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Sodium butyrate alleviates 
adipocyte inflammation by 
inhibiting NLRP3 pathway
Xukai Wang1, Gang He2, Yan Peng1, Weitian Zhong1, Yan Wang2 & Bo Zhang2

Insulin resistance (IR) is a common feature of Type II diabetes, metabolic disorders, hypertension 
and other vascular diseases. Recent studies showed that obesity-induced inflammation may be 
critical for IR. To investigate the anti-inflammatory effect of sodium butyrate (NaB) on obesity-
induced inflammation, the db/db mice were intraperitoneally injected with NaB for 6 weeks. 
Glucose control was evaluated by glucose tolerance test (GTT) and insulin tolerance test (ITT). 
Adipose tissue was harvested for gene expression analysis. 3T3-L1 adipocytes were treated with 
Tnf-α to mimic the inflammatory state and gene expression was detected by realtime PCR and 
Western blotting. Our results showed that NaB treatment improved glucose control in db/db mice 
as determined by GTT and ITT tests. Gene expression analysis showed that NaB inhibited cytokines 
and immunological markers including CD68, Interferon-γ and Mcp in adipose tissues in db/db mice. 
Moreover, NaB inhibited cytokine releasing in 3T3-L1 adipocytes treated with TNF-α. Further analysis 
of inflammation pathway showed that NLRP3 was activated in db/db mice, which was efficiently 
inhibited by NaB treatment. Our data suggest that inhibition of obesity-induced inflammation 
alleviates IR, and NaB might be a potential anti-inflammatory agent for obesity.

Insulin resistance (IR) is a state in which the body does not respond appropriately to circulating insu-
lin. Under this condition, the biologic effect of insulin is blunted. IR is characterized by reduced tissue 
insulin sensitivity that leads to increased insulin production via compensatory secretion. IR occurs in 
several insulin-responsive tissues, including the liver, muscles and adipose tissue. Recent studies show 
that IR is commonly associated with obesity, diabetes, hypertension and other cardiovascular diseases1–3.

To date, the mechanisms of IR are not fully elucidated. Most studies have been focused on molec-
ular mechanisms related to abnormalities in the interaction between insulin and its receptors, and in 
the subsequent events associated with multiple physiologic or pathologic processes. These mechanisms 
include hypoxia, oxidative stress, ER stress, dysregulation of lipid homeostasis, and mitochondrial dys-
function4. In addition to these mechanisms, other mechanisms may also be involved in IR. It is widely 
accepted that obesity and obesity-induced inflammation play a key role in IR. Adipose tissue (AT) is the 
main site of lipid storage, which regulates systemic lipid homeostasis. In obesity, AT is markedly infil-
trated by proinflammatory macrophages and other leukocytes that secrete proinflammatory cytokines 
and chemokines5–7. Moreover, AT itself can act as an endocrine organ that produces various hormones 
including leptin, adiponectin, resistin, and cytokines, such as TNF-α  and IL-68,9. Thus AT is considered 
to be the main inflammatory organ that mediates obesity-induced inflammation.

Many signaling pathways associated with the development of obesity-induced inflammation have 
been identified, including NF-κ B pathway, JNK pathway and inflammasome pathway10,11. The inflam-
masome complex consists of several proteins such as NLRPs (NALPs), ASC and caspase-1. Among 
these components, NLRPs are the cytosolic receptors that are involved in innate immune recognition 

1Department of Cardiovascular Internal Medicine, Institute of Field Surgery, Daping Hospital, Third Military 
Medical University, Chongqing, China. 2Department of Medical Genetics, College of Basic Medicine, Third Military 
Medical University, Chongqing, China. Correspondence and requests for materials should be addressed to B.Z. 
(email: bo_zhang@yahoo.com)

received: 05 January 2015

accepted: 06 July 2015

Published: 03 august 2015

OPEN

mailto:bo_zhang@yahoo.com


www.nature.com/scientificreports/

2Scientific RepoRts | 5:12676 | DOi: 10.1038/srep12676

of pathogen as well as intracellular and extracellular damages. Fourteen NLRPs members have been 
identified in human genome. NLRP3 is the most extensively studied member and can be activated by 
various stimuli, including microbial products, environmental factors, and endogenous molecules12–14. 
Vandanmagsar et al. found that the ablation of NLRP3 in mice prevents obesity-induced inflammasome 
activation in fat depots and the liver as well as enhances insulin signaling15. Stienstra et al. also showed 
that mice deficient in NLRP3, apoptosis-associated speck-like protein, or caspase-1 were resistant to the 
development of high-fat diet-induced obesity16. It has also been shown that NLRP3 inflammasome was 
associated with insulin resistance and impaired glucose metabolism in human17. These studies reveal a 
critical function of the inflammasome in obesity and insulin resistance, and suggest that the inhibition 
of the inflammasome is a potential therapeutic strategy.

