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Abstract

Cellular repressor of E1A-stimulated genes 1 (CREG1) is a small glycoprotein whose physi-

ological function is unknown. In cell culture studies, CREG1 promotes cellular differentiation

and maturation. To elucidate its physiological functions, we deleted the Creg1 gene in mice

and found that loss of CREG1 leads to early embryonic death, suggesting that it is essential

for early development. In the analysis of Creg1 heterozygous mice, we unexpectedly ob-

served that they developed obesity as they get older. In this study, we further studied this

phenotype by feeding wild type (WT) and Creg1 heterozygote (Creg1+/-) mice a high fat diet

(HFD) for 16 weeks. Our data showed that Creg1+/- mice exhibited a more prominent obesity

phenotype with no change in food intake compared with WT controls when challenged with

HFD. Creg1 haploinsufficiency also exacerbated HFD-induced liver steatosis, dyslipidemia

and insulin resistance. In addition, HFD markedly increased pro-inflammatory cytokines in

plasma and epididymal adipose tissue in Creg1+/- mice as compared with WT controls. The

activation level of NF-κB, a major regulator of inflammatory response, in epididymal adipose

tissue was also elevated in parallel with the cytokines in Creg1+/- mice. These pro-inflamma-

tory responses elicited by CREG1 reduction were confirmed in 3T3-L1-derived adipocytes

with CREG1 depletion by siRNA transfection. Given that adipose tissue inflammation has

been shown to play a key role in obesity-induced insulin resistance and metabolic syn-

drome, our results suggest that Creg1 haploinsufficiency confers increased susceptibility of

adipose tissue to inflammation, leading to aggravated obesity and insulin resistance when

challenged with HFD. This study uncovered a novel function of CREG1 in metabolic

disorders.

PLOS ONE | https://doi.org/10.1371/journal.pone.0176873 May 1, 2017 1 / 17

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Tian X, Yan C, Liu M, Zhang Q, Liu D, Liu

Y, et al. (2017) CREG1 heterozygous mice are

susceptible to high fat diet-induced obesity and

insulin resistance. PLoS ONE 12(5): e0176873.

https://doi.org/10.1371/journal.pone.0176873

Editor: Xin-Liang Ma, Thomas Jefferson University,

UNITED STATES

Received: January 9, 2017

Accepted: April 18, 2017

Published: May 1, 2017

Copyright: © 2017 Tian et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper and its Supporting Information

files.

Funding: This work was supported by grants from

the National Nature Science Foundation of China to

XT (No. 81570767), YH (No. 81670267 and No.

81370243), CY (No. 81570265), QZ (No.

81500329) and the Nature Science Foundation of

Liaoning Province to XT (No. 201602791). The

funders had no role in study design, data collection

and analysis, decision to publish, or preparation of

the manuscript.

https://doi.org/10.1371/journal.pone.0176873
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0176873&domain=pdf&date_stamp=2017-05-01
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0176873&domain=pdf&date_stamp=2017-05-01
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0176873&domain=pdf&date_stamp=2017-05-01
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0176873&domain=pdf&date_stamp=2017-05-01
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0176873&domain=pdf&date_stamp=2017-05-01
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0176873&domain=pdf&date_stamp=2017-05-01
https://doi.org/10.1371/journal.pone.0176873
http://creativecommons.org/licenses/by/4.0/


Introduction

Obesity is a growing epidemic with tremendously increased prevalence over the last 30 years

worldwide [1]. Obesity is a major independent risk factor for metabolic diseases including

insulin resistance, type 2 diabetes (T2D), coronary artery disease, stroke, nonalcoholic fatty

liver disease and certain cancers [2–5]. Previous studies have demonstrated that a state of

chronic, low-grade inflammation characterized by abnormal cytokine production and activa-

tion of inflammatory signaling pathways in adipose tissue is an initial event during pathogene-

sis in obesity [6–8]. Although it is well established that adipose inflammation deteriorates

cellular metabolism and impairs insulin signaling during obesity [9], the underlying mecha-

nism are largely unknown.

Cellular repressor of E1A-stimulated genes (CREG1) was firstly reported in 1998 by Gill

et al as a transcription repressor that antagonizes E1A-induced transcription activation [10].

Subsequent studies showed that it is a small glycoprotein with 220 amino acid residues to be

either secreted outside the cell or reside in intracellular membrane compartments [11, 12].

