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Abstract: The present study aimed to investigate the molecular mechanisms underlying the
anti-obesity effect of flavonoid eriodictyol (ED) supplementation in mice fed with a high-fat diet
(HFD). C57BL/6N mice were fed with normal diet (ND), HFD (40 kcal% fat), or HFD + 0.005%
(w/w) ED for 16 weeks. In HFD-induced obese mice, dietary ED supplementation significantly
alleviated dyslipidemia and adiposity by downregulating the expression of lipogenesis-related genes
in white adipose tissue (WAT), while enhancing fecal lipid excretion. ED additionally improved
hepatic steatosis and decreased the production of pro-inflammatory cytokines by downregulating the
expression of hepatic enzymes and the genes involved in lipogenesis and upregulating the expression
of hepatic fatty acid oxidation-related enzymes and genes. In addition, ED improved insulin resistance
(IR) by suppressing hepatic gluconeogenesis, enhancing glucose utilization, and modulating the
production and release of two incretin hormones, namely gastric inhibitory polypeptide (GIP)
and glucagon-like peptide-1 (GLP-1). Taken together, the current findings indicated that ED can
protect against diet-induced obesity and related metabolic disturbances, including dyslipidemia,
inflammation, fatty liver disease, and IR in diet-induced obese mice.
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1. Introduction

High-fat food products are highly consumed, particularly in the United States, leading to high rates
of obesity, which represents one of the most severe burdens on healthcare systems. Obesity has been
closely linked to metabolic syndrome and is often accompanied by increased adiposity, dyslipidemia,
chronic inflammation, insulin resistance (IR), non-alcoholic fatty liver disease (NAFLD), and non-alcoholic
steatohepatitis (NASH) [1]. Although the mechanisms underlying abdominal obesity and metabolic
syndrome are not fully understood, the dysregulation of lipid metabolism in liver and white adipose tissue
(WAT) is considered a significant factor that contributes to adiposity and obesity-related complications [2].

Eriodictyol (ED) is a tetrahydroxyflavanone, a flavanone compound substituted by hydroxy
groups at positions 5,7, 3/, and 4. ED is abundantly produced by numerous medicinal plants, such as
Bauhinia ungulata [3], Arcytophyllum thymifolium [4], Elsholtzia bodinieri [5], and Clinopodium chinense [6].
ED exhibits anti-inflammatory and anti-oxidative activities and thus exerts protective effects on the
neurons, kidneys, and lungs [7]. Chronic inflammation is common in obese individuals and it is
strongly linked to insulin resistance [8]. These observations suggest that ED is probably effective in
preventing obesity and its complications. However, no evidence associated with the anti-obesity action
of ED has been reported so far, and the involved mechanisms are still not clear. Therefore, the present
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study was designed to elucidate the metabolic effects of ED in diet-induced obese (DIO) C57BL/6N
mice. The present study is the first to demonstrate that dietary ED attenuates obesity-mediated
metabolic disorders, including adiposity, dyslipidemia, inflammation, NAFLD, and IR in DIO mice.

2. Results

2.1. Eriodictyol Supplementation Reduced Body Fat and Deposition and Regulated Gene Expression in Adipocytes

Eriodictyol (ED) supplementation did not alter the body weight, food intake, and food efficiency
ratio (FER) in high-fat diet (HFD)-induced obese mice (Figure 1A-C). However, mice fed with the
ED-supplemented diet showed significant reduction in the weight of epididymal, mesenteric, visceral,
subcutaneous, interscapular, and total white adipose tissue (WAT), as well as reduced epididymal
adipocyte size (Figure 1D,E). Moreover, relative to mice in the HFD group, mice in the ED group
showed downregulated expression of adipocyte genes involved in lipid uptake (i.e., CD36, and LPL)
and lipogenesis (SREBP1, ACC, and SCD1) accompanied by upregulated expression of the UCP1 gene,
which is involved in FA oxidation (Figure 1F). However, mice in the HFD and the ED groups showed
no significant changes in the expression of ADRB3, CPT2, PGCla, PGC1p, and COX8p genes, which
are involved in fatty acid oxidation (Figure 1F).
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Figure 1. Effect of eriodictyol treatment on body weight (BW) (A), food intake (B), food efficiency
ratio (C), white adipose tissue (WAT) weights (D), WAT morphology (200x magnification) and
adipocyte cell size (E), and expression of adipocyte genes (F) in C57BL/6N mice fed with the high-fat
diet (HFD). Data are presented as means + SEM. Normal diet (ND; AIN-76) vs. HFD; *p<0.05,
" p<0.01," p<0.001. HFD vs. ED (HFD + 0.005% ED); § p < 0.05, 88 p < 0.01, 58 p < 0.001. Cd36,
cd antigen 36; LPL, lipoprotein lipoase; SREBP1, sterol regulatory element-binding transcription factor 1;
ACC, acetyl-CoA carboxylase; FAS, fatty acid synthase; SCD1, steroly-CoA desaturase 1; ADRB3,
adrenoreceptor 33; CPT2, carnitine palmitoyltransferase 2; PGC1, peroxisome proliperator-acivated
receptor y coactivator 1; COX8f3, cytochrome c oxidase subunit 83; UCP1, uncoupling protein 1.
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2.2. Eriodictyol Supplement Improved Plasma and Hepatic Lipid Levels, and Modulated the Expression of
Hepatic Lipid-Regulating Enzymes and Genes

The results revealed that ED supplementation in HFD-fed mice significantly reduced plasma
total-cholesterol (TC), triglyceride (TG), and free fatty acid (FFA) levels, as well as atherogenic index
(Al) and apolipoprotein B (ApoB) levels. In addition, ED-supplemented HFD-fed mice showed
markedly higher HDL-cholesterol-to-TC ratio (HTR) and ApoA-I/ApoB ratio (Figure 2).

