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ABSTRACT
Purpose: Sour cherry (Prunus cerasus L.) contains abounding phytochemicals, such as 
polyphenols and anthocyanins, and has antioxidative effects. Adenosine monophosphate-
activated protein kinase (AMPK) is a crucial regulator in enhancing the lipid metabolism. 
This study hypothesized that the intake of sour cherry affects AMPK signaling. Therefore, 
this study examined whether sour cherry regulates AMPK to balance the hepatic lipid 
metabolism and exert ameliorating effects.
Methods: Male C57BL/6J mice had obesity induced with a 45% fat diet. The mice were 
divided into four groups: control (CON), high-fat diet (HFD), low percentage sour cherry 
powder (LSC), and high percentage sour cherry powder (HSC). The mice in the sour cherry 
groups were fed 1% sour cherry or 5% sour cherry in their respective diets for 12 weeks.
Results: The body weight, visceral fat weight, and lipid droplet size significantly decreased 
in the treatment groups. The serum and hepatic triglyceride and total cholesterol levels 
improved significantly in the HSC group. The low-density lipoprotein cholesterol levels 
were also reduced significantly, whereas the high-density lipoprotein cholesterol levels were 
increased significantly in both treatment groups. The sterol regulator binding protein-1c and 
fatty acid synthase expression levels as fatty acid synthesis-related enzymes were significantly 
lower in the treatment groups than in the high-fat diet group. Furthermore, the adipose 
triglyceride lipase and hormone-sensitive lipase expression levels as lipolytic enzyme activity 
and AMPK/acetyl-CoA carboxylase/carnitine palmitoyltransferase-1 as fatty acid β-oxidation-
related pathway were upregulated significantly in both sour cherry groups.
Conclusions: These results show that sour cherry intake improves hepatic lipid synthesis 
and chronic diseases by activating AMPK signaling. Therefore, this study suggests that 
phytochemical-rich sour cherry can be developed as a healthy functional food.
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INTRODUCTION

The prevalence of dyslipidemia has been on the rise among adults aged 30 and above over the 
past decade. In the current in Korea, one out of every four adults have hypercholesterolemia, 
and two out of every five adults have dyslipidemia [1,2]. Healthy dietary habits are crucial 
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for improving chronic diseases. Recently, nutritional studies have focused on phytochemical 
foods for improving human health. The consumption of abundant phytochemicals and 
low-energy-dense foods, such as fruits and vegetables, decreases the risk of metabolic 
diseases. Many studies have concluded that phytochemical-rich foods can prevent the risk 
of developing chronic diseases [3,4]. These results suggest that phytochemical foods may 
be useful in improving long-term human health. This evidence suggests that additional 
strategies, such as dietary intervention with efficacious phytochemical foods, may be 
promising for alleviating obesity-related outcomes in the long run.

Sour cherry (Prunus cerasus L.) has high polyphenol contents like anthocyanins, kaempferol, 
and quercetin glucosides [5]. Also, sour cherry possesses beneficial effects, including 
antioxidant activity, decreasing body weight and abdominal fat, and lowering blood lipid 
and fasting blood sugar levels [6,7]. Anthocyanins in sour cherries are phytochemicals that 
belong to a class of polyphenols. Related studies found that anthocyanins decrease metabolic 
markers connected with body weight gain, insulin resistance, adipocyte size, lipid secretion, 
triglyceride (TG) levels, cholesterol levels, low-density lipoprotein cholesterol (LDL-C) levels, 
and very low-density lipoprotein cholesterol levels [8]. Cyanidin 3-O-glucoside (C3G), a 
natural anthocyanin, exhibits beneficial effects on lipid metabolism, type 2 diabetes, and 
inflammation. In particular, C3G upregulates ATP binding cassette transporter G1 and ATP 
binding cassette subfamily A member 1 expression in human aortic endothelial cells related 
to mediate oxysterols efflux to high-density lipoprotein cholesterol (HDL-C) [9]. As sour 
cherries contain approximately 1.6 times higher total anthocyanins than sweet cherries [10], 
they might affect antioxidative reactions more strongly and regulate the activities of lipid 
metabolic enzymes and the proper course of chemical reactions in the body. In addition, 
scientific background mechanisms indicate that sour cherries can potentially improve lipid 
profiles. However, previous reports were unable to elucidate how the mechanism in the body 
of sour cherry treatment improved lipid metabolism. This study confirmed the mechanism in 
the body of sour cherries.

The liver plays a pivotal role in lipid biosynthesis during both fed and fasting states. In a fed 
state, the liver undergoes increased lipid biosynthesis due to the abundance of substrates in 
portal vein blood and elevated insulin levels resulting from beta cell stimulation. This process 
simultaneously inhibits fatty acid oxidation and endogenous glucose production. Within 
the liver, sterol regulator binding protein-1c (SREBP-1c) serves as a crucial regulator of lipid 
synthesis. Over-expression of SREBP-1c in the liver significantly upregulates genes associated 
with cholesterol synthesis and fatty acid synthase (FAS), leading to the accumulation of both 
cholesterol and TG [11].

Activation of adenosine monophosphate-activated protein kinase (AMPK) inhibits the 
activities of hepatic lipid synthesis enzymes, such as SREBP-1c and FAS. Suppression of 
SREBP-1c and FAS leads to a decline in lipid accumulation and obesity-related metabolic 
diseases. AMPK phosphorylation contributes to fat decomposition by activating the adipose 
triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL) [12,13]. Phosphorylated 
AMPK (p-AMPK) also promotes the phosphorylation of acetyl-CoA carboxylase (p-ACC) 
and carnitine palmitoyltransferase-1 (CPT-1), allowing the transport of fatty acyl-CoA to 
the mitochondria to burn energy [14]. AMPK can regulate metabolism and reduce the risk 
of dyslipidemia and other chronic diseases by balancing lipid reserves in the body [15]. We 
noted that inhibiting lipid synthesis factors and activating fatty acid β-oxidation properly is 
associated with protecting against the imbalance of lipid metabolism and chronic diseases.
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Thus, we aimed to explore the effects of sour cherries on AMPK activity, which may be 
helpful for hepatic lipid metabolism. Therefore, we established a steady obese mouse model 
and investigated the effects of sour cherry on lipid accumulation for a 12-week duration. 
Furthermore, body weight, serum and liver lipid profiles, lipolysis activity, lipid droplet size, 
and expression of β-oxidation- and fatty acid synthesis-related proteins were analyzed to 
establish lipid mechanism of the sour cherry.

