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normalization relative to β-actin, we verified the difference by normal
ization to two additional housekeeping genes (18S rRNA and β2- 
microglobulin) according to Minimum Information for Publication of 
Quantitative Real-Time PCR Experiments (MIQE) guidelines [26]. The 
primer sequences are listed in Table 1. 

2.6. Western blot analysis 

We measured protein levels by Western blot analysis as described 
previously [24]. Proteins from liver lysates (13 μg for evaluation of 
PPARα and β-actin, 50 μg for total and phosphorylated AMPKα1, and 
100 μg for stearoyl-coenzyme A desaturase 1 (SCD1)) from each mouse 
were separated by SDS-PAGE using Tris-Tricine-SDS buffer and 12% 
polyacrylamide gels. After electrophoresis, the separated proteins were 
transferred to a polyvinylidene difluoride membrane (Immobilon, 0.2 
µm pore, (Merck Millipore Burlington, MA, USA)) and incubated over
night at 4 ◦C with the following primary antibodies: polyclonal rabbit 
anti-mouse PPARα (1:3000, GeneTex, Los Angeles, CA, USA), β-actin 
(1:3000, GeneTex), total AMPKα1 (1:3000, GeneTex), phosphorylated 
AMPKα1 (Thr172) (1:1000, Cell Signaling Technology, Danvers, MA, 
USA), and SCD1 (1:1000, R&D Systems Minneapolis, MN, USA). The 
membranes were then incubated with horseradish 
peroxidase-conjugated anti-rabbit IgG (1:3000, Cell Signaling Technol
ogy) for 1 h at room temperature, and the target proteins were detected 
by enhanced chemiluminescence. Densitometric analysis of the target 
proteins was performed using the NIH ImageJ software. 

2.7. Statistical analysis 

All data are presented as means ± SD. Data were analyzed by Stu
dent’s t-test, two-way ANOVA (Supplemental Table 1) or one-way 
ANOVA followed by Tukey’s test, using R version 3.6.2 (The R Foun
dation for Statistical Computing). A p-value < 0.05 was considered to be 
statistically significant. 

3. Results 

3.1. GRO supplementation exhibit health-promoting effects in KK-Ay mice 

We supplemented the diet with GRO to investigate the health- 
promoting effects of GRO in obese and diabetic KK-Ay mice. Body 
weight increased from ~ 35 g at the start of treatment (8 weeks of age) to 
~ 59 g at the termination (20 weeks of age) in the Cont and 0.3% GRO 
groups (Supplemental Table 1). Body weight increased also in the 0.8% 
GRO group. However, it was significantly lower from age 11–20 weeks 
(Fig. 1A). Food intake (~ 6 g/day) was constant during the 12 weeks of 
experimental period, and there was no statistical difference between 
groups at each age (Fig. 1B, Supplemental Table 1). This food intake was 
considerably higher compared to normal mice, suggesting that GRO did 
not influence the appetite or feeding activity of mice. 

As for the organ weight, the iWAT was significantly lower in the 
0.8% GRO group compared with the Cont group at all three ages 
(Fig. 2A, B). Also, the liver weight was significantly lower in the 0.8% 
GRO group compared with the Cont group, but the liver weight relative 
to body weight was not affected by GRO treatment (Fig. 2C, D). The 
weights of brown adipose tissue and other major organs were not 
affected by GRO supplementation (Fig. 2E–H and data not shown). 
Because enhanced muscle mass and muscle cell function by licorice 
extracts and glabridin have been reported [20,21], we measured the 
weights of several muscles in the hind limbs. The quadriceps weight 
relative to body weight was significantly higher in the 0.8% GRO group 
compared with the Cont group at age 16 and 20 weeks, but the quad
riceps weight itself was not significantly different among the groups 
(Fig. 3A, B). We did not observe an effect of GRO on the weights of the 
soleus or other muscles (Fig. 3C, D and data not shown). 

We observed tissue sections stained with HE for all mice and found 
no pathological abnormalities, including cancer and inflammation, in 
any of the mice in the three groups. 

3.2. GRO supplementation improves a lipid profile of KK-Ay mice 

To determine the effects of GRO on the adipocytes of iWAT from KK- 
Ay mice, iWAT specimens from 20-week-old mice in the Cont and 0.8% 
GRO groups were stained with HE. KK-Ay mice exhibited adipocyte 

Table 1 
Primer pairs used for qRT-PCR.  