Moreover, mice in the ED group showed dramatically reduced hepatic TG and FA levels, relative
to those in the HFD group, accompanied by markedly increased fecal excretion of cholesterol and
FA (Figure 3A,B). The results of hematoxylin and eosin (H&E) staining revealed that the sizes and
numbers of hepatic lipid droplets were decreased in the ED group compared to those in the HFD
group (Figure 3C). ED significantly decreased the enzymatic activity of malic enzyme (ME), fatty acid
synthase (FAS), and phosphatidate phosphohydrolase (PAP), and downregulated the gene expression
of SREBP1, ACC, and FAS, which are known to regulate lipogenesis, in the livers of HFD-fed mice.
In addition, ED markedly upregulated the expression of fatty acid oxidation-associated enzymes
(carnitine palmitoyltransferase (CPT) and 3-oxidation) and the PPAR« gene in the livers of HFD-fed
mice (Figure 3D,E).
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Figure 2. Effect of eriodictyol treatment on the plasma lipid levels in C57BL/6N mice fed with the
high-fat diet (HFD). Data are presented as means + SEM. Normal diet (ND; AIN-76) vs. HFD;
"p<005 " p <001, ™ p < 0.001. HFD vs. ED (HFD + 0.005% ED); § p < 0.05, 58 p < 0.001.
Total-C, total-cholesterol; HDL-C, high-density lipoprotein-cholesterol; TG, triglyceride; FFA, free
fatty acid; HTR, HDL-cholesterol-to-TC ratio; Al, atherogenic index; Apo, apolipoprotein.
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Figure 3. Effect of eriodictyol treatment on hepatic lipid levels (A), fecal lipid levels (B), hepatic morphology
(200x magnification) (C), activities of hepatic lipid-regulating enzymes (D), and expression of hepatic
genes (E) in C57BL/6N mice fed with the high-fat diet (HFD). Data are presented as means + SEM.
Normal diet (ND; AIN-76) vs. HFD; * p < 0.05, " p <0.01, ™ p < 0.001. HFD vs. ED (HFD + 0.005% ED);
§$p <0.05,5 p <0.01, 58 p < 0.001. ME, malic enzyme; G6PD, glucose-6-phosphate dehydrogenase; FAS,
fatty acid synthase; PAP, phosphatidate phosphohydrolase; CPT, carnitine palmitoyltransferase; SREBP1,
sterol regulatory element-binding transcription factor 1, ACC, acetyl-CoA carboxylase; PPAR«, peroxisome
proliferator-activated receptor o; PGClx, PPAR-y coactivator 1 «.
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2.3. Eriodictyol Supplementation Ameliorated Insulin Resistance, Glucose Tolerance, and Adipokine/Cytokine
Dysregulation

ED-supplemented mice showed significantly reduced plasma glucose and insulin levels relative
to mice in the HFD group (Figure 4A,B). Furthermore, ED-supplemented HFD mice showed improved
insulin resistance based on the results of an intraperitoneal glucose tolerance test (IPGTT) and a
homeostasis model assessment of insulin resistance (HOMA-IR) index relative to mice in the HFD
group (Figure 4C,D). Moreover, the ED supplementation significantly decreased the circulating
levels of the gastric inhibitory polypeptide (GIP), which stimulates insulin secretion; however, ED
supplementation increased the plasma levels of glucagon-like peptide-1 (GLP-1), which increases
insulin sensitivity and activity (Figure 4E). In addition, the expression of hepatic phosphoenolpyruvate
carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase) enzymes and their encoding genes (PCK
and G6PC) were significantly down-regulated, whereas hepatic glucokinase (GK) activity and insulin
receptor substrate 2 (IRS2) gene expression level was dramatically increased in the ED-supplemented
group compared to those in the HFD group (Figure 4EG).
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Figure 4. Effect of eriodictyol treatment on the plasma glucose (A) and insulin (B) levels, HOMA-IR (C),
glucose tolerance (D), plasma incretin hormones (E), activities of hepatic glucose-regulating enzyme (F),
and expression levels of hepatic glucose-regulating genes in C57BL/6N mice fed with the high-fat diet
(HFD). Data are presented as means £ SEM. Normal diet (ND; AIN-76) vs. HFD; * p <0.05, - p <0.001.
HFD vs. ED (HFD + 0.005% ED); § p < 0.05, 58 p < 0.01, 558 p < 0.001. HOMA-IR, homeostasis model
assessment of insulin resistance; GIP, gastric inhibitory polypeptide; GLP-1, glucagon-like peptide-1;
GK, glucokinase; PEPCK, phosphoenolpyruvate carboxykinase; G6Pase, glucose-6-phosphatase; PCK,
PEPCK; G6PC, G6Pase; IRS2, insulin receptor substrate 2.
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ED supplementation significantly reduced the plasma levels of pro-inflammatory cytokines,
including plasminogen activator inhibitor-1 (PAI-1), interferon y (IFN-y), and interleukin 1 3 (IL-1p3),
as well as adipokine leptin. Furthermore, ED supplementation increased the plasma levels of IL-10,
a cytokine with potent anti-inflammatory properties (Figure 5).
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Figure 5. Effect of eriodictyol treatment on the plasma adipokine and cytokine levels in C57BL/6N
mice fed with the high-fat diet (HFD). Data are presented as means £ SEM. Normal diet (ND; AIN-76)
vs. HFD; " p <0.05, " p <0.01, ™ p < 0.001. HFD vs. ED (HFD + 0.005% ED); § p < 0.05, 58 p < 0.01. PAI-1,
plasminogen activator inhibitor-1; IFN-y, interferon-gamma; IL, interleukin.

