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Abstract: Estrogen deficiency is associated with obesity, dyslipidemia, and increased insulin resistance
in postmenopausal women. An efficient therapeutic agent prevents or improves postmenopausal
conditions induced by estrogen deficiency. Here, we investigated the effects of aqueous Agrimonia pilosa
Ledeb. extract on glucose and lipid metabolism in ovariectomized rats fed a high-fat diet (HFD). Female
Sprague-Dawley rats were sham-operated or ovariectomized, and 3 weeks later were assigned to the
following groups: sham-operated + HFD (S); ovariectomized + HFD (OVX); and ovariectomized
+ HFD with 0.5% A. pilosa aqueous extract (OVX + 0.5A) groups. Ovariectomy significantly
increased body weight and dietary intake relative to the S group. However, A. pilosa treatment
did not significantly affect weight gain or dietary intake. Blood triacylglycerol, total cholesterol,
and low-density lipoprotein cholesterol levels tended to decrease in the A. pilosa-supplemented group.
Blood glucose levels were significantly lower in the OVX + 0.5A group than those in the OVX group.
Blood adiponectin and insulin concentrations increased significantly after A. pilosa treatment in the
ovariectomized group. A. pilosa supplementation tended to decrease liver weights and prevented lipid
accumulation. These effects correlated with reduced hepatic expression of lipogenesis-related genes
(fatty acid synthase, acetyl-coenzyme A carboxylase alpha, and 3-hydroxy-3-methylglutaryl-coenzyme
A reductase). Therefore, A. pilosa may improve metabolic disorders in ovariectomized rats.
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1. Introduction

Postmenopausal women often show marked increases in the incidence of many chronic diseases
such as metabolic syndrome, cardiovascular disease, cognitive impairment, and osteoporosis [1–3].
Estrogen deficiency is also related to a higher risk of progressing to liver steatosis in postmenopausal
women [4]. Hormone-replacement therapy (HRT) can be administered for chronic-disease prevention
and menopausal-symptom improvement in postmenopausal women [5,6]. However, data from
many studies showed that long-term HRT is not a favorable solution for treating postmenopausal
women because it poses increased risks for stroke and breast cancer [7,8]. Consequently, complex
risk-versus-benefit patterns in HRT are making postmenopausal women seek alternative treatments
for their symptoms (particularly phytoestrogens).

Phytoestrogens are naturally occurring plant-derived compounds found in diverse common
foods such as soybeans, fruits, and vegetables [9,10] in the form of polyphenols, flavonoids,
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and isoflavonoids. Because they have a structure that is similar to mammalian estrogen, they can bind
to human estrogen receptors. Phytoestrogens are known to exert various beneficial actions through
the modulation of transcriptional activity of nuclear receptors and nuclear-receptor-independent
mechanisms. Natural estrogens were reported to improve estrogen-deficiency-related metabolic
alterations in glucose and lipid metabolism [11–13]. Thus, it is important to identify unknown food
components with estrogenic activity and develop products for postmenopausal women as alternatives
to HRT.

Agrimonia pilosa Ledeb. is a medicinal plant characterized by anticancer, antioxidant, and anti-
inflammatory activities [14–16]. Furthermore, an in vitro study suggested that A. pilosa extracts
had estrogen-like activity primarily mediated through estrogen receptors in MCF-7 cells [17].
Our previous studies showed that A. pilosa extracts improved insulin resistance in C2C12 myotubes
treated with fatty acid, and in rats fed a high-fat diet (HFD) [18,19]. However, the ameliorating
effects of A. pilosa supplementation in an ovariectomized model have not been investigated.
Therefore, we hypothesized that aqueous A. pilosa extract, suggested to have phytoestrogen
activities, could improve estrogen-deficiency-related metabolic dysregulation in ovariectomized
rats. The objective of this study was to investigate the beneficial effects of aqueous A. pilosa extract
on hyperglycemia and hepatic steatosis induced by estrogen deficiency in an experiment model of
postmenopausal metabolic syndrome.

2. Materials and Methods

2.1. Preparation of Aqueous Extract from A. pilosa

Aerial parts of A. pilosa, produced in Yeongcheon, Korea, were purchased from the Kyungdong
market (Seoul, Korea) in dried form, and identified by the Classification and Identification Committee
of the Korea Institute of Oriental Medicine (KIOM). A voucher specimen (KIOM109-122Aa) was
deposited in the herbarium of the Department of Herbal Resources Research in KIOM. Dried plants
were extracted with hot water as described previously [17], and water filtrates were freeze-dried.
The lyophilized extracts were stored at −20 ◦C until use.

