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Clitorin ameliorates western 
diet‑induced hepatic steatosis 
by regulating lipogenesis and fatty 
acid oxidation in vivo and in vitro
Divina C. Cominguez1,4, Yea‑Jin Park1,4, Yun‑Mi Kang1, Agung Nugroho2, Suhyun Kim3 & 
Hyo‑Jin An1*

Nonalcoholic fatty liver disease (NAFLD) is usually correlated with metabolic diseases, such as obesity, 
insulin resistance, and hyperglycemia. Herein, we investigated the inhibitory effects and underlying 
governing mechanism of clitorin in a western diet (WD)-induced hepatic steatosis mouse model, 
and in oleic acid-stimulated HepG2 cells. Male C57BL/6 mice were fed a normal diet, WD, WD + 10 or 
20 mg/kg orlistat, and WD + 10 or 20 mg/kg clitorin. HepG2 cells were treated with 1 mM oleic acid 
to induce lipid accumulation with or without clitorin. Clitorin significantly alleviated body weight 
gain and hepatic steatosis features (NAFLD activity score, micro-, and macro-vesicular steatosis) in 
WD-induced hepatic steatosis mice. Additionally, clitorin significantly decreased protein expressions 
of sterol regulatory element-binding protein 1 (SREBP1), peroxisome proliferator-activated receptor 
γ (PPARγ), and CCAAT/enhancer binding protein α (C/EBPα) in WD-induced hepatic steatosis mice. 
Moreover, clitorin significantly diminished the mRNA levels of SREBP1, acetyl-CoA carboxylase (ACC​
), fatty acid synthase (FAS), and hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR​) and 
enhanced the mRNA levels of peroxisome proliferator-activated receptor α (PPARα) and carnitine 
palmitoyltranserase-1 (CTP-1), as well as adenosine monophosphate-activated protein kinase (AMPK) 
in the liver of WD-induced hepatic steatosis mice and oleic acid-stimulated HepG2 cells. Overall, our 
findings demonstrated that clitorin can be a potentially efficacious candidate for NAFLD management.

Abbreviations
AMPK	� Adenosine monophosphate-activated protein kinase
ACC​	� Acetyl-CoA carboxylase
C/EBPα	� CCAAT/enhancer binding protein α
CTP-1	� Carnitine palmitoyltranserase-1
FAS	� Fatty acid synthase
HMGCR​	� Hydroxy-3-methylglutaryl coenzyme A reductase
LXR	� Liver X receptor
NAFLD	� Nonalcoholic fatty liver disease
PPARα	� Peroxisome proliferator-activated receptor α
PPARγ	� Peroxisome proliferator-activated receptor γ
SREBP1	� Sterol regulatory element-binding protein 1
WD	� Western diet

Nonalcoholic fatty liver disease (NAFLD) is the most ubiquitous chronic liver disease in Western countries, 
affecting nearly 25% of adults worldwide1. In the United States, the number of NAFLD cases is anticipated to 
increase from 83.1 million in 2015 to 100.9 million in 20302. NAFLD ranges from relatively benign nonalco-
holic fatty liver to the aggressive form termed nonalcoholic steatohepatitis, typifying both fatty liver and liver 
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inflammation3. NAFLD is usually correlated with metabolic diseases, such as obesity, insulin resistance, hyper-
glycemia, and hypertension. Although considerable progress has been achieved with regard to drug development 
for NAFLD, no suitable therapeutic agent has yet been approved2. Therefore, there is a critical need to develop 
optimal therapeutic agents for NAFLD.

Under normal condition, liver processes large quantities of fatty acid, but stores only small amounts in the 
form of triglyceride4. Overnutrition directly contributes to the abundance of hepatic triglyceride accumula-
tion, which lead to NAFLD progression5; herein, the main causes of hepatic steatosis are increased de novo 
lipogenesis and decreased fatty acid oxidation6. Many genes play important roles in lipogenesis and fatty acid 
oxidation in the liver. When the high-fat diet feeding, peroxisome proliferator-activated receptor γ (PPARγ) is 
the early-induced lipogenic transcription factor7. Liver X receptor (LXR) and sterol regulatory element–bind-
ing protein 1c (SREBP1c) are key transcription factors involved in hepatic lipid synthesis7. Fatty acid synthase 
(FAS) and 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR) are key enzymes in the synthesis 
of fatty acid and cholesterol, respectively8. Acetyl-CoA carboxylase (ACC) catalyzes a master rate-controlling 
step in de novo lipogenesis and fatty acid oxidation9,10. Peroxisome proliferator-activated receptor α (PPARα) 
is closely associated with the transcription of genes related to hepatic fatty acid oxidation, including carnitine 
palmitoyltransferase-1 (CPT-1)11.

Adenosine monophosphate-activated protein kinase (AMPK) is master regulator for energy homeostasis 
through the inhibition of lipogenesis and the activation of fatty acid oxidation in liver12. Although multiple 
factors lead to hepatic steatosis, to control lipogenesis and fatty acid oxidation can be therapeutic strategies for 
management of NAFLD individuals who consume excess calories4.