METHODS

Animals and experimental design
A total 56 male C57BL/6J mice (5-week-old, weight, 24.96 ± 1.48 g) were obtained from 
Saeronbio Inc., (Gyeonggi-do, Korea). Mice were housed at a temperature of 21 ± 1°C, relative 
humidity 55 ± 5%, in a 12-hour light/dark cycle, with drinking water and food ad libitum. All 
experiments were conducted with the approval of the Sookmyung Women’s University in 
compliance with the regulations (SMWU-IACUC-2005-005). Mice were randomly assigned to 
the following treatment groups (n = 14 per group):

1) CON: Control normal diet group
2) HFD: The HFD group
3) LSC: HFD fed with the 1% sour cherry powder group
4) HSC: HFD fed with the 5% sour cherry powder group

We used the AIN-93G diet (Research Diet, New Brunswick, NJ, USA) for the CON group and 
the D12451 diet (Research Diet, New Brunswick, NJ, USA) for the HFD group. The sour cherry 
diets of LSC and HSC contained 1% and 5% sour cherry powder in the D12451 diet (w/w), 
respectively. The contents of fat, carbohydrate, dietary fiber, and protein in the dried sour 
cherry powder (Pureunbin, Busan, Korea) were 0.35 g/100 g, 94.81 g/100 g, 0.38 g/100 g, and 
0.58 g/100 g, respectively. The total energy of the CON diet was approximately 4.0 kcal/g, 
while that of the HFD, LSC, and HSC diets was approximately 4.7 kcal/g. Mice were fed their 
respective diets for 12 weeks. Food intake and body weight of all groups were recorded daily 
and weekly, respectively.

Phenolic contents of sour cherry
The total phenol content of sour cherry powder was measured using a modified Folin–
Ciocalteu method [16]. Approximately 200 μL of sour cherry sample was added to 1 mL of 2% 
Na2CO3 and incubated at room temperature (25–30°C) for 3 minutes. Next, 200 μL of 50% 
Folin–Ciocalteu solution was added and reacted for 30 minutes at room temperature 25°C. 
The measurement was repeated thrice, and the mean value was used as the total phenolic 
content. The total phenolic content was expressed as milligrams of gallic acid equivalent 
(GAE) per 100 g of sour cherry.

The total anthocyanin content of the sour cherry was measured using the pH differential 
method [17]. First, 500 μL of sour cherry solution at a specific concentration (0.1:1, w/v) 
was diluted with 1 mL of 0.025 M KCl buffer (pH 1.0) and 1 mL of 0.4 M CH3COONa buffer 
(pH 4.5) and reacted at 25–30°C room temperature for 15 minutes. The measurement of 
anthocyanins at 515 nm and 700 nm was repeated thrice, and the mean value was used as 
the total anthocyanin content. The total anthocyanin content was expressed as mg of C3G 
equivalents (C3GE, dry basis) per 100 g of sour cherry.
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Serum and tissue sample preparation
After 12 weeks of feeding, the animals were fasted for 12 hours before euthanasia with CO2 
gas. Blood samples were separated using the cardiac puncture method [18], and serum was 
centrifuged at 3,000 rpm at 4 °C for 30 minutes (Combi-450R, Hanil Co. Ltd., Seoul, Korea). 
The liver, kidney, and visceral fat were removed from each mouse, washed with saline, and 
weighed. The serum and tissues were immediately frozen in liquid nitrogen and stored at 
−70°C until analysis.

Hematoxylin and eosin (H&E) staining
After treating visceral fat tissues of each group with 10% formalin solution and staining them 
with H&E, the fat tissues they were observed under a microscope (BX41, Olympus, Shinjuku, 
Japan), and the lipid droplet size was measured using Image J software (Ver. 1.45s, National 
Institutes of Health, Bethesda, MD, USA).

Serum and hepatic lipid analysis
Serum TG, total cholesterol (TC), and HDL-C levels were evaluated using commercial kits 
(Asan Pharmaceutical, Hwaseong, Korea). LDL-C levels were measured using the Friedewald 
[19] formula, as shown below:

Serum LDL-C (mg/dL) = �Serum TC (mg/dL) – [Serum HDL-C (mg/dL) + Serum TG (mg/dL)] 
× 0.2 (Equation 1)

Hepatic TG and TC levels were evaluated using a modified Folch method [20]. Next, 2 mL 
of chloroform/methanol (2:1, v/v) was added to 0.1 g of the liver tissue and homogenized. 
The homogenized solution was then mixed using a roller mixer (Digisystem Laboratory 
Instruments Inc., New Taipei, Taiwan) for 20 minutes and centrifuged for 5 minutes 
at 1,000 rpm at 4°C. After carefully removing the lower layer of the solution separated 
by centrifugation into a new tube, the chloroform was removed using a rotary vacuum 
evaporator (Sunileyela Co., Ltd, Seongnam, Korea). Hepatic TG and TC levels were measured 
using commercial kits (Asan Pharmaceutical). After homogenization at 37°C and mixing 3 mL 
of enzyme solution with 0.02 mL of serum and 0.02 mL of standard solution, absorbance was 
measured using an enzyme-linked immunosorbent assay (ELISA) reader (Epoch Microplate 
Spectrophotometer; BioTek Instruments, Winooski, VT, USA) within 1 hour.

