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Featured Application: In this study, Rumex japonicus Houtt. ethanol extract revealed both
antilipidemic and antihyperglycemic effect on diet-induced obesity mice model. It was more
beneficial than nepodin, a functional compound in the ethanol extract.

Abstract: Obesity is a continuous chronic metabolic disorder and has adverse effects on health, such as
dyslipidemia, hyperglycemia, and insulin resistance. This study evaluated whether Rumex japonicus
Houtt. ethanol extract (RU) and its active component nepodin (NE) affect obesity and its related
complications, such as dyslipidemia and hyperglycemia in high-fat diet (HFD)-fed obese mice.
The NE and RU supplements did not produce significant differences in body weight and adipose
tissue weight compared to HFD group, while plasma lipid profiles were only improved by the
RU supplement. However, both the NE and RU supplement had beneficial effects on glucose
homeostasis and insulin resistance through reduction of plasma free fatty acid (FFA) (p < 0.05),
insulin (p < 0.05), homeostatic model assessment for insulin resistance (p < 0.05), and C-peptide
(p < 0.05) levels. In particular, the RU supplement decreased the area under the curve (AUC) of
intraperitoneal glucose tolerance test (IPGTT) (p < 0.05), and improved glucose intolerance. Taken
together, NE and RU supplements can contribute to improvements in HFD-induced hyperglycemia,
while dyslipidemia was only improved by the RU supplement.

Keywords: Rumex japonicus Houtt.; nepodin; dyslipidemia; hyperglycemia

1. Introduction

Obesity that results from an imbalance of energy intake and expenditure is a continuous chronic
metabolic disorder. It has adverse effects on health, such as hyperglycemia, type-2 diabetes mellitus
(T2DM), dyslipidemia, and non-alcoholic fatty liver disease (NAFLD), and the number of obese people
is steadily increasing [1].

Since adipose tissue hypertrophy by obesity becomes refractory to the interference of fat
mobilization by insulin, the increased flux of fatty acids in the circulation has acute adverse effects
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on insulin sensitivity [2]. Numerous studies have reported that free fatty acids (FFAs) play a key role
in inducing obesity and insulin resistance, and elevated circulating FFA has been shown to impair
insulin action [3,4]. Moreover, obesity is an important risk factor for hyperglycemia and T2DM, as it
desensitizes glucose recipient organs to the action of insulin. As obesity induces insulin resistance,
decrease of glucose uptake in recipient organs can result in hyperglycemia.

Recently, many functional components from plants and plant extracts that improve obesity and
its complications have been studied. Plant extracts, defined as raw or refined products derived from
plants or parts of plants (e.g., leaves, stems, buds, flowers, roots or tubers), are frequently used for
the treatment of diseases [5]. Rumex japonicus Houtt. (Family polygonaceae) is a perennial herb with
erect stems 40-100 cm long that grows in wet meadows along ditches in the low lands of Japan,
Korea, and China. Flowering occurs from June to July. The roots of Rumex japonicus Houtt. are
collected in August or September and eaten after drying in the sun. Rumex japonicus Houtt. exerts
anti-oxidative and anti-bacterial activities [6,7]. Nepodin, acetyl-1,8-dihydroxy-3-methylnaphthalene,
is a compound from the root of rumex japonicus Houtt. A previous study has reported that nepodin
modifies imbalanced lipid and glucose homeostasis [8]. However, there are few reports about the
effects of Rumex japonicus Houtt. and its active component, nepodin, on obesity and related metabolic
syndrome. Therefore, in this study, we evaluated the effect of Rumex japonicus Houtt. ethanol extract
and its compound, nepodin, on hyperlipidemia, and hyperglycemia in diet-induced C57BL /6] mice.
This study demonstrates for the first time that Rumex japonicus Houtt. ethanol extract can contribute to
ameliorating hyperglycemia and dyslipidemia in HFD-fed obese mice.