Gene Forward (5′-3′) Reverse (5′-3′) 

Acacb GGTAGTGGCTTTGAAGGAACTGTC GATATCGTTGTTCTGGAAGCTCTCG 
Acadm AACACTTACTATGCCTCGATTGCA CCATAGCCTCCGAAAATCTGCA 
Acadvl TCTGCAAGGCTGTATGGACA CTGGGTGGACAATCCCTGAC 
Acox1 CTGGTGGGTGGTATGGTGTC TCTACCAATCTGGCTGCACG 
Actb ACAATGAGCTGCGTGTGGCC CCTCGTAGATGGGCACAGTG 
Adgre1 GATGAATTCCCGTGTTGTTGGT ACATCAGTGTTCCAGGAGACACA 
B2m TGGTGCTTGTCTCACTGACC AATGTGAGGCGGGTGGAACTG 
Cd36 CAGCAATGAGCCCACAGTTCC GTGCTGATCCTTTCAGAGTCTC 
Ehhadh TGGTGATTGGCACCCACTT AGTATCGGCTAGGAATGACCTCTAGT 
Elovl6 CGTCTTCAGTATATTCGGTGC CCAGAATTTGCTGACAGGTC 
Fasn AGAGACGTGTCACTCCTGGACTT GCTGCGGAAACTTCAGGAAAT 
G6pc ATGGTCACTTCTACTCTTGC CAAGATGACGTTCAAACAC 
Gck GAATCTTCTGTTCCACGGAG AGTGCTCAGGATGTTAAGGA 
Il6 CCTCTCTGCAAGAGACTTCC AGCCTCCGACTTGTGAAGTG 
Irs1 ACGAACACTTTGCCATTGCC CCTTTGCCCGATTATGCAGC 
Lxr CTCCTGATTCTGCAACGGAG CCTAAAGCAACCCCAGTTGAC 
Mlxipl CTGGGGACCTAAACAGGAGC GAAGCCACCCTATAGCTCCC 
Pck1 GCATAACGGTCTGGACTTCT TGATGACTGTCTTGCTTTCG 
Pdk4 CACATGCTCTTCGAACTCTTCAAG TGATTGTAAGGTCTTCTTTTCCCAAG 
Ppargc1a TCACCACCGAAATCCTTA GGTGTCTGTAGTGGCTTGAT 
Ppara GCGTACGGCAATGGCTTTAT GAACGGCTTCTTCAGGTTCTT 
Scd1 GAGGCCTGTACGGGATCATA GCCGTGCCTTGTAAGTTCTGTG 
Slc2a4 GGCTTTGTGGCCTTCTTTGAG GACCCATAGCATCCGCAACAT 
Srebf1 GGAGCCATGGATTGCACATT GGCCCGGGAAGTCACTGT 
Tnf GTCCCCAAAGGGATGAGAAG CCACTTGGTGGTTTGCTACG 
18S GTAACCCGTTGAACCCATTC CCATCCAATCGGTAGTAGCG  
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hypertrophy, which was decreased by supplementation with 0.8% GRO 
(Fig. 4A), with a significantly increased proportion of smaller adipose 
cells (4001–8000 µm2) and decreased proportion of larger cells (>
14,001 µm2) compared with Cont mice (Fig. 4B). We observed a smaller 
number of stromal vascular fraction cells, including adipose tissue 
macrophages, in iWAT in 0.8% GRO mice compared with Cont mice 
(Fig. 4C). We also observed less fat accumulation in HE-stained liver 
sections in the 0.8% GRO group compared with the Cont group (Fig. 4D). 

The development of obesity is often associated with abnormal lipid 
and glucose metabolism. We next addressed whether GRO supplemen
tation improves metabolic function. Serum levels of total cholesterol and 
triglycerides were significantly lower in the 0.8% GRO than Cont groups 
at all three ages (Fig. 5A, C). Meanwhile, GRO supplementation did not 
affect the serum level of HDL cholesterol (Fig. 5B). 

3.3. GRO supplementation improves glucose metabolism of KK-Ay mice 

Next, we addressed whether GRO supplementation improves glucose 
metabolism. Mice supplemented with 0.8% GRO showed better glucose 
tolerance in an intraperitoneal glucose tolerance test at age 20 weeks 
(Fig. 6C). Glucose tolerance (represented by the area under the curve for 
blood glucose levels) did not change with age but was significantly 
greater in 0.8% GRO mice compared with Cont mice (Fig. 6D). The 
fasting serum glucose level suggested hyperglycemia (> 150 mg/dl), 
and 0.8% GRO supplementation tended to reduce this level, albeit not 
significantly (Fig. 6E). The fasting serum insulin level was decreased at 
age 16 weeks and increased at age 20 weeks, compared with age 12 
weeks, but GRO supplementation did not affect this level (Fig. 6F). 
Together, these results indicate that 0.8% GRO migrates obesity and 
improves insulin resistance in KK-Ay mice. 