Human CREG1 has three glycosylation sites which are required for its binding to its putative

receptor mannose 6 phosphate/insulin like growth factor 2 receptor (IGF2R) [13, 14]. Our pre-

vious studies showed that CREG1 plays important roles in maintaining a mature, differenti-

ated phenotype of vascular smooth muscles cells, endothelial cells and cardiomyocytes in vitro

[15–18]. In addition, over-expression of CREG1 protected mice from atherosclerosis, pressure

over-loaded ventricular remodeling and myocardial fibrosis in vivo [19–21]. Of note, we also

found that over-expression of CREG1 inhibited tumor necrosis factor α (TNF-α)-induced

apoptosis in mesenchymal stem cells, protected endothelial cell from TNF-α-induced hyper-

permeability, and attenuated macrophage inflammation [19, 22, 23]. The nuclear factor-κB

(NF-κB) pathway and autophagy seem to mediate these anti-inflammatory effects [19, 23].

Based on these findings, we tested the hypothesis that CREG1 might suppress development of

obesity and insulin resistance by inhibiting inflammatory responses. In this study, we show

that haplodeficiency of Creg1 exacerbated high fat diet (HFD)-induced obesity, insulin resis-

tance and dyslipidemia without affecting food consumption, suggesting an imbalance between

calorie intake and expenditure. In addition, HFD triggered systemic and adipose tissue inflam-

mation in Creg1+/- mice, possibly through activation of the NF-κB pathway. To the best of our

knowledge, this is the first demonstration that CREG1 negatively regulates the pathogenesis of

obesity and related metabolic dysfunctions. These results not only provide new insights into

the function of CREG1 but also help us to better understand the molecular mechanisms of

obesity.

Materials and methods

Ethics statement

All animal experiments were performed in accordance with the Principles of Laboratory Ani-

mal Care formulated by the National Society for Medical Research and the Guide for the Care

and Use of Laboratory Animals (NIH Publication 86–23, 1985 revision). Animal care and pro-

cedures were approved by the Ethics Committee on the Care and Use of Laboratory Animals

of General Hospital of Shenyang Military Region.

Animal and diets

Creg1 heterozygote (Creg1+/-) mice in the C57BL/6J background were obtained from the

National Resource Center of Model Mice (Nanjing University, Nanjing, China) as previously

described [24]. Creg1+/- mice were verified by genotyping and had been backcrossed at least 10
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times into the C57BL/6J background before use. Wild type (WT) littermates were used as con-

trol. All mice were housed in specific pathogen-free animal facility at ambient temperature of

23 ± 2˚C with a dark-light cycle of 12–12 hrs and ad libitum access to food and water. Mice of

8 weeks of age were fed with either control normal diet (ND; 10% of total calories from fat,

70% from carbohydrate and 20% from protein, D12450J, Research Diets Inc., New Brunswick,

NJ) or high fat diet (HFD; 60% of total calories from fat, 20% from carbohydrate and 20%

from protein, D12492, Research Diets Inc.) for 16 weeks.

Food consumption and body weights were measured daily and weekly respectively. After

16 weeks of feeding, the mice were fasted overnight prior to anesthesia (2.5% isoflurane). Mice

were euthanized with 5% isoflurane followed by exsanguination of left common carotid artery

to harvest blood samples. Plasma samples were obtained by centrifugation at 3000 rpm for 15

min and stored at -80˚C for further biochemical analysis. The fat pads (inguinal, epididymal

and peri-renal) and liver were dissected, removed and weighted. A portion of the epididymal

adipose tissue and liver was fixed in 4% paraformaldehyde for histological analysis and the

other portion was immediately snap-frozen in liquid nitrogen and stored at -80˚C for RNA

and protein preparation. All animal experiments were approved by Ethics Committee on the

Care and Use of Laboratory Animals of General Hospital of Shenyang Military Region.

PCR genotyping

Genomic DNA from tail tips of WT and Creg1+/- mice was extracted by a One Step Mouse Geno-

typing Kit (Vazyme Biotech, Nanjing, China) and used as template for amplification of WT and

Mutant Creg1 gene by PCR. Since the exons 2 and 3 of one Creg1 allele were replaced with a neo-

mycin-resistant (NeoR) cassette in Creg1+/- mice, Creg1 heterozygosity was confirmed by detec-

tion of both WT and NeoR cassette. Two primer sequences used for genotyping were 5’-TGTC
GGGAACTGTGACCAAG-3’(forward) and 5’-CTTTAGGTCCACCAAAGTAG-3’ (reverse) for

the WT Creg1, and 5’-CTCAGCCTTGGGGGTGCTGGGAAGA-3’ (forward) and 5’-TCGTCG
TGACCCATGGCGATGCCTG-3’ (reverse) for mutant Creg1, respectively.