2. Materials and Methods
2.1. Preparation of Substances

2.1.1. Isolation of Nepodin

The fresh roots of Rumex japonicus Houtt. were extracted [9] with methanol at room temperature
for 12 h. The extract was filtered and concentrated under reduced pressure. The residue was partitioned
between water/ethyl acetate. The material obtained from the organic layer was further partitioned
between methanol/water (90:10) and n-hexane. The aqueous methanol fraction was separated by
column chromatography on octadecylsilyl-silica gel using 40% aqueous methanol, 60% aqueous
methanol, 80% aqueous methanol and methanol. The fraction eluted with 80% aqueous methanol
was subjected to reversed-phase high performance liquid chromatography (HPLC) to yield nepodin.
The purity of nepodin was determined to be >95% by HPLC analysis.

2.1.2. Preparation of Nepodin-Enrich Rumex Japonicus Houtt. Ethanol Extract

The fresh roots of Rumex japonicus Houtt. were extracted with ethanol at room temperature for
12 h. Water was added to the extract, and the diluted extract was concentrated to a small volume and
filtrated. A mixture of the brown amorphous powders obtained from the extract and aqueous 0.1%
NaHCOj3; was stirred in flask for 5 min and filtrated. The obtained brown amorphous powders and
aqueous 0.1% NaOH was stirred in the flask for 60 min and filtrated. Acetic acid is added to the filtrate,
thereby causing the nepodin-rich extract to precipitate. The purity of the nepodin in nepodin-enrich
extract was about 40% (w/w).

2.2. Animal and Diets

Male C57BL/6] mice (4-week-old) were purchased from the Jackson Laboratory (Bar harbor,
ME, USA) and individually housed under a controlled temperature (22 £ 2 °C) and a 12 h light-dark
cycle. After a one week adaptation period, mice were randomly divided into 4 groups of 13 mice per
each group and fed a normal diet (ND), high-fat diet (HFD), HFD + 0.002% (w/w) nepodin (NE) and
HFD + 0.005% (w/w) nepodin-rich Rumex japonicus Houtt. ethanol extract (RU) for 16 weeks (Table 1).
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The ND was prepared in accordance with a purified AIN-76 rodent diet. The HFD contained 40 kcal %
fat (85% lard (w/w) and 15% corn oil (w/w) of total fat), 17 kcal % protein. The diets were fed in the
form of a pellet for 16 weeks. The body weight and food intake of mice were monitored once a week.

All procedures were approved by the animal ethics committee of Kyungpook National University
(Approval No. KNU 2016-37).

Table 1. Experimental diets.

Ingredient (g) ND HFD NE RU
Casein 200.00 200.00 200.00 200.00
D,L-methionine 3.00 3.00 3.00 3.00
Corn starch 150.00 111.00 111.00 111.00
Sucrose 500.00 370.00 370.00 370.00
Cellulose powder 50.00 50.00 50.00 50.00
Corn oil 50.00 30.00 30.00 30.00
Lard - 170.00 170.00 170.00
Mineral Mixture (AIN-76) ! 35.00 42.00 42.00 42.00
Vitamin mix (AIN-76) 2 10.00 12.00 12.00 12.00
Choline bitartrate 2.00 2.00 2.00 2.00
Cholesterol - 10.00 10.00 10.00
Nepodin - - 0.020 -
Rumex japonicus Houtt.
ethanol extract ) i ) 0.050
tert-Butylhydroquinone 0.01 0.04 0.04 0.04
Total (g) 1000.00  1000.00  1000.00 1000.00

1 AIN-76 mineral mixture (Harlan Teklad Co., Madison, WI, USA). 2 AIN-76 vitamin mixture (Harlan Teklad Co.,
Madison, WI, USA).

2.3. Sample Collection and Preparation

At the end of the experimental period, all the mice were anesthetized with isoflurane (5 mg/kg
body weight, Baxter, Deerfield, IL, USA) after a 12-h fast, and blood samples were collected from the
inferior vena cava into heparin-coated tube for determination of their plasma lipids and adipokines
levels. The blood was centrifuged at 1000 x g for 15 min at 4 °C, and plasma was separated. After
blood collection, liver, skeletal muscle, pancreas, white adipose tissue (WAT) and brown adipose
tissue were promptly removed, rinsed with physiological saline, and weighed immediately. Livers
and eWAT were used for histological analysis and immunohistochemistry and pancreases were used
for immunohistochemistry.