Fig. 1. GRO supplementation prevented the increase in body weight of KK-Ay mice without affecting food intake. (A) Body weight, (B) food intake (g/week). Cont: 
control mice; GRO3: 0.3% GRO mice; GRO8: 0.8% GRO mice. The data were analyzed with two-way ANOVA for independent variables, and subsequent one-way 
ANOVA followed by Tukey’s test was performed for multiple comparisons. *p < 0.05, ** p < 0.01 compared with Cont mice. Values are means ± SD (n = 5–20). 
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3.4. GRO supplementation reduces expression of SCD1 and related genes 
in the liver of KK-Ay mice 

To get insights into the molecular mechanisms of improvement in the 
lipid profile and glucose metabolism by GRO supplementation, we 
performed a transcriptome analysis of the liver, which plays a central 
role in lipid synthesis, by RNA-Seq. This analysis identified 54 signifi
cantly upregulated and 11 downregulated genes (Fig. 7). The biological 
functions of the differentially expressed genes were classified using 
annotation databases to elucidate the mechanism of the effects of GRO 
supplementation. Gene ontology analysis revealed that the differentially 

expressed genes were significantly enriched in several pathways related 
to lipid metabolism (Table 2). Intriguingly, Scd1 and Ppara were 
differentially expressed genes involved in all of these pathways. 

We selected several genes involved in lipid and glucose metabolism 
(Table 3) and confirmed their differential expression in the liver be
tween the 0.8% GRO and Cont mice at age 20 weeks using qRT-PCR. Of 
these genes, Scd1 encodes an enzyme catalyzing the rate-limiting step in 
the synthesis of monounsaturated fatty acids (MUFAs) and triglycerides, 
specifically oleic acid from stearic acid, and is a key enzyme in fatty acid 
metabolism. SCD1 deficiency in the liver reduces triglyceride synthesis 
and blood triglyceride levels and mitigates obesity [27]. qRT-PCR 

Fig. 2. GRO supplementation prevented the accumulation of visceral fat (iWAT) in KK-Ay mice. The weights of the (A) iWAT, (B) iWAT relative to body weight, (C) 
liver, (D) liver relative to body weight, (E) brown adipose tissue (BAT), (F) heart, (G) spleen, and (H) kidney. Cont: control mice; GRO3: 0.3% GRO mice; GRO8: 0.8% 
GRO mice. The data were analyzed with two-way ANOVA for independent variables, and subsequent one-way ANOVA followed by Tukey’s test was performed for 
multiple comparisons. *p < 0.05, **p < 0.01. Values are means ± SD (n = 5). 
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verified the significant reduction in Scd1 expression, to 20% of the Cont 
group level, in the 0.8% GRO group (p < 0.001) (Figs. 8A, and S1). In 
contrast, expression levels of Fasn and ChREBP/Mlxipl that are 
lipogenesis-related genes were not different between the two groups 
(Fig. S2). Next we evaluated the expression of genes that are related to 
Scd1 and involved in lipid synthesis and fatty acid β-oxidation by 
qRT-PCR. The expression of cluster of differentiation 36 (Cd36), an in
tegral membrane protein responsible for importing fatty acids into he
patocytes, was reduced by more than 50% in 0.8% GRO mice compared 
with Cont mice (p < 0.001). However, there was no difference in the 
expression of acetyl-CoA carboxylase-2 (Acacb/ACC-2), which catalyzes 
the intermediate rate-limiting step of fatty acid synthesis, between the 
0.8% GRO and Cont groups. Enonyl-CoA hydratase and 3-hydroxyacyl 
CoA dehydrogenase (Ehhadh) a peroxisome enzyme involved in fatty 
acid β-oxidation, were ~ 50% lower in expression in 0.8% GRO 
compared with Cont mice (p < 0.05) (Fig. 8B). These changes in 
expression were not accompanied by changes in mitochondrial 
biogenesis mediators, including peroxisome proliferator-activated re
ceptor gamma coactivator-α (PGC1α/Ppargc1a), -β (PGC1β/Ppargc1b), 
estrogen-related receptor α (Erra), and ATP synthase (Atp5f1a) as 
detected by RNA-seq (Supplemental Table 2) and qPCR (Fig. S3). 
Furthermore, we observed no significant difference in the expression of 
genes associated with fatty acid β oxidation, including very long chain 
acyl-CoA dehydrogenase (Acadvl), acyl-CoA oxidase 1 (Acox1), or me
dium chain acyl-CoA dehydrogenase (Acadm), which is involved in fatty 
acid oxidation. 

