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Abstract

Fat-specific protein 27 gene (FSP27), isolated by screening for genes specifically expressed in 

fully differentiated mouse adipocytes, belongs to the cell death-inducing DNA fragmentation 

factor, alpha subunit-like effector family. FSP27 is induced in not only adipose tissue but also the 

liver of ob/ob mice, and it promotes the development of fatty liver. The FSP27 gene is expressed in 

a fatty liver-specific manner and is not detected in the normal mouse liver. FSP27 expression is 

directly regulated by the induction of the hepatic peroxisome proliferator-activated receptor γ 
(PPARγ) in ob/ob fatty liver. In the present study, expression of hepatic FSP27 mRNA was 

determined in non-genetic fatty liver models. The FSP27 gene was markedly induced in the high-

fat- or methionine- and choline-deficient (MCD) diet-induced fatty liver, but it was not elevated in 

alcohol-induced fatty liver. Interestingly, the induction of FSP27 mRNA due to the MCD diet was 

independent of PPARγ levels and completely absent in the liver from PPARγ-null mice. These 

results suggest that FSP27 mRNA expression in the liver depends on the etiology of fatty liver.
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Fat-specific protein 27 (FSP27) was originally isolated from fully differentiated mouse 

adipocytes by screening for specifically expressed genes.1,2) The human homolog of FSP27, 

i.e., cell death-inducing DNA fragmentation factor, alpha subunit-like effector (CIDE) C, 

was also isolated from a human liver cDNA library.3) Identification of protein sequence and 

domain structure classified FSP27 as a member of the CIDE protein family, which also 

includes CIDEA, CIDEB, and CIDEC/FSP27. Adipocyte FSP27 was recently reported to be 

a lipid droplet (LD)-associated protein that promotes the formation of unilocular LDs.4) 
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Furthermore, FSP27 knockout mice demonstrated a lean phenotype with atrophic adipose 

tissue due to high-energy expenditure; this mouse line was also resistant to diet-induced 

obesity and insulin.5,6)

In a previous study, we demonstrated that ob/ob mice that are deficient in the nuclear 

receptor peroxisome proliferator-activated receptor γ (PPARγ), specifically in the liver (ob/

ob-PPARγKO), showed dramatic improvement in severe fatty liver disease, suggesting that 

hepatic PPARγ promotes the generation of fatty liver.7) To understand the mechanism of 

PPARγ-dependent fatty liver formation, subtractive cDNA cloning was used to compare 

downstream target genes of hepatic PPARγ in ob/ob-PPARγKO and ob/ob-PPARγ wild-

type mice (ob/ob-PPARγWT); FSP27 cDNA was isolated, and the FSP27 gene was found to 

be regulated by hepatic PPARγ. FSP27 expression markedly decreased in ob/ob-PPARγKO 

liver. Furthermore, forced expression of FSP27 by adenovirus in hepatocytes in vivo and in 
vitro resulted in an increase of LDs through elevated triglyceride (TG) levels, whereas 

knock-down of FSP27 in ob/ob mice resulted in the loss of hepatic TG.8) These results 

strongly suggest that FSP27 is directly associated with hepatic TG accumulation.9)

The ob/ob mouse is a well-known genetically leptin-deficient mouse and a typical model for 

type II diabetes, obesity, and fatty liver. Recently, FSP27 expression was also observed in 

fatty liver of a new insulin resistant model mouse line, ddY-H.10) Although FSP27 is highly 

expressed in ob/ob and other mouse models of fatty liver, it remains largely unknown 

whether other etiologies are involved in the expression of FSP27 in fatty livers. To address 

this question, the expression of hepatic FSP27 was examined in several fatty liver models, 

including db/db mice, as well as high-fat (HF)-, alcohol (AL)-, and methionine- and choline-

deficient (MCD) diet-fed mice. The FSP27 gene was markedly induced in db/db, and in HF-

and MCD-induced fatty liver, but not in AL-induced fatty liver. However, hepatic PPARγ, a 

master regulator of FSP27, was induced in db/db, and in HF and AL fatty livers, but not in 

MCD fatty liver. Interestingly, the induction of FSP27 in MCD fatty liver was not observed 

in liver-specific PPARγKO mouse liver. Thus, our studies reveal new findings on the 

regulation of FSP27 in fatty liver and suggest that FSP27 expression in fatty liver is 

influenced by the etiology of this condition.