Small molecular inhibitors of histone deacetylase (HDACs) (termed as HDACis) can specifically 
inhibit the activity of HDACs18. Butyrate is a four-carbon short-chain fatty acid (SCFA), which is a typ-
ical HDACis to inhibit class I/II HDAC. Its anti-inflammatory properties are also shown in an increas-
ing number of animal and cellular models of inflammatory diseases. For example, oral administration 
of sodium butyrate (NaB) attenuates mucosal lesion and inflammation of intestinal mucosa in mice 
treated with dextran sulphate19. Anti-inflammatory effects of sodium butyrate and other SCFA were 
also observed in microglial inflammatory response20. Other HDACis such as Trichostatin A (TSA) and 
Vorinostat (SAHA) are also shown to suppress LPS-induced mRNA expression of proinflammatory 
mediators in macrophages21. All these studies indicate that HDACis are strong anti-inflammatory agents. 
However, studies regarding their roles in AT are rare in literature. In this study, we aimed to determine 
if HDAC inhibition ameliorates AT inflammation and improves tissue insulin sensitivity within in intro 
and in vivo systems. Our results showed that NaB inhibited inflammatory responses of AT through 
NLRP3 pathway and improved tissue insulin sensitivity.

Results
NaB improved glucose control in db/db mice. The db/db mice lacking of leptin receptor were used 
as an animal model of type 2 diabetes with obesity. NaB and TSA are classic HDACis that inhibit class 
I/II HDACs enzymes to cause histone hyperacetylation in many tissues and cell lines. In our study, NaB 
also induced histone protein H3 hyperacetylation in adipocyte cell line 3T3-L1 cells in a dose-dependent 
manner (Fig. S1A). To determine the therapeutic effects of NaB on diabetes, db/db mice were treated 
with or without NaB for 6 weeks. Mean body weight was significantly decreased by NaB treatment, com-
pared with that of vehicle-treated controls (Fig. 1A). Glucose and insulin tolerance tests showed that NaB 
treatment ameliorated responses to glucose and insulin loading, compared with PBS-treated controls 
(Fig.  1B,C). Fasting glucose levels were also significantly decreased in NaB-treated mice (Fig.  1D). All 
these data suggest that NaB improves glucose control in db/db mice.

NaB inhibited lymphocyte infiltration in adipose tissue. Recent studies show that obesity changes 
the functions of various types of immune cells, which play important roles in adipocyte inflammation. 
CD68, interferon-γ  (Ifn), and monocyte chemoattractant protein-1 (MCP-1) were typical markers of 
immune cells including macrophages and other monocytes. In inflammation, the mRNA expression lev-
els of these genes were upregulated by various stimuli. Quantitative RT-PCR analysis of the abundance 
of the mRNA of these genes confirmed the inflammation of AT in db/db mice, compared with those of 
age-matched WT mice (Fig. S2). NaB treatment significantly decreased the mRNA levels of these genes 
in both epididymal adipose tissue (EAT) and subcutaneous adipose tissue (SAT) in db/db mice, com-
pared with those in vehicle-treated mice (Fig. 2A,B). To further confirm the inhibition of macrophage 
infiltration into AT in db/db mice by NaB, the protein marker of F4/80 was measured by immunostain-
ing in EAT tissues. As shown in Fig.  2C, NaB treatment reduced the number of F4/80 positive cells, 
compared with vehicle-treated mice. These data clearly indicate that NaB inhibits lymphocyte inflation 
into adipose tissues in db/db mice.

NaB inhibited cytokine gene expression in adipose tissues. The literature suggests that adipose 
tissue is an important source of cytokines and chemokines. Therefore, we determined if NaB was able 
to decrease the expression of cytokines and chemokines in adipose tissue in diabetic mice. Db/db mice 
were treated with NaB or vehicle for six weeks and EAT and SAT were harvested for quantitative real-
time RT-PCR analysis. Compared with normal phenotype mice (wild type), db/db mice had significantly 
increased inflammatory markers including IL-1, IL-6 and TNF-α  (Fig. S3), indicating sustained inflam-
mation in AT of db/db mice. However, these inflammatory markers were significantly decreased in both 
EAT and SAT of db/db mice by NaB treatment, compared with those in vehicle-treated mice (Fig. 3A,B).

NaB reduced cytokine expression in 3T3-L1 cells treated by TNF-α. To determine if NaB 
reduces cytokine production in adipose tissue by decreasing the gene expression of cytokines in adipo-
cytes, NaB was used to treat 3T3-L1adipocytes that were pretreated with TNF-α  to mimic the inflamma-
tory state of AT. As expected, TNF-α  treatment increased the mRNA levels of cytokines including IL-1α  
and IL-6 in a dose- and time-dependent manner in 3T3-L1 cells (Fig. S4). However, the effect of TNF-α  
was significantly attenuated by NaB or TSA (Fig. 4A). Moreover, the protein levels of IL-1α  and IL-6 in 



www.nature.com/scientificreports/

3Scientific RepoRts | 5:12676 | DOi: 10.1038/srep12676

the culture medium of 3T3-L1 cells treated with TNF-α  were also decreased by NaB or TSA co-treatment 
(Fig. 4B). These results showed that HDACis inhibited cytokines gene expression in 3T3-L1 cells.