Papaya (Carica papaya L.) is a fruit crop that is widely grown in tropical and sub-tropical regions. Tradition-
ally, papaya plants are used to treat various ailments such as asthma, ulcers, eczema, diabetes, helminth infections, 
and fever13. Papaya plants have been reported to possess therapeutic potential for metabolic disorders, such as 
diabetes mellitus type 2, causing alterations in both glycemic metabolism and lipid metabolism, oxidative stress, 
and in models of arterial hypertension13,14. Previous profiling indicates that four flavonoids, including mangha-
slin, clitorin, rutin, and nicotiflorin, were identified in papaya plants15,16. Among them, we focused on clitorin, a 
kaempferol glycoside, because it has only been reported antioxidant effects17. Based on these findings, the present 
study was designed to provide basic data to delineate the pharmacological effects of clitorin on the alleviation 
of hepatic steatosis in western diet (WD)-induced hepatic steatosis mice and oleic acid-stimulated HepG2 cells.

Results
Clitorin reduced the body weight and liver weight index in the WD‑fed obese mice.  We have 
isolated the clitorin from papaya plants, identified by high performance liquid chromatography (HPLC) analy-
sis (Fig. 1), and investigated the effect of clitorin on the WD-fed obese mice. When mice were fed a WD for 
12 weeks, we observed significant differences on total body weight and weight gain between the CON and WD 
groups. However, the orlistat- or clitorin-administered groups displayed significantly lower body weight and 
weight gain than the WD group (Fig. 2A,B). Herein, we did not observe any differences in food intake and 
energy intake among all WD-fed groups (Fig. 2C,D), while the food efficiency ratio was significantly attenuated 
after orlistat and clitorin administration in the WD-induced obese mice (Fig. 2E). In addition, we found that the 
liver weight and liver index (mg/body weight) in the WD group were significantly higher than the correspond-
ing parameters in the CON group, indicating that the hepatic steatosis was induced in the WD-fed obese mice. 
Notably, orlistat and clitorin administration significantly reversed these changes compared to those observed in 
the WD group (Fig. 2F–H).

Clitorin ameliorated the features of liver steatosis in the WD‑induced hepatic steatosis 
mice.  Next, we checked the serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) 
levels. The significantly increased serum levels of ALT and AST by HFD feeding were effectively decreased in 
the 20 mg/kg orlistat-, and all clitorin-administered groups (Fig. 3A,B). To further confirm the increase in liver 
weight and liver index in the WD-induced obese mice model, we conducted hematoxylin and eosin (H&E) 
staining to evaluate the histological changes in the liver. We observed hepatocytic lipid vacuoles and hepatocyte 
ballooning in the WD group compared to those in the CON group; however, the orlistat- or clitorin-adminis-
tered groups remarkably reversed the corresponding features in the liver of WD-fed obese mice (Fig. 3C). In 
addition, the significantly increased NAFLD activity score (NAS), micro-, and macro-vesicular steatosis were 
displayed in the WD group, whereas NAS and microvesicular steatosis were improved after orlistat or clitorin 
administration (Fig. 3D,E); notably, the macrovesicular steatosis was significantly reduced in the only clitorin 
20 mg/kg-administered group (Fig. 3F). Furthermore, the marked increases of intrahepatic triglyceride and total 
cholesterol levels in the WD group were all lower in the orlistat- or clitorin-administered groups (Fig. 3G,H). 
Altogether, these data indicated that WD-induced hepatic steatosis mouse model was completely established and 
clitorin administration demonstrated a protective effect against hepatic steatosis in mice challenged with WD.

Clitorin regulated adipogenesis, lipogenesis, and fatty acid oxidation in the liver of WD‑induced 
hepatic steatosis mice.  To investigate the mechanisms of clitorin on suppressing hepatic steatosis in the 
WD-induced hepatic steatosis mice, adipogenic and lipogenic transcriptional expression profiles were exam-
ined. In the liver, the protein expression levels of SREBP1, as well as PPARγ and C/EBPα, were higher in the WD 
group; however, this was rescued by orlistat and clitorin administration (Fig. 4A). qRT-PCR analysis revealed 
that the upregulated SREBP1, PPARγ, and C/EBPα protein expression levels in the livers of WD mice coincided 
with increases in SREBP1, PPARγ, and C/EBPα mRNA levels. Notably, the marked upregulation of the mRNA 
levels of SREBP1 and PPARγ was strongly suppressed in the liver of orlistat- or clitorin-administered mice com-
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pared to the corresponding expression profiles in the WD group (Fig. 4B,C). The mRNA level of C/EBPα was 
significantly down-regulated in the 10 mg/kg orlistat- or 20 mg/kg clitorin-administered mice; herein, 10 mg/kg 
orlistat-administered group had stronger inhibitory effect than the 20 mg/kg orlistat-administered group in C/
EBPα protein expression (Fig. 4A), and this tendency was also observed in the mRNA level of C/EBPα (Fig. 4D). 
We next assessed the impact of clitorin on the mRNA levels of lipogenesis (LXR, ACC​, FAS, and HMGCR​) and 
fatty acid oxidation genes (CPT-1, PPARα, and AMPK), and it was revealed that the mRNA levels of LXR and 
HMGCR​ were significantly inhibited in the all orlistat- or clitorin-administered groups (Fig. 4E). In addition, 
the mRNA levels of ACC​ and FAS were significantly repressed in the 20 mg/kg orlistat- or clitorin- administered 
groups, showing higher reduction in the clitorin-administered group than those in the orlistat-administered 
group (Fig.  4E). In addition, CPT-1 mRNA level was significantly up-regulated in the 20  mg/kg orlistat- or 
clitorin-administered mice. PPARα and AMPK mRNA levels, which was eliminated in the WD group, were sig-
nificantly augmented by 20 mg/kg orlistat- or all dose of clitorin-administered groups; additionally, these mRNA 
levels were higher after the clitorin administration than those in the orlistat-administered group (Fig. 4E). These 
data supported the concept that clitorin alleviates hepatic steatosis by regulating lipogenesis and fatty acid oxida-
tion genes in the liver of WD-induced hepatic steatosis mice.

