed P. goldsteinii to be a key
bacterial species (Fig. 3a). In addition, correlation analysis revealed
that the abundance of P. goldsteinii was significantly negatively cor-
related with body weight, AUC during the GTT, HOMA-IR, and plasma
lysine levels (Fig. 3b—e). Consistent with this finding, 80% LRD inter-
vention elevated the fecal abundance of P. goldsteinii in Leptin-KO
mice; notably, it is noteworthy that children with obesity exhibited
significantly reduced levels of this bacterium compared to their heal-
thy counterparts (Fig. 3f, g). These results strongly suggested that
P. goldsteinii was a key species involved in the anti-obesity effects of
LRD. To verify this result, we cultivated and identified P. goldsteinii
under anaerobic conditions in vitro and assessed its growth curve and
colony count (Supplementary Fig. 6b—f). We orally supplemented HFD
mice with active P. goldsteinii in solution at a concentration of 1.0 x 10°
CFU/mL (Fig. 3h). The results demonstrated that supplementation with
active P. goldsteinii significantly elevated the fecal abundance of this
bacterium in HFD-fed mice (Fig. 3i). The results showed that supple-
mentation with P. goldsteinii alleviated the body weight of HFD mice,
relieved their systemic insulin resistance and abnormal lipid levels
(Fig. 3j-t and Supplementary Fig. 6g). Additionally, supplementation
with P. goldsteinii significantly repaired the intestinal barrier injury in
HFD mice (Supplementary Fig. 6h-k). Subsequently, we administered
heat-inactivated P. goldsteinii to HFD-fed male mice via oral gavage.
The results demonstrated that inactivated P. goldsteinii failed to
ameliorate obesity phenotypes in HFD-fed mice (Supplementary
Fig. 61-s), indicating that only viable P. goldsteinii exhibits anti-obesity
efficacy.

Given the challenges faced by orally administered bacteria due to
exposure to extreme acidity, enzymes, and bile salt degradation prior
to reaching the colon, resulting in diminished bioactivity and thus
impacting the therapeutic efficacy of probiotics, we undertook the
encapsulation of P. goldsteinii to ensure the activity of the bacteria
before they reached the gut (Supplementary Fig. 7a-e). This involved
enhancing its delivery efficiency through surface modification and
bacterial packaging to optimize therapeutic outcomes. Our findings
indicate that this encapsulation strategy showed significantly enhan-
ces the restorative effects of P. goldsteinii on the obese phenotype and
insulin resistance in mice (Supplementary Fig. 8a-k). Moreover, com-
pared with direct bacterial garvage, oral capsule formulations
demonstrate markedly superior therapeutic effects in mitigating
intestinal barrier damage in obese mice (Supplementary Fig. 81-n). We
further replicated key experiments in female C57BL/6) mice to evalu-
ate the interventional effects of P. goldsteinii supplementation on HFD-
fed females. The results revealed the limited efficacy of active
P. goldsteinii interventions in ameliorating obesity phenotypes in
female HFD mice (Supplementary Fig. 9a-i). We repeated key experi-
ments in which active P. goldsteinii was supplemented in two juvenile

mice models to directly mimic the physiology of children with obesity.
The results showed that active P. goldsteinii supplementation
improved glucose metabolism and reduced fat accumulation in the
two juvenile models (Supplementary Fig. 10a-r), consistent with the
results observed in young adult mice.

LRD induces weight loss by enriching the gut with P. goldsteinii
and enhancing MIAA

Next, we conducted non-targeted metabolomics to observe the dif-
ferences in mouse serum metabolic profiles caused by different diets
(Supplementary Fig. 11a). We screened for key metabolites involved in
the remission of obesity caused by LRD and identified a significantly
differentially altered metabolite, 1,4-methylimidazoleacetic acid
(MIAA) (Fig. 4a). Furthermore, we found that the levels of MIAA were
significantly negatively correlated with weight gain, HOMA-IR, the AUC
during the GTT and lysine levels in mice (Fig. 4b-e), indicating that the
enrichment with MIAA may have been involved in a key pathway
through which LRD alleviated the obesity phenotype. To further clarify
the relationship between MIAA and P. goldsteinii, we analyzed their
correlation. We discovered a significant positive correlation between
the levels of MIAA in plasma and the abundance of P. goldsteinii in feces
of mice (Fig. 4f). Importantly, using LC-MS, we detected the presence
of MIAA in the culture supernatant of P. goldsteinii; whereas this sub-
stance was not detected in the sterile control culture medium (Fig. 4g).
These results provide further support for P. goldsteinii being a key
bacterial species responsible for the production of MIAA.

To follow, we applied a oral garvage of MIAA in HFD mice (Fig. 4h).
After 4 weeks of MIAA supplementation, we observed a significant
decrease in the body weight of the obese mice which was accompanied
by a notable reduction in systemic insulin resistance, the normalization
of lipid levels (Fig. 4i-s and Supplementary Fig. 11b). Additionally, we
observed significant intestinal barrier restoration in obese mice after
MIAA supplementation (Supplementary Fig. 1lc-e). These results
indicated that LRD relieved the obesity phenotype by enriching the gut
with P. goldsteinii and increasing the production of its metabolites
MIAA. We further replicated key experiments in female C57BL/6 ] mice
to evaluate the interventional effects of MIAA supplementation on
HFD-fed females. Results revealed limited efficacy of MIAA interven-
tions in ameliorating obesity phenotypes in female HFD mice (Sup-
plementary Fig. 12a-h).

MIAA exerts anti-obesity effects by upregulating Slc2a4

To elucidate the molecular mechanism of MIAA’s anti-obesity effect,
we employed transcriptomic analysis to screen for potential target
genes of MIAA. KEGG enrichment analysis indicated that the anti-
obesity effects of MIAA and P. goldsteinii were both related to the
insulin resistance signaling pathway (Fig. 5a). By comparing the
expression of genes related to the insulin resistance signaling pathway
in the liver of HFD mice, MIAA-supplemented mice, and P. goldsteinii-
supplemented mice, we found that Slc2a4 was the only gene that was
differentially expressed in all four groups (Fig. 5b). Subsequently, we
confirmed that Slc2a4 mRNA expression levels were significantly
decreased in both HFD mice and Leptin-KO obese mice. However, 80%
LRD significantly increased the expression levels of the Slc2a4 mRNA in
the livers of both obese mouse models (Fig. 5c and Supplementary
Fig. 13a). In addition, we established in vitro insulin-resistant cellular
model (Supplementary Fig. 14b, c), in which similar effects were
observed; Also, these effects were consistent with those in the in vivo
models (Supplementary Fig. 14d).

