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Background: Sustained inflammation is implicated in a variety of pathological conditions like infection, obesity and type 2 diabetes. 
Lipid metabolism is crucial to support immune response during infection of bacteria. However, how sustained inflammation affects 
lipid metabolism, especially in white adipose tissue remains largely unknown.
Methods: Sustained inflammation was induced by daily injection of Lipopolysaccharide (LPS). Tlr4 knockout mice were used to 
study the mechanism. Inflammation and lipid metabolism were evaluated by quantitative PCR, white blood cell counting, nuclear 
magnetic resonance, fat cell size quantification, lipolysis and fatty acid uptake assays, respiratory exchange ratio, and energy 
expenditure.
Results: Here, we found that sustained inflammation leads to fat loss in mice with a quick loss and gradual increase manner. 
Moreover, LPS injection leads to inflammation, anorexia, decreased lipid anabolism, and increased lipid catabolism. Mechanically, we 
show that LPS induces fat loss, inflammation, anorexia, and alteration of lipid metabolism mainly dependent on Tlr4. Interestingly, 
sustained inflammation induces less fat loss, especially in epididymal white adipose tissue, than pair-feeding, and pair-feeding has no 
significant effect on inflammation and leads to less fatty acid uptake, more lipid catabolism and energy expenditure than LPS injection. 
In addition, we demonstrate that short-term sustained inflammation leads to relative long-term tolerance for LPS-induced anorexia, 
inflammation and altered lipid metabolism.
Conclusion: These findings demonstrate that sustained inflammation induced by LPS leads to tolerable anorexia and fat loss via Tlr4 
in mice, and provide new insights into the effect of sustained inflammation on lipid metabolism and subsequent tolerance.
Keywords: sustained inflammation, lipopolysaccharide, white adipose tissue, lipid metabolism, tolerance

Introduction
The interactions between immune response and metabolism are evolutionarily conserved.1,2 The immune system defends 
against pathogens and maintains tissue homeostasis, which is bioenergetically expensive, requiring precise control of 
cellular metabolic pathways and reallocation of nutrients.3,4 Infection leads to profound alterations in whole-body 
metabolism, which is characterized by markedly accelerated flux of glucose, fat and protein.5 Inflammatory stimuli, 
such as LPS, IL-1β, TNF-α, and saturated fatty acids, have been reported to influence lipid metabolism in liver, skeletal 
muscle, and adipose tissue.6 LPS injection as little as 0.1 μg/kg body weight through tail vein rapidly induced changes in 
lipid metabolism and led to hypertriglyceridemia in rats.7,8 Injection with LPS intraperitoneally at a dose of 5 mg/kg 
body weight in mice led to acute inflammation, decreased body weight from about 23 g to 20 g, and decreased 
epididymis fat weight from about 336 mg to 259 mg 24 h later.9 Sustained inflammation is implicated in a variety of 
pathological conditions like infection, obesity, type 2 diabetes, and atherosclerosis.10,11 LPS injected intravenously at 
a dose of 0.1 mg/kg increased the lipolysis in epididymal adipose tissues via Tlr4 in mice.12 Although it is well-known 
that LPS injection can lead to acute inflammation and alteration of lipid metabolism, the effect of sustained inflammation 
induced by LPS on lipid metabolism is still largely unknown. It has been reported that sustained inflammation induced by 
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intraperitoneal LPS injection at a dose of 1.5 mg/kg/day for one week has been reported to affect hepatic mevalonate 
pathway and lead to hyperglycemia in mice.11 However, the effect of sustained inflammation induced by LPS on lipid 
metabolism in white adipose tissue and the underlying molecular mechanisms need further investigation.

The host organism can protect itself from infectious diseases by reducing the negative impact of infections on host 
fitness, and this ability to tolerate a pathogen’s presence is a very important host defense strategy to preserve 
homeostasis.13,14 Prolonged or repeated exposure to LPS induces a state of tolerance that reprograms the inflammatory 
response, resulting in reduced inflammatory cytokine production in vitro and in vivo.15,16 LPS stimulation for 12–24 
h led to an inability to induce Il-6 and Il-1β mRNA after a second LPS challenge due to decreased glucose oxidation and 
acetyl-CoA production in mouse bone marrow-derived macrophages.17 LPS-tolerant RAW 264.7 mouse macrophage 
cells have significantly decreased secretion of inflammatory cytokines and decreased glycolysis and oxygen consumption 
rate upon LPS treatment.18 Macrophages differentiated from LPS-treated monocytes showed decreased TNF-α and IL-6 
release following LPS stimulation.19 Injection of LPS at a dose of 100 μg/kg body weight blocked LPS-induced 
hypophagia in rats.20,21 Injection of LPS at a dose of 0.5 mg/kg body weight resulted in low LPS-induced anorexic 
effects in rats.22 Endotoxin tolerance developed during five consecutive LPS administrations as demonstrated by the 
attenuated release of proinflammatory cytokines on the fifth day in humans.23 LPS-tolerant mice induced by daily 
injections of 1.4 mg/kg body weight of LPS on day 1 to day 4 was unable to produce circulating TNF-α and IL-6 when 
LPS injected on day 6. However, whether sustained inflammation induced by LPS will lead to subsequent tolerance to the 
effect of LPS on lipid metabolism is yet to be elucidated.