2.2. Experiment Animals and Diets

All animal protocols were approved by the Institutional Animal Care and Use Committee of the
National Academy of Agricultural Science (reference number: NAS-1007). Female Sprague-Dawley
rats (7 weeks old) were obtained from Orient Bio Inc. (Seongnam, Korea), housed at a constant
temperature of 22 ◦C, and exposed to a 12/12 h (light/dark) cycle. After adaptation for 1 week, the rats
were subjected to a sham operation or ovariectomized. After 3 weeks, the rats were assigned to
the three following groups: sham-operated + HFD (S group); ovariectomized + HFD (OVX group);
and ovariectomized + HFD with 0.5% aqueous A. pilosa extract (OVX + 0.5A group). Aqueous A. pilosa
extract was mixed with the diet. The rats in each group were maintained on these experimental diets
for 4 weeks. The composition of each diet is shown in Supplementary Table S1. Water and food were
provided ad libitum, and food intake and body weights were measured. Food-efficiency ratio (FER)
was calculated using the following formula: weight gain (g/day)/food intake (g/day).

2.3. Blood and Tissue Collection for Biochemical Analysis

After the rats were on the experimental diets for 4 weeks, blood samples were obtained via heart
puncture under anesthesia using carbon dioxide (CO2) gas, and serum was collected by centrifugation
at 1500× g for 15 min at 4 ◦C and stored at −70 ◦C until analysis. Liver and adipose fat tissue was
collected as described previously [19].
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2.4. Biochemical Serum Analysis

Serum glucose, triacylglycerol (TG), total cholesterol, and high-density lipoprotein cholesterol
(HDL cholesterol) were determined using enzyme assay kits obtained from Asan Pharmaceutical
(Yongin, Korea), according to the manufacturer’s protocols. Low-density lipoprotein (LDL) cholesterol
level was calculated by the Friedewald equation [20] that estimates LDL cholesterol as (total cholesterol)
– (HDL cholesterol) – (TG/5) in mg/dL. Free fatty acids were measured using a commercial kit (Zen-Bio
Inc., Durham, NC, USA). The serum concentrations of adiponectin, leptin, and insulin were determined
using a Rat Endocrine Lincoplex Kit (catalog number RENDO-85K, Linco Research, St. Charles,
MO, USA) for Luminex according to the manufacturer’s protocol. The assays were performed in
duplicate (n = 9 or 10).

2.5. Real-Time Quantitative Reverse Transcription PCR

Total RNA was isolated from hepatic tissue using an RNeasy Microarray Tissue Kit (Qiagen,
Valencia, CA, USA), and RNA integrity (RIN > 9.0) was assessed using a Bioanalyzer 2100 (Agilent
Technologies, Santa Clara, CA, USA) as described previously [19]. The Rat Fatty Liver PCR Array (SA
Biosciences, Frederick, MD, USA) was used to profile differentially expressed genes in accordance
with the manufacturer’s instructions. The complete list of genes assayed on the array is provided on
the manufacturer’s website (https://geneglobe.qiagen.com/product-groups/rt2-profiler-pcr-arrays).
Data were normalized using lactate dehydrogenase A (LDH) as endogenous control, and fold changes
in expression were calculated using the 2−∆∆CT method.

2.6. Liver Histology

Liver tissue was fixed with 10% neutral buffered formalin and embedded in paraffin. Sections
were cut and stained with hematoxylin and eosin (H&E). Images were obtained using an Olympus AX
70 camera (Center Valley, PA, USA). Hepatic steatosis was graded as 0 (fatty hepatocytes occupying
<5%), 1 (fatty hepatocytes occupying 5–33%), 2 (fatty hepatocytes occupying 34–66%), or 3 (fatty
hepatocytes occupying >66%), in terms of the percentages of hepatic lipids [21].

2.7. Statistical Analysis

Data are shown as the mean ± standard error (SE). Statistical comparisons were performed by
one-way analysis of variance followed by Duncan’s multiple-range tests. Differences were considered
statistically significant when the p-value was less than 0.05. All statistical analyses were conducted
using SPSS software, version 21.0 (IBM Corp., Armonk, NY, USA).

3. Results

3.1. Effects of A. pilosa on Body Weight, Food Intake, Food-Efficiency Ratio (FER), and Organ Weight

Body weight, food intake, and FER are presented in Table 1. After 4 weeks on the assigned diets,
the rats in the ovariectomized groups weighed significantly more than those in the S group. However,
there was no significant difference between the OVX and OVX + 0.5A groups. Although dietary intake
was significantly increased in the ovariectomized rats, food intake did not significantly differ between
the OVX and OVX + 0.5A groups throughout the experiment period. A. pilosa supplementation did
not significantly change body weight and food intake.

https://geneglobe.qiagen.com/product-groups/rt2-profiler-pcr-arrays
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Table 1. Effects of A. pilosa on body weight, weight gain, food intake, and FER of rats.