2.4. Biochemistry Analysis

2.4.1. Plasma Lipid Contents

Enzymatic assays for plasma total-cholesterol (TC), HDL-cholesterol (HDL-C) and triglycerides
(TG) were performed using enzymatic kits (Asan Pharm Co., Seoul, Korea). Apolipoprotein A-I
(apo A-I) and apolipoprotein B (apo B) levels were also measured using enzymatic kits (NITTOBO
MEDICAL CO., LTD., Tokyo, Japan). Plasma FFA was measured using the Non-esterified fatty acid
(NEFA) kit (Wako, Osaka, Japan). Non-HDL-C was calculated as (TC)-(HDL-C)-(TG/5).

2.4.2. Hepatic Lipid Contents

Hepatic lipids were extracted [10], and the dried lipid residues were dissolved in 1 mL of ethanol
for triglyceride, cholesterol, and fatty acid assays. A solution of Triton X-100 and sodium cholate in
distilled water was added to 200 uL of a dissolved lipid solution for the purpose of emulsification.
Triglyceride, cholesterol, and fatty acid contents were analyzed using the same enzymatic kit used for
the plasma analysis.
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2.4.3. Insulin Resistance Biomarkers

The blood glucose concentration was measured every 4 weeks with whole blood obtained from
the tail veins after withholding food for 12 h using a glucose analyzer (One touch ultra blood
glucose test strip, Desmef, Srl, Cassino, Italy). The intraperitoneal glucose tolerance test (IPGTT)
was performed at the 15th week. After a 12-h fast, mice were injected intraperitoneally with glucose
(0.4 g/kg body weight). Blood glucose levels were determined from the tail vein at 0, 30, 60, and
120 min after the glucose injection. Radioimmunometric assays were used to measure plasma insulin,
glucagon, and c-peptide concentrations using a multiplex detection kit (Bio-Rad, Millipore, Hercules,
CA, USA). Homeostatic index of insulin resistance (HOMA-IR) was calculated as follows: HOMA-IR
= [fasting glucose (mmol/L) X fasting insulin (uLU/mL)]/22.5.

2.5. Histological Analysis and Immunohistochemistry

Liver and eWAT were removed and fixed in a buffer solution of 10% formalin. Afterwards, all
fixed tissues were paraffin embedded, and 4 pum sections were prepared and stained with haematoxylin
and eosin (H&E) or Masson’s trichrome. The stained areas were viewed using an optical microscope
(Zeiss Axioscope) with 200 x magnification.

Pancreases were removed from the mice and fixed in a buffer solution of 10% formalin.
For immunohistochemistry, the islet was sectioned, fixed in hydrogen peroxide, and washed in a
citrate buffer (pH 6.0). These sections were treated with blocking reagent (horseradish peroxidase
(HRP), Ultratech, Inc., San Jose, CA, USA) to prevent nonspecific binding, and incubated with
monoclonal antibodies against insulin and glucagon (SantaCuz Biotech. Inc., Dallas, TX, USA).
Antibody reactivity was detected using HRP-conjugated biotin-streptavidin complexes and developed
with diaminobensidine tetrahydrochloride as the substrate. The stained areas were viewed using an
optical microscope (Zeiss Axioscope) at 200 x magnification.

2.6. Statistical Analysis

All results are presented as mean =+ S.E.M. Statistical analysis was performed using SPSS (SPSS Inc.,
Chicago, IL, USA). Differences between the ND and HFD groups were analyzed using Student’s -test.
Differences between groups fed the high-fat diet (HFD, NE, and RU) were determined via one-way
ANOVA, followed by Duncan’s multiple-range test, multiple comparison procedure at p < 0.05.