MATERIALS AND METHODS

Animals

PPARγ liver-specific knockout mice on an ob/ob or normal genetic background were 

generated using a floxed PPARγ allele and Cre recombinase under the control of the 

albumin promoter, as previously described.7) Female diabetic db/db mice (C57BL/KsJ-

leprdb) and female C57BL/6J wild-type mice were obtained at 8 weeks of age from Nippon 

CREA (Tokyo, Japan). All animal protocols and studies were performed according to 

guidelines from the Center for Experimental Animals at Fukuoka University.

MCD and HF Diet Study

Female C57BL/6J mice were randomly divided into 2 groups at 8 weeks of age. One group 

(n=4) of mice was fed a MCD (Oriental Yeast, Japan) or HF (HFD32; CLEA, Japan) diet ad 
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libitum, while the control group was fed normal chow. Mice were fed with MCD or HF diet 

for 1 or 2 months, respectively.11,12) Plasma levels of alanine aminotransferase (ALT) and 

aspartate aminotransferase (AST) were measured using commercial transaminase CII-test 

Wako kit (Wako Pure Chemical Industries, Ltd.).

Alcohol Diet Study

AL diet was administered according to previous studies.13) Female C57BL/6J mice were 

randomly divided into 2 groups at 8 weeks of age and fed a 4% ethanol-containing liquid 

diet (F2LEW; Oriental Yeast, Japan). For controls, mice were fed the same volume of a 

control liquid diet (F2LCW; Oriental Yeast), prepared by replacing ethanol with isocaloric 

sucrose. The mice were fed the AL diet for 2 months.

RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction (PCR)

Mouse RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA), and 

quantitative polymerase chain reaction (QPCR) was performed using complementary DNA 

(cDNA) generated from 1 µg of total RNA with an AffinityScript QPCR cDNA Synthesis kit 

(Agilent Technologies). Primer sequences used are listed as follows: FSP27: forward, 5′-

ATG AAG TCT CTC AGC CTC CTG-3′ and reverse, 5′-AAG CTG TGA GCC ATG ATG 

C-3′; PPARγ: forward, 5′-CAT GGC CAT TGA GTG CCG AGT-3′ and reverse, 5′-ACA 

TCC CCA CAG CAA GGC AC-3′; adipocyte fatty acid-binding protein (aP2): forward, 5′-

GAT GCC TTT GTG GGA ACC TG-3′ and reverse, 5′-GAA TTC CAC GCC CAG TTT 

GA-3′; phosphoenolpyruvate carboxykinase (PEPCK): forward, 5′-CAT ATG CTG ATC 

CTG GGC ATA AC-3′ and reverse, 5′-CAA ACT TCA TCC AGG CAA TGT C-3′; fatty 

acid synthase (FAS): forward, 5′-GGA GGT GGT GAT AGC CGG TAT-3′ and reverse, 5′-

TGG GTA ATC CAT AGA GCC CAG-3′; sterol regulatory element-binding transcription 

factor1c (SREBP1c): forward, 5′-GGA GCC ATG GAT TGC ACA TT-3′ and reverse, 5′-

AGG AAG GCT TCC AGA GAG GA-3′; cluster of differentiation 36 (CD36): forward, 5′-

TGG CCT TAC TTG GGA TTG G-3′ and reverse, 5′-CCA GTG TAT ATG TAG GCT CAT 

CCA-3′; and acidic ribosomal phosphoprotein P0 (36B4): forward, 5′-AAA CTG CTG 

CCT CAC ATC CG-3′ and reverse, 5′-TGG TGC CTC TGG AGA TTT TCG-3′ QPCR 

reactions were carried out using Brilliant III Ultra-Fast SYBR Green QPCR Master Mix 

(Agilent Technologies) in an Mx3005P Real-Time PCR System (Agilent Technologies). 