As supplementation with 0.8% GRO improved glucose metabolism, 
the expression levels of genes regulating glucose metabolism were also 
evaluated by qRT-PCR. Among glycolysis-related genes, the expression 
of glucokinase (Gck), which phosphorylates glucose to form glucose-6- 
phosphate, was not different between 0.8% GRO and Cont mice; In 
contrast, that of pyruvate dehydrogenase kinase, isoenzyme 4 (Pdk4), 

which regulates the pyruvate dehydrogenase (PDH) complex respon
sible for conversion of acetyl CoA from pyruvic acid, was reduced by 
more than 50% in 0.8% GRO mice compared with Cont mice (p < 0.05) 
(Fig. 8C). Among gluconeogenesis-related genes, the expression of 
phosphoenolpyruvate carboxykinase 1, cytosolic (Pck1), which converts 
oxaloacetate into phosphoenolpyruvate, was reduced by 0.8% GRO 
supplementation (p = 0.05), but the level of glucose-6-phosphatase, 
catalytic (G6pc), which synthesizes glucose from glucose 6-phosphate, 
was not changed (Fig. 8D). 

The protein level of SCD1 in the liver was significantly reduced in 
0.8% GRO mice compared with Cont mice, as determined by Western 
blot analysis (Fig. 9A). Although the mRNA level of PPARα was not 
affected, the protein level was significantly reduced by 0.8% GRO 
(Figs. 8A, and 9B). The ratio of phosphorylated AMPK to total AMPK was 
significantly higher in 0.8% GRO mice compared with Cont mice 
(Fig. 9C). 

3.5. GRO supplementation changes a gene expression profile in the iWAT 
of KK-Ay mice 

Since supplementation with 0.8% GRO reduced the iWAT weight, we 
compared the expression levels of genes regulating lipid and glucose 
metabolism in the iWAT between 0.8% GRO and Cont mice by qRT-PCR. 
Expression levels of Scd1 and Cd36, which were decreased in the liver of 
0.8% GRO mice, were not decreased in the iWAT (Fig. 10A). In contrast, 
the expression level of fatty acid synthase (FAS/Fasn) which catalyzes 
fatty acid synthesis, was decreased by ~ 50% in 0.8% GRO compared 
with Cont mice (p < 0.05) (Fig. 10A). The expression levels of glucose 
transporter 4 (Glut4), insulin receptor substrate 1 (Irs1), and 
carbohydrate-responsive element-binding protein (ChREBP/Mlxipl) 
were not different between the 0.8% GRO and Cont mice (Fig. 10B). 
Also, expression levels of glycolysis-related genes, Gck and Pdk4 were 

Fig. 5. GRO supplementation reduced the serum levels of total cholesterol and triglycerides in KK-Ay mice. Serum levels of (A) total cholesterol, (B) HDL, and (C) 
triglycerides. Cont: control mice; GRO3: 0.3% GRO mice; GRO8: 0.8% GRO mice. The data were analyzed with two-way ANOVA for independent variables, and 
subsequent one-way ANOVA followed by Tukey’s test was performed for multiple comparisons. *p < 0.05, **p < 0.01. Values are means ± SD (n = 5). 
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Fig. 6. GRO supplementation improved glucose metabolism. Changes in blood glucose levels after intraperitoneal injection of glucose (1 g/kg body weight) 
following 12 h of fasting in (A) 12-week-old mice, (B) 16-week-old mice, and (C) 20-week-old mice. (D) Area under the curve for the blood glucose level after 
intraperitoneal injection of glucose. (E) Serum glucose levels after 12 h of fasting. (F) Serum insulin levels after 12 h of fasting. Cont: control mice; GRO3: 0.3% GRO 
mice; GRO8: 0.8% GRO mice. The data were analyzed with two-way ANOVA for independent variables, and subsequent one-way ANOVA followed by Tukey’s test 
was performed for multiple comparisons. $p < 0.05 Cont vs. GRO8 in (B, C) and **p < 0.01 in (D). Graphs show the fold change in the area under the curve for 12- 
week-old mice relative to Cont mice. Values are means ± SD (n = 5). 
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not different between the 0.8% GRO and Cont mice (Fig. S2). qRT-PCR 
analysis of inflammatory cytokines (adipokines) in iWAT revealed 
significantly reduced expression of interleukin 6 (Il6) in 0.8% GRO mice 
compared with Cont mice (p < 0.05) (Fig. 10C); however, expression of 
tumor necrosis factor α (Tnf) and the macrophage marker adhesion G 
protein-coupled receptor E1 (Adgre1) was unaffected by 0.8% GRO 
supplementation. Together, these results indicate that 0.8% GRO sup
plementation mitigated obesity partially by reducing lipogenesis and 
inflammation in the iWAT. 