3. Results

3.1. Body Weight, Food Efficiency Ratio (FER), Adipose Tissue Weights and Epididymal White Adipose
Tissue Morphology

Body weight was measured weekly for 16 weeks. The HFD group significantly increased body
weight compared to ND group from week 1 to 16. Meanwhile, there were no significant changes in
body weight by supplementation of NE and RU compared to HFD group (Figure 1A). Also, RU and
NE supplements did not significantly alter body weight gain (BWG) and food efficiency ratio (FER)
compared to HFD group (Figure 1B). The fat pad weights (g/100 g body weight) were significantly
higher in the HFD group than in the ND group, and those of the NE and RU groups were similar
to the HFD group (Figure 1C). Epididymal WAT morphology is as shown in Figure 1D. The NE
and RU groups did not show difference in size of adipocyte compared to HFD group. Meanwhile,
the adipocyte size of ND group was the smallest among all 4 groups. Masson’s trichrome staining
of epididymal WAT revealed collagen accumulation around adipocyte in HFD group, whereas there
were no signs of collagen accumulation in the ND, NE, and RU groups.
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Figure 1. Effect of NE and RU supplementation for 16 weeks on body weight (A), food efficiency

ratio (FER) (B), adipose tissue weights (C) and epididymal white adipose tissue morphology
(200x magnification) (D) in C57BL/6] mice fed high-fat diet. Data are mean + S.E. Significant
differences between HFD versus ND are indicated; * p < 0.05, ** p < 0.01, *** p < 0.001. The food
efficiency ratio is given as the body weight gain per energy intake per day.

3.2. Plasma Lipid Profiles

After 16 weeks, plasma TG, TC, FFA, HDL-C, nonHDL-C, and apo B levels were significantly
increased in HFD group than in ND group, while plasma apo A-I and apo A-I/apo B ratio were
significantly lowered in HFD group compared to ND group (Table 2). The NE supplement significantly
decreased plasma FFA as well as TC level compared to HFD group. Regarding the efficacy of the RU
supplement, it significantly decreased plasma TG, FFA, nonHDL-C, and apo B levels compared to the
HEFD group. In addition, the RU supplement significantly increased HTR (HDL-C/Total-C x 100),
apo A-I and apo A-I/apo B ratio than HFD group (Table 2).
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3.3. Liver Weight, Hepatic Lipid Profiles and Hepatic Morphology
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Table 2. Effect of NE and RU supplementation for 16 weeks on plasma lipid profiles in C57BL/6] mice

fed high-fat diet.
ND HFD NE RU
TG (mmol/L) 0.89 4+ 0.04 1.04 £ 0.04 *b 0.91 +0.032P 0.88 + 0.052
TC (mmol/L) 3.82 +0.10 6.43 £ 0.30 ***P 5.16 £ 0.262 5.77 + 0.35 ab
FFA (mmol/L) 0.70 £+ 0.03 0.82 £ 0.04 *P 0.67 £0.032 0.61 +0.04°
HDL-C (mmol/L) 1.67 £ 0.07 2.57 4 (.21 ***ab 2254+0.112 3.19+0.22b
nonHDL-C (mmol/L) 2.16 £ 0.11 3.86 & 0.37 *b 291 +0.222b 258 +0.192
Al 1.33 £ 0.09 1.84 £0.51 1.31 £0.11 0.83 + 0.06
HTR (%) 43.76 + 1.90 40.86 +£3.712 4402 +1974 55.23 4+ 1.88 P
Apo A-I (mg/dL) 25.83 £ 0.25 23.80 £ 0.26 ***2 23.21+0.712 26.99 + 0.31°
Apo B (mg/dL) 5.31 +0.25 7.14 4 0.47 #+b 6.41 +0.30 2P 5.68 + 0.352
Apo A-1 /Apo B 496 +0.22 3.48 4 (0.21 ***a 3.67+0.162 492 +035b

Data are mean =+ S.E. Significant differences between HFD versus ND are indicated; * p < 0.05, ** p < 0.01, *** p < 0.001.
3 Means not sharing a common superscript are significantly different among the high-fat diet fed groups at p < 0.05.
TG, triglyceride; TC, total cholesterol; FFA, free fatty acid; HDL-C, high density lipoprotein-cholesterol; nonHDL-C,
non-high density lipoprotein-cholesterol; Al, atherogenic index, [(TC)-(HDL-C)]/HDL-C; HTR, (HDL-C/TC) x 100;
Apo A-], apolipoprotein A-I; Apo B, apolipoprotein B.