ELISA
To examine the effects of lipolytic activity, ATGL and HSL in the liver were analyzed using ELISA 
kits (MyBioSource, San Diego, CA, USA) on a competitive enzyme immunoassay. First, 0.3 g 
of frozen liver tissue was washed, homogenized with 500 μL phosphate-buffered saline, and 
centrifuged at 4°C for 15 minutes at 5,000 rpm. The supernatant was used for the ATGL and 
HSL assays and added to the HRP (horseradish peroxidase) conjugate solution and polyclonal 
antibody (ATGL and HSL antibodies, respectively). The absorbance was measured at 450 nm 
using a spectrophotometer (Epoch Microplate Spectrophotometer; BioTek Instruments).

Western blotting analysis
The liver tissue (10 mg) was homogenized to extract proteins using PRO-PREPTM (iNtRON 
Biotechnology, Seongnam, Korea). The Bradford method was used with bovine serum 
albumin (iNtRON Biotechnology) as a standard to determine protein concentration [21]. The 
protein samples (30 µg/mL) were loaded onto 8–10% sodium dodecyl sulfate-polyacrylamide 
gel and transferred onto the polyvinylidene difluoride membranes (Merck Millipore, 
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Burlington, MA, USA), blocked with 5% blocking buffer, and incubated for 1 hour at 4°C. 
The samples were incubated with primary AMPK (1:500, Cell Signaling Technology, Inc., 
Danvers, MA, USA), p-AMPKα (Thr172) (1:1,000, Cell Signaling Technology, Inc.), ACC 
(Ser79) (1:500, Cell Signaling Technology, Inc.), p-ACC (1:1,000, Cell Signaling Technology, 
Inc.), carnitine palmitoyl transferase-1 (D3B3) (1:1,000, Cell Signaling Technology, Inc.), 
FAS (C20G5) (1:1,000, Cell Signaling Technology, Inc.), and sterol regulatory element-
binding protein-1c (1:1,000, Abcam, Cambridge, UK) overnight. Glyceraldehyde-3-phosphate 
dehydrogenase (1:3,000, GeneTex, Inc., Irvine, CA, USA) was used for normalization. The 
secondary antibody was incubated at 4°C for 2 hours using anti-rabbit immunoglobulin 
G horseradish peroxidase-linked antibodies (Cell Signaling Technology, Inc.). An image 
analyzer (AmershamTM Imager 600; GE Healthcare, Chicago, IL, USA) was used to visualize 
the protein bands, and quantification was performed using the ImageJ software (version 
1.45s; National Institutes of Health).

Statistical analyses
Statistical analyses were performed using IBM SPSS Statistics software (version 25.0; IBM 
Corp., Armonk, NY, USA). Results are expressed as the mean ± standard deviation. All data 
from each group were compared using one-way analysis of variance (ANOVA), followed by 
Tukey’s post-hoc test. Differences were considered statistically significant at p < 0.05.

RESULTS

Total phenol and anthocyanin contents of sour cherry, food intake and 
food efficiency ratio
Total phenol and anthocyanin contents in sour cherry were determined to be 264.27 mg 
GAE/100 g and 89.97 mg CGE/100 g, respectively. The results of food intake are shown 
in Table 1. Sour cherry did not affect food intake, with no significant difference in food 
intake (g/day) between groups (p = 0.686). The FER (%) in the CON and HSC groups was 
significantly lower than that in the HFD and LSC groups (p < 0.001).

Effects of sour cherry powder on body and organ weights
The results of body and organ weights are shown in Fig. 1, Table 2. The initial weight (g) of 
all the groups was not different (p = 0.431). However, the final body weight of the LSC group 
decreased by 2.8%, while that of the HSC group significantly decreased by 11% compared to 
that of the HFD group (p < 0.001). Body weight changes (g) were greater in the HSC group 
than the HFD group (p < 0.001). Kidney weight (g) did not differ between the groups. The 
liver weight (g) of the HSC group was significantly higher than that of the HFD group (p < 
0.001), while the visceral fat weight (g) of the HSC group was decreased compared to that of 
the HFD group (p < 0.01).
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Table 1. Food intake and food efficiency ratio
Variables CON HFD LSC HSC
Food intake (g/day) 2.74 ± 0.23ns 2.67 ± 0.37 2.71 ± 0.39 2.73 ± 0.33
FER (%) 3.22 ± 0.88b 6.09 ± 1.76a 5.53 ± 1.44a 4.12 ± 1.20b

Data are presented as the mean ± standard deviation (n = 14 each). All data from each group were compared 
using one-way analysis of variance (ANOVA). Different letters (a > b > c) with a column indicate significant 
differences (p < 0.05) as determined by Tukey’s post hoc tests (ns: not significant).
CON, control normal diet group; HFD, high-fat diet group; LSC, high-fat diet + 1% sour cherry powder group; 
HSC, high-fat diet + 5% sour cherry powder group; FER, food efficiency ratio.
FER = Total Body Weight Gain (g)/Total Intake of Food (g) × 100.



Effects of sour cherry powder on the visceral coefficient and lipid 
droplet size
The visceral coefficient (%) showed similar results as visceral weight (g) (Fig. 2). The level in 
the HFD group was higher than that in the CON group, while the level in the HSC group was 
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Fig. 1. Effects of sour cherry powder on body and organ weights. 
(A) body weight (g), (B) body weight changes (g) during the experimental period, and (C) the representative images of abdominal laparotomy, liver, and visceral 
fat of each group were presented. 
Data are presented as the mean ± standard deviation (n = 14 each). All data from each group were compared using one-way analysis of variance (ANOVA). 
Different letters (a > b > c) with a column indicate significant differences (p < 0.05) as determined by Tukey’s post hoc tests. 
CON, control normal diet group; HFD, high-fat diet group; LSC, high-fat diet + 1% sour cherry powder group; HSC, high-fat diet + 5% sour cherry powder group.