3. Discussion

HEFD is known to cause obesity, which is linked with a higher risk of metabolic complications,
such as dyslipidemia, adiposity, hepatic steatosis, chronic inflammation, and IR, through multiple
mechanisms. In the present study, long-term ED supplementation significantly attenuated the increase
in HFD-induced WAT weight without altering the food intake and body weight in HFD-fed mice.
Similar results were reported in a previous study [9], in which mice fed with a high-fat and high-sucrose
(HF/HS) with ED diet for 8 weeks showed no significant differences in body weight but showed
a moderate reduction in the weights of perirenal and epididymal fat relative to the HF/HS group.
Furthermore, ED supplementation significantly downregulated the expression of the adipocyte genes
involved in FA uptake (CD36 and LPL) and lipogenesis (SREBP1, FAS, and SCD), which could be
associated with reduced adiposity observed in ED-fed obese mice.

Multiple epidemiologic studies have investigated the effects of HFD on NAFLD and
obesity [10,11]. Furthermore, the metabolic profiles of the majority of patients with obesity and
metabolic syndrome (MS), which includes NAFLD and dyslipidemia, were found to be characterized
by high TC, LDL-C, TG, and FFA, and low HDL-C levels [12]. In this respect, dyslipidemia is closely
linked to obesity, NAFLD, and MS. NAFLD is characterized by increased circulating concentrations
of FFAs, excess lipid accumulation in the liver, hepatocyte apoptosis, and progressive inflammation.
Inflammation significantly contributes to fibrogenesis, leading to NASH, a severe form of NAFLD.
In the present study, ED supplementation was found to reduce the plasma levels of TC, TG, and FFA
and decrease the atherogenic index, indicating improved dyslipidemia. Notably, ED supplementation
significantly increased fecal excretion of cholesterol and FA, which appeared to promote the beneficial
effects of ED on dyslipidemia by suppressing the absorption of exogenous fats. In addition to
improving dyslipidemia, ED markedly reduced hepatic lipid droplet accumulation and lipid content
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(TG and FA). Higher FFA plasma levels were found to induce FFA accumulation in hepatocytes by
increasing hepatic fatty acid uptake, which interferes with lipid metabolism and enhances lipogenesis,
thereby leading to the progression of NAFLD and lipotoxic hepatocellular injury [13]. In the present
study, ED not only significantly reduced hepatic lipogenesis by decreasing the activities of ME, FAS,
and PAP and downregulating the expression of the SREBP1, ACC, and FAS genes, but also markedly
increased the expression of enzymes (CPT and (3-oxidation) and the PPAR« gene, which regulates
fatty acid oxidation, in the liver of HFD-fed mice. The above findings suggested that the coordinated
action of increased fecal excretion of FA and cholesterol, attenuated dyslipidemia, decreased hepatic
lipogenesis, and enhanced hepatic fatty acid oxidation by ED supplementation appeared to attenuate
hepatic steatosis. Furthermore, ED decreased the levels of plasma pro-inflammatory cytokines,
including PAI-1, IFN-y, and IL-1$3, and increased the anti-inflammatory cytokine IL-10 level in the
plasma, suggesting that ED exerts a protective role against the development of NASH/NAFLD.

NAFLD with adiposity and dyslipidemia are strongly associated with IR [14]. Moreover, IR is one
of the multiple factors that influences disease progression from NAFLD to NASH [15]. In the present
study, we also observed that ED decreased the plasma glucose and insulin levels, thereby improving
IR based on IPGTT and the reduced HOMA-IR measurements. In addition, ED-supplemented HFD
mice showed dramatically reduced circulating GIP levels and higher plasma levels of GLP-1 relative
to the HFD mice. Between the two incretin hormones GIP and GLP-1, GIP is involved in lipid
metabolism, and elevated plasma GIP level promotes hyperinsulinemia and obesity-induced IR
development [16,17]. By contrast, GLP-1 exerts anti-inflammatory effects against NAFLD, and the
increase in GLP-1 secretion ameliorates IR in HFD-induced obese mice [16]. In the fasting state, glucose
production via gluconeogenesis is primarily regulated by the liver, and fasting hyperglycemia occurs
as a result of dysregulated expression of hepatic gluconeogenic enzymes and genes, such as PEPCK
and G6Pase [18]. Thus, the current findings indicated that the suppression of gluconeogenesis via
downregulation of the expression of hepatic PEPCK and G6Pase enzymes and their genes is associated
with improved insulin sensitivity and activity in ED-supplemented obese mice.

Moreover, ED supplementation significantly enhanced glucose utilization by increasing the
activity of hepatic GK, which is involved in glycolysis, and by upregulating hepatic IRS2 mRNA
expression. A previous study using IRS2~/~ mice suggested that IRS2-deficient mice developed
diabetes as a result of severe IR paired with (3-cell failure [19] and showed higher lipogenic enzyme
FAS and hepatic lipid levels [20]. Therefore, the above findings suggested that attenuation of NAFLD
by ED supplementation is partially linked with glucose homeostasis and leads to the prevention of
insulin insensitivity and IR.

Adiposity is linked with the production and release of several inflammatory mediators, which can
cause chronic low-grade inflammation and IR [21,22]. Leptin is an adipokine that is primarily expressed
in adipose tissue and plays a major role in body weight regulation. Leptin can modulate the production
of pro-inflammatory adipokines/cytokines [23]. Obesity and its associated complications, such as IR,
are associated with increased plasma leptin concentrations [24-26]. The above findings indicated that
leptin acts as a potential link between inflammation and IR. ED treatment significantly lowered plasma
levels of leptin and markedly decreased the levels of plasma pro-inflammatory cytokines, thereby
improving inflammation coupled with adiposity, which in turn prevents IR.

