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Spermidine improves gut barrier integrity and gut microbiota function in 
diet-induced obese mice
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ABSTRACT
Obesity is associated with impaired intestinal barrier function and dysbiosis of the gut microbiota. 
Spermidine, a polyamine that acts as an autophagy inducer, has important benefits in patients with 
aging-associated diseases and metabolic dysfunction. However, the mechanism of spermidine on 
obesity remains unclear. Here, we show that spermidine intake is negatively correlated with obesity 
in both humans and mice. Spermidine supplementation causes a significant loss of weight and 
improves insulin resistance in diet-induced obese (DIO) mice. These effects are associated with the 
alleviation of metabolic endotoxemia and enhancement of intestinal barrier function, which might 
be mediated through autophagy pathway and TLR4-mediated microbial signaling transduction. 
Moreover, spermidine causes the significant alteration of microbiota composition and function. 
Microbiota depletion compromises function, while transplantation of spermidine-altered micro-
biota confers protection against obesity. These changes might partly be driven by an SCFA- 
producing bacterium, Lachnospiraceae NK4A136 group, which was decreased in obese subjects 
and subsequently increased by spermidine. Notably, the change of Lachnospiraceae NK4A136 group 
is significantly correlated with enhanced gut barrier function induced by spermidine. Our results 
indicate that spermidine supplementation may serve as a viable therapy for obesity.
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Introduction

The prevalence of obesity has increased worldwide 
in the past ~50 years and has reached pandemic 
proportions.1 The pathophysiology of obesity is 
multifactorial and linked with imbalanced energy 
metabolism, and it is influenced by complex inter-
actions between genetic, epigenetic, dietary, life-
style, and environmental factors.2 Obesity greatly 
increases the incidence rates of chronic diseases, 
including cancer.1,3 Therefore, scientifically proven 
ways to enhance weight loss are urgently needed.

Intestinal barrier dysfunction and the subse-
quent translocation of bacteria and bacterial pro-
ducts are now considered to be important 
mechanisms associated with obesity.4,5 Impaired 
barrier function could result in enhanced intestinal 
permeability and thereby facilitate the translocation 
of microbiota-derived endotoxins, such as 

lipopolysaccharide (LPS) into the systemic 
circulation.6 The influx of the immune- 
stimulatory microbial ligand LPS is detected by 
Toll-like receptor 4 (TLR4), which initiates proin-
flammatory cascade signaling that leads to the pro-
motion of insulin resistance.7 Thus, novel 
therapeutic approaches or agents that target intest-
inal barrier integrity might be promising strategies 
for the prevention and treatment of obesity.

On the other hand, the gut microbiota is critical 
for the interaction between the host and diet, which 
modulates the physiological function of the host.8 

Accumulating evidence has shed light on an 
entirely new perspective suggesting that the gut 
microbiota is a driving force in the pathogenesis 
of obesity and metabolic syndrome.9,10 In addition, 
pivotal metabolites produced by the microbiota, 
such as short-chain fatty acids (SCFAs), have 
a beneficial effect on the prevention and treatment 
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of metabolic syndrome.11,12 In particular, butyrate 
was demonstrated to attenuate endotoxemia and 
protect intestinal barrier function.11,13 Therefore, 
potential therapies, such as dietary modification, 
fecal microbiota transplant (FMT) and probiotic 
or prebiotic interventions, have been widely inves-
tigated for their effects on reestablishing gut home-
ostasis and improving insulin resistance by 
manipulating the composition and function of the 
gut microbiota.14,15

Spermidine, a natural polyamine, can either 
be obtained orally from exogenous dietary 
sources or be produced by commensal intestinal 
bacteria and cellular biosynthesis.16 The concen-
tration of spermidine declines in an age- 
dependent manner and epidemiological studies 
have revealed that the increased dietary uptake 
of spermidine reduces overall mortality asso-
ciated with cardiovascular diseases and 
cancer.17 The beneficial effects exerted by sper-
midine on aging and various diseases are mainly 
attributed to its role as a physiological autop-
hagy inducer in a variety of model 
organisms.16,18 Recent studies have demon-
strated that spermidine treatment protects 
against liver fibrosis and hepatocarcinogenesis 
by activating the microtubule-associated protein 
1S (MAP1S)-mediated autophagy pathway.19,20 

Moreover, spermidine administration attenuated 
weight gain and the comorbidities of obesity 
induced by hypercaloric pro-diabetic regimens, 
and this effect was correlated with autophagy 
activity in white adipose tissue (WAT).21 

However, it is still not clear whether spermidine 
could protect gut barrier function by inducing 
autophagy, and how spermidine modifies the gut 
microbiota and contributes to metabolic 
improvement remains unresolved.

In the present study, we hypothesized that the 
administration of spermidine would exert protec-
tive effects on diet-induced obesity (DIO) in mice 
by both autophagy-dependent and autophagy- 
independent pathways. The impact and mechanism 
of spermidine on insulin resistance, inflammation, 
and the gut barrier and gut microbiota in DIO mice 
will be investigated. The results will inform scien-
tific solutions for the treatment of obesity, type 2 
diabetes, and metabolic syndromes by exogenous 
spermidine supplementation.