Here, we investigated the effect of sustained inflammation induced by LPS on lipid metabolism in mouse white 
adipose tissue and subsequent tolerance. We found that sustained inflammation induced by daily injection of LPS 
leads to fat loss mainly due to anorexia, inhibited lipid anabolism and enhanced lipid catabolism in a Tlr4-dependent 
manner. Interestingly, LPS induces less fat loss than pair-feeding mainly due to less energy expenditure. Finally, we 
show short-term sustained inflammation leads to relative long-term tolerance to anorexia, inflammation and fat loss. 
These findings provide new insights into the effect of sustained inflammation on lipid metabolism and subsequent 
tolerance.

Materials and Methods
Animals
All animals were maintained and used in accordance with the guidelines of the Institutional Animal Care and Use 
Committee of the Shanghai Institute of Nutrition and Health. Before conducting the animal experiment, the committee 
reviewed and approved our study protocol (Protocol number SIBS-2017-ZQW-1, SIBS-2019-ZQW-1, SIBS-2020-ZQW 
-1). C57BL/6J male mice were purchased from Slac (Shanghai, China), and C57BL/10J and Tlr4−/− male mice on 
a C57BL/10J background were obtained from GemPharmatech. The genotype of mice was confirmed by PCR analysis of 
genomic DNA from mouse tail using the following primer pairs. ATATGCATGATCAACACCACAG and 
TTTCCATTGCTGCCCTATAG, GCAAGTTTCTATATGCATTCTC and CCTCCATTTCCAATAGGTAG. Except indi-
cated, mice were maintained on a 12-h light/dark cycle with free access to water and standard rodent chow.

LPS Injection
Mice at the age of 9–10 weeks were intraperitoneally injected with saline or LPS from E. coli 0111:B4 or E. coli 055:B5 
(Sigma-Aldrich) at the indicated dose once a day. To study the tolerance of LPS, mice at the age of 9–10 weeks were 
intraperitoneally injected with LPS from E. coli 0111:B4 at a dose of 0.8 mg/kg body weight once a day or without 
injection for one week. After 0, 1, 2, 3 or 4 weeks, the mice were injected with LPS at a dose of 0.8 mg/kg body weight 
once a day for one or three days.

Food Intake, Body Weight and Fat Mass Measurement by NMR
Food intake was measured at ZT3. Body weight and fat mass of mice were measured at ZT8. Fat and lean mass of non- 
anesthetized live mice were detected by NMR using a body composition analyzer (EchoMRI™-100H).

https://doi.org/10.2147/JIR.S358518                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2022:15 5636

Yang et al                                                                                                                                                             Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Tissue Samples Collection
Mice were anesthetized with 6% chloral hydrate at indicated time and tissues of interest were excised, weighed, 
photographed, and then fixed in 4% paraformaldehyde or snap-frozen in liquid nitrogen immediately and subsequently 
stored at −80°C.

Hematoxylin and Eosin Staining and Fat Cell Size Quantification
White adipose tissues and liver were fixed in 4% paraformaldehyde for 24–48 h at 4°C, dehydrated, embedded into 
paraffin and sectioned for hematoxylin and eosin (H&E) staining. Fat cell size was quantified by measurement of average 
adipocyte area using ImageJ software (version 1.51).

Measurements of Alanine Transaminase and Aspartate Transaminase Activity
The blood samples were collected and centrifuged to collect serum. Serum alanine transaminase (ALT) and aspartate 
transaminase (AST) activity were determined by enzymatic assay kits (Shensuo Unf Medical Diagnostics).

RNA Isolation and Quantitative PCR
Total RNA was extracted with TRIzol reagent (Thermo) and then 2 μg total RNA was reverse transcribed to cDNA using 
MMLV reverse transcriptase (Promega) with random hexamer primers. qPCR was performed with ABI Prism 7900 sequence 
detection system using Fast Start Universal SYBR Green Master (Roche). The expression levels were normalized to Gapdh. 
Primers were as follows: GTGCCGCCTGGAGAAACCT and TGAAGTCGCAGGAGACAACC for mouse Gapdh, 
TAGTCCTTCCTACCCCAATTTCC and TTGGTCCTTAGCCACTCCTTC for mouse Il-6, GCAACTGTTC 
CTGAACTCAACT and ATCTTTTGGGGTCCGTCAACT for mouse Il-1β, CCCTCACACTCAGATCATCTTCT and 
GCTACGACGTGGGCTACAG for mouse Tnf-α, TGGATGCCACAGCTGACTAC and GGTTCAGCAAGGTCAGCTTC 
for Acl, CCTTGGAGAAGTGCCGAGAG and CAGCAGATCTGGACATCTGGAC for mouse Acss2, GCTGCGG 
AAACTTCAGGAAAT and AGAGACGTGTCACTCCTGGACTT for mouse Fas, GAAAAGCAGTTCAACGAGAACG 
and AGATGCCGACCACCAAAGATA for mouse Elovl6, TTCTTGCGATACACTCTGGTGC and CGGGATTGAATGT 
TCTTGTCGT for mouse Scd1, GCGCTACTTCCGAGACTACTT and GGGCCTTATGCCAGGAAACT for mouse Dgat2. 
CTTTGGCTATGGGCTTCCAGTC and GCAAGGAGGACAGAGTTTATCGTG for mouse F4/80, AGTGGGTC 
AAGGAACAGAAGCA and CTTTACCAGCTCATTTCTCACC for Tlr4.