4. Materials and Methods

4.1. Experimental Animals and Diet

C57BL/6N mice (4 weeks old, male) were obtained from the Jackson Laboratory (Bar Harbor,
ME, USA). All mice were individually housed under controlled temperature conditions (24 °C) with
the 12 h light-dark cycle and fed with a normal chow diet for 1 week of acclimation. The mice were
then randomly assigned (n = 10 mice/group) to one of the following experimental diets for 16 weeks:
ND (AIN-76 purified diet), HFD (20% fat based on AIN-76 diet plus 1% cholesterol), or HFD with
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0.005% (w/w) of ED. The HFD contained 40 kcal% fat, 17 kcal% protein and 43 kcal% carbohydrate
with the fat sources consisting of lard (85% (w/w) of total fat) and corn oil (15% (w/w) of total fat).
At the end of the experimental period, the mice were anesthetized with isoflurane (5 mg/kg body
weight; Baxter, Deerfield, IL, USA) after 12 h of fasting. After blood collection to determine the plasma
lipid, adipokine, and hormone concentrations, liver and WAT tissues were removed, and samples were
rinsed with physiological saline, weighed, snap-frozen in liquid nitrogen, and stored at —70 °C until
enzymatic activity determination and/or RNA analysis. The animal study protocols were approved
by Kyungpook National University Ethics Committee (Approval No. KNU 2016-0040, April 18, 2016).

4.2. Blood Analysis

The plasma TC, HDL-C, TG, and glucose concentrations were determined using commercial
kits (Asan Pharm Co., Seoul, South Korea). The plasma FFA concentration was determined using a
commercial kit (Wako Chemicals, Osaka, Japan). The ApoA-I and ApoB100 levels were additionally
measured using enzymatic kits (Eiken Chemical Co., Tokyo, Japan). The non HDL-C, HTR, and Al
values were calculated as follows: non HDL-C = (TC) — (HDL-C); HTR (%) = (HDL-C) / (TC) x 100;
and Al = [(TC) — (HDL-C)] / (HDL-C). The plasma insulin, GIP, GLP-1, leptin, PAI-1, IFN-y, IL-1f3,
IL-6, and IL-10 levels were measured using a MILLIPLEX kit (Merck Millipore, Billerica, MA, USA).
HOMA-IR was calculated as (fasting glucose (mmol/L) x fasting insulin (uIU/mL))/22.5. For the
glucose tolerance test, mice were fasted for 12 h at 15 weeks after the start of the diet experiments
and then injected intraperitoneally with glucose (0.5 g/kg body weight). Blood glucose levels were
measured from the tail vein with a glucose analyzer (One Touch Ultra, Wayne, PA, USA) at 0, 30, 60,
and 120 min after glucose injection.

4.3. Hepatic and Fecal Lipid Contents

Hepatic and fecal lipids were extracted following the method of Folch et al. [27]. Fecal samples
from each group were collected daily for 1 week and subjected to lipid extraction. The dried hepatic
lipid residues were dissolved in 1 mL of ethanol for TG, cholesterol, and FA assays. Triton X-100 and
a sodium cholate solution in distilled water were added to 200 pL of the dissolved lipid solution for
emulsification. The fecal samples were dried and extracted in ice-cold chloroform and methanol (2:1,
v/v) for 24 h at 4 °C. After centrifugation at 900 g for 10 min, the supernatant was collected, dried
at 50 °C and dissolved in ethanol. Hepatic and fecal TG, cholesterol, and FA concentrations were
analyzed using the same enzymatic kits used for the plasma analyses.

4.4. Activities of Hepatic Lipid- and Glucose-Regulating Enzymes

Hepatic mitochondrial, cytosolic, and microsomal fractions were prepared as previously
described [28] with slight modifications. Protein concentrations were determined by the Bradford
method [29]. Cytosolic FAS activity was measured by monitoring the malonyl coenzyme A-dependent
oxidation of NADPH at 340 nm [30]. Cytosolic ME activity was measured according to the method
described by Ochoa et al. [31] by monitoring the cytosolic NADPH production at 340 nm. The G6PD
activity was determined in the cytosol following the method of Pitkanen et al. [32] based on the
reduction of 1 umol of NADP per minute at 25 °C measured at 340 nm using a spectrophotometer.
Mitochondrial fatty acid 3-oxidation was measured by monitoring the reduction of NAD+ to NADH
at 340 nm [33]. Mitochondrial CPT activity was assayed using the method described by Markwell
et al. [34]. Microsomal PAP activity was determined following a spectrophotometric method [35].
GK activity in the cytosol was measured using a spectrophotometric assay as described by Davidson
and Arion [36], in which the formation of glucose-6-phosphate at 37 °C was coupled to its oxidation
by glucose-6-phosphate dehydrogenase and NAD+. PEPCK activity was measured relative to the rate
of oxaloacetate synthesis and the reduction of NADH to NAD following the spectrophotometric assay
developed by Bentle and Lardy [37]. G6Pase activity in the microsomes was determined following the
method described by Alegre et al. [38] with slight modifications.
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4.5. RNA Isolation and Gene Expression Analysis

The liver and epididymal WAT were homogenized in TRIzol reagent (Invitrogen, Grand Island,
NY, USA). Total RNA was isolated according to the manufacturer’s instructions. DNase digestion was
performed to remove contaminating DNA. RNA purity and integrity were evaluated using the Agilent
2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). Total RNA (1 pg) was reverse-transcribed
into cDNA using the QuantiTect reverse transcription kit (Qiagen, Hilden, Germany). mRNA
expression levels were quantified by real-time RT-PCR using the SYBR green PCR kit (Qiagen) and
the CFX96TM real-time system (Bio-Rad, Hercules, CA, USA). The gene-specific primers used for
real-time RT-PCR are presented in Table 1. The following amplification profile was used: 35 cycles
of 10 min at 90 °C, 15 s at 95 °C, and 60 s at 60 °C. Cycle thresholds were determined based on SYBR
green emission intensities during the exponential phase. The Ct data were normalized using GAPDH,
and the relative gene expression levels were calculated using the 224t method.