Results

Spermidine intake is negatively correlated with the 
obesity index in both humans and mice

The clinical characteristics of healthy and obese indi-
viduals without diabetic conditions were collected 
from the National Health and Nutrition 
Examination Survey (NHANES). Daily spermidine 
intake was calculated from the NHANES dietary 
data and nutrient database for polyamine intake. 
Pearson correlation was performed to assess the 
relationship between spermidine intake and the 
parameters associated with obesity. Daily intake of 
spermidine was negatively correlated with BMI, 
waist circumference and the homeostatic model 
assessment of insulin resistance (HOMA-IR) index 
and fasting serum glucose, fasting insulin, and 
HbA1c levels (Figure 1a-f). Moreover, as BMI and 
WASTE increases, daily spermidine intake decreased 
(Figure 1a and 1b). Importantly, the high glucose, 
insulin, HOMA-IR and HbA1c are generally asso-
ciated with lowered spermidine intake (Figure 1c-f). 
These results suggested that the presence of 
a negative correlation between spermidine intake 
and obesity-associated parameters. Next, the tissue 
distribution of spermidine was determined after exo-
genous spermidine supplementation, and increased 
levels of spermidine were mainly found in the gut 
and feces (Figure 1g). In addition, the level of sper-
midine in the feces was decreased significantly in 
high-fat diet (HF)-induced DIO mice compared to 
normal chow (NC) fed mice (Figure 1h). Similar to 
the findings in humans, spermidine levels in feces 
from untreated NC-fed lean and HF-fed obese mice 
were found to be negatively correlated with body 
weight, fat mass, serum glucose levels both in the 
fed and fasting states, fasting serum insulin levels, 
and the HOMA-IR index (Figure 1i-n). Therefore, 
spermidine intake might be one potential factor that 
contributes to the prevalence of obesity.

Spermidine administration ameliorates HF 
diet-induced metabolic syndrome

To assess the effects of spermidine on HFD- 
induced obesity in mice, spermidine was adminis-
tered to DIO mice via their drinking water. After 
16 weeks of administration, spermidine intake 
reduced diet-induced body weight gain in a dose- 
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Figure 1. Spermidine intake is negatively correlated with the obesity index in both humans and mice. (a-f) Correlations of the 
individual daily spermidine intake with body mass index (BMI) (a), WAIST (b), fasting glucose (c), fasting insulin (d), homeostatic model 
assessment-insulin resistance (HOMA-IR) (e), and hemoglobin A1c (HbA1c) (f). (g) Spermidine distribution in mice (n = 6). (h) 
Concentration of spermidine in the feces of untreated NC- and HF- fed mice (n = 6). (i-n) Correlations of spermidine untreated NC- 
and HF- fed (n = 5) mice fecal spermidine concentrations with mice body weight (i), fat mass (j), fed glucose (k), fasting glucose (l), 
fasting insulin (m) and HOMA-IR (n) Values for r and p are indicated in each graph.
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dependent manner without affecting food and 
water intake compared to HF controls (Figure 2a 
and FigureS1A). The reduction in weight gain in 
spermidine-fed mice was largely attributed to 
a significant decrease in fat mass rather than muscle 
weight (Figure 2b and Fig. S2B). This was also 
confirmed by the size of adipocytes in epididymal 
white adipose tissue (eWAT) (Figure 2c, d). 
Although the liver weight was not affected by sper-
midine, histological analysis and hepatic lipid con-
tent revealed higher lipid accumulation in the livers 
of DIO mice, which was decreased by spermidine 
(Figure 2c, Fig. S1C and S1D).

Moreover, HF-induced glucose intolerance, 
insulin resistance, and hyperinsulinemia were also 
improved by spermidine (figure 2f-i). These results 
were associated with the enhancement of insulin 
signaling in the liver and eWAT of spermidine- 
treated mice (Fig. S1E and S1F). F4/80 immunos-
taining revealed increases in F4/80+ macrophages 
in the liver as well as in the crown-like structure in 
eWAT of DIO mice, and spermidine administra-
tion reduced the activation of macrophages (Figure 
2e, j). Furthermore, spermidine attenuated the 
inflammatory responses in the liver and eWAT of 
DIO mice, characterized by the phosphorylation of 

Figure 2. Spermidine administration ameliorates HF diet-induced metabolic syndrome. (a) Mice body weight, food and water 
intake (n = 8). (b) Adipose tissue weight (n = 8). (c) Representative H&E-stained sections from liver and eWAT. Scale bar: 100 µm. (d) 
Average size of adipocyte. (e) Number of crown-like structure (CLS) in each field. (f) Glucose tolerance tests (GTTs). AUC, area under the 
curve (n = 6). (g) Insulin tolerance tests (ITTs) (n = 6). (h) Plasma fed insulin levels (n = 6). (i) HOMA-IR index (n = 6). (j) 
Immunohistochemistry staining for F4/80 in the liver and eWAT, Scale bar: 100 µm. (k) Immunoblots of p-NF-κB p65 levels in the 
liver and eWAT (n = 5). Data were presented as the means ± SEM, *p < .05, ** p < .01 vs. NC; # p < .05, ## p < .01 vs. HF.
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p-p65 NF-κB (Figure 2k and Fig. S1G). 
Furthermore, although exogenous spermidine 
intake failed to increase spermidine in adipose tis-
sue and liver (Figure 1g), but significantly upregu-
lated the expressions of Odc, Srm, and Sms, the key 
enzyme genes involved in the polyamines metabo-
lism (Fig. S1H).

The BAT weight, as well as lipid accumulation 
increased significantly in DIO mice, which were 
decreased by spermidine (Fig. S2A and S2B). 
Spermidine treatment increased the core body 
temperature of DIO mice by ~0.6°C, and this 
result was further confirmed by immunostaining 
and immunoblotting of uncoupling protein 1 
(UCP1) in the BAT and the mRNA expression 
of thermogenic markers in BAT and subcuta-
neous WAT (Sub WAT) (Fig. S2C-F). However, 
spermidine supplementation had little effect on 
NC-fed lean mice in terms of weight gain, fat 
weight, serum glucose and insulin levels, the 
HOMA-IR index, and glucose tolerance (Fig. 
S3A-D).