Table 2. Effects of sour cherry powder on body and organ weights
Variables CON HFD LSC HSC
Body weight

Initial body weight (g) 25.46 ± 1.68ns 26.22 ± 1.57 26.36 ± 1.60 26.29 ± 1.63
Final body weight (g) 31.75 ± 2.88c 39.04 ± 4.60a 37.96 ± 3.83ab 34.76 ± 1.91bc

Body weight changes (g) 7.44 ± 2.04b 13.62 ± 3.75a 12.59 ± 3.33a 9.43 ± 2.74b

Organ weight
Kidney (g) 0.37 ± 0.04ns 0.43 ± 0.08 0.39 ± 0.04 0.40 ± 0.04
Liver (g) 1.06 ± 0.12a 1.19 ± 0.12b 1.12 ± 0.12b 1.08 ± 0.11ab

Visceral fat (g) 0.94 ± 0.28c 2.26 ± 0.57a 2.18 ± 0.52a 1.55 ± 0.58b

Data are presented as the mean ± standard deviation (n = 14 each). All data from each group were compared 
using one-way analysis of variance (ANOVA). Different letters (a > b > c) with a column indicate significant 
differences (p < 0.05) as determined by Tukey’s post hoc tests (ns: not significant).
CON, control normal diet group; HFD, high-fat diet group; LSC, high-fat diet + 1% sour cherry powder group; 
HSC, high-fat diet + 5% sour cherry powder group.



lower than that in the HFD group (p < 0.001). Furthermore, the lipid droplet size was like the 
visceral coefficient (%). The HFD group was significantly larger than the CON group, and the 
HSC group was smaller than the HFD group (p < 0.001).

Effects of sour cherry powder on serum and hepatic lipid levels
The serum and hepatic lipid levels are shown in Fig. 3. The HFD group showed significantly 
different serum and hepatic parameters than the CON group (p < 0.001). After providing 
sour cherry for 12 weeks, in the case of the LSC group, serum TG and TC levels tended to 
decrease, while serum HDL-C levels revealed a significantly increased compared with the 
HFD group (p < 0.01). The HSC group prominently showed a significant decrease in serum 
TG and TC levels compared with the HFD group (p < 0.001), whereas serum HDL-C levels 
were significantly increased (p < 0.01). Hepatic TG, TC were higher in the HFD group than 
those in the CON group (p < 0.001). In contrast, hepatic TG and TC levels in both sour cherry 
groups were significantly lower than those in the HFD group (p < 0.001).

Effects of sour cherry powder on hepatic SREBP-1c and FAS protein 
expression
The protein expression levels of hepatic SREBP-1c and FAS in the liver were also examined, 
and the results are presented in Fig. 4. SREBP-1c and FAS protein expression in the HFD 
group was significantly upregulated compared to that in the CON group (p < 0.001). Both the 
sour cherry groups showed significantly suppressed SREBP-1c expression compared with the 
HFD group (-56 and -59%, respectively) (p < 0.001). In addition, FAS expression in the sour 
cherry groups (LSC, -60% and HSC, -66%) was significantly downregulated compared to that 
in the HFD group (p < 0.001).
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Fig. 2. Effects of sour cherry powder on the visceral coefficient and lipid droplet size. 
(A) visceral weight (g), (B) visceral coefficient (%), (C) lipid droplet size (μm2), and (D) the representative images 
of overall morphology and hematoxylin and eosin staining on adipose tissue were presented. 
Data are presented as the mean ± standard deviation (n = 14 each). All data from each group were compared 
using one-way analysis of variance (ANOVA). Different letters (a > b > c) with a column indicate significant 
differences (p < 0.05) as determined by Tukey’s post hoc tests. 
CON, control normal diet group; HFD, high-fat diet group; LSC, high-fat diet + 1% sour cherry powder group; HSC, 
high-fat diet + 5% sour cherry powder group.
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Fig. 3. Effects of sour cherry powder on serum and hepatic lipid levels. 
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Different letters (a > b > c) with a column indicate significant differences (p < 0.05) as determined by Tukey’s post hoc tests. 
CON, control normal diet group; HFD, high-fat diet group; LSC, high-fat diet + 1% sour cherry powder group; HSC, high-fat diet + 5% sour cherry powder group; 
TG, triglyceride; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol.
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Effects of sour cherry powder on hepatic lipolysis and p-AMPK/p-ACC/
CPT-1 protein expression
Hepatic ATGL, and HSL activities were lower in the HFD group than those in the CON group 
(p < 0.001), while in both sour cherry groups were significantly activated than those in the 
HFD group (p < 0.001) (Fig. 5). The hepatic p-AMPK, p-ACC, and CPT-1 protein expression 
were significantly lower in the HFD group than in the CON group (p < 0.001). The sour 
cherry groups showed significantly upregulated p-AMPK/AMPK protein expression ratio in 
a dose-dependent manner compared with the HFD group (p < 0.001). Compared to the HFD 
group, the ratio of p-ACC/ACC protein expression ratio of the sour cherry group significantly 
increased to 102% and 183%, respectively (p < 0.001). CPT-1 protein expression in sour cherry 
supplement groups showed the remarkably ascending CPT-1 protein expression in HSC 
(+613%) and LSC (+363%) groups, respectively (p < 0.001) (Fig. 5).
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Fig. 5. Effects of sour cherry powder on hepatic lipolysis and ß-oxidation-related proteins. 
(A) hepatic ATGL activity (μg/g), (B) hepatic HSL activity (μg/g), the protein expression of (C) p-AMPK, (D) p-ACC and (E) CPT-1 were presented. 
Data are presented as the mean ± standard deviation (n = 14 each). All data from each group were compared using one-way analysis of variance (ANOVA). 
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group; ATGL, adipose triglyceride lipase; HSL, hormone-sensitive lipase; p-AMPK, phosphorylated adenosine monophosphate-activated protein kinase; AMPK, 
adenosine monophosphate-activated protein kinase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; p-ACC, phosphorylated acetyl-CoA carboxylase; 
ACC, acetyl-CoA carboxylase; CPT-1, carnitine palmitoyltransferase-1.