Figure 1.   Isolation and identification of clitorin. HPLC chromatograms of (A) clitorin and (B) papaya plants. 
A peak arose before clitorin was manghaslin, and two peaks arose after clitorin were rutin and nicotiflorin, 
consecutively. HPLC: high performance liquid chromatography.
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Clitorin suppresses oleic acid‑induced lipid accumulation in HepG2 Cells.  To further eliminate 
the effect of clitorin on lipid metabolism, relevant experiments were performed in vitro with HepG2 cells. The 
MTT assay showed that clitorin treatment (0 − 200 μM) did not induce cytotoxicity in HepG2 cells for 24 h 
(Fig. 5A). Accordingly, we designated three doses of clitorin at 50, 100, and 200 µM for further study. Oil Red O 
staining exhibited an obvious increase in stained lipid droplets in oleic acid-stimulated HepG2 cells compared to 
that in the non-treated cells, whereas it was significantly decreased after 200 µM clitorin treatment (Fig. 5B,C). 
Moreover, clitorin treatment significantly repressed the increased contents of triglyceride and total cholesterol 

Figure 2.   Effect of clitorin on total body weight, weight gain, and food intake in the WD-induced obese mouse 
model. The WD-induced mice were administered orlistat (10 or 20 mg/kg) or clitorin (10 or 20 mg/kg) for 
4 weeks, whereas control mice were fed a normal diet. (A) Body weight and (B) weight gain were recorded every 
week. (C) Food intake and (D) energy intake were calculated. (E) Food efficiency ratio (FER) was calculated by 
applying the equation: FER = (body weight gain (g)/food intake (g)) × 100. (F) Macroscopic images in the liver of 
mice in each group were taken at the end of the 13-week experimental period. (G) The weight of liver tissue and 
(H) relative liver weight ratio (mg/body weight) were measured. The values are represented as the mean ± SD 
(n = 6 per group). #P < 0.05, ##P < 0.01, and ###P < 0.001 vs. CON group; *P < 0.05, **P < 0.01, and ***P < 0.001 vs. 
WD group; significance was determined using two-way ANOVA followed by a Bonferroni post hoc test, and 
one-way ANOVA followed by Dunnett’s post hoc test. WD western diet, FER food efficiency ratio.
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Figure 3.   Effect of clitorin on the hepatic steatosis in the WD-induced hepatic steatosis mouse model. The 
levels of serum (A) ALT and (B) AST were determined using enzymatic methods. (C) The liver tissues from 
representative mice in each group were fixed, embedded in paraffin, and stained with H&E solution. Images 
are shown at an original magnification of 200 × . The scale bar is 100 µm. (D) NAS, (E) micro-, and (F) 
macro-vesicular steatosis were determined. The levels of hepatic (G) triglyceride and (H) total cholesterol 
were determined using enzymatic methods. The values are represented as the mean ± SD (n = 6 per group). 
##P < 0.01 and ###P < 0.001 vs. CON group; *P < 0.05, **P < 0.01, and ***P < 0.001 vs. WD group; significance 
was determined using one-way ANOVA followed by Dunnett’s post hoc test. WD western diet, ALT alanine 
aminotransferase, AST aspartate aminotransferase, H&E hematoxylin and eosin.
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Figure 4.   Effect of clitorin on adipogenic, lipogenic, and fatty acid oxidation-related genes in the liver of 
WD-induced hepatic steatosis mouse model. The protein levels of (A) SREBP1, PPARγ, and C/EBPα were 
determined using western blot analysis. The cropped gel images are shown for clarity. Densitometric analysis 
was performed using ImageJ ver. 1.50i (https://​imagej.​nih.​gov/​ij/). The mRNA levels of (B) SREBP1, (C) 
PPARγ, (D) C/EBPα, and (E) LXR, ACC​, FAS, HMGCR, CPT-1, PPARα, and AMPK were determined using 
qRT-PCR analysis. The values are represented as the mean ± SD (n = 6 per group). #P < 0.05, ##P < 0.01, and 
###P < 0.001 vs. CON group; *P < 0.05, **P < 0.01, and ***P < 0.001 vs. WD group; significance was determined 
using one-way ANOVA followed by Dunnett’s post hoc test. WD western diet, SREBP1 sterol regulatory element 
binding protein 1, PPARγ peroxisome proliferator activated receptor γ, C/EBPα CCAAT/enhancer binding 
protein α, LXR liver X receptor, ACC​ acetyl-CoA carboxylase, FAS fatty acid synthase, HMGCR​ 3-Hydroxy-
3-Methylglutaryl-CoA Reductase, CPT-1 Carnitine palmitoyltransferase-1, PPARα peroxisome proliferator 
activated receptor α, AMPK adenosine monophosphate-activated protein kinase.