Induction of adipocyte differentiation and knockdown of Creg1

For induction of adipocyte differentiation, 3T3-L1 cells purchased from ATCC (Manassas,

VA) were induced in differentiation DMEM medium containing 10% fetal calf serum (Ther-

moFisher, Grand Island, NY), 1% penicillin-streptomycin, 0.5 mmol/L iso-butyl-methyl xan-

thine, 1 μmol/L dexamethasone, 10 μmol/L pioglitazone, and 1.7 μmol/L insulin (Sigma,

St. Louis, MO) for 2 days. Cells were then incubated in maintenance DMEM medium contain-

ing 10% fetal calf serum, 1% penicillin-streptomycin and 1.7 μmol/L insulin for 6 days for lipid

accumulation.

For Creg1 knockdown, the differentiated adipocytes were transfected with 25 nmol/L

Creg1 siRNA (Santa Cruz, Dallas, Texas) by Fugene6 (Roche, Shanghai, China) for 48 hrs, a

scrambled siRNA (Santa Cruz) was used as control. Creg1 knockdown efficiency was assessed

by Western blotting. When liposaccharide (LPS) treatment was needed, cells were exposed to

10 ng/ml LPS for 2 days after siRNA transfection. Medium was changed every other day.

Histology of adipose tissue and liver

Epididymal adipose tissue and the liver dissected from mice were fixed in 4% paraformalde-

hyde for 48 hrs and embedded in paraffin after dehydration. Sections of 5 μm were cut with a

microtome (Leica RM2235). Sections were deparaffinized and routinely stained with hematox-

ylin and eosin (H&E). Images were captured by a Leica microscope. Adipocyte size was mea-

sured in digital micrographs of about 300 cells per mouse (n = 8–10) from 8 randomly selected
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fields using ImageJ software (National Institutes of Health, Bethesda, MD, http://imagej.nih.

gov/ij/, 1997–2012).

Fasting blood glucose and insulin

After overnight fasting, blood samples were obtained by tail bleeding and blood glucose was

measured weekly with a glucometer and glucose test strips (Roche). At the end of the experi-

ment, plasma was obtained from the left common carotid artery and fasting blood glucose was

measured with an automatic biochemical analyzer (Cobas 400 plus, Roche, Switzerland). Fast-

ing insulin levels were determined using a mouse insulin ELISA kit (Thermo) according to the

manufacturer’s instruction. Absorbance was measured at 450 nm and insulin levels were cal-

culated by plotting a four-parameter logistic curve fit after generation of a standard curve.

Insulin resistance was evaluated at the end of experiment by a homeostatic model assessment

for insulin resistance (HOMA-IR): HOMA-IR = fasting glucose level (mmol/L) × fasting insu-

lin level (mIU/L) / 22.5.

Glucose tolerance test (GTT) and insulin tolerance test (ITT)

For the GTT or ITT, mice fasted overnight were injected intraperitoneally with glucose (2 g/kg

body weight) or insulin (0.75 U/kg body weight) (Novonordisk, Copenhagen, Denmark),

respectively. Blood glucose was measured at indicated times (0, 15, 30, 60, and 120 min after

glucose or insulin administration). Glucose tolerance was calculated by area under the curve

(AUC) and insulin sensitivity was calculated by inverse AUC.

Blood biochemical analysis

Plasma samples were analyzed for total cholesterol (TG), triglyceride (TC), low density lipo-

protein-cholesterol (LDL-C), free fatty acid (FFA), tumor necrosis factor α (TNF-α), interleu-

kin 6 (IL-6), monocyte chemoattractant protein 1 (MCP-1), adiponectin and leptin by using

Cholesterol Quantitation Kit (Sigma), Triglyceride Quantification Kit (Abcam), HDL and

LDL/VLDL Cholesterol Assay Kit (Abcam), Free Fatty Acid Quantification Kit (Abcam),

Mouse Tumor Necrosis Factor α ELISA Kit (Sigma), Mouse IL-6 ELISA Kit (Sigma), Mouse

MCP-1 / CCL2 ELISA Kit (Sigma), Mouse Adiponectin ELISA Kit (Abcam) and Mouse Leptin

ELISA Kit (Abcam) according to the manufacturers’ instructions.