DISCUSSION

Our study showed that the intake of sour cherries had a positive impact on the regulation of 
lipid metabolism in mice with HFD-induced obese mice of a 12-week period. According to 
chronic disease studies, a HFD or an unbalanced diet impacts chronic diseases, particularly 
related to the absorption of gut lipids and the formation of adipose tissue [22]. HFD induces 
excessive energy levels, hence, increased body weight, lipid droplet size, and imbalance in 
hepatic lipid metabolism. In contrast, this study showed that the phytochemical-rich sour 
cherry improved the lipid profiles, activated AMPK to increase hepatic lipolysis and fatty acid 
β-oxidation, and reduced body weight and fatty acid synthesis to prevent fat accumulation in 
the HFD-fed obese mice.

In vivo and in vitro studies using dietary anthocyanins have confirmed chronic disease 
improvement by applying a 5–200 mg anthocyanin/kg diet [5,23–25]. Based on the studies, 
we applied that the LSC group and the HSC group were fed 8.8 mg, and 43.7 mg of cyanidin-3-
glucoside, respectively. Moreover, our previous study revealed that sour cherries have antioxidant 
activities to be 56.95% of 1,1-diphenyl-2-picrylhydrazyl radical scavenging and 30.04% of 
2,2′-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid using two most common radical 
scavenging assays. Therefore, the experiment was conducted by confirming the possibility of a 
positive effect on the lipid-associated mechanisms in the body by taking sour cherry.

We verified that the final body weight was approximately 2.8% and 11% lower in taking the 
1%, 5% sour cherry groups, respectively (p < 0.001) than in the HFD group. Interestingly, 
body weight changes, visceral weight, and lipid droplet size showed the same tendency. 
Especially, in the HSC group, significantly decreasing visceral fat weight (g) (p < 0.01) as well 
as the lipid droplet size was significantly reduced (p < 0.001). Several studies have reported 
the relationship between visceral fat, lipid droplet size, and chronic disease risk [26,27]. These 
results suggest that sour cherry supplementation for 12 weeks in HFD-induced obese mice 
effectively affected the weight loss rate, decreasing the visceral weight and lipid droplet size. 
Thus, the intake of sour cherry for 12 weeks positively affected HFD-induced obesity in mice 
and may positively influence chronic diseases by improving the lipid metabolism in the body.

In the results of the dyslipidemia-related serum biomarkers, the 5% sour cherry intake group 
showed significantly reduced serum TG and TC levels compared with the HFD group (p < 
0.001). Serum HDL functions to protect from cardiovascular disease risks and is measured 
from the cholesterol efflux capacity and HDL enzyme activity; HDL is an essential antioxidant 
and protects the endothelium [28]. A previous study reported that phytochemical-rich 
fruits exert anti-atherosclerotic effects by improving HDL function and dyslipidemia [29]. 
HDL-C is a bottom line for improving lipid metabolism because it can downregulate LDL-C. 
Our results also showed improved serum lipid levels related to dyslipidemia, particularly 
improved serum HDL-C levels. The effects of C3G in rich sour cherries are considered to be 
attributed to its mediation of oxysterol efflux to HDL-C by C3G.

Increased hepatic TG is stored as lipid droplets during these processes, resulting in the 
development of non-alcoholic fatty liver disease (NAFLD) and other chronic diseases [30]. In 
our study, the hepatic TG and TC levels were higher in the HFD group than those in the CON 
group, whereas those in the sour cherry-supplemented groups were significantly lower than 
those in the HFD group (p < 0.001). Some studies have reported that dietary phytochemicals 
reduce hepatic TG and TC levels, consistent with the results of our research. Based on 

650https://doi.org/10.4163/jnh.2023.56.6.641

Sour cherry effects of hepatic lipid metabolism

https://e-jnh.org



the results, we suggest that sour cherry exerts a positive effect on NAFLD-related chronic 
diseases by regulating lipid metabolism.

This study showed that sour cherry supplementation significantly suppressed hepatic 
SREBP-1c and FAS protein expression (p < 0.001). SREBP-1c regulates the expression of 
ACC and synthesis from malonyl-CoA and FAS, increases the condensation of malonyl-
CoA, and produces palmitate [11,31]. Palmitate induces synthesizing de novo lipogenesis 
(DNL) endogenously. DNL is associated with an imbalance of lipid metabolism because 
DNL synthesizes fatty acids independent of nutrient availability and hormones. Suppression 
of SREBP-1c and FAS leads to a decline in lipid accumulation and obesity-related 
metabolic diseases [32]. Similarly, anti-obesity study has reported that the effects of dietary 
phytochemicals occur via various mechanisms, including a decrease in expression of SREBP-1c, 
and FAS [33]. Therefore, sour cherry treatment may suppress lipid accumulation by reducing 
the levels of proteins involved in fatty acid synthesis.

Our results showed both sour cherry groups were significantly upregulated hepatic ATGL 
and HSL activities compared with the HFD group (p < 0.001). ATGL catalyzes the first step 
of intracellular lipolysis to mobilize triacylglycerol (TAG) stores via catecholamines. HSL 
catalyzes diacylglycerol to monoacylglycerol. In other words, ATGL and HSL are related to 
decreasing TAG levels [13,34]. This study confirmed the therapeutic effects of sour cherry 
supplementation on TAG accumulation in obese mice via ATGL and HSL activity in the liver.