https://imagej.nih.gov/ij/
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Figure 5.   Effect of clitorin on oleic acid-induced lipid accumulation in HepG2 Cells. (A) Cell viability was 
evaluated in HepG2 cells treated with clitorin. (B) The lipid accumulation was determined by Oil Red O 
staining. Images are shown at an original magnification of 400 × . The scale bar is 50 µm. (C) The lipid content 
was quantified by measuring absorbance. The levels of secreted (D) triglyceride and (E) total cholesterol 
in HepG2 cells were determined using enzymatic methods. The mRNA levels of (F) SREBP1, ACC​, FAS, 
HMGCR, CPT-1, PPARα, and AMPK were determined using qRT-PCR analysis. The values are represented 
as mean ± S.D of three independent experiments. ##P < 0.01 and ###P < 0.001 vs. non-treated cells; *P < 0.05, 
**P < 0.01, and ***P < 0.001 vs. oleic acid-treated cells; significances were determined using one-way ANOVA 
followed by Dunnett’s post hoc test. SREBP1 sterol regulatory element binding protein 1, ACC​ acetyl-CoA 
carboxylase, FAS fatty acid synthase, HMGCR​ 3-Hydroxy-3-Methylglutaryl-CoA Reductase, CPT-1 Carnitine 
palmitoyltransferase-1, PPARα peroxisome proliferator activated receptor α, AMPK adenosine monophosphate-
activated protein kinase.
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in the oleic acid-stimulated HepG2 cells (Fig. 5D,E). Furthermore, the mRNA levels SREBP1, FAS, ACC​, and 
HMGCR​ were higher in the oleic acid-treated group than those in the non-treated group; however, this was 
strongly reversed by 200 µM clitorin treatment (Fig. 5F). Moreover, CPT-1, PPARα, and AMPK mRNA levels, 
which was significantly down-regulated in the WD group, were effectively reversed by 200 µM clitorin treatment 
(Fig. 5F). These data indicated that clitorin attenuates oleic acid-induced hepatic lipid accumulation via control 
of the lipogenesis and the fatty acid oxidation.

Discussion
Immoderate exposure to a high-fat diet has been determined as a key attribute in an increasing number of 
NAFLD patients, which is demonstrated by the fact that the prevalence of NAFLD in obese patients is reported 
to be up to 90%18; consequently, a high-fat diet is widely used to construct NAFLD animal models19. In the pre-
sent study, clitorin administration significantly reduced the body weight gain in the WD-induced obese mice 
(Fig. 2A,B). To evaluate whether the hepatic steatosis was induced in this model, we first investigated the liver 
weight and index (mg/body weight), and the data showed that WD feeding caused the remarkable increases in 
the corresponding parameters compared to those in the CON group; on the other hand, clitorin administration 
significantly reduced the liver weight and index in the WD-induced obese mice (Fig. 2G,H). It has been reported 
that orlistat effectively alleviates steatosis and may serve as a viable treatment option for NAFLD20, therefore, it 
was used as a positive control. Next, we confirmed that clitorin administration significantly rescued the mark-
edly increased serum levels of ALT and AST in WD-fed obese mice (Fig. 3A,B). Even though NAFLD typically 
is characterized by mild increases of serum ALT and AST, the normal ALT and AST levels can be observed in up 
to 50% of NAFLD patients21. In addition, previous clinical review study suggested that relying on liver enzyme 
abnormalities is unhelpful in the diagnosis of NAFLD and examination of disease severity22. For assessment of 
hepatic steatosis, the NAS, which includes steatosis, lobular inflammation, and ballooning, has been used in 
numerous clinical trials and cross-sectional studies23. Therefore, we conducted the H&E staining to further track 
whether the hepatic histological changes were induced in this in vivo model. We found that the NAS, micro-, 
and macro-vesicular steatosis were all higher in the WD-fed mice than the normal diet-fed mice; moreover, the 
marked elevations in the hepatic triglyceride and total cholesterol contents were displayed in the WD group, 
indicating that the WD-induced hepatic steatosis mouse model was completely established. Furthermore, clitorin 
administration significantly recovered the NAS and microvesicular steatosis (Fig. 3D,E) as well as lipid profiling 
(Fig. 3G,H) compared to those in the WD group. Notably, our data revealed that clitorin had stronger effect in 
suppressing macrovesicular steatosis than the orlistat (Fig. 3F).