Fatty Acid Uptake
About 40 mg white adipose tissue from mice was cut into small pieces, and incubated at 37°C on a shaker at 80 rpm for 1 
h in 1.5 mL Hank’s solution (140 mM NaCl, 5 mM KCl, 0.3 mM Na2HPO4, 0.4 mM KH2PO4, 4 mM NaHCO3, 1 mM 
CaCl2, 0.4 mM MgSO4, 0.5 mM MgCl2, 6 mM glucose) supplemented with 0.4 mg/mL collagenase (Sigma), 2% fatty 
acid free BSA (Equitech-Bio) and 0.1% glucose. Then the samples were filtered with 100 μm cell strainer (Corning), and 
centrifuged at 23×g for 2 min. The floating layer containing the adipocytes was transferred into 10 mL Hank’s buffer, and 
centrifuged at 48×g for 2 min. The floating layer was transferred into a new tube containing 300 μL Hank’s solution 
supplemented with 1mg/mL BODIPY 500/510 C1, C12 (Invitrogen) and 1% fatty acid-free BSA, briefly mixed, and 
incubated at 37°C for 5 min. The samples were filtered with 40 μm cell strainer (Corning) to keep the adipocytes on the 
mesh, and then the adipocytes were lysed with 200 μL 0.3 M NaOH to detect the fluorescence intensity of BODIPY 500/ 
510 C1, C12.

Lipolysis Assay
Lipolysis assay was performed as described previously with modification.24 About 30 mg white adipose tissue from mice 
were dissected and incubated in 400 µL of KRB buffer (12 mM HEPES, 121 mM NaCl, 4.9 mM KCl, 1.2 mM MgSO4, 
and 0.33 mM CaCl2) containing 2% fatty acid-free BSA and 0.1% glucose with or without 10 µM isoproterenol (Sigma) 
at 37°C for 1 h. The KRB buffer was collected and used for fatty acid and free glycerol analysis with NEFA assay Kit 
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(Shensuo Unf Medical Diagnostics) and Free Glycerol Reagent (Sigma), respectively. The levels of fatty acid and free 
glycerol were normalized to the weight of tissue samples.

Immunohistochemistry
Epididymal white adipose tissue was fixed in 4% paraformaldehyde and embedded in paraffin. Paraffin-embedded 
adipose tissues were cut into 4 μm sections and placed onto slides. Sections were deparaffinized, rehydrated in graded 
mixtures of ethanol/water, pretreated in boiling citrate buffer (pH 6.0), and endogenous peroxidase activity was blocked 
with 3% H2O2 for 30 min at room temperature. The sections were washed and incubated with antibody against F4/80 
(Cell Signaling Technology) for 1 h at room temperature. Then, the sections were washed, incubated with Horseradish 
peroxidase-conjugated secondary antibody for 30 min, and then washed with PBS and stained by diaminobenzidine 
tetrahydrochloride (Gene Tech). Subsequently, the sections were counterstained with hematoxylin.

Metabolic Rate and Physical Activity Measurement
Metabolic rate and physical activity of mice were measured using a multi-chamber environment-controlled comprehen-
sive lab animal monitoring system (Columbus Instruments). Mice were acclimatized to the cages for at least one day 
before recording. Respiratory exchange ratio refers to the volume of CO2 produced per volume of O2 consumed (both in 
L/h). Energy expenditure (or heat) was calculated as the product of the calorific value of oxygen (3.815 + 1.232 × 
respiratory quotient) and the volume of O2 consumed.25

White Blood Cell Counting
The blood samples from mouse tail vein were mixed with an equal volume of 0.5 M EDTA to avoid clotting, and used for 
white blood cell counting with an automated hematology analyzer (Mindray BC-2800Vet).

Statistical Analysis
Except indicated, data are expressed as mean ± SD of at least three independent experiments. Statistical significance was 
assessed by Student’s t-test. Differences were considered statistically significant at P < 0.05.