S 1 OVX OVX + 0.5A

Initial body weight (BW), g 276.2 ± 2.8 2,NS,3 276.2 ± 2.8 276.2 ± 2.8
OVX (at 0 week) BW, g 288.5 ± 6.6 b 334.3 ± 6.4 a 338.0 ± 8.4 a

Final BW (after 4 weeks), g 336.6 ± 11.8 b 393.8 ± 9.1 a 389.4 ± 6.1 a

Weight gain (after 4 weeks), g 48.1 ± 8.3 NS 59.5 ± 5.7 58.5 ± 4.6
Intake (for 4 weeks), g/d 18.3 ± 0.7 b 21.0 ± 0.6 a 20.9 ± 0.7 a

FER 4 (for 4 weeks) 0.09 ± 0.01 NS 0.10 ± 0.01 0.11 ± 0.01
1Abbreviations: S, sham-operated + high-fat diet (HFD); OVX, ovariectomized + HFD; OVX + 0.5A, ovariectomized
+ HFD with 0.5% aqueous Agrimonia pilosa extract; NS, not significant; FER, food-efficiency ratio. 2Data shown
expressed as mean ± standard error (SE) of 9–10 rats per group. 3Values with different superscripted letters within
same row were significantly different at p < 0.05, as determined by Duncan’s multiple-range test. NS: p ≥ 0.05.
4FER = weight gain (g/day)/food intake (g/day).

Supplementary Table S2 shows the liver- and adipose-fat-tissue weights of the rats. The OVX
group showed significant increases in liver and adipose-fat weights compared to those of the S group.
Although there was no statistical significance, the OVX + 0.5A group showed a tendency toward
decreased liver weight compared to that found for the OVX group.

3.2. Effects of A. pilosa on Serum Lipid Levels

The levels of serum TG, cholesterol, free fatty acids (FFAs), and atherogenic index (AI) are shown
in Table 2. Serum total cholesterol and LDL cholesterol levels showed a tendency to decrease in
the A. pilosa-supplemented group. In the OVX + 0.5A group, serum FFA concentration significantly
decreased compared to that of the S group. In addition, the AI value was significantly lower in the
OVX + 0.5A group than that in the OVX group.

Table 2. Effect of A. pilosa on serum lipid levels.

S 1 OVX OVX + 0.5A

TG, mg/dL 71.80 ± 2.14 2,NS,3 69.69 ± 12.18 60.00 ± 2.06
Total cholesterol, mg/dL 115.23 ± 6.22 NS 163.85 ± 36.95 121.17 ± 12.49
HDL cholesterol, mg/dL 18.08 ± 1.11 b 32.24 ± 3.53 a 37.03 ± 3.28 a

LDL cholesterol, mg/dL 81.25 ± 7.78 NS 120.84 ± 35.09 69.21 ± 12.74
Free fatty acid, µM 205.26 ± 10.82 a 192.09 ± 35.53 a,b 128.97 ± 18.63 b

AI 4 5.55 ± 1.14 a 5.97 ± 1.45 a 1.89 ± 0.35 b

1Abbreviations: S, sham-operated + HFD; OVX, ovariectomized + HFD; OVX+0.5A, ovariectomized + HFD with
0.5% aqueous A. pilosa extract; TG, triacylglycerol; HDL, high-density lipoprotein; LDL, low-density lipoprotein; NS,
not significant; AI, atherogenic index. 2Data shown expressed as mean ± SE of 9–10 rats per group. 3Values with
different superscripted letters within same row were significantly different at p < 0.05, as determined by Duncan’s
multiple-range test. NS: p ≥ 0.05. 4 AI = [(Total cholesterol)–(HDL cholesterol)]/(HDL cholesterol).

3.3. Effects of A. pilosa on Serum Metabolic Parameters

Serum metabolic parameters such as insulin, glucose, leptin, and adiponectin did not show
significant differences between the S and OVX groups. A. pilosa supplementation significantly affected
fasting blood glucose levels (Table 3). Serum glucose concentration decreased by 26% in the OVX +

0.5A group compared that in the OVX group. Serum insulin and adiponectin levels were higher in the
OVX + 0.5A than those in the OVX group. However, A. pilosa supplementation did not significantly
affect serum leptin concentration.

3.4. Effect of A. pilosa on Hepatic Steatosis

The effect of A. pilosa supplementation on lipid accumulation is shown in Figure 1. H&E staining
demonstrated that few lipid droplets in the liver were observed when the rats were administered an HFD
for 4 weeks without ovariectomy (Figure 1a, left), whereas the ovariectomized rats fed an HFD showed
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noticeable lipid-droplet formation in the liver (Figure 1a, middle). A. pilosa supplementation decreased
lipid-droplet formation when compared with ovariectomized rats fed an HFD (Figure 1a, right).

Table 3. Effect of A. pilosa on serum metabolic parameters.

S 1 OVX OVX + 0.5A

Insulin, pM 322.05 ± 35.51 2,b,3 462.88 ± 58.43 b 765.33 ± 104.24 a

Glucose, mg/dL 163.12 ± 12.58 a,b 193.86 ± 18.00 a 143.70 ± 8.53 b

Leptin, pM 548.9 ± 59.9 2,NS,3 728.3 ± 158.3 736.7 ± 54.9
Adiponectin, µg/mL 13.34 ± 1.44 b 11.99 ± 1.57 b 20.75 ± 2.73 a