Table 1. Primer sequences used for RT-qPCR.

Gene Primer Direction Primer Sequence
Glyceraldehyde 3-phosphate Forward 5'-CAAGTTCAACGGCACAGTCAAGG-3
dehydrogenase (GAPDH) Reverse 5'-ACATACTCAGCACCAGCATCACC-3
Peroxisome proliferator-activated Forward 5-CCTGAACATCGAGTGTCGAATAT-3’
receptor alpha (PPAR«) Reverse 5-GGTCTTCTTCTGAATCTTGCAGCT-3
PPAR-gamma coactivator lalpha Forward 5-AAGTGTGGAACTCTCTGGAACTG-3
(PGCl1a) Reverse 5-GGGTTATCTTGGTTGGCTTTATG-3’
PGC1p Forward 5-GGTCCCTGGCTGACATTCAC-3
Reverse 5'-GGCACATCGAGGGCAGAG-3’
Sterol regulatory element-binding Forward 5-TAGTCCGAAGCCGGGTGGGCGCCGGCGCCAT-3
transcription factor 1a (SREBP1a) Reverse 5'-GATGTCGTTCAAAACCGCTGTGTGTCCAGTTC-3'
Forward 5- GCCTCTTCCTGACAAACGAG-3'
Acetyl-CoA carboxylase (ACC) Reverse 5-TGACTGCCGAAACATCTCTG-3'
Fatty acid synthase (FAS) Forward 5-GCTGCGGAAACTTCAGGAAAT-3'
y yn Reverse 5-AGAGACGTGTCACTCCTGGACTT-3'
Forward 5-CCCCTGCGGATCTTCCTTAT-3'
Steroly-CoA desaturase 1 (SCD1) Reverse 5-AGGGTCGGCGTGTGTTTCT-3'
Lipoprotein lipase (LPL) Forward 5-GACTCGCTCTCAGATGCCCTAC-3'
pop P Reverse 5-GCCTGGTTGTGTTGCTTGCC-3'
. Forward 5 -TGGTGGATGGTTTCCTAGCCTTTC-3'
CD antigen 36 (CD36) Reverse 5-TCGCCAACTCCCAGGTACAATC-3/
Forward 5-ACCAACGTGTTCGTGACT-3
Adrenoreceptor beta 3 (ADRB3) Reverse 5'-ACAGCTAGGTAGCGGTCC-3
CPT2 Forward 5-GCCTGCTGTTGCGTGACTG-3'
Reverse 5'-TGGTGGGTACGATGCTGTGC-3'
Cytochrome c oxidase subunit 8B Forward 5 -TGTGGGGATCTCAGCCATAGT-3'
(COX8B) Reverse 5-AGTGGGCTAAGACCCATCCTG-3'
Uncoupling protein 1 (UCP1) Forward 5-AGATCTTCTCAGCCGGAGTTT-3/
ping p Reverse 5-CTGTACAGTTTCGGCAATCCT-3'
Insulin receptor substrate 2 (IRS2) Forward 5"-CCCATGTCCCGCCGTGAAG 3!

P Reverse 5'-CTCCAGTGCCAAGGTCTGAAGG-3'
Phosphoenol pyruvate Forward 5-ATCATCTTTGGTGGCCGTAG-3'
carboxykinase (PEPCK) Reverse 5 -ATCTTGCCCTTGTGTTCTGC-3'

Forward 5-GGAGGAAGGATGGAGGAAGGAATG-3'

Glucose-6-phosphatase (G6PC) Reverse 5-GGTCAGCAATCACAGACACAAGG-3/
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4.6. Morphological Examination of Liver and Fat Tissues

The liver and epididymal WAT were removed from the mice, fixed in 10% (v/v)
paraformaldehyde/phosphate-buffered saline, and embedded in paraffin for H&E staining.
The stained areas were viewed under an optical microscope (Nikon, Tokyo, Japan) at
200 x magnification.

4.7. Statistical Analysis

All data were presented as the mean =+ standard error of the mean. Statistical analyses were
performed using the statistical package for the social sciences software program SPSS (SPSS Inc.,
Chicago, IL, USA). Statistically, differences between groups (HFD and ND; and ED and HFD) were
determined using Student’s t-test.

5. Conclusions

In conclusion, our current findings demonstrated that dietary ED attenuated lipogenesis in
WAT and increases fecal lipid excretion, thereby reducing adiposity and dyslipidemia. In addition,
ED improves NAFLD partly by decreasing hepatic lipogenesis and increasing hepatic FA oxidation.
In addition, ED supplementation improves hyperglycemia, hyperinsulinemia, and IR by enhancing
glucose utilization and decreasing hepatic gluconeogenesis, as well as improving inflammation.
Taken together, these findings indicated that 16 weeks of ED supplementation could be helpful in
preventing obesity and metabolic disorders, such as adiposity, dyslipidemia, NAFLD, and IR in
HFD-induced obese mice.
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Abbreviations

MDPI Multidisciplinary digital publishing institute
ACC Acetyl-CoA carboxylase

Al Atherogenic index

APO Apolipoprotein

CPT Carnitine palmitoyltransferase

DIO Diet-induced obese

ED Eriodictyol

FAS Fatty acid synthase

FER Food efficiency ratio

FFA Free fatty acid

GIP Gastric inhibitory polypeptide

GK Glucokinase

GLP-1 Glucagon-like peptide-1

G6Pase Glucose-6-phosphatase

G6PD Glucose-6-phosphate dehydrogenase
HFD High-fat diet

HOMA-IR Homeostasis model assessment of insulin resistance
HTR HDL-cholesterol-to-TC ratio
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H&E Hematoxylin and eosin

