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[ABSTRACT] Alkaloids are a class of naturally occurring bioactive compounds that are widely distributed in various food sources
and Traditional Chinese Medicine. This study aimed to investigate the therapeutic effects and underlying mechanisms of alkaloid ex-
tract from Codonopsis Radix (ACR) in ameliorating hepatic lipid accumulation in a mouse model of non-alcoholic fatty liver disease
(NAFLD) induced by a high-fat diet (HFD). The results revealed that ACR treatment effectively mitigated the abnormal weight gain
and hepatic injury associated with HFD. Furthermore, ACR ameliorated the dysregulated lipid metabolism in NAFLD mice, as evid-
enced by reductions in serum triglyceride, total cholesterol, and low-density lipoprotein levels, accompanied by a concomitant in-
crease in the high-density lipoprotein level. ACR treatment also demonstrated a profound anti-oxidative effect, effectively alleviating
HFD-induced oxidative stress and promoting ATP production. These effects were achieved through the up-regulation of the activities
of mitochondrial electron transfer chain complexes I, II, IV, and V, in addition to the activation of the AMPK/PGC-1a pathway, sug-
gesting that ACR exhibits therapeutic potential in alleviating the HFD-induced dysregulation of mitochondrial energy metabolism.
Moreover, ACR administration mitigated HFD-induced endoplasmic reticulum (ER) stress and suppressed the overexpression of ubi-
quitin-specific protease 14 (USP14) in NAFLD mice. In summary, the present study provides compelling evidence supporting the hep-
atoprotective role of ACR in alleviating lipid deposition in NAFLD by improving energy metabolism and reducing oxidative stress and
ER stress. These findings warrant further investigation and merit the development of ACR as a potential therapeutic agent for NAFLD.
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is a key risk factor for the development of liver fibrosis, cir-
thosis, and liver cancer ™). Despite years of extensive re-

Introduction

Non-alcoholic fatty liver disease (NAFLD) is a chronic

metabolic disorder characterized by hepatic steatosis in the

search into the pathogenesis of NAFLD, the lack of specific
pharmacological interventions for NAFLD remains a critical
absence of excessive alcohol consumption M, There is an in- challenge. Current clinical management of NAFLD predom-
inantly revolves around lifestyle modifications, including
weight loss, dietary control, exercise, and adjunctive pharma-

cotherapies encompassing lipid-lowering agents, hepatopro-

creasing body of evidence from the clinic that shows NAFLD
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tective agent, and insulin sensitizers 7 However, the use of
these medications may entail undesirable side effects such as
anorexia and headache !, Therefore, in-depth elucidation of
the intricate mechanisms underlying NAFLD pathogenesis
and the discovery of efficacious pharmacological interven-
tions to halt or reverse disease progression are imperative for
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advancing patient care in this context.

Emerging evidence highlights excessive lipid accumula-
tion and heightened reactive oxygen species (ROS) levels as
key contributors to the pathogenesis of NAFLD ™ °. ROS
overproduction, a consequence of elevated oxidative stress,
disrupts endogenous anti-oxidant defense mechanisms and in-
duces liver cell injury "', Clinical and experimental invest-
igations have revealed that compromised anti-oxidant capa-
city not only impairs affects ATP production but also exacer-
bates mitochondrial energy metabolism dysfunction and in-
sulin resistance, thereby promoting NAFLD progression !'> "1,
In addition, dysregulated lipid accumulation and elevated
ROS levels induce perturbations in endoplasmic reticulum
(ER) function ", Given its substantial metabolic activity in
hepatocytes, the ER plays critical roles in protein synthesis,
folding, modification, transport, as well as lipid and steroid
hormone synthesis "> '), Studies have confirmed the associ-
ation between the accumulation of unfolded or misfolded pro-
teins within the ER and the progression of NAFLD """,
These aberrant proteins trigger the upregulation of molecular
chaperones (e.g. BIP) and folding enzyme-related genes, ini-
tiating ER-associated protein degradation systems and indu-
cing ER stress ', Prolonged ER stress further activates the
protein kinase R-like ER kinase (PERK), activating transcrip-
tion factor 6 (ATF6), and inositol-requiring enzyme 1 alpha
(IRE1a) pathways, accelerating ROS generation and exacer-
bating disturbances in lipid metabolism *”. Hence, targeted
interventions aimed at mitigating oxidative stress and ER
stress hold promise as effective strategies to improve hepatic
steatosis in the development of NAFLD.