1Abbreviations: S, sham-operated + HFD; OVX, ovariectomized + HFD; OVX + 0.5A, ovariectomized + HFD with
0.5% aqueous A. pilosa extract; NS, not significant. 2Data shown expressed as mean ± SE of 9–10 rats per group.
3Values with different superscripted letters within same row were significantly different at p < 0.05, as determined
by Duncan’s multiple-range test. NS: p ≥ 0.05.
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Figure 1. Effect of A. pilosa supplementation on hepatic steatosis in OVX rats fed an HFD. (a) 
Photomicrographs of hematoxylin and eosin-stained liver from representative rats in (left) S, (middle) 
OVX, and (right) OVX + 0.5A groups (×400). (b) Percentages of rats with each hepatic-steatosis grade 
(0–3 scale) for each group. Hepatic steatosis graded as 0 (fatty hepatocytes occupying <5% of hepatic 
lipids), 1 (fatty hepatocytes occupying 5%–33%), 2 (fatty hepatocytes occupying 34%–66%), or 3 (fatty 
hepatocytes occupying >66%). Abbreviations: S, sham-operated + HFD; OVX, ovariectomized + HFD; 
OVX+0.5A, ovariectomized + HFD with 0.5% aqueous A. pilosa extract. 

Figure 1. Effect of A. pilosa supplementation on hepatic steatosis in OVX rats fed an HFD. (a) Photomicrographs
of hematoxylin and eosin-stained liver from representative rats in (left) S, (middle) OVX, and (right) OVX +

0.5A groups (×400). (b) Percentages of rats with each hepatic-steatosis grade (0–3 scale) for each group. Hepatic
steatosis graded as 0 (fatty hepatocytes occupying <5% of hepatic lipids), 1 (fatty hepatocytes occupying
5–33%), 2 (fatty hepatocytes occupying 34–66%), or 3 (fatty hepatocytes occupying >66%). Abbreviations: S,
sham-operated + HFD; OVX, ovariectomized + HFD; OVX+0.5A, ovariectomized + HFD with 0.5% aqueous
A. pilosa extract.

3.5. Effects of A. pilosa Supplementation on Lipid-Metabolism-Related Gene Expression

To clarify the mechanisms through which A. pilosa supplementation resulted in an improvement
of fatty liver, the relative mRNA levels of fatty liver-related genes were investigated. As shown
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in Figure 2, the expression levels of lipogenesis-metabolism-related genes, including acetyl-coenzyme
A carboxylase alpha (Acaca), fatty acid synthase (Fas), and 3-hydroxy-3-methylglutaryl-coenzyme A
reductase (Hmgcr) were significantly lower in the OVX + 0.5A group than those in the OVX group.
However, A. pilosa supplementation did not suppress expression of peroxisome proliferator-activated
receptor γ (Pparg).

Nutrients 2020, 12, x FOR PEER REVIEW 6 of 10 

 

3.5. Effects of A. pilosa Supplementation on Lipid-Metabolism-Related Gene Expression 

To clarify the mechanisms through which A. pilosa supplementation resulted in an improvement 
of fatty liver, the relative mRNA levels of fatty liver-related genes were investigated. As shown in 
Figure 2, the expression levels of lipogenesis-metabolism-related genes, including acetyl-coenzyme 
A carboxylase alpha (Acaca), fatty acid synthase (Fas), and 3-hydroxy-3-methylglutaryl-coenzyme A 
reductase (Hmgcr) were significantly lower in the OVX + 0.5A group than those in the OVX group. 
However, A. pilosa supplementation did not suppress expression of peroxisome proliferator-activated 
receptor γ (Pparg). 

 
Figure 2. Effects of A. pilosa on differential expression of lipogenesis-related genes (a–d) in fatty liver 
PCR array. Fas, fatty acid synthase; Hmgcr, 3-hydroxy-3-methylglutaryl-coenzyme A reductase; 
Pparg, peroxisome proliferator-activated receptor γ; Acaca, acetyl-coenzyme A carboxylase alpha; S, 
sham-operated + HFD; OVX, ovariectomized + HFD; OVX+0.5A, ovariectomized + HFD with 0.5% 
aqueous A. pilosa extract. Data shown were normalized to Ct value of lactate dehydrogenase A (LDH), 
and are expressed as mean ± SE of 4 rats per group. Values with different superscripted letters (a,b) 
within same graph were significantly different at p < 0.05, as determined by Duncan’s multiple-range test. 

4. Discussion 

The present study confirmed that A. pilosa has antihyperglycemic and hepatoprotective effects 
against abnormal metabolism induced by estrogen deficiency in rats fed an HFD. In this study, the 
OVX group had significantly higher body and liver weights, and elevated fasting blood glucose levels 
compared to those reported for the S group. However, dietary A. pilosa supplementation significantly 
decreased blood glucose levels, while elevating blood adiponectin and insulin concentrations. Serum 
TC and LDL-C levels in the OVX + 0.5A group were reduced, although differences were not 
statistically significant. Consequently, AI was significantly lower in the OVX + 0.5A group than that 
in the OVX group. The effects on serum lipids observed in the OVX + 0.5A group were associated 
with reduced hepatic steatosis relative to that seen in the OVX group. Hepatic fat accumulation and 
gene expression related to the regulation of lipid synthesis were suppressed by A. pilosa 
supplementation. 