Results
Sustained Inflammation Leads to Fat Loss in Mice
To investigate whether sustained inflammation affects lipid metabolism, we devised a model whereby C57BL/6J male mice at 
the age of 9–10 weeks were given daily injection of low-dose LPS for 7 days. Both LPS from E. coli 0111:B4 and 055:B5 
reduced body weight and fat mass of mice after injection for 7 days (Figure 1A and B). Moreover, LPS reduced body weight 
and fat mass of mice after injection for 7 days in a dose-dependent manner (Figure 1C and D). Interestingly, when body weight 
and fat mass were monitored daily, we found that the body weight and fat mass of mice with daily injection of LPS were 
gradually decreased from day 1 to day 2, and then gradually increased from day 3 to day 7 (Figure 1E and F). Consistently, the 
epididymal white adipose tissue (eWAT) and inguinal white adipose tissue (iWAT) from the mice with daily injection of LPS 
have similar time-dependent morphological and weight changes (Figure 1G–I). Hematoxylin and eosin (H&E) staining 
revealed that LPS injection reduced the size of adipocytes in eWAT first and then increased the size of adipocytes (Figure 1J 
and K). In addition, we found that LPS injection once a day for 3 days had no significant effect on morphology and weight of 
liver, hepatocyte size and serum ALT and AST activity levels (Figure 1L–O). These data demonstrate that sustained 
inflammation induced by LPS leads to fat loss in mice with a quick loss and gradual increase manner.

LPS Induces Inflammation and Anorexia, Decreases Lipid Anabolism and Increases 
Lipid Catabolism
The inflammation induced by LPS was confirmed by qPCR to monitor the transcriptional level of inflammatory factors. 
As expected, LPS led to dramatic increases of Il-6, Il-1β and Tnf-α mRNA levels in eWAT, and also led to moderate 
increases of Il-6, Il-1β and Tnf-α mRNA levels in liver (Figure 2A and B). Moreover, immunostaining and qPCR analysis 
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showed that the expression of macrophage marker F4/80 in eWAT was elevated after LPS injection (Figure 2C and D). 
To investigate the potential mechanism of fat loss induced by daily LPS injection, we measured the daily food intake. As 
shown in Figure 2E, the food intake of mice with daily injection of LPS was dramatically reduced to about 10% and 19% 
of normal levels on day 1 and day 2, respectively, and then quickly recovered to around normal level. Moreover, the 
mRNA levels of some key enzymes responsible for fatty acid and triglyceride synthesis including Acl, Acss2, Fas, 
Elovl6, Scd1, and Dgat2 were significantly downregulated (Figure 2F). Furthermore, fatty acid uptake of primary 
adipocyte from mice treated with LPS for one day was markedly decreased (Figure 2G), and ex vivo lipolysis 
characterized by basal and β-adrenoceptor agonist-stimulated glycerol and fatty acid release was significantly increased 
in eWAT isolated from mice injected with LPS for one day (Figure 2H and I). Meanwhile, the fatty acid uptake of 
primary adipocyte and glycerol and fatty acid release of eWAT explant from mice injected with LPS for three days were 
not significantly changed (Figure 2J–L). In addition, the respiratory exchange ratio of LPS-treated mice was significantly 

Figure 1 LPS injection induces fat loss in mice. (A and B) Injection with LPS from E. coli 0111:B4 (B4) and 055:B5 (B5) at a dose of 1.5 mg/kg body weight once a day for 7 
days decreased the body weight (A) and fat mass (B) of 9-week-old male C57BL/6 mice. (C and D) Injection with LPS once a day for 7 days dose-dependently 
downregulated the body weight (C) and fat mass (D) of mice. For this and the following experiments, LPS from E. coli 0111:B4 was used. (E and F) The time response 
of injection with LPS once a day for 7 days on the body weight (E) and fat mass (F) of mice. For this and the following experiments, LPS at a dose of 0.8 mg/kg body weight 
was used. D0-D7, Day 0 to Day 7. (G) Representative images of epididymal white adipose tissue (eWAT) and inguinal white adipose tissue (iWAT) from mice in (E). Scale 
bar, 0.5 cm. (H and I) The weight of eWAT and iWAT in (G). (J) Representative images of hematoxylin and eosin (H&E) staining of eWAT in (G). Scale bar, 50 μm. (K) 
Quantification of adipocyte size in (J). (L and M) Images and weight of livers from mice injected with saline or LPS once a day for three days. Scale bar, 0.5 cm. (N) 
Representative images of H&E-stained sections of liver in (L). Scale bar, 50 μm. (O) Serum ALT and AST levels of mice injected with saline or LPS once a day for three days. *, 
p < 0.05; **, p < 0.01; ***, p < 0.001; versus D0 except indicated.
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lower than that of saline control during both light and dark cycle (Figure 2M and N), indicating increased total lipid 
oxidation in LPS-treated mice.26 Collectively, these data show that LPS injection leads to inflammation, anorexia, 
decreased lipid anabolism, and increased lipid catabolism.