Spermidine enhanced the gut barrier function and 
alleviated the endotoxemia in DIO mice

We next explored the effects of spermidine on 
barrier function. We found that the colon length 
was shorter in DIO mice than that in NC-fed mice, 
and spermidine supplementation increased the 
length in a dose-dependent manner (Figure 3a). 
FITC-labeled dextran was administrated to assess 
the gut permeability, and the plasma fluorescence 
intensities and LPS level increased significantly in 
DIO mice, which were decreased by spermidine 
(Figure 3b, c). Histological analyses of colon 
revealed that spermidine increased the number of 
mucus-secreting goblet cells and mucin secretion 
(Figure 3d). Interestingly, enhanced polyamine 
metabolism was also found in colon tissues after 
spermidine treatment (Fig. S1I). Similarly, spermi-
dine did not affect barrier function in NC-fed mice 
(Fig. S3E and S3F).

To investigate the molecular mechanism of 
spermidine on barrier function, colonic tran-
scriptomic analysis was performed. HF caused 
24 genes to be significantly downregulated and 
356 genes to be significantly upregulated, while 
spermidine treatment further caused 821 and 

281 genes to be downregulated and upregulated 
in DIO mice, respectively (Figure 3e). Among 
these, a total of 167 genes was recovered by 
spermidine treatment (figure 3f). GO analysis 
indicated that pathways involved in the cell sur-
face receptor signaling pathway, cell differentia-
tion, epithelium development, and other related 
biological processes were significantly altered by 
an HF (Figure 3g). Notably, spermidine treat-
ment greatly affected the pathways related to 
cellular lipid metabolic processes, cell migration, 
and signal transduction compared with those 
pathways in DIO mice (Figure 3g). 
Unsupervised cluster analysis further revealed 
that genes involved in autophagy and gut barrier 
function were increased and genes involved in 
inflammation were inhibited by spermidine 
(Figure 3h).

Spermidine-mediated gut barrier protection was 
associated with autophagy induction

Next, qPCR was performed and verified that the 
mRNA expression of autophagy (Lc3b, Atg4d, 
and Atg16l2), tight junctions (Cldn1, Cldn7, 
Tjp1, and Tjp3), mucin secretion (Reg3b, Defa, 
Muc1, and Muc2), and inflammation (Tnfrsf, 
Tnf-a, and Il6st) markers in the colon were 
recovered by spermidine (Figure 4a). In addi-
tion, the protein levels of Claudin1 and 
Occludin were also decreased in the colon of 
DIO mice and were increased by spermidine 
(Figure 4b and Fig. S4A). Immunofluorescence 
staining of LC3B showed an increase in autop-
hagy activity in the colon of spermidine-treated 
mice (Fig. S4B), and these results were con-
firmed by immunoblotting of LC3B and Beclin1 
(Figure 4b and Fig. S4A). In contrast, the levels 
of Bcl2 were increased, and the levels of Bax and 
Caspase3 were decreased by spermidine (Figure 
4b and Fig. S4A). Consistently, spermidine treat-
ment increased the expression of tight junction- 
and autophagy-related markers and decreased 
the expression of apoptosis-related markers in 
Caco-2 cells, as assessed by qPCR and immuno-
blotting (Figure 4c and Fig. S5A-C). Similarly, 
an increase of LC3 and lysosomal associated 
membrane protein 1 (LAMP1) expression by 
spermidine were found in Caco-2 cells (Fig. 
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S5D). However, the reduction of paracellular 
permeability by spermidine was not altered in 
the presence of the autophagy enhancer rapamy-
cin, while it was slightly attenuated by the 

autophagy inhibitor 3-methyladenine (3-MA, 
Fig. S6A, and S6B).

Furthermore, LPS injection caused a decrease in 
the colon length, and it was rescued by spermidine 

Figure 3. Beneficial effects of spermidine are associated with enhanced gut barrier integrity. (a) Representative pictures of 
colons and colon length (n = 8). (b) Intestinal permeability (n = 4–6). (c) Plasma LPS levels (n = 5–6). (d) H&E and AB-PAS staining and 
quantitative analysis of goblet cells and mucus secretion. Scale bar: 100 µm. (e) RNA sequencing analysis of differentially expressed 
genes in the colon (n = 4). (f) Colonic genes significantly recovered by spermidine in mice. (g) GO term enrichment analysis. (h) 
Unsupervised cluster analysis. Data were presented as the means ± SEM, * p < .05, ** p < .01 vs. NC; # p < .05, ## p < .01 vs. HF.
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treatment (Figure 4d). The plasma levels of 
D-lactate (D-Lac), diamine oxidase (DAO), and 
LPS were increased significantly in LPS-injected 
mice whereas decreased by spermidine (Figure 

4e). Spermidine also decreased inflammatory cell 
infiltration and increased mucus secretion as 
assessed by histological analysis (figure 4f). The 
immunoblotting results also showed elevated levels 

Figure 4. Spermidine preserves the integrity of gut barrier associated with autophagy induction. (a) mRNA expression of genes 
related to autophagy, gut barrier, mucin section and inflammation in the colon. Data were presented as the mean ± SEM, * p < .05, ** 
p < .01, vs. NC; # p < .05, ## p < .01 < 0.01, vs. HF. (b and c) Immunoblot analysis of tight junction, autophagy and apoptosis proteins in 
colons of DIO mice (n = 5) and Caco-2 (n = 3). (d-f) Effect of spermidine on LPS-induced gut injury (n = 6). (d) Colon length of LPS- 
induced gut injury in mice (n = 6). (e) Plasma D-lactic acidosis (D-Lac), Diamine oxidase (DAO) and LPS levels (n = 4–6). (f) H&E and AB- 
PAS staining of colons and quantitative analysis of inflammatory cells infiltration and mucus secretion. Scale bar: 100 µm. (g) 
Immunoblot analysis of tight junction, autophagy and apoptosis proteins in colons of LPS-treated mice (n = 5), Data were presented 
as the means ± SEM, * p < .05, ** p < .01 vs. Control; # p < .05, ## p < .01 vs. LPS.
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of tight junction- and autophagy-related markers 
and down-regulated the expression of apoptosis- 
related markers in the colon after spermidine treat-
ment (Figure 4g and Fig. S6C).