Values of sample mRNAs were normalized to 36B4 mRNA.

Hepatic TG Measurement

To measure liver TG concentrations, total lipids were extracted using the following protocol. 

Hepatic TG was extracted from 0.1 g of liver and homogenized in 1 mL of 0.1 M KCl. In a 

new tube, 50 µL of homogenates was diluted by adding 50 µL of 0.1 M KCl, followed by 

0.375 mL of chloroform–methanol (1 : 2). Following vortexing, the mixture was kept at 

room temperature for 5 min, after which 0.125 mL of chloroform was added to the tube and 

vortexed. Next, 0.125 mL of water was added followed by vortexing again. After 

centrifugation at 16000×g for 15 min, the organic layer was transferred to another tube. For 

complete extraction of liver lipid, an additional extraction was repeated using 100 µL of 
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chloroform. Lipids dissolved in organic solvents were dried down and re-suspended in the 

enzymatic kit buffers prior to TG assays performed using commercial kits (Sekisui Medical).

Statistical Analysis

Experimental values are expressed as mean±standard error of the mean (SEM). Statistical 

analysis was performed by Student’s t-test for unpaired data, with p<0.05 considered 

statistically significant.

RESULTS

FSP27 Expression in the ob/ob Mouse Is Induced by PPARγ and Depends on Fatty Liver 
Formation

To evaluate and quantify the levels of FSP27 gene expression in ob/ob-PPARγKO and ob/

ob-PPARγWT livers, QPCR was carried out on cDNAs from each genotype. Expression of 

FSP27 mRNA observed in ob/ob-PPARγWT liver was 5-fold higher than normal mouse 

PPARγWT or KO livers. Expression of FSP27 mRNA in ob/ob-PPARγKO liver was only 

25% of levels in ob/ob-PPARγWT liver (Fig. 1A). While hepatic PPARγ mRNA in ob/ob-

PPARγWT liver was approximately 3.5-fold higher than normal mouse PPARγWT liver 

(Fig. 1B). FSP27 expression was markedly lower in ob/ob-PPARγKO liver relative to 

normal mouse PPARγWT liver. To evaluate the potency of PPARγ as an FSP27 inducer, 

PPARγ was overexpressed in liver-derived AML-12 cells by using a PPARγ-adenoviral 

vector; AML-12 cells do not constitutively express PPARγ or FSP27. Expression of FSP27 
mRNA in AML-12 cells was induced approximately 7-fold and 200-fold without and with 

the PPARγ-specific ligand, rosiglitazone, respectively, compared with control adenoviral 

vector (data not shown). These results suggest that FSP27 is a fatty liver-specific gene and 

that PPARγ expression in the liver is a critical trigger for the ectopic induction of FSP27 
mRNA.

FSP27 mRNA Is Induced in db/db, HF, and MCD Fatty Livers, but Not in AL Fatty Liver

The expression of FSP27 mRNA was low in normal liver, but high in ob/ob fatty liver, 

raising the question of whether FSP27 is also expressed in the fatty livers as a result of 

different etiologies. To address this question, we used different fatty liver mouse models, 

namely, HF-, AL-, and MCD diet-fed and leptin receptor-mutated db/db mice. Biochemical 

parameters for each fatty liver model are summarized in Table 1. TG levels in all livers 

examined were >2-fold higher than that in the control groups.