Western blotting

Tissues were homogenized in RIPA lysis buffer supplemented with protease and phosphatase

inhibitors (Thermo). Cells were lysed in either RIPA buffer or extraction buffer provided by a

Nuclear Extraction Kit (Abcam) to obtain total proteins or nuclear proteins. Western blotting

was performed as described previously [25]. Primary antibodies against Creg1 (Abcam), phos-

phorylated (p)- NF-κB (p65), NF-κB, p-IκBα and IκBα (Cell Signaling Technology, Danvers,

MA) were used with 1:1000 dilution. Antibodies against β-actin (Abcam) and Lamin B

(Sigma) were used as a loading control for total proteins or nuclear proteins, respectively.

After blotting, films were scanned and the bands of interest were quantified by densitometry

using Image J software (National Institutes of Health).

Real-time PCR analysis

Total RNA from adipose tissue or differentiated 3T3-L1 cells were extracted using the TRIzol

solution (Thermo). One μg of total RNA was reverse-transcribed using the PrimeScript RT

reagent kit (Takara, Dalian, China) to obtain the complimentary DNA. SYBR Green PCR
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Master Mix (Applied Biosystems, Foster City, CA) was prepared and real-time PCR was per-

formed using ABI 7300 Real-Time PCR Systems as previously described [20]. Each sample was

amplified in triplicate. The signal of the PCR products was normalized to GAPDH transcripts.

The primer pairs are listed in S1 Table.

Lipolysis analysis

Glycerol and free fatty acids released into the culture medium of differentiated 3T3 L1 cells

were measured to evaluate lipolysis. In brief, differentiated 3T3 L1 cells with or without

CREG1 knockdown were treated with BMS-345541 (5 μmol/L, Sigma), an NF-κB pathway

inhibitor, or vehicle (dimethyl sulfoxide, DMSO, Sigma) for 48 hours prior to lipolysis assess-

ment. The glycerol level was determined by Lipolysis Assay Kit (Abcam) and the free fatty acid

level was measured by Free Fatty Acid Quantification Kit (Abcam) according to the manufac-

turer’s instruction.

Statistical analysis

All data are presented as means ± standard error of mean (SEM) and analyzed using SPSS soft-

ware version 20.0 (IBM Corp., Armonk, NY). An unpaired Student t-test analysis was used for

all data comparisons between Creg1+/- and WT control mice fed ND or HFD. Significance in

all tests was set at P< 0.05.

Results

Creg1 haplodeficiency exacerbates HFD-induced obesity

Our genetic analysis revealed that global knockout of Creg1 gene leads to early embryonic

death around E7.5 (unpublished data), so Creg1+/- mice were used in this study. The Creg1+/-

mice were established as previously reported [24] and confirmed by PCR genotyping, which

showed the expected 168 bp wild-type and the 750 bp knockout (NeoR cassette) band (Fig 1A).

Western blot analysis revealed that CREG1 expression was higher in white adipose tissue

(WAT) than skeletal muscle but lower than the liver in WT mice (Fig 1B). Ablation of one

allele of Creg1 caused ~50% reduction of CREG1 expression in the above tissues (Fig 1B). To

test whether the reduction of CREG1 affects fat metabolism, WT and Creg1+/- mice were fed

with either ND or HFD for 16 weeks. As expected, WT mice fed with HFD looked obese and

gained more body weight than the ND controls (Fig 2A). Of note, Creg1+/- mice showed a

much more prominent obese phenotype and gained ~30% more body weight than WT mice

on HFD. We observed no difference in body weight gain between WT and Creg1+/- mice on

ND (Fig 2A and 2B). To investigate whether the above findings were due to increased calorie

consumption, we compared food intake in all mice. There was no difference in the average

weight of daily food intake between WT and Creg1+/- mice no matter which diet was fed (Fig

2C), demonstrating that calorie intake was similar in WT and Creg1+/- mice fed with either

ND (3.85 Kcal/g chow) or HFD (5.24 Kcal/g chow).

To determine the source of increased body weight gain in Creg1+/- mice, we focused our

analysis on WAT because fat accumulation was the most striking change in both genotypes

after HFD feeding. The Creg1+/- mice displayed more deposited fat in inguinal, epididymal

and peri-renal WAT when fed with HFD compared to WT controls (Fig 3A). However, no dif-

ference was found in these mice on ND (Fig 3A). There was no difference in lean mass

between WT and Creg1+/- mice fed with either ND or HFD (Fig 3B). In addition, histology of

epididymal WAT showed that the size of adipocyte was larger in Creg1+/- mice than that of

WT controls on HFD (~2 folds, P<0.01) (Fig 3C). These results suggested that the extra weight
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gain in Creg1+/- mice induced by HFD was mainly derived from adipose tissues, which is one

of the key characteristics of obesity. By contrast, no significant difference in fat deposition was

found between Creg1+/- and WT mice under ND, implying that reduction of CREG1 by half

can still maintain a normal body weight if not challenged with HFD.