HDACi inhibited activation of NLRP3 inflammasome in 3T3-L1 cells. It has been reported that 
inflammasome pathway is involved in obesity-induced inflammation. The main function of the inflam-
masome is to induce the maturation of IL-1β  and IL-18 in response to danger signals. Here, we focused 
on NLRP3 inflammasome pathway, which is the most extensively studied one and has been found to be 
activated by various stimuli. TNF-α  treatment increased the expression of NLRP3 and caspase-1 in a 
dose- and time-dependent manner in 3T3-L1 cells (Fig. 5S). As expected, the upregulation of NLRP3 and 
caspase-1 induced by TNF-α  was attenuated by NaB treatment in 3T3-L1 cells (Fig. 5A). Moreover, the 
protein levels of NLRP3 and the maturation form of IL-1β  were also reduced by NaB and TSA (another 
HDACi) (Fig. 5B,C). These results showed that HDACi inhibited the activation of NLRP3 inflammasome 
in vitro.

NaB inhibited NLRP3 activation in vivo. To confirm that NaB also inhibits NLRP3 activation 
in vivo, AT tissues from db/db mice treated with NaB or vehicle were also analyzed. NLRP3 pathway 
was clearly activated in db/db mice as indicated by upregulation of mRNAs of NLRP3 and its effector 
caspase-1, compared with age-match WT mice (Fig. S6). After the treatment with NaB for six weeks in 
db/db mice, the mRNA abundance of NLRP3 and caspase-1 was significantly decreased, as determined 
by realtime RT-PCR (Fig.  6A). Moreover, the protein levels of NLRP3 and IL-1β  were also decreased 
by NaB treatment in both SAT and EAT tissues of db/db mice (Fig. 6B,C). These data indicate that the 
NLRP3 pathway was activated in obese AT, which can be inhibited by NaB treatment.

Discussions
Recent studies in obesity show that chronic low-grade inflammation is one of the characters found in 
expanding adipose tissue. Obesity and obesity-induced inflammation are thought to be key causes of IR. 

Figure 1. NaB improved glucose control in db/db mice. (A) NaB treatment significantly decreased the 
body weight of db/db mice. Intraperitoneal glucose tolerance test (B), insulin tolerance test (C) and fasting 
glucose (D) were detected at the end of treatment as described in Materials and Methods. Data are the 
means ±  SE. *P <  0.05, by Student’s t test (N vs NaB). N: PBS-treated controls; NaB: NaB-treated group.
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Besides functioning as the main site of lipid storage, AT can also express high levels of many inflamma-
tory mediators involved in obesity-induced inflammation. Both adipocytes and immune cells contribute 
to the obesity-induced inflammation. In this study, NaB was applied in vitro and in vivo to detect if 
NaB has an anti-inflammatory effect in adipocytes and if this effect alleviates IR in obesity. Our results 
showed that NaB improved glucose control in obese db/db mice probably by reducing inflammatory cell 
infiltration into adipose tissues and inhibiting cytokine releasing from adipocytes. In vitro, NaB decreases 
inflammatory cytokines released by adipocytes (3T3-L1 cells) treated with TNF-α , probably by inhibiting 
the NLRP3 inflammasome signaling pathway. In vivo, NaB preventes NLRP3 pathway from activation 
in db/db mice.

Adipose tissue was considered to be an inflammatory organ in obesity. In our study, we showed that 
the expression of typical markers of immune cells was much higher in the adipose tissue of db/db mice 
than that of WT mice (Fig. S2). This suggested that increased immune cells including macrophage and 
other monocytes infiltrate into AT. Recent studies show that adipocytes also function as inflammatory 
cells22. Many molecular signaling pathways mediate the development of obesity-induced inflammation in 
AT. The roles of IKKβ /NFκ B pathway and JNK pathway have been confirmed in other models. For exam-
ple, NFκ B activity is increased in obese animals23. When the IKKβ /NFκ B pathway is inhibited by phar-
macological inhibitors of IKKβ , the obesity-induced insulin resistance was improved in skeletal muscle24. 
Recent studies show that inflammasome pathway was involved in obesity and insulin resistance25. In 
this study, we explored the NLRP3 pathway, the most extensively studied inflammasome pathway. When 
activated, NLRP3 forms a complex with its adaptor ASC, which in turn promotes the recruitment of 

Figure 2. NaB inhibited lymphocyte infiltration into adipose tissues. (A–B) Epididymal adipose tissues 
(EAT) and subcutaneous adipose tissue (SAT) were harvested from db/db mice treated with or without NaB 
for six weeks. Total RNA was isolated for realtime RT-PCR. Data are expressed in Δ Ct values normalized 
against the mean Ct of GAPDH. Fold changes were calculated as 2^(Δ Δ CtN-NaB). *P <  0.05, #P <  0.01 by 
Student’s t test. (C) Immunohistochemical staining of macrophage marker F4/80 in mouse EAT. N: Sham-
treated group; NaB: NaB-treated group.
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pro-caspase-1. After pro-caspase-1 was cleaved and activated by inflammasome complex, the cytosolic 
precursors of cytokines IL-1β  and IL-18 were then processed by the active caspase-1 and these active 
cytokines were released. As these proinflammatory cytokines have been linked to the development of 
IR, NLRP3 pathway is thought to be involved in IR. For example, NLRP3 inflammasome activity and 
secretion of IL-1β  were increased in obese individuals with metabolic disorders26. Also, NLRP3 pathway 