IFN-y Interferon-gamma

IL Interleukin

IPGTT Intraperitoneal glucose tolerance test

IR Insulin resistance

IRS2 Insulin receptor substrate 2

ME Malic enzyme

NAFLD Non-alcoholic fatty liver disease

NASH Non-alcoholic steatohepatitis

PAI-1 Plasminogen activator inhibitor-1

PAP Phosphatidate phosphohydrolase

PEPCK Phosphoenolpyruvate carboxykinase

PGClx PPAR-gamma coactivator 1 alpha

PPARa Peroxisome proliferator-activated receptor alpha
SREBP Sterol regulatory element-binding transcription factor
TC Total-cholesterol

TG Triglyceride

WAT White adipose tissue

References

1.  Guh, D.P; Zhang, W.; Bansback, N.; Amarsi, Z.; Birmingham, C.L.; Anis, A.H. The incidence of co-morbidities

10.

11.

related to obesity and overweight: A systematic review and meta-analysis. BMC. Public Health. 2009, 9, 88.
[CrossRef] [PubMed]

Kabir, M.; Catalano, K.J.; Ananthnarayan, S.; Kim, S.P; van Citters, G.W.; Dea, M.K.; Bergman, R.N.
Molecular evidence supporting the portal theory: A causative link between visceral adiposity and hepatic
insulin resistance. Am. J. Physiol. Endocrinol. MeTable. 2005, 288, E454-E461. [CrossRef] [PubMed]

De Sousa, L.M.; de Carvalho, J.L.; da Silva, H.C.; Lemos, T.L.; Arriaga, A.M.; Braz-Filho, R.; Militao, G.C.;
Silva, T.D.; Ribeiro, P.R.; Santiago, G.M. New cytotoxic bibenzyl and other constituents from Bauhinia
Ungulata L. (Fabaceae). Chem. Biodivers. 2016, 13, 1630-1635. [CrossRef] [PubMed]

Milella, L.; Milazzo, S.; De Leo, M.; Vera Saltos, M.B.; Faraone, I.; Tuccinardi, T.; Lapillo, M.; De Tommasi, N.;
Braca, A. x-Glucosidase and x-amylase inhibitors from arcytophyllum thymifolium. J. Nat. Prod. 2016, 79,
2104-2112. [CrossRef] [PubMed]

Zhong, ].D.; Feng, Y,; Li, HM,; Xia, X.S.; Li, R.T. A new flavonoid glycoside from Elsholtzia bodinieri.
Nat. Prod. Res. 2016, 30, 2278-2284. [CrossRef] [PubMed]

Zeng, B.; Chen, K,; Du, P; Wang, S.S.; Ren, B.; Ren, Y.L.; Yan, H.S,; Liang, Y.; Wu, EH. Phenolic compounds
from Clinopodium chinense (Benth.) O. Kuntze and their inhibitory effects on x-Glucosidase and vascular
endothelial cells injury. Chem. Biodivers. 2016, 13, 596—601. [CrossRef] [PubMed]

Xie, Y; Ji, R; Han, M. Eriodictyol protects H9c2 cardiomyocytes against the injury induced by
hypoxia/reoxygenation by improving the dysfunction of mitochondria. Exp. Ther. Med. 2019, 17, 551-557.
[CrossRef] [PubMed]

Ellulu, M.S.; Patimah, I.; Khaza’ai, H.; Rahmat, A.; Abed, Y. Obesity and inflammation: The linking
mechanism and the complications. Arch. Med. Sci. 2017, 13, 851-863. [CrossRef] [PubMed]

Yamashita, M.; Kumazoe, M.; Nakamura, Y.; Won, Y.S.; Bae, J.; Yamashita, S.; Tachibana, H. The combination
of green tea extract and eriodictyol inhibited high-fat/high-sucrose diet-induced cholesterol upregulation
is accompanied by suppression of cholesterol synthesis enzymes. J. Nutr. Sci. Vitaminol (Tokyo). 2016, 62,
249-256. [CrossRef] [PubMed]

Nakamura, A.; Terauchi, Y. Lessons from mouse models of high-fat diet-induced NAFLD. Int. |. Mol. Sci.
2013, 14, 21240-21257. [CrossRef] [PubMed]

Jensen, V.S.; Hvid, H.; Damgaard, J.; Nygaard, H.; Ingvorsen, C.; Wulff, EIM.; Lykkesfeldt, J.; Fledelius, C.
Dietary fat stimulates development of NAFLD more potently than dietary fructose in Sprague-Dawley rats.
Diabetol. Metab. Syndr. 2018, 10, 4. [CrossRef] [PubMed]


http://dx.doi.org/10.1186/1471-2458-9-88
http://www.ncbi.nlm.nih.gov/pubmed/19320986
http://dx.doi.org/10.1152/ajpendo.00203.2004
http://www.ncbi.nlm.nih.gov/pubmed/15522994
http://dx.doi.org/10.1002/cbdv.201600058
http://www.ncbi.nlm.nih.gov/pubmed/27538012
http://dx.doi.org/10.1021/acs.jnatprod.6b00484
http://www.ncbi.nlm.nih.gov/pubmed/27509358
http://dx.doi.org/10.1080/14786419.2016.1164698
http://www.ncbi.nlm.nih.gov/pubmed/27093392
http://dx.doi.org/10.1002/cbdv.201500187
http://www.ncbi.nlm.nih.gov/pubmed/27088891
http://dx.doi.org/10.3892/etm.2018.6918
http://www.ncbi.nlm.nih.gov/pubmed/30651835
http://dx.doi.org/10.5114/aoms.2016.58928
http://www.ncbi.nlm.nih.gov/pubmed/28721154
http://dx.doi.org/10.3177/jnsv.62.249
http://www.ncbi.nlm.nih.gov/pubmed/27725410
http://dx.doi.org/10.3390/ijms141121240
http://www.ncbi.nlm.nih.gov/pubmed/24284392
http://dx.doi.org/10.1186/s13098-018-0307-8
http://www.ncbi.nlm.nih.gov/pubmed/29410708