Alkaloids from food and herbal medicines are natural
compounds known for their diverse biological activities, such
as lipid-lowering and anti-insulin resistance properties =" **
Previous studies have demonstrated the efficacy of the total
alkaloid extract from Lotus leaves (Nelumbo nucifera leaves)
in reducing triglyceride (TG) and low-density lipoprotein
(LDL) levels in experimental models of hypercholester-
olemia . Similarly, betaine, a constituent found in various
vegetables and Traditional Chinese Medicine, has been
shown to suppress fatty acid synthesis, enhance [-oxidation,
and inhibit lipid transport, thereby alleviating lipid accumula-
tion in high-fat diet (HFD) mice . Therefore, alkaloids have
emerged as promising candidates for the prevention and treat-
ment of metabolic syndrome. Codonopsis Radix, a homolog
of food and medicine, is widely used as an adjunct ingredient
in culinary preparations to enhance immune function and nu-
trient absorption in China, Japan, and Singapore . Mod-
ern pharmacological research has confirmed that Codonopsis
Radix has neuroprotective, anti-tumor, anti-oxidant, anti-in-
flammatory, anti-stress, and hepatoprotective activitives ****.
Chemical analysis of Codonopsis Radix has revealed that its
principal constituents mainly include alkaloids, alkynes,
flavonoids, and saccharides "> ***). While prior studies have
primarily focused on the pharmacological activities of total

flavonoids, alkynes, and saccharidesderived from ACR, lim-
ited research has explored the therapeutic effects and underly-
ing mechanisms of action of alkaloids from Codonopsis
Radix (ACR) in ameliorating lipid accumulation. Therefore,
our research team endeavored to investigate the effects and
potential mechanisms of ACR mitigating lipid accumulation
in HFD-induced NAFLD mice.

Materials and Methods

Materials and reagents

Fenofibrate (FENO, HY-17356B) was obtained from
MedChemExpress (USA). The primary antibodies against -
Actin (AF7018), PERK (AF5304), phosphorylated (p)-PERK
(DF7576), USP14 (DF9982), C/EBP-homologous protein
(Chop, DF6025), and the secondary antibody against rabbit
(S0001) were obtained from Affinity Biosciences (Jiangsu,
China). The primary antibodies against p-eukaryotic initi-
ation factor-2 alpha (p-elF20, AF1237), elF2a (AF1237), p-
IREla (AF5842), IREla (AI601), ATF6 (AF6243) and gluc-
ose-regulated protein 78 (GRP78, AF0171) were purchased
from Beyotime Biotechnology (Shanghai, China). The anti-
bodies against p-AMPK (4184), AMPK (2532) and PGC-1a
(2178) were purchased from Cell Signaling Technology
(Denver, USA). The ECL system for Western blotting sub-
strate detection was obtained from Biosharp (Anhui, China).
Formic acid was obtained from Sigma-Aldrich (MO, USA),
and dichloromethane and ethanol were obtained from Damao
Chemical Reagent Factory (Tianjin, China). Water and acet-
onitrile were purchased from Fisher Scientific (NJ, USA).
Plant material and preparation of ACR