Figure 3. NaB inhibited cytokine expression in db/db mice adipose tissues. Epididymal adipose tissues 
(A) and subcutaneous adipose tissue (B) were harvested from db/db mice treated with or without NaB 
for six weeks. Total RNA was isolated for realtime RT-PCR. Data are expressed in Δ Ct values normalized 
against the mean Ct of GAPDH. Fold changes were calculated as 2^(Δ Δ CtN-NaB). *P <  0.05, #P <  0.01 by 
Student’s t-test. N: PBS-treated group; NaB: NaB-treated group.

Figure 4. HDACi inhibited the cytokine expression in 3T3-L1 adipocytes. 3T3-L1 cells were treated with 
TNF-α  (50 ng/mL) combined with or without NaB(1 mM) or TSA(0.5 μ M) for 8 hr. Total RNA was isolated 
for realtime RT-PCR to detect the gene expression of IL-1β  and IL-6 (A). Supernatants of cell culture were 
harvested for ELISA assay to detect IL-1 and IL-6 in the culture medium (B). N: Normal control. *P <  0.05 
by t-test (TNF vs NaB or TSA).
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was activated by high-fat diet in mice27. Moreover, ablation of NLRP3 in mice prevents obesity-induced 
inflammasome activation and the development of IR16. Consistent with these findings, our study showed 
that the expression of NLRP3 in 3T3-L1 cells was greatly enhanced by TNF-α , which mimic the inflam-
matory state of AT. The products of NLRP3 pathway (IL-1β  and IL-8) were also increased by TNF-α  
treatment in 3T3-L1 cells (Fig. 5). Data from obese mouse model also confirmed the activation of NLRP3 
inflammasome pathway (Fig. 6).

HDACs are chromatin modifying enzymes known to play pivotal roles as transcriptional suppres-
sors28. Recently, the roles of HDACs in obesity and metabolism have been extensively investigated in 
various models29. It has been reported that HDACs can regulate adipocyte differentiation and adipogen-
esis. For example, HDAC9 was found to be a negative regulator of adipogenic differentiation30. In these 
models, HDACs can function in regulation of transcription factors and signal transduction pathways. 
As specific inhibitor of HDACs, small chemical HDACi like NaB can efficiently suppress the activity of 
HDACs. In this study, we focused on the anti-inflammatory effect of NaB in adipose tissue. We found 
that the enhanced inflammation in adipose tissue can be efficiently reversed by NaB, which has been 
extensively investigated for cancer treatment, as well as other diseases such as diabetes, cystic fibro-
sis and obesity31–34. The protective effects of NaB are thought to be associated with cell cycle control, 
induction of apoptosis and selectively altering gene expression. Previous studies have also verified the 
anti-inflammatory property of butyrate in leukocytes, which may play an important role in obesity and 
obesity-induced inflammation35. In this study, we showed that butyrate treatment is able to reduce AT 
inflammation and improve glucose control in db/db mice, a well established model of obesity.

A slight but significant reduction of body weight was observed after NaB treatment. Similar effect of 
tributyrin (a butyrate prodrug) was also described in HFD-induced obesity mouse model36, as well as in 
other models within which diets were supplemented with butyrate or high contents of fibers37,38. Previous 
study also showed that NaB supplementation increased energy expenditure in HFD-induced obesity in 
C57BL/6 mice37. Moreover, modifications in adipose inflammation altered energy expenditure39. The 
effect on body weight of NaB treatment might be related to the increase in energy expenditure and oxy-
gen consumption in these animals. In a mouse model with NaB-supplemented diet, the effect on body 
weight might be associated with the increased mitochondrial respiration at cellular level37. It was also 
showed that NaB supplementation did not reduce food intake, fat absorption or locomotor activity37. 

Figure 5. HDACi inhibited NLRP3 inflammasome pathway in 3T3-L1 cells. 3T3-L1 cells were treated 
with TNF-α  combined without or with NaB (1 mM) and TSA (0.5 μ M) for 8 hr. (A) Total RNA was isolated 
for realtime RT-PCR. mRNA expression was normalized to that of GAPDH. (B) Total proteins were isolated 
from treated 3T3-L1 cells for Western blots to detect the protein level of NLRP3 and IL-1. GAPDH was 
used as controls for equal loading. N: Normal control. (C) Densitometry measurement of Western blots. The 
experiments were repeated at least three times. *P <  0.05, #P <  0.01 by t-test (TNF vs NaB or TSA).
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Thus, we speculate that the biological functions of NaB in AT include both the anti-inflammation effect 
and the influence of energy expenditure.