Int. ]. Mol. Sci. 2019, 20, 1227 12 0f13

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Souza, M.R.; Diniz, M.F; Medeiros, J.E.; Araujo, M.S. Metabolic syndrome and risk factors for non-alcoholic
fatty liver disease. Arg. Gastroenterol. 2012, 49, 89-96. [CrossRef] [PubMed]

Neuschwander-Tetri, B.A. Hepatic lipotoxicity and the pathogenesis of nonalcoholic steatohepatitis:
The central role of nontriglyceride fatty acid metabolites. Hepatology. 2010, 52, 774-788. [CrossRef] [PubMed]
Perry, R.J.; Samuel, V.T.; Petersen, K.F.; Shulman, G.I. The role of hepatic lipids in hepatic insulin resistance
and type 2 diabetes. Nature. 2014, 510, 84-91. [CrossRef] [PubMed]

Buzzetti, E.; Pinzani, M.; Tsochatzis, E.A. The multiple-hit pathogenesis of non-alcoholic fatty liver disease
(NAFLD). Metabolism. 2016, 65, 1038-1048. [CrossRef] [PubMed]

Irwin, N.; Flatt, PR. Evidence for beneficial effects of compromised gastric inhibitory polypeptide action in
obesity-related diabetes and possible therapeutic implications. Diabetologia. 2009, 52, 1724-1731. [CrossRef]
[PubMed]

Creutzfeldt, W.; Ebert, R.; Willms, B.; Frerichs, H.; Brown, J.C. Gastric inhibitory polypeptide (GIP) and
insulin in obesity: Increased response to stimulation and defective feedback control of serum levels.
Diabetologia. 1978, 14, 15-24. [CrossRef] [PubMed]

Nordlie, R.C.; Foster, ].D. Regulation of glucose production by the liver. Annu. Rev. Nutr. 1999, 19, 379-406.
[CrossRef] [PubMed]

Singh, A.B.; Singh, N.; Akanksha; Jayendra; Maurya, R.; Srivastava, A.K. Coagulanolide modulates hepatic
glucose metabolism in C57BL/Ks]-db/db mice. Hum. Exp. Toxicol. 2012, 31, 1056-1065. [CrossRef] [PubMed]
Taniguchi, C.M.; Ueki, K.; Kahn, R. Complementary roles of IRS-1 and IRS-2 in the hepatic regulation of
metabolism. J. Clin. Invest. 2005, 115, 718-727. [CrossRef] [PubMed]

Bourlier, V.; Zakaroff-Girard, A.; Miranville, A.; De Barros, S.; Maumus, M.; Sengenes, C.; Galitzky, J.;
Lafontan, M.; Karpe, E; Frayn, K.N.; et al. Remodeling phenotype of human subcutaneous adipose tissue
macrophages. Circulation. 2008, 117, 806-815. [CrossRef] [PubMed]

Henegar, C.; Tordjman, J.; Achard, V.; Lacasa, D.; Cremer, I.; Guerre-Millo, M.; Poitou, C.; Basdevant, A.;
Stich, V,; Viguerie, N.; et al. Adipose tissue transcriptomic signature highlights the pathological relevance of
extracellular matrix in human obesity. Genome. Biol. 2008, 9, R14. [CrossRef] [PubMed]

Yadav, A.; Kataria, M.A.; Saini, V.; Yadav, A. Role of leptin and adiponectin in insulin resistance. Clin. Chim.
Acta. 2013, 417, 80-84. [CrossRef] [PubMed]

Considine, R.V,; Sinha, M.K.; Heiman, M.L.; Kriauciunas, A.; Stephens, T.W.; Nyce, M.R.; Ohannesian, J.P.;
Marco, C.C.; McKee, L.J.; Bauer, T.L.; et al. Serum immunoreactive-leptin concentrations in normal-weight
and obese humans. N. Engl. J. Med. 1996, 334, 292-295. [CrossRef] [PubMed]

Polyzos, S.A.; Aronis, K.N.; Kountouras, J.; Raptis, D.D.; Vasiloglou, M.F,; Mantzoros, C.S. Circulating leptin
in non-alcoholic fatty liver disease: A systematic review and meta-analysis. Diabetologia. 2016, 59, 30—43.
[CrossRef] [PubMed]

Shen, C.; Zhao, C.Y.; Wang, W.; Wang, Y.D.; Sun, H.; Cao, W,; Yu, W.Y,; Zhang, L.; Ji, R.; Li, M,; et al.
The relationship between hepatic resistin overexpression and inflammation in patients with nonalcoholic
steatohepatitis. BMC Gastroenterol. 2014, 14, 39. [CrossRef] [PubMed]

Folch, J.; Lees, M.; Sloane-Stanley, G.H. A simple method for the isolation and purification of total lipids
from animal tissues. J. Biol. Chem. 1957, 226, 497-509. [PubMed]

Walton, P.A.; Possmayer, F. Mg2-dependent phosphatidate phosphohydrolase of rat lung: Development of
an assay employing a defined chemical substrate which reflects the phosphohydrolase activity measured
using membrane-bound substrate. Anal. Biochem. 1985, 151, 479-486. [CrossRef]

Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248-254. [CrossRef]

Carl, M.N,; Lakshmanan, M.R.; Porter, ].W. Fatty acid synthase from rat liver. Methods. Enzymol. 1975, 35,
37-44.