Liver weight was significantly higher in the HFD group than in the ND group, and those in
the NE and RU groups were similar to the HFD group (Figure 2A). Hepatic triglyceride and fatty
acid contents were increased in the HFD group compared to the ND group. Meanwhile, the NE
supplement significantly decreased hepatic triglyceride and fatty acid contents compared to the HFD
group, while the RU group was not different from the HFD group (Figure 2B). However, there was
no difference between NE and RU in those hepatic lipids contents. Moreover, hematoxylin and eosin
(H&E) staining analysis revealed that the size of hepatic lipid droplet was slightly decreased in the
NE and RU groups compared to the HFD group (Figure 2C). As shown in Figure 2C(B), collagen fiber
deposition (yellow color, arrow) around portal vein was observed in the HFD group, while there was
a little fibrotic change in the NE and RU groups. There was no fibrotic change in the ND group.
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Figure 2. Effect of NE and RU supplementation for 16 weeks on liver weight (A), hepatic lipid profiles
(B) and hepatic morphology (200x magnification) (C) in C57BL/6] mice fed high-fat diet. Data are
mean =+ S.E. Significant differences between HFD vs. ND are indicated; *** p < 0.001. ab Means not
sharing a common superscript are significantly different among the high-fat diet fed groups at p < 0.05.

3.4. Fasting Blood Glucose, Plasma Glucose, Insulin, Glucagon, and C-peptide Levels, Glucose Tolerance,
Homeostatin Model Assessment-Insulin Resistance (HOMA-IR) and Pancreatic
Immunohistochemistry Analysis

Change of the fasting blood glucose concentration during the experimental period revealed that
HEFD led to increase in fasting blood glucose level compared to the ND group (Figure 3A). The NE
supplement significantly lowered blood glucose level at 4th, 8th and 16th week. The RU supplement
also significantly decreased blood glucose level from the 8th week. Result of glucose tolerance test
and area under the graph curve (AUC) is as shown in Figure 3B,C. Relative levels had significant
differences in the HFD group compared to ND group. IPGTT and AUC levels of the RU group
exhibited similar patterns to the ND group, having significant differences compared to HFD. The NE
supplement seemed to be more effective than the RU supplement in glucose tolerance, although there
was no difference between the NE and RU groups in AUC.
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Figure 3. Effect of NE and RU supplementation for 16 weeks on fasting blood glucose (A), glucose
tolerance (B), area under the curve (AUC) (C), plasma glucose (D) and insulin (E) levels, HOMA-IR
(F), c-peptide level (G), and pancreatic immunohistochemistry analysis (200 x magnification) (H) in
C57BL/6] mice fed high-fat diet. Data are mean + S.E. Significant differences between HFD versus
ND are indicated; * p < 0.05, ** p < 0.01, *** p < 0.001. 2> Means not sharing a common superscript are
significantly different among the high-fat diet fed groups at p < 0.05. HOMA-IR, homeostatin model
assessment-insulin resistance; C-peptide, connecting peptide.

As presented in Figure 3D-G, there were some significant differences in plasma glucose and
insulin levels among the groups. Plasma glucose (Figure 3D), insulin (Figure 3E), HOMA-IR (Figure 3F),
and c-peptide (Figure 3G) level were significantly elevated in the HFD group compared to the ND
group. However, those markers were significantly decreased by the NE and RU supplements.

Immunohistochemistry staining expression of pancreatic insulin and glucagon is as shown in
Figure 3H. As a result, it was consistent with plasma insulin and glucagon levels. Expression of
pancreatic insulin displayed a visibly increased size of the islet boundary in HFD group compared to
the ND, NE, and RU groups. Expression of pancreatic glucagon was also visibly higher in the HFD
group than in the rest of groups.

