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Abstract

Background/Objectives: Given that western diet (WD) intake has negative impact on development of non-alcoholic fatty liver disease (NAFLD),
the protective effects of Angelica keiskei juice (AK) against hyperlipidemia and hepatic steatosis were investigated in WD-fed C57BL/6] mice.

Materials and Methods: Animals were assigned into four groups (n=8/group) to receive normal diet + vehicle, WD + vehicle, WD + low AK (2

g/kg body weight), and WD + high AK (4 g/kg body weight) for 18 weeks. Biochemical analysis was performed for lipid profile in plasma; histological
assessment for steatosis, inflammation, and tissue damage in the liver and intestine; and qPCR analysis for intestinal lipoprotein lipase and hepatic
endoplasmic reticulum (ER)/oxidative stress markers.

Results: AK significantly attenuated WD-induced increases in plasma triglyceride and very low density lipoprotein (P=0.001 for both), and
hepatic triglyceride (P<0.001). Particularly, high-dose AK was effective in maintaining intestinal barrier integrity and increasing mRNA expression
of hepatic nuclear factor erythroid 2-related factor 2 (P=0.003). It also tended to modify mRNA expressions of intestinal lipoprotein lipase (P=0.004),
and hepatic carnitine palmitoyl transferase 1a (P=0.038), endoplasmic reticulum nuclei-1 (P=0.014), and NAD(P)H: quinone oxidoreductase 1
(P=0.047). Conclusions: These findings suggest that daily consumption of AK juice may have potentials to prevent WD-induced NAFLD development
through mitigating intestinal barrier damage, intestinal lipid absorption, and hepatic ER oxidative stress.

Keywords: Angelica Keiskei Juice; Western Diet; Hyperlipidemia; Non-Alcoholic Fatty Liver Disease; C57BL/6] Mice

Abbreviations: WD: Western Diet; NAFLD: Non-Alcoholic Fatty Liver Disease; AK: Angelica Keiskei Juice; ER: Endoplasmic Reticulum; TG:
Triglyceride; HESI: Heated Electrospray Ionization; NC: Normal Diet, WC: WD Control; EDTA: Ethylene Diamine Tetra-Acetic Acid; IACUC: Institutional
Animal Care And Use Committee; TC: Total Cholesterol; HDL: High-Density Lipoprotein Cholesterol; LDL: Low Density Lipoprotein; VLDL: Very Low-

Density Lipoprotein; H&E: Haematoxylin and Eosin; UPR: Unfolded Protein Response

Introduction

Angelica keiskei, commonly known as Ashitaba, is a cold hardy
perennial plant in the genus of Angelica. It has been traditionally
used as a tonic to restore vitality [1]. Since 1990s, scientific work
has begun to explore the chemo protective effects of chalcone, a
bioactive component isolated from Angelica keiskei, both in vitro
and in vivo (animals) [2]. In the early 2000s, investigations were
expanded to the metabolic effects of Angelica keiskei and/or its
bioactives (chalcone and coumarins) including lipid metabolism
[3], insulin resistance [4], arterial relaxation [5], oxidative stress
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[6], inflammation [7], and chemical-induced hepatotoxicity [8,9].
The typical Western diet (WD) is generally characterized by an
increase in total fat, saturated fat, and sugars, but a decrease in fiber.
The bulk of ingested sugar is rapidly metabolized into glucose6-
phosphate which is trapped inside cells. This pathway enables rapid
conversion of excess glucose to lipid, resulting in elevated blood
lipid levels and exacerbation of triglyceride (TG) storage in the
liver. Excess hepatic TG accumulation sensitizes the liver to induce
oxidative stress, insulin resistance, and inflammation, eventually
leading to hepatocellular damage and death [10].
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In addition, high amounts of total fat and saturated fat may alter
intestinal barrier integrity and result in direct exposure of intestinal
endotoxins to the liver through portal vein [11,12]. Subsequently,
these endotoxins can stimulate liver-resident macrophages called
Kupffer cells, thereby leading to oxidative stress and inflammation
related hepatic damage [13,14]. Furthermore, an additive effect
of high-fat and high-sucrose diet on the development of hepatic
steatosis was confirmed in mice by Ishimato et al. [15]. Although
the best strategy to prevent has not been defined yet, experimental
evidence has suggested that plant foods and their constituents
might be useful for controlling the onset and progression of WD-
induced non-alcoholic fatty liver disease (NAFLD) [16,17]. Based
on these findings, we hypothesized that daily consumption of
Angelica keiskei might have an impact on reducing WD-induced
hyperlipidemia and NAFLD development through enhancing lipid
metabolism as well as suppressing the oxidative stress. To test this
hypothesis, we performed an animal study using a WD-induced
NAFLD mice model. Furthermore, to gain a better understanding
on the underlying mechanisms, we analysed histological sections
of intestine and liver in relation to intestinal barrier integrity
and hepatic steatosis and examined gene expressions associated
with oxidative stress in mitochondria and microsome fractions of
the liver. To the best of our knowledge, this is the first study that
assesses the preventive effect of Angelica keiskei against