The hepatic effect of PPARγ appears to be steatogenic; hepatocyte-specific PPARγ knockout mice showed a 
remarkable decrease in the number of hepatic lipid vacuoles, as well as downregulation of de novo lipogenesis 
activators24. Conversely, PPARγ overexpression in the liver induced by HFD feeding leads to lipid accumula-
tion, which is the initiation step in the development of NAFLD7. CCAAT/enhancer binding proteins (C/EBPs), 
including C/EBPα and SREBP1, are also considered key regulators of adipogenesis. SREBP1 plays an important 
role in the regulation of de novo lipogenesis in the liver25. SREBP1c levels are enhanced in the fatty livers of 
obese, insulin-resistant, and hyperinsulinemic ob/ob mice10. In addition, SREBP1c expression is also elevated in 
patients with NAFLD; additionally, in concordance with its lipogenic role, hepatic triglyceride levels are higher 
in SREBP1c-overexpressing transgenic mice26. Thus, SREBP1, PPARγ, and C/EBPα are crucial transcription fac-
tors that upregulate the expression of genes modulating fat accumulation in the liver. In this study, the hepatic 
mRNA and protein levels of SREBP1, PPARγ, and C/EBPα were significantly reduced after clitorin administration 
in a dose-dependent manner (Fig. 4A–D). However, both protein and mRNA levels of C/EBPα were effectively 
abolished in the 10 mg/kg orlistat-administered mice than those in the 20 mg/kg orlistat-administered mice. 
Additionally, in the orlistat-administrated groups, the mRNA levels of SREBP1 and PPARγ were not consistent 
with the protein expressions; 10 mg/kg orlistat-administered group had higher inhibitory effects in the mRNA 
levels of SREBP1 and PPARγ than those in the 20 mg/kg orlistat-administered group. This probably seems to 
have relatively limitation in our study, with only 6 mice in each group examined in both protein and mRNA 
expression; therefore, further studies (e.g. increase ‘n’ per a group) would be examined to prove these differences.

LXRs are involved in hepatic lipogenesis via direct regulation of SREBP1c27, which positively modulates ACC 
expression28. ACC catalyzes a key rate-limiting step in fatty acid biosynthesis, and is also associated with the 
control of fatty acid oxidation by the synthesis of malonyl-CoA, an inhibitor of CPT-16. Indeed, inhibition of the 
liver-specific isoform ACC1 in mice ameliorated hepatic triglyceride levels in mice by simultaneously suppressing 
fatty acid biosynthesis and augmenting fatty acid beta oxidation in the liver6. CPT-1 leads to beta-oxidation, as 
it allows fatty acids to reach the mitochondrial matrix11. CPT-1 is also linked to PPARα expression. Among the 
three PPAR isotypes, PPARα, PPARβ/δ, and PPARγ, PPARα is the most abundant isotype in hepatocytes and is 
related to numerous aspects of lipid metabolism29 and high fatty acid oxidation rates30. Ineffective PPARα sens-
ing leads to diminished energy burning, resulting in hepatic steatosis and steatohepatitis31; thus, it is inferred 
that these genes can potentially prevent NAFLD. AMPK, a major energy sensor of the cell, downregulates ACC 
activity to suppress lipid biosynthesis32. In addition, AMPK regulates hepatic and adipose lipid metabolism by 
modulating lipogenesis, lipolysis, gluconeogenesis, and adipogenesis. AMPK inhibits de novo lipogenesis by 
downregulating PPARγ, C/EBPα, and SREBP1; furthermore, it promotes fatty acid oxidation by upregulating 
CPT-1a33. Our results showed that clitorin administration significantly decreased the mRNA levels of LXR, ACC​, 
FAS, and HMGCR​, which are lipogenic genes, and it also enhanced the mRNA levels of PPARα and CTP-1, fatty 
acid oxidation genes, as well as AMPK mRNA levels in the livers of WD-induced hepatic steatosis mice (Fig. 4E). 
Overall, clitorin had similar or excellent inhibitory effects compared to orlistat used as a positive control in the 
WD-induced hepatic steatosis mice.
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Oleic acid-stimulated HepG2 cells have been widely used to evaluate NAFLD in vitro34–39. Consistent with 
in vivo experiments, our results showed that clitorin treatment significantly diminished lipid accumulation by 
reducing the lipogenic genes (SREBP1, ACC​, FAS, and HMGCR​) and enhancing the fatty acid oxidation genes 
(PPARα, CPT-1, and AMPK) in oleic acid-stimulated HepG2 cells (Fig. 5). Unexpectedly, there were significantly 
increases on the cell viability in 6.25–50 µM clitorin-treated cells. This issue should be considered in additional 
research to study the impact of clitorin in HepG2 cells, but we clearly demonstrated that 200 µM clitorin block 
the hepatic lipid accumulation by controlling the lipogenesis and fatty acid oxidation in oleic acid-stimulated 
HepG2 cells.