4. Discussion 

In this study, we demonstrated the health-promoting effects of 
continuous and long-term supplementation of GRO using KK-Ay mice, a 
model of mild obesity and type 2 diabetes. Supplementation with 0.8% 
GRO mitigated increase in body weight and fat accumulation without 
affecting food intake. Furthermore, 0.8% GRO supplementation 
improved the blood lipid profile and glucose tolerance. More impor
tantly, we gained insights into the molecular basis of the health- 
promoting effects of GRO. Thus, we revealed that the expression levels 

of Scd1, and other genes associated with the lipid and glucose meta
bolism including Cd36, Ehhadh, Pdk4, and Pck1 were significantly 
reduced in the liver of mice fed the 0.8% GRO diet for 12 weeks. In 
addition, we found that Fasn and Il6 genes was downregulated in the 
iWAT of 0.8% GRO mice. Our results suggest that GRO supplementation 
improves lipid profiles by reducing de novo lipogenesis in the liver and 
white adipose tissue, in addition to improving glucose metabolism via 
increases in glycolysis in the liver (Fig. 11). 

To elucidate the molecular pathway by which GRO mitigates obesity, 
we evaluated the effects of GRO on liver gene expression (Table 3) by 
RNA-Seq analysis followed by qRT-PCR. We found that the expression 
levels of Cd36, Scd1, Ehhadh, Pdk4, and Pck1 were significantly reduced 
in the liver of mice fed the 0.8% GRO diet for 12 weeks. In particular, 
Scd1 showed the greatest decrease in expression in the liver of 0.8% GRO 
mice (~ 20% of the Cont group level). We consider that the drastic 
reduction of the Scd1 expression in the liver is one of the leys to the 
health-promoting effects of GRO. SCD1, the rate-limiting enzyme in 
MUFA and triglyceride syntheses in the liver, desaturates fatty acids into 
MUFAs such as oleate and palmitoleate. Thus, SCD1 is a central regu
lator of energy metabolism and of obesity and related metabolic diseases       

Fig. 8. GRO supplementation reduced the expression of enzymes related to triglyceride biosynthesis in the liver. Expression of genes involved in (A) triglyceride 
biosynthesis, (B) glycolysis, (C) ß-oxidation of fatty acids, and (D) gluconeogenesis in the liver of 20-week-old KK-Ay mice in the Cont and GRO8 groups, as 
determined by qRT-PCR. Graphs show the fold changes in mRNA levels normalized with respect to β-actin in the GRO8 mice relative to Cont mice. Cont: control mice; 
GRO8: 0.8% GRO mice. The data were analyzed with Student’s t-test. *p < 0.05, *** p < 0.001. Values are means ± SD (n = 5). 
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mice fed a high-carbohydrate diet, mitochondrial gene expression and 
ATP consumption were induced and led to reductions in gluconeogen
esis and glycolysis [32]. RNA-seq and qRT-PCR assays indicated that 
expression of PGC-1α/Ppargc1a, a regulator of mitochondrial biogenesis, 
was not affected (Fig. S3), whereas that of Ehhadh, related to fatty acid 
ß-oxidation, was reduced in 0.8% GRO compared with Cont mice. 
Although our data examined gene expression only at a transcriptional 
level, this might suggest decreased ß-oxidation of fatty acids in 0.8% 
GRO mice. In addition, the expression of Pdk4 was significantly lower in 
0.8% GRO compared with Cont mice. PDK4 is a negative regulator of 
PDH [38], which catalyzes the conversion of pyruvate to acetyl CoA. 
Reduced expression or inactivation of PDH accelerated gluconeogenesis, 
impaired glucose metabolism and aggravated type 2 diabetes [39,40], 
whereas Pdk4 knockout improved glucose tolerance in a diabetic model 
mouse [41,42]. In addition, increased ß-oxidation of fatty acids was 
reported to decrease PDH activity [40]. Thus, the reduced expression of 
Pdk4 and ß-oxidation of fatty acids observed in 0.8% GRO mice may 
amplify PDH activity and decrease gluconeogenesis (Fig. 8). 