NaB is also a typical HDAC inhibitor, which inhibits class I/II HDAC enzymes. Histone hyperacetyl-
ation induced by NaB has been confirmed in many previous studies and this study (Fig. S1). Although 
studies have linked the HDAC inhibition activity of NaB to its anti-inflammation effect40,41, the exact 
mechanism of the anti-inflammation property of NaB is still unclear. Our study showed that NaB inhib-
ited the expression of NLRP3 and pro-caspase 1, which could be one of the mechanisms. Interestingly, 
recent studies showed that other mechanisms were found to interpret the function of SCFA like NaB on 
energy metabolism based on G-protein coupled receptors (GPCR). Miletta MC et al. found that NaB 
increased intracellular calcium levels and enhanced growth hormone release from rat anterior pituitary 
cells via GPR41 and 4342. Moreover, the interaction of SCFA and GPR43 modulated colitis by regulating 
inflammatory cytokine production in mouse mononuclear cells43. All these data suggest that NaB play 
versatile roles via different molecular mechanism.

In conclusion, obesity in db/db mice is accompanied by the development of a chronic low-grade 
inflammation in adipose tissue, and NaB is able to slow the progression by inhibiting cytokine release 
and macrophages infiltration, and therefore helps to improve glucose control. The inflammation response 
in AT was at least partially mediated by NLRP3 pathway, which can be efficiently inhibited by NaB. All 
of these data support a possible role of butyrate as a potential anti-inflammatory agent for obesity.

Methods
Materials. TSA and NaB were obtained from Merck (Darmstadt, Germany). Primary antibodies 
against F4/80, NLRP3, IL-1β  and GAPDH were purchased from Cell Signaling Technology (Beverly, 
USA). Trizol and reverse transcript kit was purchased from Invitrogen (Beijing, China). Tumor necro-
sis factor-α  (TNF-α ) was from Life Technologies (Carlsbad, USA), and IL-1β  (CSB-E08054m) and 
IL-6(CSB-E04639m) ELISA kits were obtained from Cusabio Biotech Co. (Wuhan, China).

Figure 6. NaB inhibited LRP3 inflammasome pathway in db/db mice. Epididymal adipose tissues (EAT) 
and subcutaneous adipose tissue (SAT) were harvested from db/db mice treated with or without NaB for 
six weeks. Total RNA was isolated for realtime RT-PCR (A). Data are expressed in Δ Ct values normalized 
against the mean Ct of GAPDH. Fold changes were calculated as 2^(Δ Δ CtN-NaB). Total proteins were 
isolated for Western-blot (B). The bar graph of the densitometry measurement showed the decreased 
expression of NLRP3 and active IL-1 in db/db adipose tissues treated without or with NaB (C). *P <  0.05, 
#P <  0.01 by Student’s t test.
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Cell culture and HDACis treatment. 3T3-L1 adipocyte cell line was obtained from Shanghai Cell 
Bank (http://www.cellbank.org.cn), and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with 
10% fetal bovine serum. Cells were treated with various concentrations of TNF-α  and combined with 
NaB or TSA and then further cultivated for the indicated periods.

Animals and treatments. All animal work was approved by the Animal Care and Use Committee of 
the Third Military Medical University, and the methods were carried out in accordance with the approved 
guidelines. C57BL/6J and C57BL/6J db/+  mice were obtained from The Jackson Laboratory (Bar Harbor, 
ME). Mice were housed in a room with controlled temperature and 12 hr light-dark cycle and had free 
access to water and standard chow. Eight-week-old male db/db mice (n =  16) were randomly divided 
in two groups: control group (N) and sodium butyrate group (NaB), which received intraperitoneal (ip) 
injection of saline or NaB (1.0 g/kg) every other day for 6 weeks, respectively. Administration of NaB 
was modified according to other study44. Body weights were recorded twice every week. At the end of 
the protocol, mice were euthanized by cervical dislocation for tissue harvesting.

GTT and ITT. GTT was performed at the end of NaB treatment. After 12 hr of fasting (time 0), mice 
were ip injected with a 50% glucose solution (2.0 g/kg body weight). Blood samples were collected at 0, 
30, 60, 90, and 120 min after glucose injection for determination of glycemia.

Intraperitoneal insulin tolerance test was performed by an i.p injection of insulin at a dose of 
0.75 units/kg body weight in mice after 4 hours of fasting. Blood samples were collected at 0, 30, 60, 90, 
and 120 min after insulin injection for serum glucose determination.

ELISA assay. IL-1 and IL-6 secreted by cultured 3T3-L1 cells in cell culture medium were determined 
with ELISA using commercial kits. Experiments were performed in accordance with the manufacturer’s 
instruction and each sample was analyzed in duplicate. Relative cytokine release was normalized to that 
of untreated controls.