WD-induced NAFLD.

Materials and Methods
Preparation of Angelica Keiskei Juice Powder

Angelica keiskei juice powder (AK) was provided by Daesang
Corp. (Seoul, Korea). Briefly, leaves of Angelica keiskei were
grounded, squeezed, and freeze-dried to powder for use in this
study. Chemical characteristics of AK were analysed using an
Ultimate 3000 UPLC system from Thermo Fisher Scienctific™
(San Jose, CA, USA) and an LTQ Orbitrap Velos Pro™ system mass
spectrometer (San Jose, CA, USA). Samples were injected into a
Waters ACQUITY® UPLC BEH C18 column (2.1x100mm, 1.7um) at
atemperature of 50 °C. The gradient of elution was performed using
mobile phase A (0.1% formic acid in DW) and mobile phase B (0.1%
formic acid in methanol) at a flow rate of 0.4mL/min. The gradient
condition was regulated as follows: 100% of mobile phase A for
0-1min, a linear decrease of mobile phase A from 100 to 1% from
1-13min; and re-equilibration with 100% mobile phase A from 13-
14min. The injection volume of all samples was 5uL. Temperature
of the auto sampler was kept at 4 °C. Heated electrospray ionization
(HESI) source was used in both positive and negative modes and
the capillary temperature was set at 320 °C. The spray voltage was
3.8 kV and the S-lens RF level was 61%. Nitrogen was used as both
sheath gas and auxiliary gas. Xcalibur software was used for data
analysis.

Animals and Treatments
Five-week-old male C57BL/6] mice (17-20g) were purchased
from Jung-Ang Lab Animal (Seoul, Korea). Following acclimatization

for one week, animals were randomly assigned into four
experimental groups (n=8 per group) to receive normal diet (NC),

WD control (WC), low-dose AK (2g/kg body weight) with WD (AL),
and high-dose AK (4g/kg body weight) with WD (AH) for 18 weeks.
Normal diet (AIN-93G; Research Diets, New Brunswick, NJ, USA)
provided 64% kcal carbohydrate and 16% kcal fat, whereas Western
diet (D12079B; Research Diets) provided 43% kcal carbohydrate
and 41% kcal fat. AK juice powder was dissolved in distilled water
and administered orally to mice once daily by gavage. NC and WC
groups received the same amount of distilled water by gavage.
At the end of experimental period, overnight-fasted mice were
euthanized by carbon dioxide inhalation. Whole blood samples
were collected from the abdominal aorta and transferred to ethylene
diamine tetra-acetic acid (EDTA) tubes. Plasma was obtained after
centrifugation at 2,760rpm for 10min at 4 °C and frozen at -80 °C
prior to use. Intestine and liver were removed, weighed, and frozen
at -80 °C for biochemical and molecular analyses or preserved
with phosphate-buffered formalin for histological observation. The
experimental protocol was approved by the Institutional Animal
Care and Use Committee (IACUC) of Ewha Womans University (No.
14-099). Animal care and handling were conducted in compliance
with the National Research Council’s Guide for the Care and Use of
Laboratory Animals.