AMPK leads to activating ATGL and HSL, as well as promotes fatty acid β-oxidation by 
phosphorylating ACC and stimulating the activity of CPT-1. Hepatic p-AMPK activation 
also inhibits the expression of SREBP-1c, which reduces lipid accumulation and lipogenesis 
[11-13]. Dietary phytochemicals are potential regulators of AMPK activity [35]. Our results 
showed that the expression levels of p-AMPK, p-ACC, and CPT-1 were significantly reduced 
in the HFD group (p < 0.001). These results suggest that dyslipidemia and obesity can 
deteriorate fatty acid β-oxidation. However, the p-AMPK/p-ACC/CPT-1 signal was activated in 
the sour cherry treatment groups, especially in the 5% sour cherry intake group, showing a 
significant upregulation (p < 0.001). Thus, we can infer that the regular intake of sour cherry 
positively affected hepatic lipolysis and fatty acid β-oxidation via AMPK signals (Fig. 6).

We found that phytochemical-rich sour cherry reduced body weight, visceral weight, and 
lipid droplet size, improved serum and hepatic lipid concentrations, and activated lipolytic 
enzymes. These results indicate that activation of AMPK signaling induced hepatic lipolysis 
and fatty acid β-oxidation and inhibited fatty acid synthesis. Notably, the most significant 
effect was observed in the 5% sour cherry group containing 43.7 mg of C3G.

Further studies are needed to reveal the positive effects of oxidative stress by detailed 
mechanisms. Because oxidative stress is strongly related to obesity, dyslipidemia, and other 
chronic diseases in the body. However, we only examined the hepatic lipid metabolism 
via AMPK signaling. Also, a more extensive investigation into the various phytochemical 
components is imperative to gain a coherent understanding of improving the lipid 
metabolism effects and therapeutic potential of sour cherries.

Our findings highlight the potential of sour cherry in preventing dyslipidemia, obesity, and 
related chronic diseases via AMPK signaling. These results can be helpful in selecting and 
developing a variety of fruit forms, such as healthy functional foods, for future studies.
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SUMMARY

We confirmed that the treatment of sour cherry powder can alleviate lipid metabolism 
imbalance and symptoms of dyslipidemia in HFD-induced obese mice. Although we did not 
assess oxidative stress markers related to chronic diseases such as obesity and dyslipidemia, 
the reduction in intra-visceral fat weight and lipid concentrations, along with the alleviation 
of AMPK signaling, suggests potential benefits in mitigating chronic conditions like obesity 
and dyslipidemia. Further investigation is warranted to examine oxidative stress indicators in 
these conditions.

REFERENCES

	 1.	 Korean Society of Lipid and Atherosclerosis. Dyslipidemia fact sheet 2022 [Internet]. Seoul: Korean 
Society of Lipid and Atherosclerosis; 2022 [cited 2023 Oct 10]. Available from: https://www.lipid.or.kr/ 
bbs/index.html?code=fact_sheet&category=&gubun=&page=1&number=1264&mode=view&keyfield=&key=.

	 2.	 Han KT, Kim SJ. Association between early treatment hospitals, serum cholesterol level and 
cardiovascular disease risk in dyslipidemia patients. Eur J Public Health 2021; 31(2): 265-271. 
PUBMED | CROSSREF

	 3.	 Guo X, Zhang T, Shi L, Gong M, Jin J, Zhang Y, et al. The relationship between lipid phytochemicals, 
obesity and its related chronic diseases. Food Funct 2018; 9(12): 6048-6062. 
PUBMED | CROSSREF

	 4.	 Eslami O, Khoshgoo M, Shidfar F. Dietary phytochemical index and overweight/obesity in children: a 
cross-sectional study. BMC Res Notes 2020; 13(1): 132. 
PUBMED | CROSSREF

652https://doi.org/10.4163/jnh.2023.56.6.641

Sour cherry effects of hepatic lipid metabolism

https://e-jnh.org

Sour cherry effects on hepatic lipid metabolism

Hepatocyte membrane

SREBP-1c p-AMPK

p-ACC

CPT-1

ACC

FAS

Lipid synthesis 

TC

TG

Endoplasmic reticulum

Fatty acid oxidation

Lipolysis

HSL

ATGL

Mitochondria

Fig. 6. Effects of sour cherry powder on hepatic lipid metabolism. 
SREBP-1c, sterol regulator binding protein-1c; p-AMPK, phosphorylated adenosine monophosphate-activated 
protein kinase; ATGL, adipose triglyceride lipase; HSL, hormone-sensitive lipase; ACC, acetyl-CoA carboxylase; 
p-ACC, phosphorylation of acetyl-CoA carboxylase; CPT-1, carnitine palmitoyltransferase-1; FAS, fatty acid 
synthase; TC, total cholesterol TG, triglyceride.

https://www.lipid.or.kr/bbs/index.html?code=fact_sheet&category=&gubun=&page=1&number=1264&mode=view&keyfield=&key=
https://www.lipid.or.kr/bbs/index.html?code=fact_sheet&category=&gubun=&page=1&number=1264&mode=view&keyfield=&key=
http://www.ncbi.nlm.nih.gov/pubmed/33038217
https://doi.org/10.1093/eurpub/ckaa139
http://www.ncbi.nlm.nih.gov/pubmed/30427004
https://doi.org/10.1039/C8FO01026A
http://www.ncbi.nlm.nih.gov/pubmed/32138761
https://doi.org/10.1186/s13104-020-04979-6


	 5.	 Wojdyło A, Nowicka P, Laskowski P, Oszmiański J. Evaluation of sour cherry (Prunus cerasus L.) fruits for 
their polyphenol content, antioxidant properties, and nutritional components. J Agric Food Chem 2014; 
62(51): 12332-12345. 
PUBMED | CROSSREF

	 6.	 Cásedas G, Les F, Gómez-Serranillos MP, Smith C, López V. Bioactive and functional properties of sour 
cherry juice (Prunus cerasus). Food Funct 2016; 7(11): 4675-4682. 
PUBMED | CROSSREF