Ochoa, S.; Mehler, A.H.; Kornberg, A. Biosynthesis of dicarboxylic acids by carbon dioxide fixation; isolation
and properties of an enzyme from pigeon liver catalyzing the reversible oxidative decarboxylation of 1-malic
acid. J. Biol. Chem. 1948, 174, 979-1000. [PubMed]

Pitkdnen, E.; Pitkdnen, O.; Uotila, L. Enzymatic determination of unbound D-mannose in serum. Eur. |. Clin.
Chem. Clin. Biochem. 1997, 35, 761-766. [CrossRef] [PubMed]

Lazarow, P.B. Assay of peroxisomal 3-oxidation of fatty acids. Methods. Enzymol. 1981, 72, 315-319. [PubMed]


http://dx.doi.org/10.1590/S0004-28032012000100015
http://www.ncbi.nlm.nih.gov/pubmed/22481692
http://dx.doi.org/10.1002/hep.23719
http://www.ncbi.nlm.nih.gov/pubmed/20683968
http://dx.doi.org/10.1038/nature13478
http://www.ncbi.nlm.nih.gov/pubmed/24899308
http://dx.doi.org/10.1016/j.metabol.2015.12.012
http://www.ncbi.nlm.nih.gov/pubmed/26823198
http://dx.doi.org/10.1007/s00125-009-1422-8
http://www.ncbi.nlm.nih.gov/pubmed/19533083
http://dx.doi.org/10.1007/BF00429703
http://www.ncbi.nlm.nih.gov/pubmed/627329
http://dx.doi.org/10.1146/annurev.nutr.19.1.379
http://www.ncbi.nlm.nih.gov/pubmed/10448530
http://dx.doi.org/10.1177/0960327112438289
http://www.ncbi.nlm.nih.gov/pubmed/23060434
http://dx.doi.org/10.1172/JCI23187
http://www.ncbi.nlm.nih.gov/pubmed/15711641
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.724096
http://www.ncbi.nlm.nih.gov/pubmed/18227385
http://dx.doi.org/10.1186/gb-2008-9-1-r14
http://www.ncbi.nlm.nih.gov/pubmed/18208606
http://dx.doi.org/10.1016/j.cca.2012.12.007
http://www.ncbi.nlm.nih.gov/pubmed/23266767
http://dx.doi.org/10.1056/NEJM199602013340503
http://www.ncbi.nlm.nih.gov/pubmed/8532024
http://dx.doi.org/10.1007/s00125-015-3769-3
http://www.ncbi.nlm.nih.gov/pubmed/26407715
http://dx.doi.org/10.1186/1471-230X-14-39
http://www.ncbi.nlm.nih.gov/pubmed/24559185
http://www.ncbi.nlm.nih.gov/pubmed/13428781
http://dx.doi.org/10.1016/0003-2697(85)90208-8
http://dx.doi.org/10.1016/0003-2697(76)90527-3
http://www.ncbi.nlm.nih.gov/pubmed/18871257
http://dx.doi.org/10.1515/cclm.1997.35.10.761
http://www.ncbi.nlm.nih.gov/pubmed/9368794
http://www.ncbi.nlm.nih.gov/pubmed/7031421

Int. ]. Mol. Sci. 2019, 20, 1227 13 0f 13

34.

35.

36.

37.

38.

Markwell, M.A.; McGroarty, EJ.; Bieber, L.L.; Tolbert, N.E. The subcellular distribution of carnitine
acyltransferases in mammalian liver and kidney. A new peroxisomal enzyme. |. Biol. Chem. 1973, 248,
3426-3432. [PubMed]

Walton, P.A.; Possmayer, F. The role of Mg2+-dependent phosphatidate phosphohydrolase in pulmonary
glycerolipid biosynthesis. Biochim. Biophys. Acta. 1984, 796, 346-372. [CrossRef]

Davidson, A.L.; Arion, W.J. Factors underlying significant underestimations of glucokinase activity in crude
liver extracts: Physiological implications of higher cellular activity. Arch. Biochem. Biophys. 1987, 253, 156-167.
[CrossRef]

Bentle, L.A.; Lardy, H.A. Interaction of anions and divalent metal ions with phosphoenolpyruvate
carboxykinase. J. Biol. Chem. 1976, 251, 2916-2921. [PubMed]

Alegre, M.; Ciudad, CJ.; Fillat, C.; Guinovart, J.J. Determination of glucose-6-phosphatase activity using the
glucose dehydrogenase-coupled reaction. Anal. Biochem. 1988, 173, 185-189. [CrossRef]

@ © 2019 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://www.ncbi.nlm.nih.gov/pubmed/4702872
http://dx.doi.org/10.1016/0005-2760(84)90139-5
http://dx.doi.org/10.1016/0003-9861(87)90648-5
http://www.ncbi.nlm.nih.gov/pubmed/1270433
http://dx.doi.org/10.1016/0003-2697(88)90176-5
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Eriodictyol Supplementation Reduced Body Fat and Deposition and Regulated Gene Expression in Adipocytes 
	Eriodictyol Supplement Improved Plasma and Hepatic Lipid Levels, and Modulated the Expression of Hepatic Lipid-Regulating Enzymes and Genes 
	Eriodictyol Supplementation Ameliorated Insulin Resistance, Glucose Tolerance, and Adipokine/Cytokine Dysregulation 

	Discussion 
	Materials and Methods 
	Experimental Animals and Diet 
	Blood Analysis 
	Hepatic and Fecal Lipid Contents 
	Activities of Hepatic Lipid- and Glucose-Regulating Enzymes 
	RNA Isolation and Gene Expression Analysis 
	Morphological Examination of Liver and Fat Tissues 
	Statistical Analysis 

	Conclusions 
	References