Biochemical Assays

Plasma TG, total cholesterol (TC) and high-density lipoprotein
cholesterol (HDL)
colorimetric assay kits (Asan Pharm., Seoul, Korea). Plasma low
density lipoprotein cholesterol (LDL) level was calculated using
Friedewald equation [18]. Very low-density lipoprotein (VLDL)
level was calculated by subtracting the sum of HDL and LDL

levels were measured using commercial

values from the value of TC. Total lipid was extracted according to
a modified Folch’s method [19]. The lipid extract was dissolved in
5 ml ethanol containing 0.5% Triton X-100 to determine TG level
with a colorimetric assay kit (Asan Pharm).

Histopathological Assessment

Formalin-fixed liver and intestine tissues were dehydrated in
various concentrations of ethyl alcohol, dealcoholized in xylene,
embedded in paraffin, and cut into 5-pm sections. Specimens were
deparaffinized in xylene, rehydrated in a reverse-gradient series
of ethyl alcohol, and stained with haematoxylin and eosin (H&E).
Steatosis, inflammation, and tissue damage were observed under a
light microscope (Olympus, Tokyo, Japan).

Preparation of Microsome And Mitochondria Fractions
in the Liver

Liver tissue was homogenized with 10 volumes of 1.15%
potassium chloride buffer containing 10mM phosphate and 1mM
EDTA (pH 7.4) followed by centrifugation at 1,900rpm for 10min at
4 °C. The supernatant was then centrifuged again at 10,000 rpm for
20 min at 4 °C to precipitate mitochondrial fraction. The resulting
supernatant was centrifuged again at 34,000rpm for 1h at 4 °C
to precipitate microsomal fraction. Each pellet was suspended in
0.1mL of buffer and stored at -80 °C until analysis. The mitochondria
fraction was used for carnitine palmitoyl transferase 1a (CPT1a)
analysis while the microsome fraction was used for endoplasmic
reticulum nuclei-1 (ERN1), nuclear factor erythroid 2-related
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factor 2 (Nrf2), and NAD(P)H: quinone oxidoreductase 1 (NQO1)
analyses.

Quantitative Real-Time Reverse Transcription-Poly-
merase Chain Reaction (qQRT-PCR)

Total RNAs were extracted from the liver, intestine, and hepatic
microsome and mitochondria fractions using TRIzol Reagent (In-
vitrogen, Carlsbad, CA, USA). RNA concentration and quality were
determined using BioSpec-nano spectrophotometer (Shimadzu,
Kyoto, Japan). Single strand cDNA was constructed using a High
Capacity cDNA Reverse Transcription Kit (Applied Biosystem, Fos-
ter City, CA, USA). Quantitative PCR was performed in a Step-One-
Plus RT-PCR System (Applied Biosystem) using a TagMan Universal
PCR Master Mix Kit (Applied Biosystems). Primer sets for target
genes were lipoprotein lipase (LPL, Mm01345523_m1), claudin-1

(CLDN1, Mm01342184_m1), occludin (OCLN, Mm00500912_m1),
mucin 1 (MUC1, Mm00449604_m1), ERN1 (Mm00470233_m1),
Nrf2 (MmO00477784_m1), NQO1 (Mm01253561_m1), CPTla
(Mm01231183_m1), and f-actin (Mm02619580_gl). Relative
amounts of these mRNAs were normalized to the amount of 3-ac-
tin and calculated using comparative CT method. All data are ex-
pressed as a relative quantity to each control value.

Statistical Analyses

All results are presented as mean * SE. Statistical analyses were
performed using the Statistical Analysis Systems package, version
9.4 (SAS Institute, Cary, NC, USA). Differences among groups were
analysed by one-way analysis of variance (ANOVA) with post hoc
Duncan’s multiple comparison test. Statistical significance was con-
sidered at P<0.05.
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Figure 1: Representative UPLC-LTQ/MS base peak chromatograms of AK. The numbers on the chromatograms indicate each
component described in the Table below. Chemical structures are provided in supporting information Table 1. AK, Angelica
keiskei juice powder.
N J
Results psoralen, psoralen, isoimperatorin, demethylsuberosin, isopimpi-

Chemical Composition of AK

Chemical profile of AK is presented in Figure 1 and Table 1. A
total of 16 signature components were identified by UPLC-LTQ/MS
analysis, including 11 coumarins (8-methoxypsoralen, 5methoxy-

nellin, laserpitin, isolaserpitin, pteryxin, isopsoralen and selinidin)
and 5 chalcones (xanthoangelol B, isobavachalcone, 4-hydroxyder-
ricin, xanthoangelol and xanthoangelol F), compatible with results
of a previous study by Kim et al. [20].
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Table 1: Chemical characteristics of analysed using UPLC-LTQ/MS .