LPS Induces Fat Loss via Tlr4
Toll-like Receptor-4 (Tlr4), as a member of the Toll-like receptor family, mediates lipopolysaccharide-induced signal 
transduction.27 To investigate whether LPS-induced fat loss in mice is also mediated by this canonical pathway, C57BL/ 
10J wild-type mice and Tlr4 knockout mice on a C57BL/10J background were injected with LPS once a day for 3 days. 
The deficiency of Tlr4 gene in eWAT and liver was confirmed by qPCR (Figure 3A). As shown in Figure 3B and C, LPS 
injection induced a significant decrease of body weight and dramatic fat loss in wild-type mice but not in Tlr4 knockout 
mice from day 1 to day 3. Consistently, the size and weight of eWAT and iWAT from the mice with daily injection of LPS 
for 3 days were markedly decreased in wild-type mice but not in Tlr4 knockout mice (Figure 3D–F). In addition, H&E 

Figure 2 LPS injection induces inflammation and anorexia, inhibits lipid anabolism and enhances lipid catabolism. (A and B) The mRNA levels of inflammatory cytokines in 
eWAT (A) and liver (B) of the mice injected with LPS once a day from day 0 to day 3. (C) Immunostaining of F4/80 in sections of eWAT from mice injected with LPS once 
a day for 3 days. Scale bar, 50 μm. (D) Relative mRNA levels of F4/80 in eWAT from mice in (C). (E) The time response of injection with LPS once a day for 7 days on the 
food intake of mice. (F) The mRNA levels of enzymes responsible for fatty acid and triglyceride synthesis in eWAT of the mice in (A). (G) Uptake of BODIPY-labeled fatty 
acid in adipocytes isolated from eWAT of mice after injection with saline or LPS for 24 h. (H and I) Basal and isoproterenol-stimulated (Iso) glycerol (H) and fatty acid (I) 
release from explants of eWAT from mice after injection with saline or LPS for 24 h. (J) Uptake of BODIPY-labeled fatty acid in adipocytes isolated from eWAT of mice after 
injection with saline or LPS once a day for 3 days. (K and L) Glycerol (K) and fatty acid (L) release from explants of eWAT of mice after injection with saline or LPS once 
a day for 3 days. (M and N) Respiratory exchange ratio (RER) was measured for the mice injected with LPS once a day for 2 days. Arrows indicate the time points for LPS 
injection. *, p < 0.05; **, p < 0.01; ***, p < 0.001; versus D0 except indicated.
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staining also revealed that LPS injection reduced the size of adipocytes in eWAT and iWAT of wild-type mice but not in 
Tlr4 knockout mice (Figure 3G–I). These data show that LPS injection leads to the decrease of body weight, fat loss and 
reduced adipocyte size dependent on Tlr4.

LPS Induces Inflammation and Anorexia, Decreases Lipid Anabolism and Increases 
Lipid Catabolism via Tlr4
To further investigate whether LPS-induced inflammation, anorexia and altered lipid metabolism are also mediated by 
Tlr4, wild-type and Tlr4 knockout mice were injected with LPS once a day for 3 days. As shown in Figure 4A and B, 
LPS led to significant increases of Il-6, Il-1β and Tnf-α mRNA levels in eWAT and liver of wild-type mice but not in 
those of Tlr4 knockout mice. Furthermore, LPS markedly increased the blood counts of lymphocytes in wild type mice 
but not in Tlr4 knockout mice (Figure 4C). Moreover, LPS-induced anorexia was dramatically blocked in Tlr4 knockout 
mice (Figure 4D). Interestingly, LPS-induced decreases of the mRNA levels of some key enzymes responsible for fatty 
acid and triglyceride synthesis including Acss2, Fas, Scd1, and Elovl6 in eWAT were only moderately attenuated in Tlr4 
knockout mice (Figure 4E). However, LPS-induced downregulation of fatty acid uptake of primary adipocyte and 
upregulation of basal and β-adrenoceptor agonist-stimulated glycerol and fatty acid release were almost completely 
blocked in Tlr4 knockout mice (Figure 4F–H). In addition, Tlr4 knockout almost completely reversed the reduction of 
respiratory exchange ratio caused by LPS injection during both light and dark cycle (Figure 3I and J), indicating that Tlr4 
knockout reversed the increased lipid oxidation caused by LPS treatment. These data show that LPS induces inflamma-
tion and anorexia, and decreases lipid anabolism, and increases lipid catabolism mainly dependent on Tlr4.

Sustained Inflammation Induces Less Fat Loss Than Pair-Feeding
To investigate whether LPS-induced fat loss almost equals to the effect of reduced food intake induced by LPS, we 
compared the effect of pair-feeding with that sustained inflammation. As shown in Figure 5A, pair-feeding reduced more 
body weight than sustained inflammation induced by LPS. Moreover, pair-feeding induced more fat loss than sustained 
inflammation (Figure 5B). Furthermore, pair-feeding significantly induced more fat loss in eWAT than sustained 
inflammation but not in iWAT (Figure 5C–F). In addition, pair-feeding also significantly induced more reduction of 