To investigate whether the decline in Slc2a4 mRNA in obese mice
was influenced by the gut microbiota, we transplanted fecal micro-
biota from individuals with obesity into LFD mice and found a sig-
nificant decrease in Slc2a4 mRNA expression levels in the liver.
Conversely, HFD mice transplanted with fecal microbiota from healthy
volunteers showed significantly increased liver Sic2a4 mRNA
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eWAT PBS Pgoldsteinii
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m-p Glucose metabolism of mice from each group at the end of experiment
including GTT, AUC of GTT, ITT and AUC of ITT. q, r Fasting insulin concentrations
and HOMA-IR. s The weights of liver and eWAT of mice from each group after the
12-week treatment. t Pathological changes in the eWAT of mice, including H&E
stained sections (representative images) (scale bars, 50 um and 100 pm) and the
area of fat cells. Each circle represents an independent experimental group (a).
Each point in graphs (b-f, i, k, n, p-s) represents the value obtained in an inde-
pendent mouse (n=6 or 8 per group). Data were presented as mean + S.E.M.

P values were calculated with the Kruskal-Wails H rank sum test (a), Spearman
correlation analysis (two-tailed) (b-e), unpaired two-tailed Student’s ¢ test

(f, I, n, p-s), two-tailed Mann-Whitney test (g, k), two-way ANOVA repeated-
measure with Sidak’s multiple comparisons test (j, m, 0) and exact P value were
shown in figure panels. Source data are provided in a Source data file.

expression levels (Supplementary Fig. 13e). These results indicate that
disruption to the gut microbiota can affect the levels of Slc2a4 in the
liver and thus influencing the obesity phenotype.

Furthermore, FMT from 80% LRD mice to HFD recipients elevated
liver Slc2a4 mRNA (Fig. 5d), indicating microbiota-mediated regula-
tion. Oral supplementation with P. goldsteinii or MIAA similarly

increased liver Slc2a4 expression in HFD mice (Fig. Se, f), linking their
anti-obesity effects were associated with this pathway. Notably, our
encapsulation technology further enhanced P. goldsteinii's induction
of Slc2a4 mRNA (Supplementary Fig. 13f). Consistent with this, when
we used an MIAA intervention on an insulin-resistant cell models, we
also observed the restoration of Slc2a4 mRNA expression levels (Fig. 5g
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and HOMA-IR (q). r The weights of liver and eWAT of mice from each group after
the 12-week experiment. s Pathological changes in the liver and eWAT of mice
exposed to different treatments for 12 weeks, including H&E stained sections
(representative images) (scale bars, 50 pm and 100 pm) and the area of fat cells.
Each dot represents a metabolite (a). Each point in graphs (b-f, i, m, o-r) represents
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Student’s ¢ test (a, j, m, 0, q-s), Person correlation analysis (two-tailed) (b), Spear-
man correlation analysis (two-tailed) (c-f), two-way ANOVA repeated-measure with
Sidak’s multiple comparisons test (i, I, m), two-tailed Mann-Whitney test (p) and
exact P value were shown in figure panels. Source data are provided in a Source
data file.
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Fig. 5 | MIAA exerts anti-obesity effects by upregulating Slc2a4. a Venn plots
showing the results of KEGG enrichment analysis from three experiments (n = 4 per
group). b Venn plots showing the results of differential gene analysis of insulin
resistance from three experiments (n =4 per group). ¢ The mRNA expression level
of Slc2a4 in liver of mice after 8 weeks of dietary interventions. d The mRNA
expression level of Slc2a4 in liver of mice after 12 weeks of exposure to HFD,
HFD + LRD80% and HFD + FMT rpgox. € The mRNA expression level of Slc2a4 in
liver of mice after 12 weeks of exposure to HFD + PBS and HFD + P. goldsteinii. f The
mRNA expression levels of Slc2a4 in liver of mice after 12 weeks of exposure to
HFD + NS and HFD + MIAA. g The expression levels of SLC2A4 mRNA in the cells
after treated with MIAA for 24 hours in the insulin-resistant THLE-2 cell model.

h Flow chart of the animal experiments. i, j The body weight and body weight gain
of mice in each group over the course of the 12-week experiment. k-n Glucose
metabolism of mice in each group at the end of experiment including GTT with
AUC and ITT with AUC. o The weights of liver and eWAT of mice. Each circle
represents an independent experiment (a). Each point in graphs (c-f, j, I, n, 0)
represents the value obtained in an independent mouse(n = 6 per group). Data
were presented as mean + S.E.M. P values were calculated with the one-way ANOVA
followed by Tukey’s post-hoc analysis (c, d, g), two-tailed Mann-Whitney test (e),
unpaired two-tailed Student’s ¢ test (f, j, I, n, 0), two-way ANOVA repeated-measure
with Sidak’s multiple comparisons test (i, k, m) and exact P value were shown in
figure panels. Source data are provided in a Source data file.

and Supplementary Fig. 14g). These results suggest that Slc2a4 may
mediate the anti-obesity effects of P. goldsteinii and MIAA.

Subsequently, we knocked down the expression of Sic2a4 in
mouse liver tissue using an adeno-associated virus (AAV), and the
knock-down efficiency was validated (Supplementary Fig. 13h-j). We
found that, after KD of Slc2a4, the anti-obesity effect of MIAA was
significantly attenuated, as evidenced primarily by the cessation of
weight loss and the stronger of systemic insulin resistance effects
(Fig. 5h-0). Additionally, employing a strategy of three intraperitoneal
injections of the Sic2a4 protein inhibitor fasentin, we found that this
treatment attenuated the ameliorative effects of MIAA on the obese
phenotype in HFD-fed mice (Supplementary Fig. 13k-s).