No. Components RT Adduct m/z MS/MS
Coumarins
1 8-Methoxypsoralen 9.44 [M+H]+ 217.0499 201.9724
2 5-Methoxypsoralen 9.92 [M+H]+ 217.0497 201.9595
3 Psoralen 10.52 [M+H]+ 187.0397 115.0760
4 [soimperatorin 10.65 [M+H]+ 271.1077 147.0603
5 Demethylsuberosin 10.65 [M+H]+ 231.1199 213.0421
6 Isopimpinellin 10.86 [[M+H]+ 247.0655 217.0650
7 Laserpitin 10.86 [M+H]+ 367.0919 267.0192
8 Isolasepitin 11.16 [M+Na]+ 367.0918 349.0139
9 Pteryxin 11.27 [M+Na]+ 409.0956 391.0828
10 Isopsoralen 11.47 [M+Na]+ 187.0388 130.9519
11 Selinidin 11.49 [M+H]+ 329.1483 311.1046
Chalcones
12 Xanthoangelol B 11.68 [M-H]- 407.1807 119.0188
13 Isobavachalcone 11.73 [M-H]- 323.1248 118.9545
14 4-Hydroxyderrcin 12.37 [M-H]- 337.1407 118.9917
15 Xanthoangelol 12.51 [M-H]- 391.1870 118.9815
16 Xanthoangelol F 12.97 [M-H]- 405.2021 118.9978

Effects of AK on Plasma and Hepatic Lipids

The effects of AK on plasma and liver lipid levels are shown in
Table 2. Compared to NC group, the WC group exhibited significant
increases in plasma TG (109.20K 6.47 vs 142.11 X 6.65), TC (107.27
¥ 2.68 vs 152.92 K 14.25), and VLDL (21.84 X 1.29 vs 28.42 X 1.33)
levels, and hepatic total lipid (6.79 K 0.83 vs 27.98 K 3.17), TG
(13.58 K 0.75 vs 23.64 K 2.03), and TC (1.15 8 0.11 vs 2.43 K 0.19)
levels. In contrast, daily administration of AK led to a significantly

Table 2: Effects of AK on plasma and hepatic lipid levels.

decreased levels in plasma TG (P=0.001) and VLDL (P=0.001) as
well as those in hepatic total lipid (P<0.001) and TG (P<0.001) in
either AL or AH group compared with rats in WC group. However,
AK administration did not affect plasma and hepatic TC levels. In
consistent with these results, histology analysis revealed a severe
hepatic steatosis in WC group as compared in NC group. However,
AK administration at high dose inhibited fat droplet accumulation
in liver tissue (Figure 2).

Variables NC WC AL AH

TGPE?nSgn/]gL] 109.20£6.47° 142.116.65° 112.707.53 102.0925.69°
VLDL (mg/dL) 21.84:1.29° 28.42+1.33 22.54+1.51° 20.42+1.14°
TC (mg/dL) 107.27+2.68 152.9214.25 148.89+17.18 151.33+12.24
LDL (mg/dL) 30.07+7.44 42.35+11.06 51.94£12.99 52.41£13.06
HDL (mg/dL) 59.976.73 75.23+13.01 77.48+20.58 78.60£16.53
Total ]:“;;’;{mg/g) 6.790.83¢ 27.98+3.17° 17.09+2.13b 12.35+1.81b¢
TG (mg/g) 13.58+0.75¢ 23.64+2.03 18.16+0.53" 15.75+0.34b¢

TC (mg/g) 1.15%0.11b 2.43+0.19° 2.19+0.21° 2.31£0.16°
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&

Figure 2: H&E staining of the liver of C57BL/6] mice fed with WD for 12 weeks. AK, Angelica keiskei juice powder; NC,
normal control; WC, western diet control; AL, low-dose AK (2g/kg BW) with WD; AH, high-dose AK (4g/kg BW) with WD.