Codonopsis Radix (A20191020) was provided and iden-
tified by Guangdong Tai'antang Pharmaceutical Co., Ltd.
(Guangzhou, China). The dried herbal material of Codonop-
sis Radix (1.0 kg) was soaked overnight in 70% ethanol, fol-
lowed by two cycles of heating and refluxing, each lasting
two hours. Then the extract of Codonopsis Radix (176.3 g)
was further concentrated. Next, the ethanol extract was dis-
solved in water and subjected to three successive extractions
using petroleum ether and dichloromethane. The resulting di-
chloromethane fraction, rich in alkaloids, was concentrated to
yield ACR (4.6 g). The obtained extract was collected and
stored at —20 °C until further use.
Identification and quantification of alkaloid compounds of
ACR using ultra performance liquid chromatography-quad-
rupole time-of-flight/mass spectrometry (UPLC-Q-TOF/MS)

A total of 3.0 mg of ACR was meticulously weighed and
transferred into a 15 mL centrifuge tube. To prepare the ACR
solution for analysis, 3 mL of a 60% methanol-water solu-
tion was added, resulting in a concentration of 1 mg-mL™".
The supernatant containing ACR was obtained by subjecting
the mixture to centrifugation at 14 000 r-min~' for 15 min.
The identification and quantification of alkaloid compounds
in ACR were performed using UPLC-Q-TOF/MS. The separ-
ation of alkaloids in ACR was achieved using an AC-

—412-



FAN Cailian, et al. / Chin J Nat Med, 2023, 21(6): 411-422

QUITY™ ultra-performance LC system (Waters, USA)
equipped with a chromatographic column (ACQUITY UPLC
BEH Ci3, 2.1 mm x 100 mm, 1.7 um, Waters, USA). MS was
conducted on a SYNAPT™ G2 mass spectrometer (Waters,
UK). Table S1 provides a comprehensive description of the
liquid chromatography and MS conditions.

Animal grouping and feeding

This study was conducted in accordance with guidelines
and regulations set forth by the Ethics Committee for Experi-
mental Animals of West China Hospital of Sichuan Uni-
versity (Approval No. 20211127A). A total of 40 male mice,
aged 6 weeks and weighing 18 + 5 g (Beijing HFK Bios-
cience Co., Ltd., Beijing, China) were housed in groups (n =
4/cage), maintained under a controlled 12-h light/dark cycle,
and provided with unrestricted access to rodent chow and wa-
ter for a week to allow for acclimatization to the laboratory
environment.

Following an initial week of acclimatization on a stand-
ard diet, the 40 mice were randomly allocated into five
groups as follows: (1) Normal-fat diet (NFD) group, receiv-
ing a NFD for 12 weeks; (2) HFD group, receiving a HFD for
12 weeks; (3) HFD + high-dose ACR (H-ACR) group, re-
ceiving a daily intragastric administration of 150 mg-kg™-d™".
ACR in conjunction with a HFD for 12 weeks; (4) HFD +
low-dose ACR (L-ACR), receiving a daily intragastric ad-
ministration of 50 mg-kg'-d" ACR in conjunction with a
HFD for 12 weeks; (5) HFD + FENO group, receiving a daily
intragastric administration of 100 mg-kg'-d”' FENO in con-
junction with a HFD for 12 weeks. The doses of ACR used in
this study were determined based on the preliminary experi-
ment results. The HFD was prepared in-house by our re-
search team using a formulation comprising 60% ordinary ro-
dent feed, 5% sucrose, 10% lard, 5% whole milk powder,
15% yolk, 3% cholesterol, and 2% salt. All dietary compon-
ents were sterilized by UV irradiation. The body weights of
all mice were measured and recorded weekly throughout the
experimental period.

Serum analysis and biochemical parameter evaluation

At the end of 12-week experimental period, eyeballs
were collected from all mice to obtain blood samples. The
blood samples were then centrifuged at 4 000 r'min”' for 15
min to separate the serum for subsequent analysis. The levels
of serum alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) were detected using an automated
biochemical analyzer (Thermo Fisher Scientific, USA). In ad-
dition, the levels of serum total cholesterol (TC), TG, high-
density lipoprotein (HDL), and LDL were measured using as-
say kits (Applygen, Beijing, China).