The db/db, HF, and MCD fatty livers showed a 12-, 5-, and fold increase, respectively, in 

FSP27 mRNA compared to control groups (Figs. 2A, B, D). However, no significant 

differences in FSP27 mRNA were observed between control and AL groups (Fig. 2C). To 

elucidate the induction mechanism of FSP27 in the fatty livers, PPARγ expression was also 

evaluated in these samples. The db/db and HF fatty livers displayed approximately a 1.6- 

and 1.8-fold increase in PPARγ mRNA, which positively correlated with FSP27 mRNA 

expression (Figs. 2A, B). AL fatty liver showed approximately a 2.8-fold increase in PPARγ 
mRNA, whereas FSP27 mRNA remained unchanged (Fig. 2C). Conversely, no significant 

differences in PPARγ mRNA were observed between the control and MCD groups (Fig. 
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2D); nevertheless, FSP27 mRNA was markedly induced by this diet. Furthermore, aP2 and 

CD36 mRNAs, which are known as typical targets of PPARγ significantly increased in the 

db/db, HF, and AL fatty livers. Interestingly, the expression of these genes in MCD fatty 

liver was unchanged. These findings results suggest that FSP27 gene expression is not 

always dependent on increases in PPARγ expression, and potentially represent a distinct 

etiology of fatty liver.

Hepatic PPARγ in MCD Fatty Liver Regulates FSP27 Expression

The MCD diet is frequently used for the generation of fatty liver and nonalcoholic 

steatohepatitis.14) Unlike the ob/ob, db/db, and HF fatty liver mouse models, mice fed a 

MCD diet showed a tendency toward low hepatic PPARγ and high FSP27 mRNA levels 

relative to control mice (Fig. 2D). Thus, to evaluate the potential of hepatic PPARγ as an 

inducer of FSP27 mRNA in MCD fatty liver, PPARγKO mice from a normal genetic 

background were administered a MCD diet. This treatment markedly induced the expression 

of FSP27 mRNA in PPARγWT mice, but not in PPARγKO mice, which displayed 

expression levels similar to those in mice fed the control diet (Figs. 3A, B). These results 

suggest that PPARγ in MCD fatty liver is functional and regulates FSP27 mRNA 

expression.

FSP27 Induced in MCD Fatty Liver Is Not Associated with Hepatic TG Levels

Previous reports demonstrated that FSP27 induced in ob/ob fatty liver promotes the 

development of fatty liver by stimulating the accumulation of hepatic TG.8) To examine the 

association between FSP27 and hepatic TG content, TG levels were measured in the livers 

of PPARγKO mice that had been fed a MCD diet. No significant differences in hepatic TG 

content were observed between PPARγWT and KO mice that were fed a MCD diet (Fig. 

4A).

The expression of genes involved in de novo lipogenesis, such as FAS and SREBP1c, or 

those involved glucose metabolism, such as PEPCK, remained largely unchanged in 

PPARγWT and KO mice fed a MCD diet (Fig. 4B). Interestingly, mRNA of the aP2 gene 

also remained unchanged in these mice (Fig. 4B). The MCD diet promotes steatohepatitis 

and fibrosis in mice; hence, mRNAs levels of the fibrosis marker genes alpha-smooth-

muscle actin, tissue inhibitor of metalloproteinase 1, and collagen type I were measured. 

However, these mRNAs remained unchanged in PPARγWT and PPARγKO mice that had 

been fed the MCD diet (data not shown).

DISCUSSION

PPARγ expression was the highest in adipose tissue,15,16) and was present at measurable 

levels in the colon epithelium17,18) and macrophages.19) PPARγ is induced in ob/ob mouse 

liver, and it is critical for the development of fatty liver.7) Elevated PPARγ levels in ob/ob 
fatty liver induces FSP27 expression; the induced FSP27 then coordinates with factors in the 

lipogenic pathway to elevate hepatic triglyceride levels.8) From these earlier studies, we 

concluded that activation of the PPARγ-FSP27 signal that leads to TG accumulation in the 

liver is triggered by elevated PPARγ expression in the liver, although the molecular 

Aibara et al. Page 5

Biol Pharm Bull. Author manuscript; available in PMC 2020 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mechanism responsible for elevated hepatic PPARγ expression levels remains unclear. In the 

present study, we demonstrated that the expression of hepatic FSP27 depends on the etiology 

of fatty liver. Indeed, FSP27 expression remained unchanged in AL fatty liver, despite 

elevated PPARγ mRNA. Contrary to the observations in AL fatty liver, it is noteworthy that 