Creg1+/- mice on HFD develop aggravated dyslipidemia, liver steatosis,

glycaemia and insulin resistance

Diet induced obesity is typically followed by systemic metabolic disorders including dyslipide-

mia, liver steatosis, glycaemia and insulin resistance, which further contributes to type 2 diabe-

tes and cardiovascular diseases [26]. We firstly detected lipid profile in plasma. The level of

TG, TC, LDL-C and FFA was elevated more in Creg1+/- mice than that in WT controls on

HFD (Fig 4A). In consistence with the changes of plasma lipids, the liver of Creg1+/- mice on

HFD displayed severe steatosis as indicated by more and larger lipid droplets in hepatocytes

compared with WT controls (Fig 4B).

To examine whether insulin sensitivity is altered, fasting blood glucose was monitored

weekly and insulin levels were detected at the end of the experiment. Under ND, blood glucose

and insulin levels of Creg1+/- mice were similar to those of WT controls (Fig 4C and 4D). In

contrast, when fed with HFD, the glucose level in Creg1+/- mice was significantly higher,

Fig 1. Verification of Creg1+/- mice. (A): Creg1+/- mice and their wild type (WT) littermates were genotyped by RT-PCR. The CREG1 gene in Creg1+/- mice

was disrupted by replacing exons 2 and 3 with a neomycin-resistant (NeoR) cassette. Representative genotyping image showed the wild type band of 168 bp

amplicon and knockout (NeoR cassette) band of 750 bp amplicon. (B): Skeletal muscle (m.), epididymal white adipose tissue (WAT) and Liver from WT and

Creg1+/- mice were assessed for Creg1 expression by Western blotting and β-actin was used as a loading control. The lower panel showed the quantification

of CREG1 intensity relative to β-actin (n = 3 from three independent experiments). Values are presented as means ± SEM. *P<0.05, **P<0.01 and

***P<0.001.

https://doi.org/10.1371/journal.pone.0176873.g001
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beginning as early as 4 weeks of HFD feeding and continuing to the end of the experiment,

and so was the plasma insulin level as compared with WT controls (Fig 4C and 4D). Further-

more, the HOMA-IR scores increased by nearly 1-fold in Creg1+/- mice on HFD compared

with their WT counterparts (Fig 4E). GTT and ITT were also performed at the end of the

experiment to evaluate whole-body insulin sensitivity. Integrated plasma glucose concentra-

tion, as calculated by AUC, was more profoundly increased in Creg1+/- mice as compared with

WT controls on HFD but not ND (Fig 4F and 4G). These results indicate that insulin sensitiv-

ity is significantly impaired in Creg1+/- mice fed with HFD.

Creg1+/- mice are sensitive to HFD-induced systemic and adipose tissue

inflammation

Obesity associated chronic low-grade systemic inflammation is mainly mediated by WAT and

plays an important role in the pathogenesis of insulin resistance and other metabolic abnor-

malities [27–29]. Thus we studied both systemic and adipose tissue inflammation. The plasma

level of the pro-inflammatory cytokines (TNF-α and IL-6) (Fig 5A), the pro-inflammatory

Fig 2. Creg1+/- mice display increased weight gain with unchanged food intake on high fat diet (HFD). (A): Body weights of Creg1+/- mice

and their wild type (WT) littermates on 16 weeks of normal diet (ND) or HFD (n = 10). The left panel shows representative gross image. (B) Body

weight gain of WT and Creg1+/- mice after 16 weeks of ND or HFD (n = 10). (C) Average daily food intake of WT and Creg1+/- mice during

experiment (n = 10). Values are presented as means ± SEM. ns, no significance. *P<0.05 and ***P<0.001.

https://doi.org/10.1371/journal.pone.0176873.g002
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adipokine leptin and the anti-inflammatory adipokine adiponectin (Fig 5B) in Creg1+/- mice

was similar to that in the WT control on ND. The pro-inflammatory chemokine MCP-1

showed a tendency of increase in Creg1+/- mice but failed to reach significance, suggesting that

reduction of CREG1 may affect some cytokine expression even on a normal diet (Fig 5A). By

contrast, on HFD, Creg1+/- mice had significantly higher levels of TNF-α (P<0.01), IL-6