OVX rats fed an HFD showed excessive hepatic TG accumulation. Liver-fat accumulation was 
markedly greater in HFD-fed estrogen-receptor-deficiency model rats than that in HFD-fed control 

Figure 2. Effects of A. pilosa on differential expression of lipogenesis-related genes (a–d) in fatty
liver PCR array. Fas, fatty acid synthase; Hmgcr, 3-hydroxy-3-methylglutaryl-coenzyme A reductase;
Pparg, peroxisome proliferator-activated receptor γ; Acaca, acetyl-coenzyme A carboxylase alpha;
S, sham-operated + HFD; OVX, ovariectomized + HFD; OVX+0.5A, ovariectomized + HFD with
0.5% aqueous A. pilosa extract. Data shown were normalized to Ct value of lactate dehydrogenase
A (LDH), and are expressed as mean ± SE of 4 rats per group. Values with different superscripted
letters (a,b) within same graph were significantly different at p < 0.05, as determined by Duncan’s
multiple-range test.

4. Discussion

The present study confirmed that A. pilosa has antihyperglycemic and hepatoprotective effects
against abnormal metabolism induced by estrogen deficiency in rats fed an HFD. In this study, the OVX
group had significantly higher body and liver weights, and elevated fasting blood glucose levels
compared to those reported for the S group. However, dietary A. pilosa supplementation significantly
decreased blood glucose levels, while elevating blood adiponectin and insulin concentrations. Serum TC
and LDL-C levels in the OVX + 0.5A group were reduced, although differences were not statistically
significant. Consequently, AI was significantly lower in the OVX + 0.5A group than that in the OVX
group. The effects on serum lipids observed in the OVX + 0.5A group were associated with reduced
hepatic steatosis relative to that seen in the OVX group. Hepatic fat accumulation and gene expression
related to the regulation of lipid synthesis were suppressed by A. pilosa supplementation.

OVX rats fed an HFD showed excessive hepatic TG accumulation. Liver-fat accumulation was
markedly greater in HFD-fed estrogen-receptor-deficiency model rats than that in HFD-fed control
rats [22]. However, A. pilosa supplementation tended to reduce liver weight and prevent hepatic lipid
accumulation in ovariectomized rats fed an HFD. Hepatic lipid turnover is regulated through enzymes
and transcription factors related to lipogenesis and fat oxidation [23]. To clarify the mechanisms
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through which A. pilosa resulted in improved fatty liver, the relative mRNA expression levels of fatty
liver-related genes were investigated. A. pilosa significantly decreased the mRNA expression levels
of lipid-anabolism-related genes including Acaca, Fas, and Hmgcr, whereas it showed no effect on
genes involved in ß-oxidation such as acyl-CoA-dehydrogenase and carnitine palmitoyltransferase
1A (Supplementary Table S3). Acaca, Fas, and Hmgcr catalyze rate-limiting steps in fatty acid and
cholesterol synthesis. Therefore, suppressing the expression of these genes could have helped prevent
hepatic steatosis in the ovariectomized rats. Previous findings suggested that increased hepatic
steatosis is strongly related to metabolic abnormalities, including insulin resistance, suggesting that
the inhibition of hepatic fat accumulation by A. pilosa could help to prevent hyperglycemia [24].

In this study, the OVX group showed a tendency to increase fasting blood glucose levels compared
to the S-group rats, implying that glucose metabolism in postmenopausal women may be impaired
by estrogen deficiency. We observed that the blood glucose levels of rats in the OVX + 0.5A group
were significantly lower than those in the OVX group. In addition, A. pilosa effectively decreased
the concentration of serum FFAs, indicating that A. pilosa could ameliorate glucose metabolism in
ovariectomized rats. Elevated concentrations of blood FFAs, also known as nonesterified fatty acids,
are related to insulin resistance [25]. Because insulin suppresses FFA release from adipose tissue,
insulin-resistant adipose tissue is associated with increased blood FFA levels. Therefore, our results
suggested that A. pilosa may be used to improve hyperglycemia after menopause.

The developmental mechanism of nonalcoholic fatty liver disease (NAFLD) is considered to be
primarily related to insulin resistance via the roles of inflammatory cytokines and adipocytokines
(e.g., adiponectin and leptin) [24]. Specifically, blood adiponectin levels have been negatively correlated
with histological parameters and metabolic indicators in patients with NAFLD [26]. Adiponectin,
which is an antidiabetic adipocytokine, has been reported to be significantly lower in NAFLD
patients [27,28]. It is well known that adiponectin performs insulin-sensitizing actions such as inhibiting
gluconeogenesis, blocking de novo lipogenesis, and activating fatty acid oxidation in the liver [29].
A negative association has also been found between serum adiponectin concentration and the degree
of hepatic steatosis. Adiponectin acts via two distinct adiponectin receptors (ADNRs), i.e., ADNR-1
and ADNR-2, and insulin sensitizers, including rosiglitazone, exert activity by upregulating hepatic
ADNRs [30]. In the present study, although A. pilosa did not affect the expression of ADNRs in the
liver (Supplementary Table S3), A. pilosa supplementation markedly ameliorated hepatic steatosis by
increasing blood adiponectin levels.