Spermidine alters the composition and function of 
the gut microbiota

To determine the effect of spermidine on the gut 
microbiota, high-throughput sequencing of 16S 
rRNA in the cecal content was performed. 
Principal coordinate analysis (PCoA) showed that 
the β-diversity value could be used to clearly dis-
criminate between NC-fed lean mice and DIO 
mice, and spermidine treatment resulted in further 
discrimination compared to DIO mice, with a β- 
diversity value that was close to that of NC-fed mice 
(Figure 5a). The overall composition of gut micro-
biota was further analyzed at the phylum level, and 
the amount of Firmicutes increased by 4.4%, while 
that of Bacteroidetes decreased by 4.2% in DIO 
mice, which were rescued by spermidine (Figure 
5b). LEfSe analysis revealed significant differences 
in the taxa found in lean, DIO- and spermidine- 
treated mice (Figure 5c). The functional profile of 
the microbial community showed a significant dif-
ference in the predicted functions between NC- and 
HF-fed mice as well as HF- and spermidine-treated 
mice (Fig. S7). These functions were mainly related 
to metabolism, including amino acid, nucleotide, 
NAD+ and lipid metabolism, and spermidine coun-
teracted the alteration of these functions (Fig. S7).

Next, spearman correlation analysis was per-
formed to identify the bacteria that might be 
responsible for the spermidine-mediated ameliora-
tion of metabolic phenotypes in DIO mice. We 
identified the top 20 bacterial genera that were 
negatively correlated and the top 20 genera that 
were positively correlated with metabolic pheno-
types in DIO mice (Figure 5d and Table S1). 
Among these bacterial genera, SCFA-producing 
bacteria, including the Lachnospiraceae NK4A136 
group, Ruminiclostridium 9, Lachnospiraceae 
ASF356, Lachnospiraceae UCG 001, and 
Ruminiclostridium 5, showed strong negative cor-
relations with most of the metabolic parameters. 
Moreover, pathogenic bacteria including the 
Rikenellaceae RC9 gut group, Alistipes, 
Muribaculum, Rikenella, and Bacteroides displayed 

a strong positive association with obesity pheno-
types (Figure 5d and Table S1). We further deter-
mined whether these associated bacteria were also 
associated with the integrity of the gut barrier and 
found that there was a significant negative correla-
tion between the Lachnospiraceae NK4A136 group 
and intestinal permeability and the plasma LPS 
level and a positive correlation between this group 
and colon length and the expression of Cldn1 
(Figure 5e). Ruminiclostridium 9 was found to be 
negatively correlated with intestinal permeability 
and positively correlated with colon length (figure 
5f). However, other bacterial genera that were cor-
related with metabolic phenotypes were not asso-
ciated with parameters related to gut barrier 
function (Table S2 and S3).

Gut microbiota was required for 
spermidine-mediated alleviation of metabolic 
syndrome in DIO mice

The microbiota and correlation analyses prompted 
us to further investigate whether the gut microbiota 
was required for spermidine-mediated alleviation 
of metabolic syndrome in DIO mice. Antibiotics 
were applied to deplete the existing microbiota in 
DIO- and spermidine-treated mice, which was con-
firmed by 16S rRNA sequencing (Fig. S8A and Fig 
S10A-C). Antibiotic treatment did not affect body 
weight in DIO- or spermidine-treated mice (Figure 
6a). However, the protective effects of spermidine 
on colon length and endotoxemia were abolished 
after antibiotic treatment (Figure 6b and 6c). In 
addition, GTT results indicated that spermidine 
failed to improve glucose intolerance in antibiotic- 
treated mice (Figure 6d). These results were asso-
ciated with the loss of the effects on reducing 
plasma glucose and insulin levels and the HOMA- 
IR index (Figure 6e), as well as BAT thermogenesis 
(Fig. S9A-D).

To next investigate whether the microbiota itself, 
especially those species whose composition and 
function had already been altered by spermidine, 
was sufficient to ameliorate the metabolic pheno-
types in DIO mice, fecal microbiota transplantation 
(FMT) was conducted (Fig. S8B). Next, FMT was 
conducted, and the spermidine in feces was not 
affected by transplanting spermidine-altered 
microbiota to DIO mice (Fig. S9E), thereby ruling 
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out the possibility that the effects exerted by FMT 
were attributed to the remaining spermidine in the 
feces of donor mice. The bodyweight of the donor 
mice was not changed before and after FMT of 
spermidine-altered microbiota (FMT-SPD) (figure 
6f). FMT-SPD mice showed an increase in colon 
length, a slight decrease in the FITC dextran level 
and a significant decrease in plasma LPS levels 

compared to FMT of HF controlled microbiota 
(FMT-HF) mice (Figure 6g-i). More importantly, 
tight junction protein Claudin1 was enhanced 
whereas LC3B expression was unaffected by FMT 
of spermidine-altered microbiota (Fig. S9F), sug-
gesting that the protective role for FMT may med-
iate through the alteration of gut microbiota, but 
not the activation of autophagy. Glucose 