MIAA enhances Sic2a4 through FTO-mediated m°A modification
to exert anti-obesity effects

To clarify whether the increase in Slc2a4 expression was related to m°A
modification, we first validated whether there was a significant
decrease in m°A modification levels on Slc2a4 mRNA in an in vitro
model (Fig. 6a). Dot blot analysis confirmed that total m°A modifica-
tion levels in the liver tissue significantly increased after LRD in two

mouse models of obesity (Fig. 6b and Supplementary Fig. 14a), and this
was primarily associated with decreased FTO expression, while the
expression levels of other m°A methyltransferases and demethylases
did not significantly change (Fig. 6¢ and Supplementary Fig. 14b-f).
Within the in vitro insulin-resistant cellular model, we observed a
reduction in the level of intracellular m°A modifications (Fig. 6d and
Supplementary Fig. 14g). Importantly, we observed significant changes
in the expression levels of Fto mRNA and protein in the liver tissue of
HFD mice after fecal transplantation (Fig. 6e and Supplementary
Fig. 14h), P. goldsteinii treatment (Fig. 6f and Supplementary Fig. 14i),
and MIAA treatment (Fig. 6g). Consistent with these observations,
MIAA treatment also normalized the increase in FTO levels and the
changes in m°A modification levels, as observed in the cell model
(Fig. 6h, i). Next, to verify whether FTO affects obesity by altering the
expression levels of Slc2a4, we used AAV to construct mice with liver-
specific Fto KD (Supplementary Fig. 14j-1). It was found that the
intervention effect of MIAA on HFD mice was inhibited (Fig. 6j—q).
Further, we also constructed transgenic mice with systemic Fto KD.
The results showed that systemic Fto KD abolished the anti-obesity
effects of P. goldsteinii and MIAA (Fig. 7a-p).
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(n=3 or 6 per group). h Top: representative blots. Under: Dot blot analysis of m°A
modification levels of total RNA in the insulin-resistant (IR) THLE-2 cell model after
treatment with MIAA for 24 hours. i Left: mRNA expression of Fto. Middle: repre-
sentative blots. Right: FTO expression in the IR THLE-2 cell model after being
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plasmids of siFTO. t The expression level of SLC24A4 mRNA in insulin-resistant
THLE-2 cells after inhibiting m°A reader mRNA by siRNA. u After knocking down
FTO through CRISPR-Cas9 technology, the expression levels of SLC2A4 mRNA in
THLE-2 cells with or without YTHDCI mRNA inhibited. v The expression levels of
SLC2A4 mRNA in THLE-2 cells transfected with different plasmids of YTHDCI after
inhibiting FTO mRNA by siRNA. Each point in graphs (c, e, g, h, k, m, o, p) repre-
sents the value obtained in an independent mouse (1 =10 per group). Date were
presented as mean + S.E.M. P values were calculated with the two-way ANOVA
repeated-measure (b, d, f, j, I, n), unpaired two-tailed Student’s ¢ test

(c, e, g h,k,m,o, p), Kruskal-Wallis test followed by Dunn’s post-hoc analysis (q, t),
one-way ANOVA followed by Tukey’s post-hoc analysis (r, s, u, v) and exact P value
were shown in figure panels. Source data are provided in a Source data file.

Next, to confirm whether FTO regulates the abundance of Sic2a4
in an m°A-modification-dependent manner, we constructed a plasmid
with the FTO gene mutated (or not) at the m°A modification site. To
verify the results, we conducted the following in vitro experiments
using cell line. After transfection with small interfering RNA targeting
FTO (siFTO), we found that the expression level of SLC2A4 mRNA was

elevated (Fig. 7q and Supplementary Fig. 15a). FTO wildtype and FTO
mutant plasmid expression was silenced. The results showed that the
FTO mutant plasmid did not affect m®A modification or FTO expres-
sion (Fig. 7r and Supplementary Fig. 15b), and silencing the FTO mutant
plasmid did not significantly downregulate the expression level of
SLC2A4 mRNA (Fig. 7s). These results indicate that FTO regulates the
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expression level of SLC2A4 mRNA through m°A modification. m°A
modification usually requires the participation of reader proteins
(Supplementary Fig. 15c). Therefore, we next used siRNA technology to
clarify YTHDCI1 was the key specific m°A-reading protein under non-
stimulation conditions (Fig. 7t).

To confirm whether FTO regulates the expression level of SLC244
mRNA in an m°A-modification-dependent manner by recruiting
YTHDCI (Supplementary Fig. 15d, e), we further constructed stable
FTO KO cells (Supplementary Fig. 15f). After transfection of FTO KO
cells with siYTHDCI, we found that the expression level of SLC244
mRNA was reduced (Fig. 7u). To confirm whether YTHDC1 mediated
the regulation the expression level of SLC244 mRNA in an m°A-
modification-dependent manner, we constructed a plasmid with
mutations at the YTHDC1 modification site. After transfection with
SiFTO, the YTHDC1 wildtype or YTHDCl1 mutant plasmids were
silenced. The results showed that the YTHDC1 mutant plasmid sig-
nificantly inhibited the regulatory effect of SLC244 (Fig. 7v). These
results indicate that FTO regulates the expression level of SLC244
mRNA through YTHDCI1-mediated m°A modifications.

Discussion

We first demonstrate that LRD may effectively ameliorate childhood
obesity. While conventional obesity management is often limited by
safety concerns and irreversible effects-reserved for severe cases®™*°
The WHO advocates lifestyle modifications such as improved diet
quality and reduced caloric intake’. This study revealed elevated serum
lysine levels in children with obesity, which is consistent with adult
data*, indicating that lysine levels were associated with obesity inde-
pendent of age. LRD induced significant weight loss in two animal
models, indicating efficacy regardless of genetic background or
intervention pattern. Critically, LRD caused no malnutrition or meta-
bolic abnormalities in LFD/HFD mice. LRD reduced HFD mouse weight
and improved phenotypes comparably to orlistat, but without syner-
gistic effects. Unlike pharmacotherapy, LRD offers safer, more eco-
nomical, and widely applicable prospects. Importantly, this study
confirmed the response of the intestinal microbiota to LRD and its
crucial role in the anti-obesity effect of LRD. We also used sequencing
methods to screen and verify the anti-obesity effects of LRD by
affecting a key emerging probiotic, P. goldsteinii. This weight loss
effect was mainly attributed to P. goldsteinii’s ability to enhance the
level of MIAA and activate the FTO-YTHDCI-SLC2A4 axis in an
m°A-dependent manner, thereby increasing insulin resistance levels
and ultimately alleviating the phenotype of obesity (Fig. 8).

The prevailing consensus suggests that the microbiota is a key
factor influencing obesity?>*, and researchers have attempted to uti-
lize FMT as a method for weight loss in clinical trials*. We used ABX-
treated mice to model post-dietary microbial recovery-a more phy-
siologically relevant approach than germ-free (GF) mice***, whose
complete sterility rarely occurs naturally. FMT from children with
obesity induced metabolic dysfunction in LFD mice, whereas FMT
from healthy children improved obesity in HFD mice. This childhood-
FMT strategy enhances human relevance in obesity research. Fur-
thermore, FMT from LRD HFD mice into ABX-treated HFD recipients
conferred metabolic benefits.