(P<0.001), MCP-1 (P<0.05), leptin (P<0.05) (Fig 5A) and a lower level of adiponectin

(P<0.05) in plasma (Fig 5B). In epididymal WAT, we detected mRNA expression of the above

Fig 3. Creg1+/- mice show increased susceptibility to high fat diet (HFD)-induced adiposity. On 16 weeks of normal diet (ND) or HFD, wild type (WT)

or Creg1+/- mice were sacrificed for the following measurements. (A): Representative gross image (upper panel) and weight (lower panel) of inguinal,

epididymal and peri-renal adipose tissue (n = 8 to 10). (B): Lean mass of WT and Creg1+/- mice. (C): Representative histological image of H&E staining (left

panel) and average area of adipocytes (right panel) from epididymal adipose tissues (n = 8 to 10). Values are presented as means ± SEM. **P<0.01 and

***P<0.001.

https://doi.org/10.1371/journal.pone.0176873.g003
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Fig 4. Creg1+/- mice develop aggravated dyslipidemia, liver steatosis, glycaemia and insulin resistance on high fat diet

(HFD). After 16 weeks of normal diet (ND) or HFD, (A): plasma lipid profile including total cholesterol (TC), triglyceride (TG), low
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pro-inflammatory cytokines by real-time PCR. The results were consistent with the findings in

plasma. Creg1 heterozygosity did not alter expression of TNF-α, IL-6 and MCP-1 fed with ND,

but greatly increased their transcription on HFD as compared with WT counterparts (Fig 5C).

Adipogenesis and thermogenesis of WAT are also considered to be key components

involved in pathogenesis of obesity [30–32]. Here we detected the expression of genes involved

in adipogenesis (C/EBPα and PPAR-γ) [33] and thermogenesis (PGC-1α and UCP-1) [34].

Although HFD treatment significantly increased mRNA level of C/EBPα and PPAR-γ com-

pared with ND, no significant difference was found between WT and Creg1+/- mice (Fig 5D),

suggesting that reduction of CREG1 has little if any effect on adipogenesis. As for thermogene-

sis, HFD treatment significantly decreased the mRNA levels of PGC-1α and UCP-1 in both

genotypes. Although the mRNA levels of PGC-1α and UCP-1 in Creg1+/- mice fed with HFD

decreased more than the wild-type mice, the difference did not reach statistical significance

(Fig 5E).

Inflammation of WAT is mediated mainly by the NF-κB and the mitogen-activated protein

kinase (MAPK) pathway [35–37]. CREG1 has been reported to exert its anti-inflammatory

effect through the NF-κB pathway [22, 23]. Therefore, we tested the hypothesis that the activa-

tion of NF-κB may mediate HFD-induced inflammation of WAT in Creg1+/- mice. Western

blot analysis of lysates of epididymal WAT showed that HFD significantly decreased CREG1

expression accompanied by increased the activation of NF-κB by phosphorylation [p-NF-κB

(p65)] (P<0.001) in both WT and Creg1+/- mice. Yet Creg1 haploinsufficiency caused a more

robust, 2-fold increase of p-NF-κB (p65) (P<0.01) as compared with the WT control on HFD

(Fig 5F). Altogether, these results indicate that Creg1 haploinsufficiency increases HFD-

induced systemic and adipose tissue inflammation without changing adipogenesis and ther-

mogenesis of WAT.

Depletion of CREG1 expression enhances inflammatory responses

through the NF-κB pathway in 3T3-L1 adipocytes

To further investigate whether CREG1 is directly involved in the regulation of adipose inflam-

mation, we employed the model of 3T3 L1 cell differentiation into adipocytes. We firstly

silenced CREG1 expression in differentiated 3T3-L1 cells using siRNA method (si-Creg1).

Western blotting showed that CREG1 was successfully knocked down by 90% at the protein

level. Then si-Creg1 cells and the si-Scramble control cells were treated with or without LPS,

and their expression of pro-inflammatory cytokines was detected. In the absence of LPS, the

baseline level of the TNF-α, IL-6 and MCP-1 transcripts was higher in si-Creg1 cells than con-

trol cells (Fig 6B). Following LPS treatment, the expression of these pro-inflammatory cyto-

kines was significantly up-regulated in both groups but to a much higher level in si-Creg1 cells

(Fig 6B). Finally, we examined the effect of CREG1 knockdown on the activation of the NF-κB

pathway. Silence of Creg1 in 3T3-L1 differentiated adipocytes activated the NF-κB pathway as

evidenced by increased phosphorylation of IκBα and NF-κB in the cytosol and nuclear extract