FSP27 was highly expressed in MCD fatty liver without the elevation of PPARγ mRNA. In 

addition, the results from liver-specific PPARγ-null mice revealed that FSP27 induced in 

MCD fatty liver is regulated by constitutively expressed hepatic PPARγ.20)

Because all commercial FSP27 antibodies obtained from the 4 companies were not available 

for the Western blot analysis, a customized FSP27 antibody was newly prepared from the 

synthesized FSP27 peptides. Unfortunately, we could not estimate the native FSP27 protein 

level in MCD fatty liver because the antibody was not specific. However, we believe that the 

MCD diet induces not only FSP27 mRNA level but also FSP27 protein level as compared 

with the control diet.

PPARγ and other PPARγ-targets, aP2 and CD36 mRNAs, showed an increase in AL fatty 

liver, but FSP27 mRNA was unchanged. While, no significant differences in PPARγ, aP2, 

and CD36 mRNAs were observed between the control and MCD groups, FSP27 mRNA was 

markedly induced by this diet. The reason for the discrepancy between AL and MCD fatty 

liver expression of FSP27 are not currently understood. However, our results suggest that the 

transcriptional regulation of FSP27 by PPARγ differs from that of other PPARγ targets such 

as aP2 and CD36. We assume that the regulation of hepatic FSP27 requires PPARγ as well 

as an unknown factor other than PPARγ, and this unknown factor may be repressed in AL 

fatty liver. It is possible, therefore, that FSP27 mRNA in AL fatty liver remains unchanged 

even when aP2 and CD36 mRNA levels are elevated. Additionally, this factor is likely to 

potentially accelerate the function of hepatic PPARγ because FSP27 mRNA levels in MCD 

fatty liver increased without any increase in PPARγ mRNA levels. Recently, it has been 

reported that hepatic FSP27 is directly regulated by cAMP response element-binding protein 

(CREB), independent of regulation by PPARγ.21) It remains unclear whether CREB 

associates with FSP27 expression in AL fatty liver. We propose that the regulation of FSP27 
may be more complicated with the participation of multiple factors.

Recently, a novel regulatory mechanism of hepatic FSP27 through mitogen-activated protein 

kinase (MAPK) phosphatase-1 (MKP-1) was reported. The study showed that FSP27 mRNA 

was repressed in fatty livers of both db/db and HF-fed mice lacking MKP-1.22) The function 

of PPARγ is controlled by multiple factors, including ligand binding and phosphorylation by 

the MAPKs. Specifically, extracellular signal-regulated kinase (ERK) 1/2 and c-Jun N-

terminal kinase (JNK) phosphorylate PPARγ1 and PPARγ2 on Ser84 and Ser112, 

respectively, resulting in decreased PPARγ ligand binding and transcriptional activity.23,24) 

Thus, dephosphorylation by MKP-1 restores PPARγ function by decreasing MAPK-

dependent phosphorylation of PPARγ, leading to increased FSP27 mRNA levels. However, 

the mechanism for MKP-1-mediated upregulation of FSP27 is not likely to be involved in 

the increase in FSP27 mRNA levels in MCD fatty liver observed in this study, because the 

MCD diet generally induces an increase in the levels of MAPK activity that promotes 

phosphorylation by JNK and ERK.25,26)
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The physiological function of FSP27 in MCD fatty liver remains unclear. We demonstrated 

that FSP27 expression in the ob/ob fatty liver leads to increased in vitro or in vivo 
triglyceride levels and that FSP27 is a direct mediator of PPARγ-dependent fatty liver 

generation.8) However, the present study shows that hepatic TG levels in PPARγWT mice 

relative to the PPARγKO mice, both of which received the MCD diet, remained unchanged, 

whereas FSP27 in PPARγKO mouse liver dramatically decreased compared to that in 

PPARγWT mouse liver. Unlike the situation in ob/ob fatty liver, this discrepancy may be 

due to a large influence of unknown TG accumulation pathways, with the exception of the 