However, we should maintain a certain level of caution regarding
this approach. The efficacy of FMT can be influenced by various fac-
tors, including donor source, recipient status, and environmental
conditions*®. Moreover, although some bacteria are known to be
beneficial for weight loss, FMT procedures cannot exclude certain
potentially obesogenic bacteria that may promote or exacerbate
obesity phenotypes. Therefore, studies are now gradually starting to
seek out core anti-obesity probiotic species with high abundance*’*5,
Based on this new concept, this study analyzed 16S rRNA gene
sequencing results from a mouse model of LRD and identified,
screened, and verified the role of an anti-obesity bacterium,

P. goldsteinii. Previous animal and clinical studies have consistently
reported that obesity is often accompanied by a certain inflammatory
state that can lead to a continuous decrease in the abundance of
Parabacteroides species**°. In this study, we found that P. goldsteinii
was the only significantly decreased species within the Parabacteroides
genus after HFD induction, and its abundance significantly increased
after LRD intervention. This increase was closely correlated with
insulin resistance coefficients and lysine levels. Moreover, in in vivo
experiments, P. goldsteinii also demonstrated a strong anti-obesity
effect, making it a potential candidate for next-generation probiotics
targeting obesity.

As a core gut commensal, P. goldsteinii influences metabolic dis-
eases via gut-bidirectional interactions®. It enhances intestinal barrier
integrity and reduces inflammation, improving microbiota function®?.
We confirmed its barrier-repair capacity in obese mice and developed
gastric-resistant encapsulation to promote intestinal colonization,
enhancing anti-obesity efficacy. The carbohydrate breakdown pro-
ducts of Parabacteroides species include acetic acid and succinate®,
and P. goldsteinii was recently reported to produce 7-keto-lithocholic
acid, which could also alleviate intestinal barrier damage®. Coin-
cidentally, we identified in LRD-intervention mouse plasma and
P. goldsteinii cultures. Gavage of MIAA reduced weight and insulin
resistance in HFD mice, establishing a new mechanism: P. goldsteinii
ameliorates obesity via MIAA production. This expands known
P. goldsteinii metabolites, being the first report of its obesity regulation
through acetic-acid-like compounds. Consistent results in juvenile and
adult mouse models, alongside childhood microbiota usage, suggest
translational potential for the LRD-P. goldsteinii axis despite species
limitations.

We identified Slc2a4 as a key target gene mediating MIAA’s
action. As one of the 14 members of the SLC2A family, Sic2a4
serves as the primary mediator of glucose clearance from circu-
lation and a critical regulator of whole-body glucose
homeostasis®*. Notably, the protein encoded by SLC244 expres-
sion levels have been shown to be selectively reduced in obesity
and type 2 diabetes patients®. Our results also demonstrate that
MIAA has a significant promoting effect on Slc2a4 mRNA
expression. This promotion further enhances cellular glucose
uptake and metabolic function, leading to decreased blood glu-
cose levels and the alleviation of insulin resistance effects.
Recent studies have confirmed the significant role of human AlkB
homolog 5 (ALKBHS) in regulating the m°A demethylation of
Slc2a4 mRNA and, therefore, the regulation of glycolytic function
in drug-resistant breast cancer cells”. However, the mechanism
by which Sic2a4 regulates m®A modifications is not fully under-
stood. Building upon this foundation and based on our results, we
propose a new potential mechanism: the impact of Slc2a4 on
insulin resistance may be achieved through an FTO-mediated
mfA-modification-dependent pathway. Considering the presence
of the two m°A demethylases, FTO and ALKBHS5, which may have
simultaneous roles in removing m°A modifications, our study
findings imply that specific FTO-mediated m®A modification of
Slc2a4 occurs through the non-differential expression of the
ALKBHS protein.

Importantly, our results also confirmed that, after LRD interven-
tion, the expression levels of FTO decreased in liver tissue, consistent
with the simultaneous production of anti-obesity effects. This
mechanism may be attributed to two factors: First, the decrease in FTO
expression can lead to an increase in m°A modifications on Sic2a4
mRNA, enhancing Slc2a4 mRNA expression, alleviating insulin resis-
tance, and thus improving the obesity phenotype. Second, besides
being a m°®A demethylase significantly altered in obesity models, FTO is
also a protein closely associated with obesity*®. Therefore, inhibiting
FTO may directly contribute to weight loss effects. However, in our
in vitro cell experiments, we found that mutating the m°A demethylase
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activity site of FTO achieved effects similar to those of FTO knockdown
in terms of weakening insulin resistance. This suggests that the reg-
ulatory mechanism of FTO’s effect on obesity may be more complex
and involve various regulatory pathways, such as FTO-mediated m°A
modification in liver/adipocyte cells® and the coexistence of FTO
single-nucleotide polymorphisms®. Furthermore, the biological reg-
ulation of m®A modification generally requires the involvement of m°A
reader proteins®. This study also screened and identified YTHDC1 as
the key reader protein regulated by FTO in the control of Sic2a4 sta-
bilization and confirmed that YTHDCI can bind to m°A modifications
on, and thereby stabilize the Sic2a4 mRNA, contributing to its
increased abundance.

Interestingly, our study identified Sic2a4 as the only differentially
expressed gene in the altered insulin resistance signaling pathway in
the liver under LRD and gut microbiota modulation. While Sic2a4 is
typically expressed in adipose tissue and skeletal muscle™, its upre-
gulation in the liver suggested a novel, non-canonical role that may be
critical in specific metabolic contexts. This atypical expression might
be driven by the unique metabolic environment induced by LRD,
potentially mediated by gut microbiota-derived metabolites like MIAA.
MIAA’s modulation of m°A levels in Slc2a4 mRNA and inhibition of
FTO-mediated YTHDCI supported the idea that genes with weak liver
expression can become functionally significant under altered condi-
tions. Although the precise mechanisms require further investigation,
our findings suggest an unrecognized role for Slc2a4 in liver metabo-
lism. Future studies should explore this role, focusing on its regulatory

mechanisms and implications in disorders like obesity and insulin
resistance.