4. Discussion

4.1. Effect of Rumex Japonicus Houtt. Extract and Nepodin on Plasma and Hepatic Lipid Profiles

Obesity can induce insulin resistance, thereby inducing hyperglycemia, leading to the progress to
T2DM [2-4,11]. The HFD-fed mice showed significant increases in body weight and adipose tissue
weight as well as increases in plasma TG, TC, FFA, HDL-C, nonHDL-C, and apo B. And plasma apo A-I
and apo A-I/apo B ratio were decreased in the HFD group compared to the ND group. Although the
NE and RU supplements did not change body weight and adipose tissue weights, the NE supplement
significantly decreased plasma TC and FFA. The RU supplement markedly reduced plasma TG, FFA,
nonHDL-C, and apo B levels. In addition, the RU supplement significantly increased HTR, apo A-],
and apo A-I/apo B ratio. The RU supplement also tended to elevate HDL-C level compared to HFD
mice. Previous studies have suggested that an elevated HTR combined with TG is associated with
high coronary heart disease (CHD) risk [12,13]. Moreover, the apo B/apo A-I ratio was also markedly
linked with the risk of CHD, even when the levels of other lipids were within normal ranges, and
the apo B/apo A-I ratio was a superior predictor of CHD risk compared to the HTR [14-17]. Thus,
the results of the present work indicate that RU has the potential to regulate plasma lipid profiles,
which is linked to reduced dyslipidemia in HFD-fed obese mice.
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In general, a reduction of body fat mass and an improvement of dyslipidemia are highly correlated
with improved hepatic steatosis [18]. Neither the NE nor the RU supplement altered body fat mass,
although the NE supplement improved hepatic and plasma lipid profile as well as hepatic steatosis.
The RU supplement changed plasma lipid compositions more favorably than the NE supplement, and
improved dyslipidemia in diet-induced obese mice.

4.2. Effect of Rumex Japonicus Houtt. Extract and Nepodin on Hyperglycemia and Insulin Resistance

The anti-diabetic effect of Nepodin as an 5 AMP-activated protein kinase (AMPK) activator
was already identified. Nepodin can mediate stimulation of solute carrier family 2 (facilitated
glucose transporter), member 4 (SLC2A4) translocation via AMPK activation [8]. In our study, the NE
supplement decreased blood glucose, plasma insulin and C-peptide, and HOMA-IR. We identified
that RU has anti-diabetic effect of which the efficacy was somewhat more potent than NE; this may be
due to the synergy effect of multicompounds present in RU, Rumex japonicus Houtt. ethanol extract.

Obesity increases plasma FFA levels because of enlarged adipose tissue. Elevated plasma
FFA inhibits insulin-mediated suppression of glycogenolysis. Thereby, obesity can induce insulin
resistance [19]. More recently, Bartelt et al. have reported that brown adipose tissue also strongly
influences improved insulin sensitivity via modulating Nrfl expression [20].

In this study, NE and RU supplements significantly decreased plasma FFA levels, thereby
improving insulin resistance. The fasting blood glucose concentration during the experimental
period was increased in the HFD group compared to the ND group. On the other hand, the NE
and RU supplements significantly decreased blood glucose levels. Plasma glucose, insulin, and
glucagon, C-peptide, HOMA-IR and IPGTT levels were measured to identify the effect of the NE
and RU supplements on insulin resistance. Lower HOMA-IR values were considered to indicate
higher insulin sensitivity, whereas higher HOMA-IR values were considered to indicate lower insulin
sensitivity or insulin resistance [21]. In our results, plasma glucose and insulin levels were reduced
by both the RU and NE supplements compared to the HFD group; this result was consistent with
immunohistochemistry staining expression of pancreatic insulin. Decreased HOMA-IR by the NE and
RU supplements showed similar levels to the ND group. Judging from this, supplementation of both
NE and RU can ameliorate insulin resistance. HFD led to glucose intolerance, pre-diabetic symptom
compared to ND group by increasing AUC of IPGTT, whereas the RU supplement improved glucose
intolerance by decreasing AUC of IPGTT. Although the NE supplement decreased the fasting blood
glucose during experimental period, it did not lead to a significant difference in IPGTT.

5. Conclusions

Taken together, we provide evidence that NE and RU supplements have beneficial effects
on glucose homeostasis without altering body weights and fats compared to the HFD group.
By comparing the efficacy of NE and RU, the RU supplement is more favorable for HFD-induced
dyslipidemia and hyperglycemia, which may be mediated by a synergy effect of multi-phytochemicals
included in RU in addition to NE compounds.
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