Figure 5. Spermidine alters the composition and function of the gut microbiota. (a) UniFrac principal coordinate analysis (PCoA) 
analysis of microbiota in cecal content (n = 6–8). (b) Relative abundance of microbiota at the phylum level. (c) Cladogram generated 
from LEfSe analysis. (d) Correlation analysis of top 40 microbes with obesity-related parameters. (e-f) Correlation analysis of 
Lachnospiraceae NK4A136 group (e) and Ruminiclostridium.9 (f) with intestinal permeability, colon length, LPS levels and Cldn1 
expression. Values for r and p are indicated in each graph.
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Figure 6. Gut microbiota is required for spermidine-mediated alleviation of metabolic syndrome in DIO mice. (a-e) Effects of 
antibiotic treatment. Mice body weight (a), colon length (b), plasma LPS levels (c), GTT (d), plasma fed glucose, fasting insulin levels and 
HOMA-IR index (e) (n = 5–6). Data were presented as the means ± SEM. (f-l) Effects of FMT treatment. Mice body weight (f), colon 
length (g), intestinal permeability (h), plasma LPS levels (i), GTT (j), HOMA-IR index (k) and (l) Immunoblots of phosphorylated Ser473 
Akt (p-Akt), and Akt in the eWAT and liver of mice (n = 5–6). (m) Relative abundance of Lachnospiraceae NK4A136 and 
Ruminiclostridium.9 in FMT-HF and FMT-SPD groups (n = 5). Data were presented as the means ± SEM, * p < .05 vs. FMT-HF. (n) 
Relative abundance of Lachnospiraceae NK4A136 and Ruminiclostridium.9 in NC, HF and HF+H SPD groups (n = 6–10). * p < .05 vs. NC; # 

p < .05 vs. HF. (o) Relative abundance of Lachnospiraceae NK4A136 and Ruminiclostridium.9 in lean (n = 176) and obese individuals 
(n = 1005). * p < .05, ** p < .01, vs. lean. (p) Concentrations of acetate acid, propionate acid and butyrate acid in each group (n = 5). 
*p < .05 vs. NC; #p < .05 vs. HF or *p < .05 vs. FMT-HF.
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intolerance, insulin resistance, and BAT thermo-
genesis were also slightly improved by FMT of 
spermidine-altered microbiota (Figure 6j-l and 
Fig. S9G-K).

Increased Lachnospiraceae NK4A136 group levels 
might contributed to the benefits of spermidine

To determine the bacterial genera that might be 
responsible for the effects exerted by FMT, the com-
position of the gut microbiota in cecal content after 
FMT was further analyzed. The α-diversity, espe-
cially the Chao1, Shannon, and Margalef indexes 
increased significantly in FMT-SPD mice, and the β- 
diversity also showed clear discrimination between 
the FMT-treated two groups, similar with the alter-
nations between HF and HF-SPD groups (Fig. S10A 
and S10B). Consistent with our previous results, the 
amount of Firmicutes decreased, whereas the 
amount of Bacteroidetes and Deferribacteres 
increased at the phylum level in FMT-SPD mice 
(Fig. S10C). Then, we examined the abundance of 
the top 40 genera that were correlated with obesity 
phenotypes according to previous results and found 
a significant increase in the Lachnospiraceae 
NK4A136 group, Ruminiclostridium 5 and 
Acetatifactor and a slight increase in 
Ruminiclostridium 9, Lachnospiraceae UCG-006 
and Ruminococcus 1 in FMT-SPD mice (Fig. 
S11A). In contrast, the abundances of the 
Rikenellaceae RC9 gut group and Muribaculum 
decreased significantly, and the abundances of 
Alistipes and Bacteroides tended to decrease in FMT- 
SPD mice (Fig. S11B). However, antibiotic treatment 
depleted these identified existing microbiota (Fig. 
S11A and S11B). Consistent with our previous 
data, the analyses of the correlation of the affected 
genera with metabolic phenotypes found that only 
the Lachnospiraceae NK4A136 group but not 
Ruminiclostridium 9 was remarkably negatively cor-
related with permeability, plasma LPS levels and the 
HOMA-IR index and positively correlated with 
colon length (Fig. S11C and S11D). Importantly, 
the abundance of the Lachnospiraceae NK4A136 
group was decreased significantly in both DIO mice 
and obese individuals, while spermidine treatment 
increased the abundance of the Lachnospiraceae 
NK4A136 group (Figure 6m-o).

On the other hand, the capability for butyrate 
production of the Lachnospiraceae NK4A136 group 
further prompted us to predict the microbial func-
tions related to SCFA biosynthesis. Interestingly, 
these predicted functions were significantly 
enhanced by spermidine in both DIO mice and 
FMT-treated mice (Fig. S12A). Consistently, the 
levels of SCFAs, especially acetate, propionate, and 
butyrate, were significantly increased by spermidine 
and FMT (Figure 6p and Fig. S12B). In addition, the 
butyrate concentration in the feces was positively 
correlated with the abundance of the 
Lachnospiraceae NK4A136 group (Fig. S12 C), sug-
gesting the pivotal role of spermidine-stimulated 
bacteria in the elevation of butyrate levels.

Inhibition of TLR4 signaling contributed to 
anti-obesity effect spermidine

Interestingly, we found that LPS- and HF-induced 
the activation of TLR4 and its downstream marker 
Myd88 was attenuated by spermidine in both the 
colon and Caco-2 cells, as assessed by immuno-
chemistry and immunoblotting (Fig. S13A-D). 
Functions related to LPS biosynthesis by micro-
biota were also attenuated in spermidine-treated 
and FMT mice (Fig. S13E). Molecular docking 
analysis further identified three binding sites for 
spermidine in the TLR4 protein (Fig. S13 F), indi-
cating a link between TLR4 signaling and spermi-
dine-mediated anti-obesity effects.