In iWAT, we observed reduced expression of lipogenic FAS/Fasn, but 
no significant change in the mRNA expression of Scd1 or glucose 
metabolism-related genes. Interestingly, the expression of a major adi
pokine, Il6, was repressed in the iWAT of the 0.8% GRO mice. Although 
we could not detect reduced expression of the macrophage marker F4/ 
80 /Adgre1 by qRT-PCR, we observed fewer stromal vascular fraction 
cells, including adipose tissue macrophages, in the iWAT of the 0.8% 
GRO (Fig. 4A, C). The reduction of these ell population might be 
responsible for the reduction in the Il expression level. The suppression 
of proinflammatory adipokine expression enhances insulin sensitivity 
and the metabolic abnormalities associated with obesity and diabetes 
[43,44]. 

Several molecular mechanisms of the beneficial health effects of 
products containing glabridin, a major constituent of GRO, have been 
postulated. Among them, activation of the AMPK pathway is the most 
widely recognized, especially in muscle [20,21]. Glabridin treatment 
(150 mg/kg/day) for 4 weeks in C57Bl/6J mice fed a high-fat diet 
decreased body weight, and fat accumulation and improved glucose 
metabolism. In the mice, glabridin treatment increased the ratio of 
phosphorylated AMPK/total AMPK in the liver, iWAT, and muscles and 
suppressed the expression of Srebpf1, Fasn, Acacb, Scd1, and Pck1 in the 
liver and Srebpf1, Fasn, Acacb, and Scd1 in iWAT [45]. However, 0.8% 
GRO treatment did not suppress expression of Fasn or Acacb in the liver 
or expression of Scd1 in the iWAT. We also observed an increased 
phosphorylated AMPK/total AMPK ratio in the liver of the 0.8% GRO 
mice. Although glabridin treatment has been reported to improve 
glucose metabolism and enhance muscle mass in KK-Ay mice [20,46], 
we observed a significant increase in the quadriceps weight relative to 
body weight only and could not confirm an increase in muscle mass 
induced by GRO supplementation. 

A recent preliminary report involving small numbers of healthy in
dividuals and patients with type 2 diabetes reported health-promoting 
effects of glabridin treatment in the healthy individuals but very sub
tle effects in the patients and suggested the value of glabridin as a pre
ventative supplement for healthy individuals [47]. The underlying 
molecular mechanisms by which GRO supplementation mitigates 
obesity and insulin resistance are complex and were not completely 
elucidated here. However, future systemic investigations focusing on the 
crosstalk among the liver, adipose tissue, and muscle [46,48,49] may 
provide useful information for using GRO to prevent and treat metabolic 
syndromes and diabetes. 

Fig. 10. GRO supplementation reduced the expression of genes related to lipid metabolism and inflammation in iWAT. (A) Expression of genes related to lipid 
metabolism in the iWAT of 20-week-old KK-Ay mice in the Cont and 0.8% GRO groups were compared by qRT-PCR. Genes related to (B) glucose metabolism and (C) 
inflammation. Graphs show the fold changes in normalized mRNA levels relative to those of 20-week-old mice in the Cont group. Cont: control mice; GRO8: 0.8% 
GRO mice. The data were analyzed with Student’s t-test. *p < 0.05. Values are means ± SD (n = 5). 
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pathway, were reduced. Protein expression levels of the lipogenesis-mediated enzyme SCD1, which is regulated at a transcriptional level by PPARα, were significantly 
decreased. Phosphorylation of AMPK was activated and in turn expression of its target Elovl6 was decreased. The weight of iWAT and adipocyte size were signif
icantly decreased and levels of the lipogenic enzyme Fasn were also decreased. As the area of the cells in the stromal vascular fraction decreased, expression levels of 
IL-6, an inflammation marker, decreased. 