(Fig 6C). The activation of NF-κB by CREG1 insufficiency was observed both at the baseline

level and after LPS challenge. These results suggest that CREG1 may regulate adipocyte

density lipoprotein (LDL)-cholesterol and free fatty acid (FFA) of wild type (WT) and Creg1+/- mice were measured by ELISA method

(n = 8) and (B): liver steatosis was evaluated by H&E staining of paraffin-embedded sections (n = 8 to 10). (C): Fasting blood

glucose, (D): fasting insulin concentration, and (E): homeostasis model assessment-insulin resistance [HOMA-IR = fasting glucose

(mmol/l) × fasting insulin (mIU/l)/22.5] in WT and Creg1+/- mice fed on ND or HFD for 16 weeks (n = 8). (F): Results of glucose

tolerance test (GTT, upper panel) and quantification of area under curve (AUC) of GTT (lower panel) (n = 8). (G): Results of insulin

tolerance test (ITT, upper panel) and quantification of inverse AUC of ITT (lower panel) (n = 8). Values are presented as means ±
SEM. ns, no significance. *P<0.05, **P<0.01 and ***P<0.001.

https://doi.org/10.1371/journal.pone.0176873.g004
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Fig 5. Creg1+/- mice are sensitive to high fat diet (HFD)-induced systemic and adipose tissue inflammation. Plasma pro-

inflammatory cytokines (A) and adipokines (B) were determined by ELISA method in wild type (WT) and Creg1+/- mice on normal diet
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inflammation through the NF-κB pathway. Interestingly, LPS treatment reduced CREG1 pro-

tein expression in both si-Creg1 and the control cells. The significance of this downregulation

in LPS-induced inflammation warrants further investigation.

NF-κB pathway-triggered lipolysis plays essential role in HFD-induced obesity and insulin

resistance[38]. To determine whether CREG1 is involved in this, lipolysis of differentiated

3T3 L1 cells transfected with si-Scramble or si-Creg1 was measured. Under basal conditions,

CREG1 knockdown significantly stimulated lipolysis indicated by increased release of glycerol

and free fatty acids into the culture medium (Fig 6D). In addition, the increased lipolysis in

CREG1 knockdown cells could be blocked by the NF-κB pathway inhibitor BMS-345541.

These results implicate that CREG1 negatively regulates lipolysis through the NF-κB pathway.

Discussion

CREG1 has been shown to promote cell differentiation and survival [39, 40]. Previous studies

mainly focused on its role in cardiovascular diseases and malignant tumors [21, 39, 41, 42]. Its

implication in metabolic diseases has not been reported. In this study, we demonstrate for the

first time that haplodeficiency of Creg1 exacerbated HFD-induced obesity, insulin resistance

and dyslipidemia. In addition, Creg1+/- mice showed increased systemic and adipose tissue

inflammation, possibly through activation of the NF-κB pathway.

In the present study, we used Creg1+/- mice to explore the role of CREG1 because global

knockout of Creg1 leads to embryonic death around E7.5 (unpublished data), suggesting an

essential role of Creg1 in embryonic development. Creg1+/- mice were viable and exhibited no

apparently abnormal phenotype under normal feeding conditions, although CREG1 expres-

sion was reduced by ~50% in most tissues. Similar results were also found in many other het-

erozygote mice [43, 44], suggesting that haplodeficiency of Creg1 is sufficient to maintain basal

homeostasis. However, when fed with HFD, Creg1+/- mice displayed significant body weight

gain and visceral/subcutaneous fat adiposity compared with their WT littermates. Of note, the

overt obese phenotype was not resulting from increased food intake, suggesting that Creg1
haplodeficiency does not promote hyperphagia. Hyperphagia is regulated centrally by hypo-

thalamus. Given that CREG1 is not expressed in the brain (the paralogous family member

CREG2 is instead only expressed in the brain), it is unlikely that CREG1 has a direct impact

on the hypothalamus. Another important factor regulating hyperphagia is leptin, which is

secreted by WAT and acts through its receptor to provide a critical signal to hypothalamic

neurocircuits to modulate food intake as well as energy expenditure[45]. We observed in-

creased plasma leptin in Creg1+/- mice. However, no hyperphagia was induced, suggesting lep-

tin resistance in these mice.