Three limitations have to be addressed. First, the use of mal-
tosaccharin as an isocaloric substitute for lysine-calories in diets, while
necessary to maintain caloric parity across groups, introduces poten-
tial confounding due to divergent metabolic pathways between oli-
gosaccharides and amino acids®*®. Although maltosaccharin
demonstrates metabolic neutrality in glycemic/insulin responses®,
future studies should incorporate gut microbiota profiling and alter-
native substitution strategies. Second, while our protocol minimized
exposure duration, we acknowledge that glycerol may still enrich
osmotic-tolerant bacterial species’>®, potentially causing minor com-
munity structure changes. Third, while the human-origin P. goldsteinii
strain (JCM: 13446T) enhances clinical relevance®, host-specific evo-
lutionary adaptations in murine versus human strains may exist.
Whole-genome sequencing and host-microbe interaction studies are
required to validate functional equivalence across host species.

In summary, our study has provided preliminary evidence
demonstrating that gut microbiota that thrive under an LRD, speci-
fically P. goldsteinii, have the ability to enhance MIAA. This com-
pound activated the FTO-YTHDCI-SLC2A4 axis, consequently
lowering insulin resistance levels and ultimately ameliorating the
phenotype of obese mice. These findings not only emphasize the
pivotal role of gut microbiota in children with obesity but also offer
novel insights and ideas relating to innovative therapeutic interven-
tion strategies.
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Methods

We provide a list of key resources used in this study in Supplementary
Table 2.

Human subjects

This research included 30 children with obesity aged between 6 and 12
and 30 healthy controls to compare plasma free lysine levels. Inclusion
criteria: the obesity group was verified to have primary obesity; con-
trols were not obese. Both groups excluded recent infections, surgery,
antibiotic use (1 month), and congenital/genetic diseases. Of the 263
initially screened, 60 participants were selected via strict screening
(Supplementary Fig. 16); all participants and their guardians provided
written informed consent. Data were anonymized using unique codes.
The investigators were blinded to group allocation during data col-
lection and/or analysis. Chongqing Medical University’s Ethics Com-
mittee (N0.2023003) approved the study in accordance with the
Helsinki Declaration. Only aggregated findings were presented.

Experimental animals

This study used 4-week-old C57BL/6 ] (male/female), 6-week-old male
Leptin-KO, and 4-week-old male FTO heterozygous transgenic mice.
The mice were sourced from Chongqing Medical University [license
SYXK (Chongging) 2022-0016], Jiangsu GemPharmatech Co., Ltd
[license number: SCXK(Su)2023-0009], and Chengdu GemPharma-
tech Co., Ltd [license numbers: SCXK(Chuan) 2020-0034]. All mice
were housed under specific pathogen-free (SPF) conditions, with
controlled room temperature (23 +1°C), humidity (50 % + 10 %), and a
12 h/12 h light/dark cycle. Food and water were provided ad libitum.
The study protocol was approved by the Chongqing Medical Uni-
versity Ethics Committee (IACUC-CQMU-2023-0465). Animals were
subjected to stratified randomization based on body weight, using
computer-generated random numbers from www.random.org. To
further mitigate potential confounding factors, processing order and
measurement sequences were randomized throughout the experi-
mental procedures and data collection. Blinding protocols were used
throughout group allocation, experimental execution, result evalua-
tion, and data processing to ensure scientific integrity.

Cell culture

The Human THLE-2 cell line (CL-0833, Pricella) was obtained from
ATCC and cultured in specific medium (CM-0833, Pricella) at 37 °C
with/5 % CO,. HEK293T (CL-0005) was maintained in DMEM (A1451801,
Thermo Fisher) supplemented with 10% fetal calf serum (S711-001S,
Lonsera), 100 U/mL penicillin/streptomycin (15140122, Gibco). The
cells were collected at 80% confluence for experiments.

Bacterial culture conditions and encapsulation

P. goldsteinii (13446, JCM) was anaerobically cultured in GAM broth/
agar (Supplementary Table 3) supplemented with 0.1 % vitamin K1 and
hemin at 37 °C (80 % N,/10 % C0O,/10 % H,), all procedures performed
inside in an anaerobic chamber. To enhance gastric resistance and
intestinal colonization, we developed a three-layer encapsulation:
outer gum Arabic, middle chitosan, and inner alginate-embedded
bacterial suspension, adapted from previous methods®’.

Lysine-restricted diet (LRD) intervention in the obesity

model mice

Lysine-restricted diets (LRD: 40% or 80% lysine reduction) were for-
mulated by replacing lysine calories with isocaloric maltosaccharin in
low-fat (LFD, 10% fat) or high-fat diets (HFD, 60% fat) (Supplementary
Table 4). Three experiments were conducted: the Obesity model: 96
male C57BL/6] mice (4-week-old) received an HFD/LFD+LRD for
8 weeks (weight/blood glucose was monitored at 4/8 weeks). Leptin-
KO validation: 16 male Leptin-KO mice (6-week-old) were fed LFD or
LFD + LRD80Y% for 6 weeks. Drug comparison: 32 male C57BL/6) mice

(4-week-old) received HFD or HFD + LRD80% for 8 weeks, followed by
14-days of treatment with orlistat (10 mg/kg/day) vs saline control.

Fecal microbiota transplantation (FMT)

Human-animal FMT was performed under anaerobic conditions.
Pooled fecal samples from children with obesity and healthy controls
(200 mg each) were homogenized in PBS, centrifuged (200 x g, 4 °C),
washed, and resuspended in 20% glycerol-PBS (sterile equipment). A
total of 32 four-week-old male C57BL/6) mice received LFD/HFD for
8 weeks, followed by pretreatment with 200 pL of antibiotic cocktail
(ABX) (Supplementary Table 5) for 14 days. ABX-treated mice were
gavaged with 200 pL daily of the following: (1) children with obesity
microbiota suspension (LFD group), (2) healthy control microbiota
suspension (HFD group), or (3) PBS controls.

For microbiota-dependent anti-obesity validation, 24 mice
(4-week-old) were divided: 16 received HFD for 8 weeks + ABX, while 8
received HFD + LRD80%. Fecal suspensions from HFD + LRD80% mice
were transplanted into HFD-fed mice using the above protocol. All
procedures were performed under strict anaerobic conditions and
were adapted from previous protocols.

Effects of P. goldsteinii and MIAA supplementation on male mice
fed an HFD

Male C57BL/6) mice (4-week-old, n=32) received HFD for 8 weeks,
followed by daily oral gavage of either: (1) active P. goldsteinii (200 pL,
1 x10° CFU/mL) or MIAA (50 mg/kg), or (2) vehicle control for 28 days
while maintaining HFD.

Effects of supplementation with inactivated P. goldsteinii on
male mice fed an HFD

Male C57BL/6 ) mice (6-week-old, n = 22) were fed an HFD for 8 weeks.
While the HFD was continued, the mice subsequently received daily
oral gavage of either inactivated P. goldsteinii (200 pL, 1 x 10° CFU/mL)
or the vehicle control for 28 days.