In this study, four flavonoids, including manghaslin, clitorin, rutin, and nicotiflorin, were identified in papaya 
leaf. Among the four flavonoids, previous study reported that a recommended dose of rutin is 250–500 mg twice 
per day40,41. Compare to rutin, 20 mg/kg clitorin, which equates to a 97 mg for a 60 kg person, seems not to be an 
excessive dose for daily intake. However, it is necessary to evaluate clitorin content in papaya plant to determine 
whether 97 mg clitorin (for human) can be taken through diet such as papaya plant or can be considered as a food 
supplement. Although there is evidence on clitorin content in freeze-dried papaya leaf juice42, it is not sufficient to 
figure out its quantity. Additionally, to decide the exact human dose, further study on the toxicity of clitorin must 
be needed. This study contributes new knowledge to the sparse literature on clitorin, which would help specific 
areas for future research including determination of clinical dose. Next, we are going to analyze the mechanisms 
of clitorin by inhibiting/silencing AMPK in vivo and in vitro model, to fully understand its action on regulation 
of lipolysis and lipogenesis in NAFLD. Overall, our results showed that clitorin alleviated hepatic steatosis by 
reducing both adipogenesis and lipogenesis, and enhancing fatty acid oxidation (Fig. 6). The present study is the 
first to report on the positive impact of clitorin on hepatic steatosis and our findings provide basic data, which 
lead to deeper understanding of the pharmacological effects of clitorin on the potential improvement of NAFLD.

Materials and methods
Chemicals and reagents.  Oil Red O powder, oleic acid, and methyl alcohol were purchased from Sigma-
Aldrich Co. LLC (St. Louis, MO, USA). Minimum Essential Medium (MEM), fetal bovine serum (FBS), and 
penicillin were purchased from Life Technologies Inc. (Grand Island, NY, USA). Orlistat was purchased from 
Tokyo Chemical Inc. (Tokyo, Japan). The Research Diets (New Brunswick, NJ, USA) provided 45% of the 
WD (D-12451). Antibodies against PPARγ (cat. no. sc-7273), C/EBPα (cat. no. sc-365318), SREBP1 (cat. no. 
sc-13551), and β-actin (cat. No. sc-47778) were purchased from Santa Cruz Biotechnology Inc. (Dallas, TX, 
USA). Horseradish peroxidase-conjugated secondary antibodies were purchased from Jackson ImmunoRe-
search Laboratories, Inc. (West Grove, PA, USA).

Isolation and preparation of clitorin by HPLC.  Clitorin, a compound derived from Carica papaya 
L., was identified by Professor Agung Nugroho (Lambung Mangkurat University, Indonesia). As previously 
described43, the leaves of Carica papaya were collected from a papaya farm near Pelaihari City, South Kalimantan 
Province, Indonesia. Plant species was identified and authenticated at the Department of Agronomy, Lambung 
Mangkurat University, and the voucher specimen (No. C-23) was deposited in the herbarium of Laboratory of 
Natural Products, Department of Agro-industrial Technology, Lambung Mangkurat University. The collected 
leaves were dried completely at 40 °C. The dried powder of C. papaya leaf (750 g) was extracted thrice with 
methanol (6 L) under reflux at 70 °C for 5 h. The HPLC method involved two solvents for the mobile phase, 
solvent A was H2O with 0.05% acetic acid, v/v) and solvent B was methanol. The linear gradient elution of the 
solvents was programmed as follows: 0–20 min (20 → 65% B), 20–21 min (65 → 100% B), 21–25 min (100% B), 
25–27 min (100 → 20% B), and 27–30 min (20% B). The flow rate and column temperature was set constantly at 
1.0 mL/min and 40 °C, respectively. The detection wavelength was fixed at 254 nm and monitored for 30 min. 
The linear calibration equation was y = 30.87 × + 17.49 with the LOD and LOQ was 5.91 µg/mL and 19.70 µg/mL, 
respectively. The purity of the compound was more than 92%. For all experiments on this plants, we confirm that 
all methods were carried out in accordance with relevant guidelines and regulations.

Experimental animal care protocols and treatment cycles.  Six-week-old male C57BL/6J mice were 
procured from Daehan Biolink (Daejeon, Republic of Korea). The mice were maintained under conditions of 
controlled temperature (22 ± 2 °C) and humidity (55 ± 9%), with a 12-h light/dark cycle. After a week of adjust-
ment, the mice were fed 45% WD for 7 weeks, except for the normal diet group (CON). After 7 weeks, the mice 
were randomly divided into five groups of six mice each: WD group, WD + treatment group with 10 or 20 mg/
kg orlistat as a positive control, and WD + treatment group with 10 or 20 mg/kg clitorin. Orlistat and clitorin 
were dissolved in 1:1:18 ratio of ethanol, cremophor, and distilled water and orally administered to the mice 
once daily for 4 weeks. Mice in the CON and WD groups were administered vehicle. The mice were allowed 
free access to water and food, and their body weight and food intake were measured every week. Food efficiency 
ratio (FER) was calculated by applying the equation: FER = (body weight gain (g)/food intake (g)) × 100. At 
the end of the experiment, mice were anesthetized with Zoletil 50 (20 mg/kg) by i.p. injection according to the 
manufacturer’s instructions, and then the mice were euthanized by cervical dislocation. The livers of the mice 
were excised, cleaned with phosphate-buffered saline (PBS), weighed, and directly stored at − 80 °C. All experi-
ments were performed under the Ethical Committee for Animal Care and the Use of Laboratory Animals, Sangji 
University (approval document no. 2017-22).