Realtime RT-PCR. An amount of 1 μ g total RNA was reverse transcribed to cDNA according to 
the manufacturer’s directions (Roche (China) Ltd., Shanghai, China). Quantitative PCR amplification 
was performed with a 10 μ L final reaction mixture consisting of 0.5 μ L of reverse transcription reaction 
mixture, 0.1 μ M of the each sense and antisense primer (Table S1) and 1 ×  PCR mixture of SsoAdvanced 
SYBR Green Supermix (Bio-Rad), using the Bio-Rad iCycler system (Bio-Rad). The PCR conditions 
were initial denaturation at 95 °C for 5 min followed by 40 cycles of PCR reaction: denaturation at 95 °C 
for 20 s; annealing at 58 °C for 30 s and elongation at 72 °C for 30 s. Gene expression was normalized 
to the corresponding GAPDH level and was presented as the fold difference relative to GAPDH gene 
expression.

Immunohistochemical staining. Fresh tissues were collected and fixed in 10% formalin solution. 
Tissue slides were obtained through serial cross-section cutting in 8 μ m thickness and processed with 
standard procedure. The slide was stained with a F4/80 antibody diluted at 1:200. After being washed, 
the slide was incubated with a biotinylated secondary antibody, and the color reaction was performed 
using ABC reagent (Zhongshan Co., Beijing, China).

Western blotting. Freshly isolated tissues (EAT and SAT) and cell pellets harvested at indicated 
times were homogenized in ice-cold RIPA buffer containing complete protease inhibitors cocktail (Roche 
(China) Ltd., Shanghai, China). Total protein was resolved on SDS-PAGE and transferred onto a nitro-
cellulose membrane. After blocking in 3% nonfat milk for 30 min, membranes were incubated with 
antibody against total NLRP3, IL-1 and GAPDH, followed by incubation with corresponding secondary 
antibodies (Zhongshan Corp., Beijing, China). The bands were visualized by using the enhanced chemi-
luminescence system (Pierce, USA). The expression of individual protein was normalized to GAPDH.

Statistical analysis. One-sample t-test was used to analyze the difference of the gene expression 
ratios of drug-treated versus normal samples. A p-value less than 0.05 was considered significant. Results 
were obtained from at least three separate experiments and expressed as means ±  SEM.

References
1. Lee, B. C. & Lee, J. Cellular and molecular players in adipose tissue inflammation in the development of obesity-induced insulin 

resistance. Biochim. Biophys. Acta 1842, 446–462 (2014).
2. Winer, D. A., Winer, S., Chng, M. H., Shen, L. & Engleman E. G. B Lymphocytes in obesity-related adipose tissue inflammation 

and insulin resistance. Cell Mol. Life Sci. 71, 1033–1043 (2014).
3. Watanabe, Y., Nagai, Y. & Takatsu, K. Activation and regulation of the pattern recognition receptors in obesity-induced adipose 

tissue inflammation and insulin resistance. Nutrients 5, 3757–3778 (2013).
4. Galic, S., Sachithanandan, N., Kay, T. W. & Steinberg, G. R. Suppressor of cytokine signalling (SOCS) proteins as guardians of 

inflammatory responses critical for regulating insulin sensitivity. Biochem J. 461, 177–188 (2014).
5. Ramkhelawon, B. et al. Netrin-1 promotes adipose tissue macrophage retention and insulin resistance in obesity. Nat Med. 20, 

377–384 (2014).
6. Gauger, K. J. et al. Mice deficient in sfrp1 exhibit increased adiposity, dysregulated glucose metabolism, and enhanced macrophage 

infiltration. PLoS One 8, e78320 (2014).

http://www.cellbank.org.cn


www.nature.com/scientificreports/

9Scientific RepoRts | 5:12676 | DOi: 10.1038/srep12676

7. Nteeba, J., Ortinau, L. C., Perfield, J. W. 2nd & Keating, A. F. Diet-induced obesity alters immune cell infiltration and expression 
of inflammatory cytokine genes in mouse ovarian and peri-ovarian adipose depot tissues. Mol. Reprod. Dev. 80, 948–958 (2013).

8. Matsubara, T. et al. PGRN is a key adipokine mediating high fat diet-induced insulin resistance and obesity through IL-6 in 
adipose tissue. Cell Metab. 15, 38–50 (2012).

9. Matsunaga, T. et al. γ -Tocotrienol attenuates TNF-α -induced changes in secretion and gene expression of MCP-1, IL-6 and 
adiponectin in 3T3-L1 adipocytes. Mol. Med. Rep. 5, 905–909 (2012).

10. Takimoto, T. et al. 4β -Hydroxywithanolide E isolated from Physalis pruinosa calyx decreases inflammatory responses by 
inhibiting the NF-κ B signaling in diabetic mouse adipose tissue. Int. J. Obes. (Lond) 38, 1432–1439 (2014).

11. Gu, D. et al. Inhibition of ERK1/2 pathway suppresses adiponectin secretion via accelerating protein degradation by Ubiquitin- 
proteasome system: relevance to obesity-related adiponectin decline. Metabolism 62, 1137–1148 (2013).