J

Effects of AK on Intestinal Barrier Integrity

Histological examination of intestinal tissues is presented
in Figure 3A, showing diffuse abnormalities of villi and surface
epithelium, edema, and greater inflammation in WC group
compared to NC group. However, AK administration at both doses

almost completely prevented WD induced destruction of glandular
epithelium. However, mRNA expressions of tight junction proteins
(CLDN1 and OCLN) and mucin glycoprotein (MUC1) did not respond
to either WD or AK (Figure 3B). Meanwhile, AH group showed a
tendency of suppressing WD-induced increase in lipoprotein lipase
(LPL) mRNA expression (P=0.004) (Figure 3C).

4 A
OCLN_— MUCH
WE AL AW ;C H;:c AL A
A. Gene expressions of hepatic CLDN1, OCLN, and MUC1 B. And mRNA expression of intestinal LPL
2%
3
£
C. OfC57BL/6] mice fed with WD and AK for 12 weeks.
Figure 3: H&E staining AK, Angelica keiskei juice powder; CLDNI, claudin-1; OCLN, occludin; MUC1, mucin 1; LPL,
lipoprotein lipase; NC, normal control; WC, western diet control; AL, low-dose AK (2g/kg BW) with WD; AH, high-dose AK
(4g/kg BW) with WD. Data are represented as means + SEM (n=8/group). Values with different alphabets in each panel are
significantly different at P<0.05 by Duncan’s multiple comparison test.
Bar: 100 pm for H&E staining.
J
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Effects of AK on ER Stress and Inflammation

As indicators of ER stress and oxidative stress, we determined
mRNA expressions of mitochondrial (CPT1a) and microsomal
(ERN1, Nrf2, and NQO1) fractions in the liver. The WD induced
significant decreases in the above four gene expressions, whilst

high-dose AK administration significantly increased Nrf2 gene
expression compared to that in WC group (P=0.003). Also high-
dose AK administration showed a tendency of increasing CPT1a
(P=0.038), ERN1 (P=0.014), and NQO1 (P=0.047) gene expressions
(Figure 4).
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Figure 4: Gene expressions of CPT1K, ERN1, Nrf2, and NQOL1 in the liver of C57BL/6] mice fed with WD and AK for 12 weeks.
AK, Angelica keiskei juice powder; CPT1K, carnitine palmitoyltransferase II gene; ERN1, endoplasmic reticulum nuclei-1;
Nrf2, nuclear factor erythroid 2-related factor 2; NQO1, NAD(P)H: quinone oxidoreductase 1; NC, normal control; WC,
western diet control; AL, low-dose AK (2g/kg BW) with WD; AH, high-dose AK (4 g/kg BW) with WD. Data are represented
as means = SEM (n=8/group). Values with different alphabets in each panel are significantly different at P<0.05 by Duncan’s
multiple comparison test.
N J
Discussion used whole segment of small intestine rather than each segment of

The goal of this study was to test the hypothesis that daily con-
sumption of AK might attenuate the progression of hyperlipidae-
mia and hepatic steatosis caused by WD in male C57BL/6] mice.
Protections against WD-induced destruction of intestinal barrier
integrity and oxidative stress have been proposed as underlying
mechanisms. Overall, our results support the hypothesis by demon-
strating marked improvements in circulating and hepatic lipid pro-
file, histological morphologies of the intestine and liver tissues, and
gene expressions associated with ER oxidative stress in the group
receiving high-dose AK compared with in the WD control group.
Anatomically, the liver has a close interplay with the gut where
nutrients and microbiome play major roles in the maintenance of
healthy metabolism [21]. Previous studies have reported that a pro-
totypic WD can cause alterations in microbial composition of the
gut, leading to destruction of gut barrier integrity and liver dam-
age [22]. In the present study, instead of changes in gut microbiota
composition, we performed histopathological analysis to confirm
changes in intestinal epithelial layers. To support morphological
findings, we measured gene expressions of tight junction proteins
(CLDN1 and OCLN) or mucin glycoprotein (MUC1).