OVX-induced metabolic disturbance is associated with impaired glucose homeostasis. Moreover,
ovariectomy and diabetes exaggerated insulin resistance while reducing adiponectin levels in serum
and adipose tissue [31]. Generally, adiponectin improves insulin sensitivity, which is associated
with low blood insulin and the homeostasis model assessment of insulin resistance (HOMA-IR)
index. However, our results showed that both adiponectin and insulin concentrations in the OVX
+ 0.5A group were significantly elevated compared to those in the OVX group. Rao et al. showed
that adiponectin can increase insulin secretion in MIN6 cells [32]. Moreover, globular adiponectin
supplementation increased insulin secretion and decreased glucose levels in rats with Type 2 diabetes
and NAFLD [33]. Several medicinal-herb extracts showed hypoglycemic effects that promoted insulin
secretion, in accordance with our results [34,35]. A. pilosa extracts improved insulin resistance in
rats fed an HFD, while decreasing blood insulin and HOMA-IR, in our previous study [19]. Further
studies are needed to understand the molecular mechanisms of the insulin secretory effect of A. pilosa
aqueous extract.

In our previous study, we reported estrogen-like activity in aqueous A. pilosa extract containing
apigenin-glucuronide and luteolin-glucuronide as major flavonoids [17]. These conjugated flavonoids
were suggested to be the most active constituents in herbal extracts with estrogenic activity [36]. A recent
study reported that long-term supplementation of low doses of apigenin could improve HFD-induced
comorbidity through metabolic and transcriptional regulation in the liver [37]. It is predicted that the
ameliorating effects of A. pilosa supplementation on hyperglycemia and hepatic steatosis are likely
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attributable to these flavonoids contained within the plant. However, a limitation of the present
study was that we did not analyze the estrogenic activities of A. pilosa such as estrogen-receptor
activation and the uterotrophic effect in the experiment model of postmenopausal metabolic syndrome.
Further studies to isolate and characterize the functionality of each compound derived from A. pilosa are
needed. It is also necessary to investigate the impact of A. pilosa on postmenopausal women’s health.

5. Conclusions

In conclusion, A. pilosa augmented serum insulin and adiponectin levels, prevented hyperglycemia,
decreased serum FFAs, regulated hepatic expression of lipogenesis-related genes, and improved hepatic
steatosis in ovariectomized rats. These results suggested that A. pilosa may be a potential healthful
food option for postmenopausal women who are characterized by estrogen-deficiency-associated
metabolic abnormalities.
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complications with dietary phytoestrogens. Nutrients 2020, 12, 582. [CrossRef] [PubMed]

http://www.mdpi.com/2072-6643/12/6/1631/s1
http://dx.doi.org/10.1001/archinte.164.5.479
http://www.ncbi.nlm.nih.gov/pubmed/15006822
http://dx.doi.org/10.1210/jc.2003-030242
http://www.ncbi.nlm.nih.gov/pubmed/12788835
http://dx.doi.org/10.1097/00042192-200512010-00005
http://www.ncbi.nlm.nih.gov/pubmed/15668595
http://dx.doi.org/10.3390/molecules23010194
http://dx.doi.org/10.7326/0003-4819-117-12-1016
http://dx.doi.org/10.1001/jama.2013.278040
http://dx.doi.org/10.1023/A:1008909128110
http://dx.doi.org/10.1001/jama.297.13.1465
http://dx.doi.org/10.1016/j.yfrne.2010.03.003
http://dx.doi.org/10.1001/archinte.161.9.1161
http://dx.doi.org/10.3390/nu12020582
http://www.ncbi.nlm.nih.gov/pubmed/32102233


Nutrients 2020, 12, 1631 9 of 10

12. Noh, D.; Lim, Y.; Lee, H.; Kim, H.; Kwon, O. Soybean-hop alleviates estrogen deficiency-related bone loss
and metabolic dysfunction in ovariectomized rats fed a high-fat diet. Molecules 2018, 23, 1205. [CrossRef]
[PubMed]

13. Tanaka, T.; Yokota, Y.; Tang, H.; Zaima, N.; Moriyama, T.; Kawamura, Y. Anti-hyperglycemic effect of a kudzu
(Pueraria lobata) vine extract in ovariectomized mice. J. Nutr. Sci. Vitaminol. 2016, 62, 341–349. [CrossRef]
[PubMed]

14. Miyamoto, K.; Kishi, N.; Koshiura, R. Antitumor effect of agrimoniin, a tannin of Agrimonia pilosa Ledeb.,
on transplantable rodent tumors. Jpn. J. Pharmacol. 1987, 43, 187–195. [CrossRef]

15. He, C.; Ji, X.; Pan, Y.; Wang, H.; Wang, K.; Liang, M.; Yang, L. Antioxidant activity of alcoholic extract of
Agrimonia pilosa Ledeb. Med. Chem. Res. 2010, 19, 448–461. [CrossRef]

16. Jung, C.H.; Kim, J.H.; Park, S.; Kweon, D.H.; Kim, S.H.; Ko, S.G. Inhibitory effect of Agrimonia pilosa
Ledeb. on inflammation by suppression of iNOS and ROS production. Immunol. Investig. 2010, 39, 159–170.
[CrossRef]