Serum analysis.  During blood sample collection, the animals were already under the influence of termi-
nal anesthesia. Blood samples were collected via cardiac puncture. The samples were centrifuged at 1000×g 
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for 20 min to obtain the serum samples. The concentrations of ALT and AST were measured by ALT and AST 
quantification kit (ASAN Pharm, Co., Ltd, Seoul, Republic of Korea).

Histological analysis.  The liver tissues from the mice in each group were fixed in 10% formalin, embedded 
in paraffin, and cut into 8 µm sections. Certain sections were stained with H&E for histological examination. 
Stained liver sections were observed for the evaluation of hepatic steatosis using an Olympus SZX10 micro-
scope (Olympus, Tokyo, Japan). NAFLD development was examined using NAS, which includes a numerical 
score for steatosis (0–3), hepatocyte ballooning (0–2), and lobular inflammation (0–3). Steatosis were deter-
mined at 200 × magnification and quantified as macrovesicular and microvesicular steatosis using ImageJ ver. 
1.50i (https://​imagej.​nih.​gov/​ij/). Then, the percentage of steatotic cells was graded as follows: (1) 0: absent; (2) 
1: ≤ 25%; (3) 2: > 25% and ≤ 50%; (4) 3: > 50% and ≤ 75%; or (5) 4: > 75% of the parenchyma.

Lipid profiling analysis.  For liver tissues, approximately 0.1 g of liver tissue was homogenized in 2 mL of 
chloroform:methanol:distilled water (2:1:1, v/v) solution, vortexed, and centrifuged at 3,000 rpm for 10 min at 

Figure 6.   Schematic diagram of clitorin on prevention of WD-induced hepatic steatosis. Clitorin alleviated 
hepatic steatosis by reducing both adipogenesis and lipogenesis, and enhancing fatty acid oxidation in vivo and 
in vitro model.

https://imagej.nih.gov/ij/
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room temperature. After centrifugation, the bottom layer was carefully aspirated into a new test tube and dried 
at 50 °C to remove chloroform. The dried lipid was weighed and dissolved in methanol prior to lipid analysis. 
For HepG2 cells, the supernatant from the plates was directly used. The concentrations of triglyceride and total 
cholesterol were measured by triglyceride and total cholesterol quantification kit (ASAN Pharm, Co., Ltd, Seoul, 
Republic of Korea), and detected spectrophotometrically at 550 and 500 nm.

Western blot analysis.  Each liver tissue (10 mg) was homogenized using 600 µL PRO-PREP® solution 
(Intron Biotechnology, Gyeonggi-do, Republic of Korea), a protein extraction solution. The same amount (15–
30 µg) of protein sample was separated on an 8%–12% sodium dodecyl sulfate polyacrylamide gel and trans-
ferred onto a polyvinylidene fluoride membrane. The membranes were blocked with 2.5% skim milk solution for 
30 min, incubated with PPARγ (1:1000), C/EBPα (1:1000), SREBP1 (1:1000), and β-actin (1:2500) primary anti-
bodies overnight at 4 °C, followed by incubation with anti-mouse horseradish peroxidase-conjugated secondary 
antibody (1:2500) for 2 h at 25 °C. The membranes were washed thrice for 10 min with Tris-buffered saline 
containing Tween 20 and visualized by enhanced chemiluminescence using X-ray film (Agfa, Belgium). The 
uncropped blot images are given in Supplementary information.

Quantitative reverse‑transcription polymerase chain reaction (qRT‑PCR) analysis.  qRT-PCR 
analysis was performed as previously described44. Briefly, each liver tissue (50 mg) were homogenized, and total 
RNA was isolated using the 1 mL Easy-Blue® reagent according to the manufacturer’s instructions (Intron Bio-
technology; Seongnam, Republic of Korea). Total RNA (1 µg) was converted to cDNA using a high-capacity 
cDNA reverse transcription kit (Applied Biosystems; Foster City, CA, USA). For qPCR reactions, the 10 ng of 
cDNA was amplified and measured using SYBR® Master Mix (Applied Biosystems; Foster City, CA, USA). Gene 
expression was determined using the comparative threshold cycle method. GAPDH was used as an internal 
control. Sequences of mouse oligonucleotide primers are presented in Table 1.

Cell culture and treatment.  The human hepatoma cell line HepG2 (No. 88065) was obtained from the 
Korean Cell Line Bank (KCLB, Seoul, Republic of Korea). HepG2 cells were grown in MEM containing 10% FBS 
and 100 mg/L penicillin under a humidified atmosphere of 5% CO2 at 37 °C. The cells were seeded at a density of 
2 × 105 cells per well into 6-well plate and then treated with 1 mM oleic acid (O 7501, Sigma-Aldrich) dissolved 
in culture medium containing 5% methanol with or without different concentrations of clitorin (50, 100, and 
200 µM) for 48 h. The clitorin was dissolved in dimethyl sulfoxide (DMSO) and the 0.1% DMSO was treated in 
the control cells as a vehicle.