12. Stanojcic, M. et al. Leukocyte Infiltration and Activation of the NLRP3 Inflammasome in White Adipose Tissue Following 
Thermal Injury. Crit Care Med 42, 1357–1364 (2014).

13. Dalmas, E. et al. T cell-derived IL-22 amplifies IL-1β -driven inflammation in human adipose tissue: relevance to obesity and 
type 2 diabetes. Diabetes 63, 1966–1977 (2014).

14. Wang, X., Chrysovergis, K., Kosak, J. & Eling, T. E. Lower NLRP3 inflammasome activity in NAG-1 transgenic mice is linked to 
a resistance to obesity and increased insulin sensitivity. Obesity (Silver Spring) 22, 1256–1263 (2014).

15. Vandanmagsar, B. et al. The NLRP3 inflammasome instigates obesity-induced inflammation and insulin resistance. Nat. Med. 
17, 179–188 (2011).

16. Stienstra, R. et al. Inflammasome is a central player in the induction of obesity and insulin resistance. Proc. Natl. Acad. Sci. USA 
108, 15324–15329 (2011).

17. Goossens, G. H. et al. Expression of NLRP3 inflammasome and T cell population markers in adipose tissue are associated with 
insulin resistance and impaired glucose metabolism in humans. Mol. Immunol. 50, 142–149 (2012).

18. Frew, A. J., Johnstone, R. W. & Bolden, J. E. Enhancing the apoptotic and therapeutic effects of HDAC inhibitors. Cancer Lett. 
280, 125–133 (2009).

19. Vieira, E. L. et al. Oral administration of sodium butyrate attenuates inflammation and mucosal lesion in experimental acute 
ulcerative colitis. J. Nutr. Biochem. 23, 430–436 (2012).

20. Huuskonen, J., Suuronen, T., Nuutinen, T., Kyrylenko, S. & Salminen, A. Regulation of microglial inflammatory response by 
sodium butyrate and short-chain fatty acids. Br. J. Pharmacol. 141, 874–880 (2004).

21. Halili, M. A. et al. Differential effects of selective HDAC inhibitors on macrophage inflammatory responses to the Toll-like 
receptor 4 agonist LPS. J. Leukoc. Biol. 87, 1103–1114 (2010).

22. Revelo, X. S., Luck, H., Winer, S. & Winer, D. A. Morphological and inflammatory changes in visceral adipose tissue during 
obesity. Endocr. Pathol. 25, 93–101 (2014).

23. Harte, A. L. et al. NFκ B as a potent regulator of inflammation in human adipose tissue, influenced by depot, adiposity, T2DM 
status, and TNFα . Obesity (Silver Spring) 21, 2322–2330 (2013).

24. Kim, J. K. et al. Prevention of fat-induced insulin resistance by salicylate. J. Clin. Invest. 108, 437–446 (2001).
25. Robbins, G. R., Wen, H. & Ting, J. P. Inflammasomes and Metabolic Disorders: Old Genes in Modern Diseases. Mol. Cell 54, 

297–308 (2014).
26. Esser, N. et al. Obesity phenotype is related to NLRP3 inflammasome activity and immunological profile of visceral adipose 

tissue. Diabetologia 56, 2487–2497 (2013).
27. Miao, H. et al. Macrophage CGI-58 deficiency activates ROS-inflammasome pathway to promote insulin resistance in mice. Cell 

Rep. 7, 223–235 (2011).
28. Falkenberg, K. J. & Johnstone, R. W. Histone deacetylases and their inhibitors in cancer, neurological diseases and immune 

disorders. Nat Rev Drug Discov. 13, 673–691 (2014).
29. Zhou, Y., Peng, J. & Jiang, S. Role of histone acetyltransferases and histone deacetylases in adipocyte differentiation and 

adipogenesis. Eur J Cell Biol. 93, 170–177 (2014).
30. Chatterjee, T. K. et al. Histone deacetylase 9 is a negative regulator of adipogenic differentiation. J Biol. Chem. 286, 27836–27847 

(2011).
31. Pryde, S. E., Duncan, S. H., Hold, G. L., Stewart, C. S. & Flint, H. J. The microbiology of butyrate formation in the human colon. 

FEMS Microbiol. Lett. 217, 133–139 (2002).
32. Guilloteau, P. et al. From the gut to the peripheral tissues: the multiple effects of butyrate. Nutr. Res. Rev. 23, 366–384 (2010).
33. Guilloteau, P. et al. Dietary sodium butyrate supplementation increases digestibility and pancreatic secretion in young milk-fed 

calves. J. Dairy Sci. 93, 5842–5850 (2010).
34. Moyer, B. D., Loffing-Cueni, D., Loffing, J., Reynolds, D. & Stanton, B. A. Butyrate increases apical membrane CFTR but reduces 

chloride secretion in MDCK cells. Am. J. Physiol. 277, F271–F276 (1999).
35. Tian, J. et al. Oral treatment with γ -aminobutyric acid improves glucose tolerance and insulin sensitivity by inhibiting 

inflammation in high fat diet-fed mice. PLoS One 6, e25338 (2011).
36. Vinolo, M. A. et al. Tributyrin attenuates obesity-associated inflammation and insulin resistance in high-fat-fed mice. Am. J. 