Effects of P. goldsteinii and MIAA supplementation on female
mice fed an HFD

Female C57BL/6) mice (4-week-old, n=34) received HFD for 8 weeks,
followed by daily oral gavage of either: (1) active P. goldsteinii
(200 pL, 1x10° CFU/mL) or MIAA (50 mg/kg), or (2) vehicle control for
28 days while maintaining HFD.

P. goldsteinii supplementation for metabolic abnormalities in
Young Mice

Male C57BL/6J (n =16, 4-week-old) and Leptin-KO mice (n =18, 4-week-
old) underwent HFD (2 weeks) or LFD (1 week) acclimation, respec-
tively, followed by daily oral gavage of 200 L active P. goldsteinii (1 x
10° CFU/mL) or vehicle control for 28 days.

Simulated gastric fluid (SGF) and simulated intestinal fluid (SIF)
Simulated gastrointestinal resistance: Microcapsules (1g) were incu-
bated in SGF (0-3 h sampling) and SIF (0-90 min sampling) at 100 rpm.
The samples were washed, lysed, and plated for CFU counting, with
unencapsulated bacteria used as controls.

Viability assessment: Bacterial suspensions (untreated/SGF-
90 min/SIF-3 h) and microcapsules were stained with SYTO9/PI (3 pL
dye/mL, 15 min dark incubation). Live/dead bacteria displayed green/
red fluorescence, respectively, under microscopy. The micro-
encapsulated groups were subjected to post-staining SGF/SIF treat-
ment before observation, with unstressed encapsulated bacteria used
as controls.

Encapsulation of P. goldsteinii supplementation to treat obesity
Male C57BL/6] mice (4-week-old, n=16) were fed an HFD for 8 weeks,
followed by daily oral gavage of either 200puL of the active
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P. goldsteinii (1 x 10° CFU/mL) or the microencapsulated preparation
(200 pL) for 28 days.

Effects of P. goldsteinii and MIAA supplementation on systemic
Fto-KD mice fed a HFD

Fto-knockdown (KD) mice were produced in accordance with pub-
lished protocols®®. Forty male Fto-KD mice (4-week-old) received HFD
for 8 weeks, followed by daily oral gavage of: P. goldsteinii (1x 10° CFU/
mL), MIAA (50 mg/kg) or vehicle control (200 pL) for 28 days.

Three other animal models of MIAA supplemental intervention
Liver-targeted AAV model: Male C57BL/6) mice (4-week-old, n=24)
received tail vein injections of AAV-Sic2a4/Fto-KD (100 pL) or empty
vector after 5-week HFD, followed by 8-week HFD maintenance and 28-
day MIAA treatment (50 mg/kg/day, oral gavage).

Pharmacological inhibition model: Male C57BL/6) mice (n=16, 4-
week-old) were intraperitoneally injected with fasentin (10 mg/kg) on
days 1/8/15 post-HFD initiation, maintained on a HFD for 8 weeks, and
then administered MIAA (50 mg/kg/day) or vehicle for 28 days.

Metabolic monitoring

For the measurement of energy expenditure, singly housed mice were
acclimated to the metabolic chamber of the TSE Phenomaster system
for 24 hours at room temperature. O, consumption and CO, produc-
tion were monitored and data were collected. Energy expenditure (EE)
was calculated as EE = (3.185 +1.232 x VO,/ VCO,) x VO,. The respira-
tory exchange ratio (RER) was calculated as RER =VCO,/VO,. Mice
were kept in a metabolic chamber at 22 °C for 2 days. The fecal tri-
glyceride content was quantified using enzymatic assays. Samples
were incubated (37 °C, 10 min) in 96-well plates, and the absorbance
was measured at 500 nm.

Insulin tolerance test and glucose tolerance test

In the glucose tolerance test (GTT), animals were subjected to over-
night fasting with access to water, while in the insulin tolerance test
(ITT), they were fasted for 6 hours with water available. Fasting blood
glucose levels were measured before the intraperitoneal injection of
glucose (2.0 g/kg weight) or insulin (0.75 U/kg weight). Blood glucose
levels were measured at different time points (0, 30, 60, 90 and
120 min).

Biological sample and tissue collection

Fresh fecal pellets (2-3 per mouse) were collected daily (9: 00-10: 00
AM) for three days before the conclusion of the dietary intervention
and stored at —80 °C. The mice were euthanized via intraperitoneal
tribromoethanol (150 mg/kg). Orbital blood was centrifuged
(6000 rpm, 4 °C, 10 min), and the plasma was stored at —80 °C. Epi-
didymal white fat tissue (eWAT), the colon, and the liver were dis-
sected and weighed. The samples were fixed in 4% paraformaldehyde
(colon/liver) or 10% calcium formaldehyde (eWAT) for >24 h and then
flash-frozen in sterile tubes at —80 °C.

Plasma biochemical analysis

Plasma lipid profiles and fasting blood glucose levels were quantified
using an automated biochemical analyzer following the manu-
facturer’s protocols.

Insulin level testing

Fasting plasma insulin levels were quantified using species-specific
ELISA kits. The human (E-EL-H2665) and mouse (E-EL-M1382c) insulin
assays followed identical protocols: samples/standards were incu-
bated (90 min), and treated sequentially with biotinylated antibodies
(37 °C, 60 min), HRP conjugates (37 °C, 60 min), and TMB substrate
(37 °C, 15 min dark). The reactions were stopped with a stop solution,

and the absorbance was measured at 450 nm. Concentrations were
calculated against standard curves.

Homeostatic model assessment of insulin resistance
Homeostatic model assessment of insulin resistance (HOMA-IR) was
calculated as HOMA-IR = (Fasting plasma glucosexFasting insu-
lin)/22.5.

Lysine content detection

The plasma-free lysine content was quantified in human and murine
samples using a colorimetric assay (Cell Biolabs, MET-5130). The
plasma was incubated with the reaction mixture for 20 min (in the
dark), after which the absorbance was measured at 560 nm. Standard
curves derived from lysine calibrators enabled concentration
determination.

Hematoxylin-eosin(H&E) staining and histopathological analysis
Paraffin-embedded liver, adipose, and colon tissues (5 pm sections)
were stained with H&E using standardized protocols. Colon pathology
was assessed blindly by independent evaluators based on specified
criteria. Representative images were captured using bright-field
microscopy.