17. Lee, Y.M.; Kim, J.B.; Bae, J.H.; Lee, J.S.; Kim, P.-S.; Jang, H.H.; Kim, H.R. Estrogen-like activity of aqueous
extract from Agrimonia pilosa Ledeb. in MCF-7 cells. BMC Complement Med. Ther. 2012, 12, 260. [CrossRef]

18. Kim, S.M.; Lee, Y.M.; Kim, M.J.; Nam, S.Y.; Kim, S.H.; Jang, H.H. Effects of Agrimonia pilosa Ledeb. water
extract on α-glucosidase inhibition and glucose uptake in C2C12 skeletal muscle cells. Korean J. Food Nutr.
2013, 26, 806–813. [CrossRef]

19. Jang, H.H.; Nam, S.Y.; Kim, M.J.; Kim, J.B.; Choi, J.S.; Kim, H.R.; Lee, Y.M. Agrimonia pilosa Ledeb. aqueous
extract improves impaired glucose tolerance in high-fat diet-fed rats by decreasing the inflammatory response.
BMC Complement Altern. Med. 2017, 17, 442. [CrossRef]

20. Friedewald, W.T.; Levy, R.I.; Fredrickson, D.S. Estimation of the concentration of low-density lipoprotein
cholesterol in plasma, without use of the preparative ultracentrifuge. Clin Chem 1972, 18, 499–502. [CrossRef]

21. Kleiner, D.; Brunt, E.; Van Natta, M.f.; Behling, C.; Contos, M.; Cummings, O.; Ferrell, L.; Liu, Y.; Torbenson, M.;
Unalp-Arida, A.J.; et al. Design and validation of a histological scoring system for nonalcoholic fatty liver
disease. Hepatology 2005, 41, 1313–1321. [CrossRef] [PubMed]

22. Hart-Unger, S.; Arao, Y.; Hamilton, K.J.; Lierz, S.L.; Malarkey, D.E.; Hewitt, S.C.; Freemark, M.; Korach, K.S.
Hormone signaling and fatty liver in females: Analysis of estrogen receptor α mutant mice. Int J Obes 2017,
41, 945–954. [CrossRef] [PubMed]

23. Seo, Y.-J.; Lee, K.; Song, J.-H.; Chei, S.; Lee, B.-Y. Ishige okamurae extract suppresses obesity and hepatic
steatosis in high fat diet-induced obese mice. Nutrients 2018, 10, 1802. [CrossRef] [PubMed]

24. Polyzos, S.A.; Kountouras, J.; Zavos, C. Nonalcoholic fatty liver disease: The pathogenetic roles of insulin
resistance and adipocytokines. Curr. Mol. Med. 2009, 9, 299–314. [CrossRef]

25. Frayn, K.N. Insulin resistance, impaired postprandial lipid metabolism and abdominal obesity.
Med. Princ. Pract. 2002, 11, 31–40. [CrossRef]

26. Savvidou, S.; Hytiroglou, P.; Orfanou-Koumerkeridou, H.; Panderis, A.; Frantzoulis, P.; Goulis, J. Low serum
adiponectin levels are predictive of advanced hepatic fibrosis in patients with NAFLD. J. Clin. Gastroenterol.
2009, 43, 765–772. [CrossRef]

27. Pagano, C.; Soardo, G.; Esposito, W.; Fallo, F.; Basan, L.; Donnini, D.; Federspil, G.; Sechi, L.A.; Vettor, R.
Plasma adiponectin is decreased in nonalcoholic fatty liver disease. Eur. J. Endocrinol. 2005, 152, 113–118.
[CrossRef]

28. Targher, G.; Bertolini, L.; Scala, L.; Poli, F.; Zenari, L.; Falezza, G. Decreased plasma adiponectin concentrations
are closely associated with nonalcoholic hepatic steatosis in obese individuals. Clin. Endocrinol. 2004, 61,
700–703. [CrossRef]

29. Polyzos, S.A.; Kountouras, J.; Zavos, C.; Tsiaousi, E. The role of adiponectin in the pathogenesis and treatment
of non-alcoholic fatty liver disease. Diabetes Obes. Metab. 2010, 12, 365–383. [CrossRef]

30. Li, J.; Xue, Y.M.; Zhu, B.; Pan, Y.H.; Zhang, Y.; Wang, C.; Li, Y. Rosiglitazone elicits an adiponectin-mediated
insulin-sensitizing action at the adipose tissue-liver axis in Otsuka Long-Evans Tokushima fatty rats.
J. Diabetes Res. 2018, 2018, 4627842. [CrossRef]