Cell viability assay.  HepG2 cells were seeded into a 96-well plate at a concentration of 1 × 104 cells per 
well for 24 h. After incubation, the cells were treated with different concentrations of clitorin (0–200 µM) for 
24 h. After treatment, the cells were treated with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 
(MTT) solution (5 mg/mL) and incubated again for 4 h. The supernatant from the plates was discarded, and 
the purple formazan product was dissolved in DMSO. The absorbance was measured at 540 nm using an Epoch 
microplate spectrometer (Biotek, Winooski, VT, USA).

Table 1.   Real-time PCR primer sequences.

Gene Forward (5′–3′) Reverse (5′–3′)

PPARγ (m) ATC​GAG​TGC​CGA​GTC​TGT​GG GCA​AGG​CAC​TTC​TGA​AAC​CG

SREBP1 (m) GGC​TAT​TCC​GTG​AAC​ATC​TCCTA​ ATC​CAA​GGG​CAG​TTC​TTG​TG

C/EBPα (m) GGA​ACT​TGA​AGC​ACA​ATC​GATC​ TGG​TAA​AGG​TTC​TCA​

LXRα (m) CAG​GAG​ACC​AGG​GAG​GCA​AC GCA​GGG​CTG​TAG​GCT​CTG​CT

ACC​ (m) TTT​TCG​ATG​TCC​TCC​CAA​ACTTT​ GCT​CAT​AGG​CGA​TAT​AAG​CTCT​

FAS (m) AGG​GGT​CGA​CCT​GGT​CCT​CA GCC​ATG​CCC​AGA​GGG​TGG​TT

HMGCR​ (m) CAG​GAT​GCA​GCA​CAG​AAT​GT CTT​TGC​ATG​CTC​CTT​GAA​CA

CPT-1 (m) CTC​AGT​GGG​AGC​GAC​TCT​TCA​ GGC​CTC​TGT​GGT​ACA​CGA​CAA​

PPARα (m) CAG​GAG​AGC​AGG​GAT​TTG​CA CCT​ACG​CTC​AGC​CCT​CTT​CAT​

AMPK (m) GGT​GGA​TTC​CCA​AAA​GTG​CT AAG​CAG​TGC​TGG​GTC​ACA​AG

GAPDH (m) ATG​GAA​ATC​CCA​TCA​CCA​TCTT​ CGC​CCC​ACT​TGA​TTT​TGG​

SREBP1 (h) ACC​GAC​ATC​GAA​GGT​GAA​GT CCA​GCA​TAG​GGT​GGG​TCA​AA

ACC​ (h) CAT​GCG​GTC​TAT​CCG​TAG​GTG​ GTG​TGA​CCA​TGA​CAA​CGA​ATCT​

FAS (h) AAG​GAC​CTG​TCT​AGG​TTT​GATGC​ TGG​CTT​CAT​AGG​TGA​CTT​CCA​

HMGCR​ (h) GAC​CTT​TCC​AGA​GCA​AGC​AC TCA​ACA​AGA​GCA​TCG​AGG​GT

CPT-1 (h) TCC​AGT​TGG​CTT​ATC​GTG​GTG​ TCC​AGA​GTC​CGA​TTG​ATT​TTTGC​

PPARα (h) TCC​GAC​TCC​GTC​TTC​TTG​AT GCC​TAA​GGA​AAC​CGT​TCT​GTG​

AMPK (h) AGG​ATG​CCT​GAA​AAG​CTT​GA GAC​AGC​CGG​AGA​AGC​AGA​AAC​

GAPDH (h) CTC​CTC​CAC​CTT​TGA​CGC​TG CTC​TTG​TGC​TCT​TGC​TGG​GG
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Oil red O staining of HepG2 cells.  After stimulation with oleic acid, the cells were washed with PBS and 
fixed with 10% formaldehyde in PBS at 25 °C for 1 h. Cells were then washed thrice with distilled water and 
stained with Oil Red O working solution (3 mg/mL in 60% isopropanol) at 25 °C for 2 h. The cells were rinsed 
thrice with distilled water and photographed using an Olympus SZX10 microscope. Next, the Oil Red O dye was 
eluted with isopropanol to determine the intracellular lipid content and was measured using an Epoch® micro-
volume spectrophotometer at 520 nm.

Statistical analysis.  Data are expressed as the mean ± standard deviation (SD) of triplicate experiments. 
Statistically significant values were compared using ANOVA and Dunnett’s post hoc test, and p-values < 0.05 
were considered statistically significant. Statistical analysis was performed using SPSS statistical analysis soft-
ware (version 19.0, IBM SPSS, Armonk, NY, USA).

Ethical approval.  The research protocol (no. 2017-22) was approved by the Institutional animal ethics com-
mittee (IAEC) of Sangji University. Guidelines outlined in the Guide for the Care and Use of Laboratory Animals 
of the National Institutes of Health and the ARRIVE (Animal Research: Reporting of In-vivo Experiments) 
guidelines (http://​www.​nc3rs.​org/​ARRIVE) were followed to perform all the experiments.

Data availability
The datasets used and/or analyzed in this study are available from the corresponding authors on reasonable 
request.
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