PPARγ-FSP27 signaling pathway activity in MCD fatty liver. For example, it is generally 

known that methionine and choline deficiencies result in the accumulation of TG because of 

the decrease of very low-density lipoprotein (VLDL) synthesis.14) This mechanism greatly 

contributes toward TG accumulation, and the decrease of FSP27 in MCD fatty liver may 

therefore be a negligible influence. While a function of FSP27 other than TG accumulation 

induced in MCD fatty liver cannot be ruled out, it has been reported that FSP27 induces 

apoptosis via caspase-3, caspase-7, and caspase-9, and triggers the release of cytochrome c 
from the mitochondria, which implies that the mitochondrial pathway is involved in FSP27-

induced apoptosis.27–29) Indeed, the consumption of a MCD diet induced caspase-3 activity 

and apoptosis in liver.30) More studies are needed to elucidate the function of FSP27 in 

MCD fatty liver.

Recent studies have demonstrated CIDEC (human homolog of mouse FSP27) gene 

expression in the livers of obese human subjects before and after undergoing gastric bypass 

surgery.31) This procedure reduced obesity through loss of body weight. One year after 

surgery, the hepatic steatosis grade of subjects significantly decreased relative to pre-surgery 

conditions, and CIDEC expression in the liver showed a decline of >60%. Further, PPARγ 
expression was significantly decreased in the post-surgery liver. These data suggest a 

positive correlation between human CIDEC expression and hepatic steatosis grade. 

Elucidation of the physiological function of the CIDEC/FSP27 pathway potentially may lead 

to new therapeutic opportunities for inhibiting TG accumulation in the liver.
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Fig. 1. FSP27 Gene Expression Depends on Hepatic PPARγ Expression
QPCR analyses of FSP27 (A) and PPARγ (B) mRNAs were performed in each genotyped 

mouse liver. Expression was normalized to 36B4 mRNA, and each bar represents the 

average±S.E.M. of three separate experiments. Normal, normal genetic background mice; 

ob/ob, leptin-deficient mice; WT, PPARγ wild-type mice liver; KO, PPARγKO mice liver. 

Note: ob/ob-PPARγWT mice have fatty liver, whereas ob/ob-PPARγKO mice are normal or 

have much less fat.7) Significant differences from PPARγWT liver: * p<0.01, ** p<0.001.
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Fig. 2. FSP27 Gene Expression in Fatty Livers Developed by Different Methods
QPCR analyses of FSP27, PPARγ, aP2, and CD36 mRNAs were performed using liver 

samples from each group. Expression of each mRNA was examined in genetically modified 

(A) leptin receptor-mutated mice (db/db), as well as in mice fed diets comprising either (B) 

high fat (HF), (C) alcohol (AL), or (D) lacking methionine and choline (MCD). Expression 

was normalized to 36B4 mRNA, and each bar represents the average±S.E.M. of 3 individual 

experiments. Significant differences from db/m mice or control diet: * p<0.05, ** p<0.01, 

*** p<0.001.
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Fig. 3. Induction of FSP27 mRNA in MCD Fatty Liver Is Potentially Regulated by Hepatic 
PPARγ
QPCR analysis of FSP27 (A) and PPARγ (B) mRNAs were performed using liver samples 

from each genotyped mouse. Expression was normalized to 36B4 mRNA, and each bar 

represents the average±S.E.M. of 3 individual experiments. Significant differences from 

PPARγWT liver: * p<0.001.
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Fig. 4. Hepatic TG Content in MCD Fatty Liver Is Independent of FSP27 Levels
(A) Hepatic TG content in PPARγWT and PPARγKO mice fed a MCD diet. Each bar 

represents the average±S.E.M. of 3 individual experiments. (B) QPCR analysis to assess the 

effects of PPARγ deficiency on hepatic gene expression. QPCR analyses of FAS, SREBP1c, 

aP2, and PEPCK mRNAs were performed using liver samples for each genotyped mouse. 

Expression was normalized to 36B4 mRNA, and each bar represents the average±S.E.M. of 

3 individual experiments. Note: no significant differences on all data were observed between 

PPARγWT and PPARγKO mice fed a MCD diet.
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