To verify this hypothesis, the effects of spermi-
dine on obese TLR4−/- mice were investigated. As 
expected, TLR4−/- mice rescued HF-induced gut 
barrier impairment, glucose intolerance, and insu-
lin resistance (Figure 7a-g). Spermidine-treated 
mice had similar effects with those in TLR4 defi-
cient mice. However, spermidine did not affect the 
phenotypes of obese TLR4−/- mice (Figure 7a-g). 
Furthermore, a similar tendency of tight junction 
protein expressions was found between spermi-
dine-treated and TLR4 knockdown group in 
Caco-2 cells (Figure 7h). Also, TLR4 knockdown 
abolished spermidine-enhanced tight junction bar-
rier (Figure 7h). Similarly, the improved effects of 
spermidine on LPS-induced gut barrier dysfunc-
tion in mice were abrogated after the injection of 
TLR4 inhibitor, TAK242 (Figure 7i-k).
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Discussion

Polyamines are involved in various biological pro-
cesses and therefore have important implications 
for human health, especially for intestinal matura-
tion and immune system differentiation and 
development.22 The biosynthesis of polyamines 
tends to decrease with age,23,24 and this is the rea-
son why dietary polyamines are of importance in 
aged populations. Consistently, spermidine content 
is decreased during aging in both humans and 
mice, and its supplementation extends the lifespan 

of mice and protects against cardiovascular 
diseases.25,26 In addition, cohort study indicated 
that higher spermidine intake is linked to lower 
mortality.27 Although several studies have demon-
strated the role of spermidine in metabolic syn-
drome-related diseases, including liver 
diseases19,20 and obesity,21 the relationship between 
spermidine intake and the incidence of metabolic 
syndrome remains unclear. Here, we found that 
daily spermidine intake was negatively correlated 
with obesity phenotypes, which serves as 
a theoretical basis for the establishment of 

Figure 7. Inhibition of TLR4 signaling contributed to anti-obesity effect spermidine. (a-g) Effect of spermidine on TLR4 −/- mice. 
Mice body weight (a), colon length (b), plasma LPS levels (c), GTT (d), fed glucose (e), fasting insulin (f), HOMA-IR (g). (h) Immunoblots 
of TLR4, Myd88, Occludin, Claudin1 in Caco-2 cells transfected with TLR4 siRNA. n = 3, experiments were repeated three times. (i) Colon 
length, (j) plasma LPS levels and colon H&E and AB-PAS staining (k) of TAK242 treated mice (n = 6). Data were presented as the means 
± SEM, * p < .05, ** p < .01. ns, not significant.
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recommended levels of spermidine intake for indi-
viduals with obesity.

It is believed that the high level of spermidine 
found in the intestinal tract originates from the diet 
or is synthesized by host cells and microbiota, espe-
cially spermidine in the lower parts of the intestinal 
tract, which is believed to be synthesized by colonic 
microflora.28,29 Microbially synthesized spermidine 
is partially transported to the proximal gut, while 
the remaining spermidine is excreted in the feces. 
Studies have reported that the human fecal poly-
amine concentration might be linked with the fecal 
microbiota.28,30 Our results also found that exogen-
ous spermidine was mainly taken up by the intest-
inal tract, and HF-induced microbial alterations 
were accompanied by decreased levels of fecal sper-
midine. Importantly, the negative correlations 
between fecal spermidine and obesity parameters 
further highlight the potential therapeutic use of 
spermidine in the treatment of metabolic disorders.

Several studies have shown that polyamines are 
present at the low μM range in the blood of both 
humans and mice, only 7–15% of total 
spermidine.28 Thereby, it is plausible that increased 
spermidine intake can increase the total spermidine 
levels in the body, thereby causing elevated blood 
spermidine concentrations. For example, blood 
spermidine levels were significantly increased after 
supplementation of long term or short term of 
spermidine in adult mice.25,31 In contrast, pro-
longed intake of polyamine-rich products such as 
natto or fermented soy in humans only resulted in 
a slight increase of spermidine concentrations.32 

Still, further studies that focusing on the effects of 
spermidine on polyamine concentration in the 
serum could provide more detail about the role of 
spermidine supplementation in maintaining 
human health. Since spermidine effectively alle-
viated fat and liver inflammation in DIO mice, it 
is possible that enhanced endogenous polyamines 
metabolism might also contribute to the ameliora-
tion of metabolic syndrome in obese mice. 
Furthermore, spermidine distribution data also 
showed that increased levels of spermidine were 
mainly found in the gut and feces, it is not surpris-
ing since the intestinal tissue is one of the most 
rapidly proliferating tissues. In this regard, it is 
possible that dietary spermidine might be impor-
tant for the development of the intestinal tract. 

Thus, these support us to determine whether sper-
midine could protect gut barrier function and how 
spermidine contributes to metabolic improvement.

Mounting preclinical and clinical evidence has 
highlighted the critical role of the intestinal barrier 
and gut microbiota in metabolic disease, which has 
led to the revival of the “leaky gut” concept.33 

Therefore, targeting and restoring intestinal barrier 
function is a tempting therapeutic approach, even 
though no clinical therapies currently exist. Recent 
advances have proposed restoring or regenerating 
barrier integrity by using intestinal stem cells as 
a therapy for repairing damaged intestinal 
mucosa.34,35 As illustrated in this study, although 
spermidine modestly prevented the increase of circu-
lating LPS levels, it substantially protected the intest-
inal permeability as assessed by FITC-dextran. 
Further experiments confirmed that protection of 
gut barrier function by spermidine presumably due 
to enhanced tight junction and gut mucosal barrier, 
which evidenced by upregulated tight junction pro-
tein and mucin protein expressions as well as reduced 
DAO and D-lac levels. In addition, accumulating 
evidence has revealed the importance of autophagy 
in the physiological processes of intestinal epithelial 
cells and the maintenance of barrier function,36,37 

allowing autophagy-targeting therapy to serve as 
another alternative for the treatment of intestinal 
barrier dysfunction-associated diseases. Genetic and 
pharmacological inhibition of the autophagy process 
produced an increase in body weight in obese mice, 
suggesting that autophagy influences the persistence 
of weight gain and obesity-related features.21 

Spermidine is an autophagy inducer that protects 
against various declines in physiological functioning 
resulting from aging and cardiovascular 
diseases.16,18,25 Accordingly, our results also showed 
that spermidine exerted marked anti-obesity effects in 
DIO mice. Consistent with the role of spermidine as 
an autophagy inducer, we also found that spermidine 
treatment protected gut barrier function by activating 
autophagy and attenuating apoptosis in the colon and 
Caco-2 cells.