Y. Igarashi et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.biopha.2021.111714
http://refhub.elsevier.com/S0753-3322(21)00496-0/sbref1
http://refhub.elsevier.com/S0753-3322(21)00496-0/sbref2
http://refhub.elsevier.com/S0753-3322(21)00496-0/sbref2
http://refhub.elsevier.com/S0753-3322(21)00496-0/sbref3
http://refhub.elsevier.com/S0753-3322(21)00496-0/sbref3
http://refhub.elsevier.com/S0753-3322(21)00496-0/sbref4
http://refhub.elsevier.com/S0753-3322(21)00496-0/sbref4
http://refhub.elsevier.com/S0753-3322(21)00496-0/sbref5
http://refhub.elsevier.com/S0753-3322(21)00496-0/sbref5
http://refhub.elsevier.com/S0753-3322(21)00496-0/sbref6
http://refhub.elsevier.com/S0753-3322(21)00496-0/sbref6
http://refhub.elsevier.com/S0753-3322(21)00496-0/sbref6
http://refhub.elsevier.com/S0753-3322(21)00496-0/sbref6
http://refhub.elsevier.com/S0753-3322(21)00496-0/sbref7
http://refhub.elsevier.com/S0753-3322(21)00496-0/sbref8
http://refhub.elsevier.com/S0753-3322(21)00496-0/sbref9
http://refhub.elsevier.com/S0753-3322(21)00496-0/sbref9
http://refhub.elsevier.com/S0753-3322(21)00496-0/sbref10
http://refhub.elsevier.com/S0753-3322(21)00496-0/sbref10
http://refhub.elsevier.com/S0753-3322(21)00496-0/sbref10
http://refhub.elsevier.com/S0753-3322(21)00496-0/sbref10
http://refhub.elsevier.com/S0753-3322(21)00496-0/sbref10
http://refhub.elsevier.com/S0753-3322(21)00496-0/sbref11
http://refhub.elsevier.com/S0753-3322(21)00496-0/sbref11


Biomedicine & Pharmacotherapy 140 (2021) 111714

14

regulation of Nrf2-mediated genes by non-polar fractions of tea Chrysanthemum 
zawadskii and licorice Glycyrrhiza uralensis, AAPS J. 13 (2011) 1–13. 

[12] H. Haraguchi, N. Yoshida, H. Ishikawa, Y. Tamura, K. Mizutani, T. Kinoshita, 
Protection of mitochondrial functions against oxidative stresses by isoflavans from 
Glycyrrhiza glabra, J. Pharm. Pharmacol. 52 (2000) 219–223. 

[13] T. Fukai, A. Marumo, K. Kaitou, T. Kanda, S. Terada, T. Nomura, Anti-Helicobacter 
pylori flavonoids from licorice extract, Life Sci. 71 (2002) 1449–1463. 

[14] C.K. Lee, K.K. Park, S.S. Lim, J.H. Park, W.Y. Chung, Effects of the licorice extract 
against tumor growth and cisplatin-induced toxicity in a mouse xenograft model of 
colon cancer, Biol. Pharm. Bull. 30 (2007) 2191–2195. 

[15] K. Nakagawa, M. Kitano, H. Kishida, T. Hidaka, K. Nabae, M. Kawabe, K. Hosoe, 
90-Day repeated-dose toxicity study of licorice flavonoid oil (LFO) in rats, Food 
Chem. Toxicol. 46 (2008) 2349–2357. 

[16] K. Nakagawa, H. Kishida, N. Arai, T. Nishiyama, T. Mae, Licorice flavonoids 
suppress abdominal fat accumulation and increase in blood glucose level in obese 
diabetic KK-A(y) mice, Biol. Pharm. Bull. 27 (2004) 1775–1778. 

[17] F. Aoki, S. Honda, H. Kishida, M. Kitano, N. Arai, H. Tanaka, S. Yokota, 
K. Nakagawa, T. Asakura, Y. Nakai, T. Mae, Suppression by licorice flavonoids of 
abdominal fat accumulation and body weight gain in high-fat diet-induced obese 
C57BL/6J mice, Biosci. Biotechnol. Biochem. 71 (2007) 206–214. 

[18] Y. Tominaga, K. Nakagawa, T. Mae, M. Kitano, S. Yokota, T. Arai, H. Ikematsu, 
S. Inoue, Licorice flavonoid oil reduces total body fat and visceral fat in overweight 
subjects: a randomized, double-blind, placebo-controlled study, Obes. Res. Clin. 
Pract. 3 (2009) I–IV. 

[19] M. Kuroda, Y. Mimaki, S. Honda, H. Tanaka, S. Yokota, T. Mae, Phenolics from 
Glycyrrhiza glabra roots and their PPAR-gamma ligand-binding activity, Bioorg. 
Med. Chem. 18 (2010) 962–970. 

[20] Y. Yoshioka, Y. Yamashita, H. Kishida, K. Nakagawa, H. Ashida, Licorice flavonoid 
oil enhances muscle mass in KK-A(y) mice, Life Sci. 205 (2018) 91–96. 