Somewhat unexpectedly, mRNA expressions did not respond
to WD or AK administration in this study. It might be because we

small intestine that may react differently in response to WD and/or
AK treatments. In contrast, gene expression of LPL was significantly
increased in the whole intestine of the WC group. This is consistent
with previous results that showed WD-induced promotion of lipid
absorption by suppressing Fiaf, a circulating inhibitor of LPL gene
expression [23,24]. However, daily AK administration inhibited
WD-induced increase in LPL mRNA expression. These results
implicate the role of AK as an inhibitor of LPL to reduce lipid
absorption in the intestine, thereby exacerbating hyperlipidaemia
and TG deposition in the liver. This result is also in line with results
of Qioa et al. [25], where resveratrol was suggested to inhibit lipid
absorption by suppressing intestinal LDL. mRNA expression in mice
fed with a high-fat diet.

The ER is an essential organelle for the synthesis, folding, and
modification of almost all endogenous proteins to be secreted or
embedded in the plasma membrane [26]. Particularly, protein
folding has a complex pathway, so that it is easy to be perturbed
under physiological conditions like diet-induced oxidative stress
[27]. The condition of an imbalance between ER protein load
and folding capacity is referred to as “ER stress”. Acute ER stress
triggers an adaptive response known as “unfolded protein response
(UPR)”. However, prolonged or severe ER stress induces a defect
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in hepatic UPR signalling, resulting in the changes of metabolic
gene regulations and the development of hepatic steatosis [28]. To
understand the underlying action mechanisms of WD and AK, we
determined ER stress-dependent gene expressions in mitochondria
and microsome fractions of the liver. CPT1a carries out the rate-
limiting step in fatty acid 3-oxidation in the mitochondria. ERN1 is
an ER-resident transmembrane protein working as proximal sensor
of hepatic UPR signalling, and thus important to prevent hepatic
steatosis [29]. Nrf2 is a cytosolic protein involved in protecting cells
against oxidative damage [30]. The ER can act as a sensor organelle
through Nrf2 [31].

NQO1 is one of the best-characterized Nrf2 downstream genes
[32]. The results of the present study showed that gene expressions
of CPT1a, ERN1, Nrf2, and NQO1 were significantly decreased in
WC group compared to those in NC group. These findings were
supported by previous studies. Tanaka et al. [32] showed that HFD
reduced mRNA expression of Nrf2 and its target genes, resulting in
lipid accumulation and oxidative stress in the liver. Meakin et al. [33]
have reported that, compared to wild type mice, mRNA expression
levels of CPT1a are lower in livers of Nrf2-KO mice. Taken together,
these findings implicate the role of AK as an antioxidant substance
in the liver. The UPLC-LTQ/MS analysis of AK also supported the
potential antioxidant properties of AK. Coumarins and chalcones,
signature chemical components of AK, possess protective effects
against ER oxidative stress [6,7].

When results of the present study are viewed collectively, the
data demonstrated that high dose AK has a potential to decrease
lipid delivery from intestine to the liver by both maintaining
intestinal barrier integrity and decreasing intestinal LPL mRNA
expression. In addition, high-dose AK exerted protective effect
against ER oxidative stress in the liver, thereby reducing hepatic
lipid accumulation. However, this study did not fully explain the
underlying mechanisms of AK due to the following limitations.
First, alterations of gut microbiota were not determined. Next,
individual chemical components were not used to test which
bioactive component was responsible for suppressing ER oxidative
stress. Future studies are needed to explore how multi-components
in AK produces synergistic effects by employing a comprehensive
systems approach. However, even with these limitations, results
and implications of this study are interesting and sufficient as
scientific background to support the potential use of AK to control
the onset and progression of NAFLD.

Conclusion

There might be multiple reasons why AK can prevent WD-
induced hyperlipidemia and hepatosteatosis. In the present
study, we specially focused on the role of AK in the gut-liver axis,
demonstrating that AK could decrease lipid delivery to the liver
by maintaining intestinal barrier integrity and decreasing LPL
mRNA expression in the gut. Furthermore, we demonstrated that
AK could improve plasma lipid levels, hepatic lipid accumulation,
and inflammation by increasing fatty acid oxidation and reducing
lipogenesis through restoration of ER-stress signaling. We also
analyzed signature chemical components of AK, suggesting that

coumarins and chalcones might be responsible bioactives. These
findings suggest that daily consumption of AK juice may have
potentials to prevent WD-induced NAFLD development through
mitigating intestinal barrier damage, intestinal lipid absorption,
and hepatic ER oxidative stress.
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