Excessive TLR activation stimulates signaling 
cascades by the host leading to systemic inflamma-
tion and insulin resistance.6 Particularly, TLR4 
coordinates the interactions between the luminal 
microbiota and host metabolic genes and is thereby 
associated with an increased risk for metabolic 
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syndrome.38,39 Studies have suggested that epithe-
lial TLR4 activation causes the loss of barrier integ-
rity and a leaky gut.40,41 The loss of epithelial TLR4 
expression prevents metabolic syndrome by regu-
lating the interactions between microbes and 
intestinal epithelial cells in mice.7 We found that 
spermidine treatment markedly inhibited TLR4 
activation in the colon by either LPS or HF, and 
the protections of leaky gut and metabolic syn-
drome by spermidine were similar to those of 
TLR4 deficiency or inhibition. The presence of 
potential binding sites of spermidine on the TLR4 
protein further supported that spermidine might 
act through an autophagy-independent pathway. 
Further studies are required to investigate the spe-
cific mechanism of how spermidine regulates TLR4 
signaling, such as using conditional TLR4 knockout 
models.

Numerous works have demonstrated the role and 
therapeutic potential of the microbiota in obesity 
and metabolic diseases,42–44 demonstrating that pro-
biotics, prebiotics, and functional compounds are 
extremely important approaches for dietary inter-
vention during the weight loss process. In the pre-
sent study, we found that spermidine treatment 
significantly altered the composition and function 
of the gut microbiota in obese mice. These effects 
were lost after the depletion of the gut microbiota by 
antibiotics and restored by the transplantation of 
spermidine-treated microbiota into obese mice, sug-
gesting that altered microbiota are involved in sper-
midine-mediated anti-obesity effects in addition to 
the effects of spermidine itself. In particular, the 
Lachnospiraceae NK4A136 group, representing kind 
of butyrate-producing bacteria, has been found to 
maintain gut barrier integrity in mice and is nega-
tively correlated with intestinal permeability.45 

Butyrate, as one of the main SCFAs produced by 
microbiota, is important in maintaining gastroin-
testinal health due to its ability to enhance epithelial 
barrier integrity and inhibit inflammation.46 In line 
with this finding, our data showed that the butyrate 
abundance was negatively correlated with obesity 
parameters and intestinal permeability, and an 
increase in the abundance of the Lachnospiraceae 
NK4A136 group caused by spermidine treatment, 
which was associated with increased levels of buty-
rate and other SCFAs. These results supported the 
notion that the Lachnospiraceae NK4A136 group 

contributes to the beneficial effects of spermidine. 
Importantly, the decreased abundance of the 
Lachnospiraceae NK4A136 group further highlights 
the potential benefits of approaches that target this 
bacterial genus. In summary, our study demon-
strated that spermidine supplementation is an effec-
tive strategy for anti-obesity therapy. The beneficial 
effects of spermidine were attributable in part to the 
enhancement of gut barrier integrity by autophagy- 
dependent and autophagy-independent pathways 
and the alteration of the gut microbiota (Figure 8). 
Notably, our data highlighted that the improved 
barrier function and metabolism phenotype 
observed following spermidine treatment might be 
associated with increased Lachnospiraceae NK4A136 
group levels. However, the clinical use and safety of 
spermidine for treating obesity and related meta-
bolic syndromes still need to be investigated in the 
future.

Materials and methods

Collection and analysis of clinical and spermidine 
intake data

The characteristics and dietary intake data for 5799 
samples were collected from the National Health 
and Nutrition Examination Survey (NHANES, 
2009–2010).47 The daily intake of spermidine via 
the diet was estimated by referring to a polyamine 
database compiled by Kiechl.27 Spermidine intake 
was calculated by a special program written by our 
g r o u p  ( h t t p s : / / g i t h u b . c o m / s o l a r i s e 9 4 /  
SpermidineCalculate). The characteristics of 1908 
participants without diabetes (insulin ≤17 U/L and 
glycosylated hemoglobin ≤7%) were used to ana-
lyze the relationship of spermidine intake with 
serum glucose, insulin, and HbA1c levels, and the 
HOMA-IR index. Data were analyzed with Python 
version 3.7.3, and correlation statistical analyses 
were performed by Pearson’s correlation by using 
the R statistical software (R version 3.5.3).

Animals model

Eight-week-old male C57BL/6 J mice (China 
National Laboratory Animal Resource Center, 
Shanghai, China) were divided into four groups 
(n = 8 each group) and fed for 16 weeks as follows: 
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normal chow (NC, P1101 F-25, Salcom Co., Ltd, 
Shanghai, China); high-fat diet (HF, 60% fat, 
Research Diets Inc., D12492, New Brunswick, NJ); 
HF with 5, 10, 20 mg/kg spermidine (SPD, Sigma) 
in drinking water (HF+ L/M/H SPD). Mice drink-
ing water were weighted and refreshed every two 
days. The concentration of spermidine in drinking 
water has to be converted to w/v and adjust based 
on the changes of body weight and water consump-
tion. TLR4−/- and wild type C57BL/6 J mice (n = 8 
each group, Model Animal Research Center of 
Nanjing University, Nanjing, China) were fed HF 
with or without 20 mg/kg SPD for 16 weeks.