Physiol. Endocrinol. Metab. 303, E272–E282 (2012).
37. Gao, Z. et al. Butyrate improves insulin sensitivity and increases energy expenditure in mice. Diabetes 58, 1509–1517 (2009).
38. Galisteo, M., Duarte, J. & Zarzuelo, A. Effects of dietary fibers on disturbances clustered in the metabolic syndrome. J Nutr 

Biochem. 19, 71–84 (2009).
39. Tang, T. et al. Uncoupling of inflammation and insulin resistance by NF-kappaB in transgenic mice through elevated energy 

expenditure. J Biol Chem. 285, 4637–4644 (2010).
40. Cantley, M. D. & Haynes, D. R. Epigenetic regulation of inflammation: progressing from broad acting histone deacetylase 

(HDAC) inhibitors to targeting specific HDACs. Inflammopharmacology 21, 301–307 (2013).
41. Sweet, M. J., Shakespear, M. R., Kamal, N. A. & Fairlie, D. P. HDAC inhibitors: modulating leukocyte differentiation, survival, 

proliferation and inflammation. Immunol. Cell Biol. 90, 14–22 (2012).
42. Miletta, M. C. et al. Butyrate increases intracellular calcium levels and enhances growth hormone release from rat anterior 

pituitary cells via the G-protein-coupled receptors GPR41 and 43. PLoS One. 9, e107388 (2014).
43. Masui, R. et al. G protein-coupled receptor 43 moderates gut inflammation through cytokine regulation from mononuclear cells. 

Inflamm Bowel Dis. 19, 2848–2856 (2013).
44. Li, H. et al. Sodium butyrate stimulates expression of fibroblast growth factor 21 in liver by inhibition of histone deacetylase 3. 

Diabetes. 61, 797–806 (2012).

Acknowledgments
The authors thank Dr. Xiongwen Chen (Cardiovascular Research Center, Temple University School of 
Medicine) for valuable suggestion for this manuscript. This work was supported by grants from the 
National Natural Science Foundation of China (No. 81370367 and 81272461).



www.nature.com/scientificreports/

1 0Scientific RepoRts | 5:12676 | DOi: 10.1038/srep12676

Author Contributions
Conceived and designed the experiments: X.W., Y.W. and B.Z. Performed the experiments: G.H., Y.P., 
W.Z., Y.W. and B.Z. Analyzed the data: X.W., Y.W. and B.Z. Wrote the paper: X.W. and B.Z.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Wang, X. et al. Sodium butyrate alleviates adipocyte inflammation by 
inhibiting NLRP3 pathway. Sci. Rep. 5, 12676; doi: 10.1038/srep12676 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The 
images or other third party material in this article are included in the article’s Creative Com-

mons license, unless indicated otherwise in the credit line; if the material is not included under the 
Creative Commons license, users will need to obtain permission from the license holder to reproduce 
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Sodium butyrate alleviates adipocyte inflammation by inhibiting NLRP3 pathway
	Results
	NaB improved glucose control in db/db mice. 
	NaB inhibited lymphocyte infiltration in adipose tissue. 
	NaB inhibited cytokine gene expression in adipose tissues. 
	NaB reduced cytokine expression in 3T3-L1 cells treated by TNF-α. 
	HDACi inhibited activation of NLRP3 inflammasome in 3T3-L1 cells. 
	NaB inhibited NLRP3 activation in vivo. 

	Discussions
	Methods
	Materials. 
	Cell culture and HDACis treatment. 
	Animals and treatments. 
	GTT and ITT. 
	ELISA assay. 
	Realtime RT-PCR. 
	Immunohistochemical staining. 
	Western blotting. 
	Statistical analysis. 

	Acknowledgments
	Author Contributions
	Figure 1.  NaB improved glucose control in db/db mice.
	Figure 2.  NaB inhibited lymphocyte infiltration into adipose tissues.
	Figure 3.  NaB inhibited cytokine expression in db/db mice adipose tissues.
	Figure 4.  HDACi inhibited the cytokine expression in 3T3-L1 adipocytes.
	Figure 5.  HDACi inhibited NLRP3 inflammasome pathway in 3T3-L1 cells.
	Figure 6.  NaB inhibited LRP3 inflammasome pathway in db/db mice.



 
    
       
          application/pdf
          
             
                Sodium butyrate alleviates adipocyte inflammation by inhibiting NLRP3 pathway
            
         
          
             
                srep ,  (2015). doi:10.1038/srep12676
            
         
          
             
                Xukai Wang
                Gang He
                Yan Peng
                Weitian Zhong
                Yan Wang
                Bo Zhang
            
         
          doi:10.1038/srep12676
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep12676
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep12676
            
         
      
       
          
          
          
             
                doi:10.1038/srep12676
            
         
          
             
                srep ,  (2015). doi:10.1038/srep12676
            
         
          
          
      
       
       
          True
      
   