Figure 3 LPS-induced fat loss in mice depends on its receptor Tlr4. (A) The mRNA level of Tlr4 in eWAT and liver from wild-type (WT) or Tlr4−/− mice on a C57BL/10J 
background. (B and C) The time response of injection with LPS once a day for 3 days on body weight (B) and fat mass (C) of WT and Tlr4−/− mice. (D) Representative 
images of eWAT and iWAT from mice in (B) on day 3. Scale bar, 0.5 cm. (E and F) The weight of eWAT and iWAT in (D). (G) Representative images of H&E staining of 
eWAT and iWAT in (D). Scale bar, 50 μm. (H and I) Quantification of adipocyte size in (G). *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Figure 4 LPS-induced inflammation, anorexia and altered lipid metabolism depends on its receptor Tlr4. (A and B) The mRNA levels of inflammatory cytokines in eWAT (A) and 
liver (B) from mice on day 3 after injection with LPS once a day for 3 days. (C) Complete blood count analysis of the WT and Tlr4−/− mice after injection with saline or LPS for 24 
h. (D) The time response of injection with LPS once a day for 3 days on the food intake of WT and Tlr4−/− mice. (E) The mRNA levels of enzymes responsible for fatty acid and 
triglyceride synthesis in eWAT from mice in (A). (F) Uptake of BODIPY-labeled fatty acid in adipocytes isolated from eWAT of mice in (D) on day 1. (G-H) Basal and isoproterenol- 
stimulated (Iso) glycerol (G) and fatty acid (H) release from explants of eWAT from mice in (F). (I and J) Respiratory exchange ratio (RER) was measured for the WT and Tlr4−/− 

mice injected with saline or LPS once a day for 2 days. Arrows indicate the time points for LPS injection. *, p < 0.05; **, p < 0.01; ***, p < 0.001. 
Abbreviations: LYM, lymphocyte; GRAN, granulocyte; MON, monocyte.

Figure 5 LPS injection induces less fat loss in mice than pair-feeding. (A and B) The time response of injection with LPS once a day or the corresponding pair-feeding (PF) 
for 3 days on body weight (A) and fat mass (B) of mice. (C and D) Representative images (C) and the weight (D) of eWAT from mice in (A), scale bar, 0.5 cm. (E and F) 
Representative images (E) and the weight (F) of iWAT from mice in (A), scale bar, 0.5 cm. (G) Representative images of H&E staining of eWAT in (C). Scale bar, 50 μm. (H) 
Quantification of adipocyte size in (G). *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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adipocyte size in eWAT than sustained inflammation (Figure 5G and H). These data show that sustained inflammation 
induces less fat loss, especially in eWAT, than pair-feeding, suggesting sustained inflammation regulates lipid metabolism 
with distinct molecular mechanisms compared with pair-feeding.

Pair-Feeding Leads to Less Fatty Acid Uptake, More Lipid Catabolism and Energy 
Expenditure Than LPS Injection
To further elucidate the underlying mechanisms for why sustained inflammation induces less fat loss than pair-feeding, 
inflammation, lipid metabolism and energy expenditure were investigated. As shown in Figure 6A and B, LPS injection 
led to significant increases of Il-6, Il-1β and Tnf-α mRNA levels in eWAT and liver of wild-type mice, but pair-feeding 
did not induce the increases of these inflammatory factors. Pair-feeding had similar effect on the mRNA levels of some 
key enzymes responsible for fatty acid and triglyceride synthesis including Acl, Acss2, Fas, and Elovl6 in eWAT as LPS 
injection (Figure 6C), but pair-feeding led to less fatty acid uptake in eWAT than LPS injection (Figure 6D). Furthermore, 
pair-feeding induced more lipolysis in eWAT of mice than LPS injection (Figure 6E and F). Pair-feeding led to more 
oxygen consumption and energy expenditure in both light and dark phases than LPS injection (Figure 6G–J). 
Consistently, pair-feeding also led to more physical activity in both light and dark phases than LPS injection 
(Figure 6K and L). These data demonstrate that pair-feeding has no significant effect on inflammation and leads to 
less fatty acid uptake, more lipolysis and energy expenditure than LPS injection in mice.

Figure 6 Comparison of the effects of LPS injection with pair-feeding on inflammation, lipid metabolism and energy expenditure in mice. (A) The mRNA levels of 
inflammatory cytokines in eWAT of mice after injection with LPS once a day or pair-feeding for 2 days. (B) The mRNA levels of inflammatory cytokines in liver of mice after 
injection with LPS once a day or pair-feeding for one day. (C) The mRNA levels of enzymes responsible for fatty acid and triglyceride synthesis in eWAT from mice in (A). 
(D) Uptake of BODIPY-labeled fatty acid in adipocytes isolated from eWAT of mice after injection with LPS or pair-feeding for one day. (E and F) Basal and isoproterenol- 
stimulated (Iso) glycerol (E) and fatty acid (F) release from explants of eWAT of mice in (D). (G and H) The oxygen consumption of the mice injected with LPS once a day or 
pair-feeding for 2 days. (I and J) The energy expenditure (EE) of the mice in (G). (K and L) The physical activity of the mice in (G). *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Short-Term Sustained Inflammation Leads to Tolerance for LPS-Induced Anorexia, 
Inflammation and Altered Lipid Metabolism
To further investigate whether sustained inflammation induced by LPS will lead to subsequent tolerance to the effect of 
LPS on lipid metabolism, mice were injected with LPS for one week once a day to induce sustained inflammation, and 
subsequently were injected with LPS after 1, 2, 3 or 4 weeks to monitor anorexia, inflammation and lipid metabolism 
(Figure 7A). As shown in Figure 7B, first-time LPS injection led to severe anorexia on day 1 and day 2, and moderate 
anorexia on day 3. After induction of sustained inflammation for 1 or 2 weeks, subsequent LPS injection only induced 
slight anorexia on day 1, and failed to induce anorexia on day 2 and day 3 (Figure 7B). Subsequent LPS injection after 3 