RNA extraction and qPCR analysis

Total RNA was extracted from cells or homogenized tissues using
TRIzol reagent (Takara, 9109) according to the manufacturer’s
instructions. The isolated RNA was reverse-transcribed using the cDNA
Synthesis Kit (Takara, RRO36A). Quantitative real-time PCR (qPCR) was
performed using target-specific primers (Supplementary Table 6) and
SYBR Green probes. The reaction conditions for qPCR are provided in
Supplementary Table 7. The 2 method with B-actin as the internal
reference control was used to determine the relative mRNA
expression level.

Protein extraction and western blotting

Tissue and cell proteins were extracted using RIPA buffer containing
protease inhibitors. Protein concentrations were determined by BCA
assay (Beyotime, PO009), after which the proteins were denatured
(100 °C, 10 min), and separated via SDS-PAGE. The transferred PVDF
membranes (LABSELECT, TM-PVDF-R-22) were blocked with 5% skim
milk powder, and incubated with primary antibodies 4 °C overnight
(see Supplementary Table 8 for details), followed by HRP-conjugated
secondary antibodies (1h, RT). The membranes were then washed
three times in TBST (Tris-buffered saline containing 0.1 % Tween 20)
before visualization using the New SUPER ECL on a ChemiDoc™ Touch
Imaging System. Western blot images were analyzed for densitometry
using Image).

RNA extraction and dot blots

Total RNA was extracted (Eastep” Super Total RNA Extraction Kit),
denatured (95°C, 3 min), and blotted onto a Nylon Transfer Mem-
brane-N+ membrane (Biosharp, BS-NY-45) using a water circulation
multi-functional vacuum pump device (Lichen, SHZ-DIIl). The mem-
branes were UV-crosslinked, blocked, incubated with m°A antibody,
and then incubated with HRP-conjugated secondary antibody (RT/1h).
The signals were detected with New SUPER ECL on a ChemiDoc™
Touch Imaging System. The RNA input was normalized via 0.5%
methylene blue staining (Solarbio, G1302).

16S rRNA gene sequencing and data analysis

Fecal DNA was extracted using the PF Mag-Bind Stool Kit (Omega,
M4029-00). The V3-V4 region of 16S rRNA was amplified and
sequenced on the Illumina PE300 platform according to the standard
protocol of Majorbio Bio-Pharm Technology Co. Ltd. Raw reads were
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processed with FASTP and FLASH. OTUs were clustered at 97% simi-
larity and taxonomically classified against SILVA v138. Sequence data
were rarefied to 34,546 reads/sample. One-way ANOVA for a-diversity.
Principal coordinate analysis (PCoA) was used on the basis of the Bray-
Curtis distance algorithm to test the similarity of microbial community
structures between samples, and was combined with the PERMANOVA
non-parametric test to determine whether the differences in microbial
community structure between sample groups were significant. Genus
and species composition visualization and linear discriminant analysis
were performed using R (v4.2.3), and the Kruskal-Wallis test was used
for taxonomic differential analysis.

Bacterial DNA extraction and qPCR for 16S ribosomal DNA
Fecal DNA from childhood and murine cohorts was extracted using the
TIANamp Stool DNA Kit (TIANGEN, DP328). qPCR amplification with
Blast Tag™ 2X qPCR Master Mix (Abm, G891) and target-specific pri-
mers (Supplementary table 6) was performed on a Bio-Rad CFX sys-
tem. The relative bacterial abundance was normalized to that of UMI
16S and calculated via the 27 method.

Non-targeted metabolomics

Non-targeted metabolomics of mouse plasma (4 groups, 6 sam-
ples per group, a total of 24 samples) was conducted utilizing
liquid chromatography-tandem mass spectrometry (LC-MS/MS)
with a C18 column maintained at 40 °C. The mobile phases consist
of (A) 5% acetonitrile/95% water and (B) 47.5% acetonitrile/47.5%
isopropanol/5% water, each containing 0.1% formic acid. Data
were collected in both positive and negative electrospray ioni-
zation modes over a m/z range of 70-1050, utilizing data-
dependent acquisition (DDA) with resolutions of 60,000 for
MS1 and 7,500 for MS2. The instrument settings included a spray
voltage of 3.5kV, an ion transfer tube temperature of 325°C,
normalized collision energies of 20/40/60V, and an auxiliary gas
temperature of 425°C. Raw data were processed with Progenesis
QI (Waters, UK) for feature detection, alignment, and normal-
ization. Metabolite annotation included correlating precise mas-
ses and MS/MS spectra with public databases, including the
Human Metabolome Database (HMDB), Metlin, and proprietary
reference libraries, supplemented by human verification and
quality control measures. To assess analytical reproducibility,
pooled quality control (QC) samples, composed from equal ali-
quots of study plasma, were routinely injected during the run to
monitor retention time stability and fluctuations in signal
strength. Sample preparation and injection order were rando-
mized among experimental groups, with no significant batch
effects identified (Fisher’s exact test, P> 0.05). After removal of
features with missing values and subsequent loglO transforma-
tion, the data were subjected to multivariate statistical analysis.
Principal component analysis (PCA) and partial least-squares
discriminant analysis (PLS-DA) were performed with sevenfold
cross-validation. Significantly altered metabolites were defined as
those with variable importance in projection (VIP) scores >1 and a
two-tailed Student’s ¢-test P-value <0.05. All statistical analyses
and data visualization were conducted on the Majorbio Cloud
Platform (Shanghai, China).

LC-MS/MS-based substance identification

LC-MS/MS-based metabolite profiling of P. goldsteinii supernatant (vs.
GAM medium control) was performed using a Sepax GP-C18 column
(1.8 um, 2.1 x 150 mm, 40 °C) with mobile phases: 0.1% formic acid (A) and
acetonitrile (B; 0.3 mL/min, 21 min). ESI + modes were applied. The Raw
data (converted to ABF format) were subjected to data-independent MS/
MS deconvolution, peak extraction, and alignment in MS-DIAL v4.70,
generating a metabolite matrix. Database-matched metabolites were
visualized via heatmaps using total identification scores.

RNA sequencing

TRIzol reagent was used for total RNA extraction from liver tissue
according to the manufacturer’s protocol. RNA-Seq analysis was per-
formed by Major Bio Inc. For RNA-seq analysis, cDNA libraries were
constructed with the lllumina Truseq™ RNA sample preparation kit
(Ilumina, RS-122-2001) using 1pg of total RNA. The total RNA was
sequenced using the Illumina Novaseq 6000 sequencing System. The
expression differences of genes between samples were analyzed using
DESeq2, and the screening criteria for significantly differentially
expressed genes were FDR < 0.05 and [log2FC | 21.KOBAS software was
used for KEGG annotation, functional classification, and enrichment
analysis of differentially expressed genes. The RNA-seq data were
deposited in the Gene Expression Omnibus.