High fat induced obesity is usually accompanied by insulin resistance and dyslipidemia[46,

47]. It’s not surprisingly to see that Creg1+/- mice with such an obvious obese phenotype

showed exacerbated insulin resistance indicated by increased fasting glucose and insulin level,

higher HOMA-IR scores, lager AUC of GTT and ITT. The elevation of plasma TC, TG,

(ND) or HFD for 16 weeks (n = 5). In epididymal white adipose tissues (eWAT) from WT and Creg1+/- mice fed on ND or HFD for 16

weeks, transcriptional expression of pro-inflammatory cytokines (C), adipogenesis related genes (D) and thermogenesis related genes

(E) were assessed by Real-time PCR (n = 5). (F): CREG1 and phosphorylated NF-κB (p65) [p-NF-κB (p65)] were detected in tissue

lysate of eWAT (left panel) by Western blot (left panel) (n = 3). Beta-actin and NF-κB were probed and used for normalization. The middle

and right panel showed the quantification of CREG1 level relative to β-actin and p-NF-κB (p65) level relative to NF-κB respectively (n = 3

from three independent experiments). Abbreviations: TNF-α, tumor necrosis factor α; IL-6, interleukin 6; MCP-1, monocyte chemotactic

protein 1; C/EBPα, CCAAT/enhancer-binding protein α; PPAR-γ, peroxisome proliferator-activated receptor γ; PGC-1α, peroxisome

proliferator-activated receptor γ coactivator 1α; UCP-1, uncoupling protein 1.Values are presented as means ± SEM. ns, no significance.

*P<0.05, **P<0.01, ***P<0.001.

https://doi.org/10.1371/journal.pone.0176873.g005
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Fig 6. Depletion of CREG1 expression enhances inflammatory responses through the NF-κB pathway in 3T3-L1 adipocytes. (A): Knockdown of

CREG1 by siRNA (siCreg1) in differentiated 3T3-L1 adipocytes were verified by Western blot (left panel) (n = 3). Beta-actin was used as loading control. The

right panel showed the quantification of CREG1 relative to β-actin (n = 3 from three independent experiments). (B): Relative mRNA expression of TNF-α, IL-

6 and MCP-1 in siCreg1 or si-Scramble treated 3T3-L1 cells ± 10 ng/ml LPS (n = 3). (C): Representative Western blots showed the effect of siCreg1 on pro-

inflammatory signaling pathways (n = 3 replicated 3 times). The right panel showed the quantification of CREG1/actin, p-IκBα/IκBα and p-NF-κB/Lamin B.
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LDL-C and FFA suggested dysfunction in lipid metabolism, possibly resulting from abnormal-

ities of WAT and/or the liver. In fact, knockdown of CREG1 in 3T3-L1 cell-derived adipocytes

leads to increased lipolysis, suggesting that CREG1 reduction-induced lipolysis may contribute

to elevated plasma FFA.

Nutrient overload-induced obesity is associated with a state of low grade chronic systemic

inflammation predominantly resulting from adipose tissue[48]. In this study, we observed that

CREG1 haploinsufficiency in the heterozygous mice amplified HFD-induced systemic as well

as WAT inflammation as indicated by increased expression of cytokines and chemokines. This

is likely caused by the activation of the NF-κB signaling pathway because phosphorylation of

the p65 subunit of NF-κB was increased in adipose tissues of Creg1+/- mice on HFD. Further-

more, knockdown of CREG1 in differentiated adipocytes stimulated NF-κB phosphorylation

and increased the expression of TNF-α, IL-6, and MCP-1. Importantly, depletion of CREG1 in

adipocytes enhanced lipolysis and this effect could be blocked by NF-κB inhibition, suggesting

that CREG1 suppresses lipolysis by inhibiting the NF-κB pathway. This inhibitory effect of

CREG1 on lipolysis may raise the concern that it should produce a lean phenotype instead of

obesity observed in Creg1 haplodeficiency mice challenged with HFD. However, many studies

have firmly demonstrated that basal lipolysis is increased in obese individuals[49, 50], which is

consistent with our findings in vitro. Actually, the association between obesity and increased

basal lipolysis is very complex and not fully understood. Increased insulin-induced lipolysis

inhibition, enlarged fat cell size and elevated production and secretion of TNFα within adipose

tissue may contribute to increased lipolysis in obese population[49, 50], which needs to be fur-

ther studied.

Although we focused on white adipose tissue in the present study, we cannot rule out possi-

ble contributions of other tissues to the obese phenotype of Creg1+/- mice on HFD. CREG1 is

highly expressed in liver, heart and kidney which are very active in metabolism. Especially, the

liver is a key organ participating in lipid metabolism. Therefore, development of tissue specific

Creg1 knockout mice will be necessary in the future study to clarify this issue.
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