Figure 7 Short-term LPS injection leads to relative long-term tolerance for LPS-induced anorexia, fat loss, inflammation and altered lipid metabolism. (A) The schematic for 
pretreatment with LPS injection once a day for one week followed with 1-, 2-, 3- or 4 week intervals and subsequent LPS reinjection once a day. (B–D) One-week LPS 
injection led to relative long-term tolerance for LPS-induced anorexia, weight and fat loss. The mice were treated as shown in (A). (E and F) One-week LPS injection led to 
relative long-term tolerance for LPS-induced increase of inflammatory cytokines in eWAT (E) and blood lymphocytes (F) from mice in Group 1 and 4 as shown in (A) or 
mice injected with saline for one day. (G) One-week LPS injection led to relative long-term partial tolerance for LPS-induced decrease of mRNA levels for the indicated 
enzymes participated in fatty acid and triglyceride synthesis in eWAT of mice from (E). (H–J) One-week LPS injection leads to relative long-term tolerance for LPS-induced 
decrease of fatty acid uptake in adipocytes isolated from eWAT (H), and increase of glycerol (I) and fatty acid (J) release from explants of eWAT and iWAT of mice in (E). *, 
p < 0.05; **, p < 0.01; ***, p < 0.001; versus D0 except indicated. #, p <0.05; ##, p < 0.01; ###, p < 0.001; versus G1 at the same time point.
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or 4 weeks only induced moderate anorexia on day 1, slight anorexia on day 2 and no anorexia on day 3 (Figure 7B). 
Similarly, first-time LPS injection led to a significant decrease of body weight on day 1, day 2 and day 3, while 
subsequent LPS injection after the sustained inflammation for 1–4 weeks had no significant effect on body weight 
(Figure 7C). Consistently, first-time LPS injection led to a significant decrease of fat mass from day 1 to day 3, while 
subsequent LPS injection after 1–4 weeks had no significant effect on fat mass (Figure 7D). As expected, short-term 
sustained inflammation led to tolerance for LPS-induced increase of inflammatory factors including Il-6, Il-1β and Tnf-α 
mRNA levels in eWAT and the increase of lymphocytes in blood (Figure 7E and F). Moreover, first-time LPS injection 
led to a marked decrease of some key enzymes responsible for fatty acid and triglyceride synthesis including Acl, Acss2, 
Fas, and Elovl6 in eWAT of mice, which could be partially attenuated when subjected to sustained inflammation three 
weeks ago (Figure 7G). Short-term sustained inflammation also led to tolerance for LPS-induced decrease of fatty acid 
uptake and increase of lipolysis in eWAT (Figure 7H–J). These findings show that short-term sustained inflammation 
leads to relative long-term tolerance for LPS-induced anorexia, inflammation and altered lipid metabolism.

Discussion
In this study, we show that sustained inflammation induced by LPS led to fat loss in mice most likely due to reduced food 
intake and lipid anabolism and increased lipid catabolism. Consistently, it is well-known that a consequence of fighting 
an infection in nearly all species examined is a reduction of food intake, and rapid breakdown of the body’s reserves of 
protein, carbohydrates, and lipids to support the upregulation of immune system.28,29 Similarly, a recent study show that 
skin resident adipocytes undergo lipolysis to promote efficient macrophage inflammation after injury.30 Interestingly, it 
has been reported that in humans, severe infections routinely lead to loss of body weight and increase of metabolic 
rate.31–33 For the mice with sustained inflammation induced by LPS in this study, we found the loss of body weight and 
fat mass accompanied by decreased oxygen consumption and body temperature (data not shown). The discrepancy 
between our mouse study and the human studies mentioned above might be due to the different immune stimuli and 
relative mild inflammatory responses in our mouse study. In consistent with our observation, it has been reported that 
LPS injection, L. monocytogenes or E. coli infection led to a significant decrease of food intake, body weight, metabolic 
rate, oxygen consumption, and body temperature.34 Although it has been reported that LPS injection at a dose of 1.5 mg/ 
kg body weight once a day for 7 days has no significant effect on body weight,11 in our study, injection of LPS from 
different E. coli strains at the dose of both 0.8 mg/kg and 1.5 mg/kg body weight once a day for 7 days all led to 
a significant decrease of body weight.