	 7.	 Moruzzi M, Klöting N, Blüher M, Martinelli I, Tayebati SK, Gabrielli MG, et al. Tart cherry juice and seeds 
affect pro-inflammatory markers in visceral adipose tissue of high-fat diet obese rats. Molecules 2021; 
26(5): 1403. 
PUBMED | CROSSREF

	 8.	 Lee YM, Yoon Y, Yoon H, Park HM, Song S, Yeum KJ. Dietary anthocyanins against obesity and 
inflammation. Nutrients 2017; 9(10): 1089. 
PUBMED | CROSSREF

	 9.	 Wang Y, Zhang Y, Wang X, Liu Y, Xia M. Cyanidin-3-O-β-glucoside induces oxysterol efflux from 
endothelial cells: role of liver X receptor alpha. Atherosclerosis 2012; 223(2): 299-305. 
PUBMED | CROSSREF

	10.	 Kim DO, Heo HJ, Kim YJ, Yang HS, Lee CY. Sweet and sour cherry phenolics and their protective effects 
on neuronal cells. J Agric Food Chem 2005; 53(26): 9921-9927. 
PUBMED | CROSSREF

	11.	 Nguyen P, Leray V, Diez M, Serisier S, Le Bloc’h J, Siliart B, et al. Liver lipid metabolism. J Anim Physiol 
Anim Nutr (Berl) 2008; 92(3): 272-283. 
PUBMED | CROSSREF

	12.	 Fang C, Pan J, Qu N, Lei Y, Han J, Zhang J, et al. The AMPK pathway in fatty liver disease. Front Physiol 
2022; 13: 970292. 
PUBMED | CROSSREF

	13.	 Kim SJ, Tang T, Abbott M, Viscarra JA, Wang Y, Sul HS. AMPK phosphorylates desnutrin/ATGL and 
hormone-sensitive lipase to regulate lipolysis and fatty acid oxidation within adipose tissue. Mol Cell Biol 
2016; 36(14): 1961-1976. 
PUBMED | CROSSREF

	14.	 Wang Q, Liu S, Zhai A, Zhang B, Tian G. AMPK-mediated regulation of lipid metabolism by 
phosphorylation. Biol Pharm Bull 2018; 41(7): 985-993. 
PUBMED | CROSSREF

	15.	 Steinberg GR, Hardie DG. New insights into activation and function of the AMPK. Nat Rev Mol Cell Biol 
2023; 24(4): 255-272. 
PUBMED | CROSSREF

	16.	 Bajčan D, Harangozo  LHrabovská D, Bončíková D. Optimizing conditions for spectrophotometric 
determination of total polyphenols in wines using Folin-Ciocalteu reagent. J Microbiol Biotechnol Food 
Sci 2013; 2(1): 1699-1708.

	17.	 Mónica Giusti M, Wrolstad RE. Characterization and measurement of anthocyanins by UV-visible 
spectroscopy. Handbook of food analytical chemistry. Hoboken (NJ): John Willey and Sons; 2005. p.19-31.

	18.	 Doeing DC, Borowicz JL, Crockett ET. Gender dimorphism in differential peripheral blood leukocyte counts 
in mice using cardiac, tail, foot, and saphenous vein puncture methods. BMC Clin Pathol 2003; 3(1): 3. 
PUBMED | CROSSREF

	19.	 Friedewald WT, Levy RI, Fredrickson DS. Estimation of the concentration of low-density lipoprotein 
cholesterol in plasma, without use of the preparative ultracentrifuge. Clin Chem 1972; 18(6): 499-502. 
PUBMED | CROSSREF

	20.	 Folch J, Lees M, Sloane Stanley GH. A simple method for the isolation and purification of total lipides 
from animal tissues. J Biol Chem 1957; 226(1): 497-509. 
PUBMED | CROSSREF

	21.	 Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein 
utilizing the principle of protein-dye binding. Anal Biochem 1976; 72(1-2): 248-254. 
PUBMED | CROSSREF

	22.	 Hussain MM. Intestinal lipid absorption and lipoprotein formation. Curr Opin Lipidol 2014; 25(3): 200-206. 
PUBMED | CROSSREF

	23.	 Danielewski M, Gomułkiewicz A, Kucharska AZ, Matuszewska A, Nowak B, Piórecki N, et al. Cornelian 
cherry (Cornus mas L.) iridoid and anthocyanin-rich extract reduces various oxidation, inflammation, 
and adhesion markers in a cholesterol-rich diet rabbit model. Int J Mol Sci 2023; 24(4): 3890. 
PUBMED | CROSSREF

653https://doi.org/10.4163/jnh.2023.56.6.641

Sour cherry effects of hepatic lipid metabolism

https://e-jnh.org

http://www.ncbi.nlm.nih.gov/pubmed/25495123
https://doi.org/10.1021/jf504023z
http://www.ncbi.nlm.nih.gov/pubmed/27775125
https://doi.org/10.1039/C6FO01295G
http://www.ncbi.nlm.nih.gov/pubmed/33807712
https://doi.org/10.3390/molecules26051403
http://www.ncbi.nlm.nih.gov/pubmed/28974032
https://doi.org/10.3390/nu9101089
http://www.ncbi.nlm.nih.gov/pubmed/22749359
https://doi.org/10.1016/j.atherosclerosis.2012.06.004
http://www.ncbi.nlm.nih.gov/pubmed/16366675
https://doi.org/10.1021/jf0518599
http://www.ncbi.nlm.nih.gov/pubmed/18477307
https://doi.org/10.1111/j.1439-0396.2007.00752.x
http://www.ncbi.nlm.nih.gov/pubmed/36203933
https://doi.org/10.3389/fphys.2022.970292
http://www.ncbi.nlm.nih.gov/pubmed/27185873
https://doi.org/10.1128/MCB.00244-16
http://www.ncbi.nlm.nih.gov/pubmed/29709897
https://doi.org/10.1248/bpb.b17-00724
http://www.ncbi.nlm.nih.gov/pubmed/36316383
https://doi.org/10.1038/s41580-022-00547-x
http://www.ncbi.nlm.nih.gov/pubmed/12971830
https://doi.org/10.1186/1472-6890-3-3
http://www.ncbi.nlm.nih.gov/pubmed/4337382
https://doi.org/10.1093/clinchem/18.6.499
http://www.ncbi.nlm.nih.gov/pubmed/13428781
https://doi.org/10.1016/S0021-9258(18)64849-5
http://www.ncbi.nlm.nih.gov/pubmed/942051
https://doi.org/10.1016/0003-2697(76)90527-3
http://www.ncbi.nlm.nih.gov/pubmed/24751933
https://doi.org/10.1097/MOL.0000000000000084
http://www.ncbi.nlm.nih.gov/pubmed/36835296
https://doi.org/10.3390/ijms24043890