[21] K. Sawada, Y. Yamashita, T. Zhang, K. Nakagawa, H. Ashida, Glabridin induces 
glucose uptake via the AMP-activated protein kinase pathway in muscle cells, Mol. 
Cell. Endocrinol. 393 (2014) 99–108. 

[22] M. Nishimura, Breeding of mice strains for diabetes mellitus, Exp. Anim. 18 (1969) 
147–157. 

[23] A.J. King, The use of animal models in diabetes research, Br. J. Pharmacol. 166 
(2012) 877–894. 

[24] Z. Xu, J. Huo, X. Ding, M. Yang, L. Li, J. Dai, K. Hosoe, H. Kubo, M. Mori, 
K. Higuchi, J. Sawashita, Coenzyme Q10 improves lipid metabolism and 
ameliorates obesity by regulating CaMKII-mediated PDE4 inhibition, Sci. Rep. 7 
(2017) 8253. 

[25] M. Kitada, Y. Ogura, D. Koya, Rodent models of diabetic nephropathy: their utility 
and limitations, Int. J. Nephrol. Renov. Dis. 9 (2016) 279–290. 

[26] S.A. Bustin, V. Benes, J. Garson, J. Hellemans, J. Huggett, M. Kubista, R. Mueller, 
T. Nolan, M.W. Pfaffl, G. Shipley, C.T. Wittwer, P. Schjerling, P.J. Day, M. Abreu, 
B. Aguado, J.F. Beaulieu, A. Beckers, S. Bogaert, J.A. Browne, F. Carrasco-Ramiro, 
L. Ceelen, K. Ciborowski, P. Cornillie, S. Coulon, A. Cuypers, S. De Brouwer, L. De 
Ceuninck, J. De Craene, H. De Naeyer, W. De Spiegelaere, K. Deckers, A. Dheedene, 
K. Durinck, M. Ferreira-Teixeira, A. Fieuw, J.M. Gallup, S. Gonzalo-Flores, 
K. Goossens, F. Heindryckx, E. Herring, H. Hoenicka, L. Icardi, R. Jaggi, F. Javad, 
M. Karampelias, F. Kibenge, M. Kibenge, C. Kumps, I. Lambertz, T. Lammens, 
A. Markey, P. Messiaen, E. Mets, S. Morais, A. Mudarra-Rubio, J. Nakiwala, 
H. Nelis, P.A. Olsvik, C. Pérez-Novo, M. Plusquin, T. Remans, A. Rihani, 
P. Rodrigues-Santos, P. Rondou, R. Sanders, K. Schmidt-Bleek, K. Skovgaard, 
K. Smeets, L. Tabera, S. Toegel, T. Van Acker, W. Van den Broeck, J. Van der 
Meulen, M. Van Gele, G. Van Peer, M. Van Poucke, N. Van Roy, S. Vergult, 
J. Wauman, M. Tshuikina-Wiklander, E. Willems, S. Zaccara, F. Zeka, 
J. Vandesompele, The need for transparency and good practices in the qPCR 
literature, Nat. Methods 10 (2013) 1063–1067. 

[27] M. Miyazaki, H. Sampath, X. Liu, M.T. Flowers, K. Chu, A. Dobrzyn, J.M. Ntambi, 
Stearoyl-CoA desaturase-1 deficiency attenuates obesity and insulin resistance in 
leptin-resistant obese mice, Biochem. Biophys. Res. Commun. 380 (2009) 818–822. 

[28] J.M. Ntambi, M. Miyazaki, J.P. Stoehr, H. Lan, C.M. Kendziorski, B.S. Yandell, 
Y. Song, P. Cohen, J.M. Friedman, A.D. Attie, Loss of stearoyl-CoA desaturase-1 

function protects mice against adiposity, Proc. Natl. Acad. Sci. USA 99 (2002) 
11482–11486. 

[29] J.M. Ntambi, M. Miyazaki, Regulation of stearoyl-CoA desaturases and role in 
metabolism, Prog. Lipid Res. 43 (2004) 91–104. 

[30] G. Jiang, Z. Li, F. Liu, K. Ellsworth, Q. Dallas-Yang, M. Wu, J. Ronan, C. Esau, 
C. Murphy, D. Szalkowski, R. Bergeron, T. Doebber, B.B. Zhang, Prevention of 
obesity in mice by antisense oligonucleotide inhibitors of stearoyl-CoA desaturase- 
1, J. Clin. Investig. 115 (2005) 1030–1038. 
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