Usually, extracellular LPS is sensed by immune system via TLR4, a transmembrane protein, which transmits the 
information of LPS detection to the cytosol.35,36 However, studies in recent years have uncovered a diverse set of 
eukaryotic receptors that recognize LPS, including Toll-like receptors, G-protein-coupled receptors, integrins, receptor- 
like kinases, and caspases.27,35 Our data show that LPS-induced anorexia and the decrease of lipid synthesis in white 
adipose tissue were dramatically but partially blocked in Tlr4 knockout mice, suggesting that Tlr4-independent pathways 
are also involved in LPS signaling. It has been reported that transient receptor potential (TRP) channels present in 
sensory neurons and epithelial cells have been demonstrated as novel LPS sensors sensitized and activated before the 
initiation of immune responses through Tlr4.27,37 TRP channels are expressed in tissues that influence energy intake and 
expenditure, including the hypothalamus, peripheral sensory neurons, gastrointestinal tract, liver, and adipocytes.38 

Therefore, LPS might regulate food intake in brain and lipid synthesis in white adipose tissue via both Tlr4 and TRP 
channels. More recently, caspase-4/5 (and caspase-11 in mice) have been established as the cytoplasmic sensors for LPS, 
and direct activation of caspase-4/5 or caspase-11 by intracellular LPS elicits pyroptosis, which occurs in multiple cell 
types.27,39 Whether LPS-induced pyroptosis via direct activation of caspase-11 contributes to LPS-induced anorexia and 
the decrease of lipid synthesis in white adipose tissue needs to be investigated in the future.

We show that sustained inflammation induces less fat loss, especially in eWAT, than pair-feeding, and pair-feeding 
leads to less fatty acid uptake, more lipolysis in eWAT and energy expenditure than LPS injection in mice. It is well- 
known that both inflammation and fasting lead to fat loss, decrease of lipid anabolism and increase of lipid 
catabolism.6,40–43 Under starvation conditions, the host eventually adjusts physiologically to the reduction of nutrient 
inputs by decreasing metabolism.29 Consistently, we also observed that pair-feeding also leads to the decrease of 
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energy expenditure (data not shown). Under inflammation conditions, infection with LPS, L. monocytogenes or 
E. coli. In mice also lead to decrease of energy expenditure.34,44 Active infection usually leads to the decrease of 
energetically expensive movement to make more energy available to the immune system.45,46 However, caloric 
restriction has no significant effect on spontaneous physical activity in humans,47–49 and fasting increases locomotor 
activity of rodents representing a higher exploratory behavior improving the chances to find food in the 
environment.50,51 Since energy is expended primarily through basal metabolism, physical activity, and adaptive 
thermogenesis,52 the dramatic decrease of physical activity in mice injected with LPS should contribute to the less 
fat loss than pair-feeding. Increased lipolysis of eWAT in the pair-feeding group is likely to provide sufficient energy 
for increased physical activity.

Host immune cells exposed to endotoxin are rendered “tolerant” and manifest a profoundly altered response including 
inhibition of producing pro-inflammatory cytokines when rechallenged with bacterial endotoxin or 
lipopolysaccharide.19,53 Mice were tolerant to acute cytokine responses on day 5 after the initial LPS dose, and regained 
their ability to respond normally to a second LPS dose within 5 to 10 days.54 Here, we show that one-week consecutive 
injection of LPS led to consequent tolerance to inflammatory cytokine production even after a rest period of 3 weeks, 
suggesting multiple doses of LPS may lead to a relative long-term tolerance. Interestingly, rabbits received typhoid 
vaccine every day for 13 days lost their tolerance to typhoid pyrogen after a rest period of 3 weeks,55 which might be due 
to the different inflammatory stimuli or different species. It has been reported that tolerant mice did not show a significant 
decrease in food intake when exposed to a second dose of LPS 2 or 3 days after the first injection.20,56 Continuous 
infusion of endotoxin in rats led to alterations in glucose metabolism, which return to control levels by 54 h.57 Similarly, 
we show that short-term sustained inflammation leads to relative long-term tolerance for LPS-induced anorexia and 
altered lipid metabolism. Interestingly, tolerant mice induced by 4-day intraperitoneally injection of LPS were not 
responsive to an intravenous injection of LPS after 2 days, but markedly responsive to an intracerebroventricular 
challenge,58 suggesting the tolerance of LPS-induced anorexia is a peripheral effect. Combined with our observations, 
how LPS affects the central nervous system needs to be studied in the future to reveal the molecular mechanism of LPS 
tolerance in the brain, which might also contribute to long-term LPS tolerance.

Conclusion
In this study, we show that sustained inflammation induced by LPS leads to fat loss, anorexia, decreased lipid anabolism, 
and increased lipid catabolism in mice via Tlr4. Pair-feeding leads to less fatty acid uptake, more lipid catabolism and 
energy expenditure than LPS injection, and short-term sustained inflammation leads to tolerance for LPS-induced 
anorexia, inflammation and altered lipid metabolism. Our findings shed new light on understanding the alteration of 
lipid metabolism during sustained inflammation and the tolerance to inflammation, anorexia and alteration of lipid 
metabolism.

Abbreviations
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