	24.	 Seymour EM, Tanone II, Urcuyo-Llanes DE, Lewis SK, Kirakosyan A, Kondoleon MG, et al. Blueberry 
intake alters skeletal muscle and adipose tissue peroxisome proliferator-activated receptor activity and 
reduces insulin resistance in obese rats. J Med Food 2011; 14(12): 1511-1518. 
PUBMED | CROSSREF

	25.	 Wang Y, Zhao L, Wang D, Huo Y, Ji B. Anthocyanin-rich extracts from blackberry, wild blueberry, 
strawberry, and chokeberry: antioxidant activity and inhibitory effect on oleic acid-induced hepatic 
steatosis in vitro. J Sci Food Agric 2016; 96(7): 2494-2503. 
PUBMED | CROSSREF

	26.	 Bergman RN, Kim SP, Catalano KJ, Hsu IR, Chiu JD, Kabir M, et al. Why visceral fat is bad: mechanisms 
of the metabolic syndrome. Obesity (Silver Spring) 2006; 14 Suppl 1: 16S-19S. 
PUBMED | CROSSREF

	27.	 Li Z, Liu H, Luo X. Lipid droplet and its implication in cancer progression. Am J Cancer Res 2020; 10(12): 
4112-4122.
PUBMED

	28.	 Bonnefont-Rousselot D, Motta C, Khalil AO, Sola R, La Ville AE, Delattre J, et al. Physicochemical 
changes in human high-density lipoproteins (HDL) oxidized by gamma radiolysis-generated oxyradicals. 
Effect on their cholesterol effluxing capacity. Biochim Biophys Acta 1995; 1255(1): 23-30. 
PUBMED | CROSSREF

	29.	 Thilakarathna SH, Rupasinghe HP. Anti-atherosclerotic effects of fruit bioactive compounds: a review of 
current scientific evidence. Can J Plant Sci 2012; 92(3): 407-419. 
CROSSREF

	30.	 Fan JG, Li F, Cai XB, Peng YD, Ao QH, Gao Y. Effects of nonalcoholic fatty liver disease on the 
development of metabolic disorders. J Gastroenterol Hepatol 2007; 22(7): 1086-1091. 
PUBMED | CROSSREF

	31.	 Horton JD, Goldstein JL, Brown MS. SREBPs: activators of the complete program of cholesterol and fatty 
acid synthesis in the liver. J Clin Invest 2002; 109(9): 1125-1131. 
PUBMED | CROSSREF

	32.	 Wu JH, Lemaitre RN, Imamura F, King IB, Song X, Spiegelman D, et al. Fatty acids in the de novo 
lipogenesis pathway and risk of coronary heart disease: the Cardiovascular Health Study. Am J Clin Nutr 
2011; 94(2): 431-438. 
PUBMED | CROSSREF

	33.	 Tung YC, Hsieh PH, Pan MH, Ho CT. Cellular models for the evaluation of the antiobesity effect of 
selected phytochemicals from food and herbs. J Food Drug Anal 2017; 25(1): 100-110. 
PUBMED | CROSSREF

	34.	 Watt MJ, Steinberg GR. Regulation and function of triacylglycerol lipases in cellular metabolism. 
Biochem J 2008; 414(3): 313-325. 
PUBMED | CROSSREF

	35.	 Rupasinghe HP, Sekhon-Loodu S, Mantso T, Panayiotidis MI. Phytochemicals in regulating fatty 
acid β-oxidation: potential underlying mechanisms and their involvement in obesity and weight loss. 
Pharmacol Ther 2016; 165: 153-163. 
PUBMED | CROSSREF

654https://doi.org/10.4163/jnh.2023.56.6.641

Sour cherry effects of hepatic lipid metabolism

https://e-jnh.org

http://www.ncbi.nlm.nih.gov/pubmed/21861718
https://doi.org/10.1089/jmf.2010.0292
http://www.ncbi.nlm.nih.gov/pubmed/26250597
https://doi.org/10.1002/jsfa.7370
http://www.ncbi.nlm.nih.gov/pubmed/16642958
https://doi.org/10.1038/oby.2006.277
http://www.ncbi.nlm.nih.gov/pubmed/33414989
http://www.ncbi.nlm.nih.gov/pubmed/7893734
https://doi.org/10.1016/0005-2760(94)00211-G
https://doi.org/10.4141/cjps2011-090
http://www.ncbi.nlm.nih.gov/pubmed/17608855
https://doi.org/10.1111/j.1440-1746.2006.04781.x
http://www.ncbi.nlm.nih.gov/pubmed/11994399
https://doi.org/10.1172/JCI0215593
http://www.ncbi.nlm.nih.gov/pubmed/21697077
https://doi.org/10.3945/ajcn.111.012054
http://www.ncbi.nlm.nih.gov/pubmed/28911527
https://doi.org/10.1016/j.jfda.2016.10.018
http://www.ncbi.nlm.nih.gov/pubmed/18717647
https://doi.org/10.1042/BJ20080305
http://www.ncbi.nlm.nih.gov/pubmed/27288729
https://doi.org/10.1016/j.pharmthera.2016.06.005