31. Tawfik, S.H.; Mahmoud, B.F.; Saad, M.I.; Shehata, M.; Kamel, M.A.; Helmy, M.H. Similar and additive effects
of ovariectomy and diabetes on insulin resistance and lipid metabolism. Biochem. Res. Int. 2015, 2015, 567945.
[CrossRef] [PubMed]

http://dx.doi.org/10.3390/molecules23051205
http://www.ncbi.nlm.nih.gov/pubmed/29772836
http://dx.doi.org/10.3177/jnsv.62.341
http://www.ncbi.nlm.nih.gov/pubmed/27928122
http://dx.doi.org/10.1254/jjp.43.187
http://dx.doi.org/10.1007/s00044-009-9201-0
http://dx.doi.org/10.3109/08820130903501790
http://dx.doi.org/10.1186/1472-6882-12-260
http://dx.doi.org/10.9799/ksfan.2013.26.4.806
http://dx.doi.org/10.1186/s12906-017-1949-z
http://dx.doi.org/10.1093/clinchem/18.6.499
http://dx.doi.org/10.1002/hep.20701
http://www.ncbi.nlm.nih.gov/pubmed/15915461
http://dx.doi.org/10.1038/ijo.2017.50
http://www.ncbi.nlm.nih.gov/pubmed/28220039
http://dx.doi.org/10.3390/nu10111802
http://www.ncbi.nlm.nih.gov/pubmed/30463291
http://dx.doi.org/10.2174/156652409787847191
http://dx.doi.org/10.1159/000066414
http://dx.doi.org/10.1097/MCG.0b013e31819e9048
http://dx.doi.org/10.1530/eje.1.01821
http://dx.doi.org/10.1111/j.1365-2265.2004.02151.x
http://dx.doi.org/10.1111/j.1463-1326.2009.01176.x
http://dx.doi.org/10.1155/2018/4627842
http://dx.doi.org/10.1155/2015/567945
http://www.ncbi.nlm.nih.gov/pubmed/25834745


Nutrients 2020, 12, 1631 10 of 10

32. Rao, J.R.; Keating, D.J.; Chen, C.; Parkington, H.C. Adiponectin increases insulin content and cell proliferation
in MIN6 cells via PPARγ-dependent and PPARγ-independent mechanisms. Diabetes Obes. Metab. 2012, 14,
983–989. [CrossRef] [PubMed]

33. Ma, H.; Cui, F.; Dong, J.J.; You, G.P.; Yang, X.J.; Lu, H.D.; Huang, Y.L. Therapeutic effects of globular
adiponectin in diabetic rats with nonalcoholic fatty liver disease. World J. Gastroenterol. 2014, 20, 14950.
[CrossRef] [PubMed]

34. Fortis-Barrera, M.d.l.Á.; Alarcón-Aguilar, F.J.; Becerril-García, A.; Flores-Sáenz, J.L.E.; Almanza-Pérez, J.C.;
García-Lorenzana, M.; Lazzarini-Lechuga, R.C.; Román-Ramos, R.; Blancas-Flores, G. Mechanism of the
hypoglycemic activity and hepatoprotective effect of the aqueous extract of Cecropia obtusifolia Bertol.
J. Food Med. 2019. [CrossRef]

35. Lee, H.R.; Kim, J.E.; Goo, J.S.; Choi, S.I.; Hwang, I.S.; Lee, Y.J.; Son, H.J.; Lee, H.S.; Lee, J.S.; Hwang, D.Y.
Red Liriope platyphylla contains a large amount of polyphenolic compounds which stimulate insulin
secretion and suppress fatty liver formation through the regulation of fatty acid oxidation in OLETF rats.
Int. J. Mol. Med. 2012, 30, 905–913. [CrossRef]

36. Wielogorska, E.; Blaszczyk, K.; Chevallier, O.; Connolly, L. The origin of in-vitro estrogen-like activity in
oregano herb extracts. Toxicol. In Vitro 2019, 56, 101–109. [CrossRef]

37. Jung, U.J.; Cho, Y.-Y.; Choi, M.-S. Apigenin ameliorates dyslipidemia, hepatic steatosis and insulin resistance
by modulating metabolic and transcriptional profiles in the liver of high-fat diet-induced obese mice.
Nutrients 2016, 8, 305. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/j.1463-1326.2012.01626.x
http://www.ncbi.nlm.nih.gov/pubmed/22594400
http://dx.doi.org/10.3748/wjg.v20.i40.14950
http://www.ncbi.nlm.nih.gov/pubmed/25356056
http://dx.doi.org/10.1089/jmf.2019.0126
http://dx.doi.org/10.3892/ijmm.2012.1081
http://dx.doi.org/10.1016/j.tiv.2019.01.005
http://dx.doi.org/10.3390/nu8050305
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Preparation of Aqueous Extract from A. pilosa 
	Experiment Animals and Diets 
	Blood and Tissue Collection for Biochemical Analysis 
	Biochemical Serum Analysis 
	Real-Time Quantitative Reverse Transcription PCR 
	Liver Histology 
	Statistical Analysis 

	Results 
	Effects of A. pilosa on Body Weight, Food Intake, Food-Efficiency Ratio (FER), and Organ Weight 
	Effects of A. pilosa on Serum Lipid Levels 
	Effects of A. pilosa on Serum Metabolic Parameters 
	Effect of A. pilosa on Hepatic Steatosis 
	Effects of A. pilosa Supplementation on Lipid-Metabolism-Related Gene Expression 

	Discussion 
	Conclusions 
	References