Animal adeno-associated virus vector (AAV) construction and
virus packaging

AAV vectors (serotype 8) expressing liver-targeted shRNAs against
Slc2a4 or Fto under the thyroxine-binding globulin (TBG) promoter
were constructed (Hanheng Biological Technology). shRNAs (Supple-
mentary Table 9) were subsequently cloned and inserted into TBG-
driven vectors with ZsGreen. Validated plasmids were co-transfected
with PAAV-RC and pHelper into 293-AAV cells using Lipofiter™ lipo-
fectamine, followed by 72-h incubation and purification kit (Biomiga,
V1469-01). AAVs underwent sterility, mycoplasma, and titer QC. Final
titers: Slc2a4-shRNA (1.8 x 10" vg/mL) vs. empty vector (1.7 x 10'2); Fto-
shRNA (1.7x10™) vs. empty vector (1.8 x 10%2),

Fluorescence staining

Fluorescent nuclear staining was performed on frozen sections using
DAPI (Beyotime, C1005). The Sections were thawed at room tem-
perature (30 min), washed three times with PBS, and incubated with
DAPI in the dark (3 min). After being washed with PBS, the, sections
were air-dried, mounted in glycerol, and imaged via fluorescence
microscopy.

In vitro experiments with an insulin resistance model

THLE-2 cells were seeded in 96-well plates (1 x 10° cells/well, 100 pL
medium) during log-phase growth. After reaching 80% confluency,
cells were treated with insulin (Macklin, 1828365) at concentrations of
0, 5,10, or 20 pg/mL in culture medium for 24 or 48 h. To establish
insulin resistance, cells were subsequently incubated for 48 h in THLE-
2-specific maintenance medium (Pricella, CM-0833) containing 10 pg/
mL insulin.

Cell viability test

Cell viability was assessed using MTS reagent (Promega, G3581). Fol-
lowing 1h incubation (37°C, 5 %CO,) with controls, absorbance at
490/630nm was measured. Cell viability was calculated as
[(OD490 — ODg30)/(blank mean)] x 100%.

Glucose content detection

Cellular glucose content was quantified using the CheKine™ Glucose
Content Assay Kit (Micromethod) (Abbkine, KTB1300). Lysates from
treated/control cells were centrifuged to collect supernatants. Stan-
dard curves were generated via gradient- diluted glucose standards.
Samples were mixed with the kit reagents and heat-treated (100 °C,
5min), and the absorbance was measured at 630 nm using a micro-
plate reader.

RNA immunoprecipitation (RIP)

RIP was performed using the PureBinding® RNA Immunoprecipitation
Kit (GENESEED, P0101). Following insulin resistance induction, the cell
lysates were incubated with protein A/G magnetic beads pre-coupled
with 5 pg of m°A antibody (Abcam, ab284130) or rabbit IgG control for
2h at 25°C with rotation. Antibody-bead complexes were washed,
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then combined with lysate supernatants and rotated overnight at 4 °C
(10 rpm). After magnetic separation and three wash cycles, bound RNA
was extracted using kit protocols and stored at —-80 °C. Reverse tran-
scription qPCR was conducted as previously described.

MIAA intervention in an insulin-resistant cell model

THLE-2 cells at 90% confluency were treated with 0, 1, 2, 3, 4, 5, 6, or
7 UM MIAA for 24 h. Cell viability was assessed via the MTS assay, with
5 UM MIAA selected for subsequent experiments.

Cell transfection

Gene-specific siRNAs (see Supplementary Table 9), which were syn-
thesized by Genepharma, were transfected using Lipofectamine™
RNAiIMAX reagent (Thermo Fisher,13778075). For the 12-well plates,
complexes containing 2 pL siRNA and 4 pL transfection reagent in
200 pL Opti-MEM (Gibco, 31985070) were incubated with cells for
24 h. The cells were then expanded to 6-well plates for an additional
24 h prior to RNA extraction.

Liver cell line construction

FTO-knockout (KO) cells were generated using LentiCRISPRv2
(Addgene, 52961) with sgRNAs targeting conserved exons (sequences
in Supplementary Table 9). Annealed sgRNA duplexes were cloned
into Esp3l-linearized vector using DNA Ligation Kit (Takara, 6022Q),
transformed into Trelief® 5a competent cells, and sequence-verified.
For FTO/YTHDCI overexpression and mutant constructs, target genes
amplified from human cDNA were ligated into pCDH-CMV-MCS- EFla-
Puro using seamless cloning. Site-directed mutants were generated
via PCR-mediated mutagenesis (primers in Supplementary
Table 10 and 11) using Gibson assembly. Lentivirus was produced
by co-transfecting 293 T cells with validated plasmids, psPAX2, and
pMD2G. Viral supernatants collected at 48h were used to infect
THLE-2, followed by selection with 10 pg/mL puromycin. Monoclonal
THLE-2 cells were established via limiting dilution and validated by
western blot.

Statistics and reproducibility

All the results were expressed as the mean + S.E.M. The exact sample
size(n) for each experimental group was indicated in the figure
legends. For correlation analysis, linear regression was performed. All
statistical analyses were performed using GraphPad Prism 8. For
comparisons between two unpaired independent groups, the two-
tailed Student’s t-test or the Mann-Whitney U test was used; Catego-
rical data were analyzed by chi-square test; for comparisons of multi-
ple groups, one-way ANOVA with Tukey’s post hoc test or the Kruskal-
Wallis test with Dunn’s correction. Two-variable multi-group compar-
isons used two-way repeated-measures ANOVA with Sidak’s/Tukey’s
post hoc tests. Statistical significance was defined as P<0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The datasets generated and analyzed during this study are included its
the Supplementary Information. Source data underlying the figures are
provided as a Source Data file accompanying this paper and are
available from the corresponding authors upon reasonable request.
The RNA-seq dataset has been deposited in the NCBI Sequence Read
Archive (SRA) under BioProject accession number PRJNA1095170. The
16S rRNA sequencing data are publicly accessible through the NCBI
BioProject database under accession number PRJNA980300. Meta-
bolomics data have been deposited in the MetaboLights repository
under accession code MTBLS13011. Source data are provided with
this paper.
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