For antibiotic treatment, mice were fed an HF 
or HF+SPD (20 mg/kg, n = 8 each group) for 
12 weeks and then treated with ABX for 4 weeks 
to deplete the gut microbiota (Fig. S8A). 
Antibiotics (ABX) were administered in the drink-
ing water ad libitum according to the protocol 
described previously.48 For fecal microbiota trans-
plantation (FMT) experiment, donor mice were 

fed with HF or HF+SPD (20 mg/kg, n = 16 each 
group) for 12 weeks, and recipient mice (n = 8 
each group) were fed with HF for 12 weeks and 
orally gavaged with antibiotic mixture for three 
consecutive days to deplete the microbiota. FMT 
was conducted as described previously,48 and the 
recipient mice were given 1 g/kg fecal suspension 
for 4 weeks (Supplementary Fig. 9).

For lipopolysaccharide (LPS)-induced acute gut 
injury (n = 6 each group), mice were intraperitoneal 
injected with 1 mg/kg/day LPS (L2630, Sigma) and 
gavaged with 5, 20 mg/kg SPD for 5 days. For phar-
macological TLR4 inhibition (n = 6 each group), LPS- 
(1 mg/kg/day) and LPS+SPD- (20 mg/kg/day) treated 
mice were injected together with TLR4 inhibitor 
TAK242 (MCE, 2 mg/kg/day) for 5 days. All experi-
ments were approved by the laboratory animals ethical 
committee of the Zhejiang University of Technology 
and followed NIH guide for laboratory animals (NIH 
Publication No. 85–23, revised 1996) for the care and 
use of animals.

Figure 8. The beneficial effects of spermidine were attributable in part to the enhancement of gut barrier integrity and the alteration of 
the gut microbiota. Mechanistically, increased abundance of SCFA-producing bacteria Lachnospiraceae NK4A136 group and regulation 
of gut barrier function via autophagy-dependent and autophagy-independent pathways underlies the anti-obesity effects of 
spermidine.
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Spermidine measurements

Spermidine was detected by HPLC/MS according to 
methods described previously with slight 
modifications.49 All experiments were carried out on 
an Agilent 1290 Infinity Series and Triple Quadrupole 
6420 from Agilent Technology (Santa Clara, CA, 
USA). The final data were normalized according to 
the tissue weight.

16S rRNA sequencing and data analysis

Illumina HiSeq sequencing of cecal microbiota was 
conducted (Novogene, Tianjin, China). The composi-
tion of the gut microbiome was determined by the 
Illumina HiSeq platform and QIIME2 bioinformatic 
analysis as previously described.50 The accession num-
ber for the sequenced data reported in this paper is 
NCBI Sequence Read Archive (SRA): PRJNA628805. 
For human microbiota data assessment, Hispanic/ 
Latino individuals (ages 18–74 years at the time of 
recruitment during 2008–2011) were provided by 
a study by Kaplan.51 Samples from individuals identi-
fied as lean (n = 176) and obese (n = 1005) without 
diabetic conditions were assessed according to the 
Qiita study (ID 11666) (https://qiita.ucsd.edu/study/ 
description/11666#).

Colonic transcriptome analysis

The transcriptomic analysis of the colon was then 
performed by Majorbio (Shanghai, China). The 
gene-level read counts were generated by using 
STAR and NCBI gene annotation. Differential 
expression analysis between groups was carried 
out using DESeq2 and GO enrichment analysis of 
the differentially expressed genes was processed 
with DAVID (Huang da et al., 2009; Love et al., 
2014).

Cell culture

The Caco-2 cells (H010, ChuanQiu Biotechnology 
Co., Ltd) were stimulated with 100 ng/mL LPS alone 
or combined with spermidine at the indicated con-
centrations (50, 100, and 200 μM) for 5 days. For 
rapamycin or 3-methyladenine (3 MA) treatment, 
Caco-2 cells were treated with 100 nM rapamycin 
(Rapa, S1842, Beyotime) or 5 mM 3-MA (M129496, 

Aladdin) together with 100 ng/mL LPS and 200 μM 
SPD for 5 days. TLR4 was knocked down by specific 
siRNAs (sc-40260), which was transfected using 
Lipofectamine 3000 reagent following the manufac-
turer’s instructions. Immunofluorescence staining of 
Caco-2 cells was performed using antibodies against 
LC3B (M152-3, MBL) and LAMP1 (9091, Cell 
Signaling Technology).

Metabolic analysis and histological examination

Plasma insulin and hepatic triglyceride and cho-
lesterol were measured using commercial kits. 
Glucose tolerance test (GTT), insulin tolerance 
test (ITT) and histological analyses, including 
hematoxylin & eosin (H&E) and Alcian blue- 
periodic acid Schiff (AB-PAS) staining, immuno-
hischemistry of TLR4 (ab13867, Abcam), F4/80 
(GB11027, Servicebio), and UCP1 (ab155117, 
Abcam), immunofluorescence staining of LC3 
(14600-1-AP, Proteintech), were performed as 
described previously.52 Adipocyte size was deter-
mined from H&E stained sections and the num-
ber of CLSs was manually counted from F4/80- 
stained sections in five random fields from 5 
mice per group by Image J software. Intestinal 
permeability was assessed in vivo following oral 
administration of fluorescein-isothiocyanate 
(FITC)-dextran (46944–500 MG-F, Sigma). 
Fecal SCFAs levels were detected by GC/MS 
(Thermo, TRACE 1310-ISQ LT), and the final 
data were normalized according to the fecal 
weight.

Quantitative real-time PCR

Quantitative real-time PCR (qPCR) was performed 
as described previously.53 The primer sequences are 
shown in Table S4.

Immunoblotting

Immunoblots were conducted as described 
previously.52 Antibodies are shown in Table S5.

Statistical analysis

All data are presented as means ± SEM. Differences 
between the mean values from two groups were 
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assessed using two-tailed Student’s t-tests. 
Correlation statistical analyses are performed by 
Pearson’s correlation by using the R statistical soft-
ware (R version 3.5.3). Differences in mean values 
among more than two groups were determined 
using ANOVA. p values < .05 were considered to 
indicate statistical significance.
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