Analysis of oxidative stress indices in the liver

The activities of malondialdehyde (MDA), superoxide
dismutase (SOD), and reduced glutathione (GSH) in liver tis-
sues were detected using the kits from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). Briefly, 0.5 g of
liver samples were homogenized in 3 mL of cold phosphate
buffer, followed by centrifugation at 13 000 r-min' for 15

®

min at 4 °C to obtain supernatants. Before the determination
of lipid peroxidation, the protein concentrations in the liver
tissue homogenates were measured using the BCA Protein
Assay Kit (Beyotime Biotechnology, Shanghai, China). The
activities of MDA, SOD and GSH in liver tissues were meas-
ured at 530 nm, 450 nm, and 410 nm, respectively, using a
microplate reader (BioTek Instruments Inc., USA).
Histopathological examination

Histopathological examination using hematoxylin and
eosin (H&E) staining was performed to assess the histopatho-
logical alterations in the liver tissues of the mice. In addition,
hepatic neutral lipid deposition was visualized using Oil Red
O staining. The specific protocols for H&E and Oil-red O
staining were performed according to established procedures,
as described previously %

Analysis of ATP production

ATP production was evaluated using an ATP Analysis
Kit (Beyotime Biotechnology). In brief, liver tissue samples
weighing approximately 50 mg were homogenized and then
centrifuged at 13 000 r-min”' for 5 min to obtain the super-
natant. The supernatant was then subjected to detection of
emitted light using a microplate photometer (BioTek Instru-
ments Inc.) after the addition of various dilutions of luci-
ferase reagent.

Isolation of liver mitochondria

Following approved euthanasia procedures, fresh liver
samples were promptly collected from the experimental sub-
jects for liver mitochondria isolation using the Tissue Mito-
chondria Isolation Kit (Beyotime Biotechnology), following
established protocols ®”**. Briefly, 100 mg of fresh liver
samples were incubated with 1 mL of pre-cooled mitochon-
drial separation reagent A and homogenized in an ice bath 10
cycles. Next, the homogenates were centrifuged at 4 °C, 800
r'min_' for 5 min. Subsequently, the supernatants were care-
fully transferred to a new 1.5 mL EP tube for centrifugation
at 4 °C, 12 000 r'min"' for 10 min. Then the supernatants
were removed, and the resulting pellet was gently resuspen-
ded in phosphate-buffered saline (PBS). The protein concen-
trations of the liver mitochondria were determined using the
BCA Protein Assay Kit.

Analysis of respiratory chain complexes [-V activities

The activities of mitochondrial respiratory chain com-
plexes -V were detected by Complexes [-V Assay kits (Sol-
arbio, Beijing, China). Briefly, liver mitochondria were isol-
ated and appropriately diluted with PBS. Subsequently, the
diluted mitochondria were subjected to enzymatic assays fol-
lowing the manufacturer’s instructions. The activities of com-
plexes I-V were spectrophotometrically measured at specific
wavelengths (I: 340 nm, II: 600 nm, III: 500 nm, IV: 550 nm,
V: 660 nm) using a microplate reader (BioTek Instruments).
Quantitative real-time PCR (qRT-PCR)

The mRNA expression levels of Fasn, Fabpl, Scdl, and
Actin in liver tissues were detected by qRT-PCR. Total RNA
was extracted from the liver tissues using an RNA extraction
reagent (Servicebio, Wuhan, China) according to the manu-
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facturer’s instructions. Subsequently, the isolated RNA was
reversely transcribed into cDNA using the RevertAid First
Strand cDNA Synthesis Kit (Servicebio). The primer se-
quences specific to the target genes (Fasn, Fabpl, Scdl, and
Actin) for qRT-PCR were designed by Tsingke Biotechno-
logy Co., Ltd. (Beijing, China) for PCR amplification. The
expression levels of the target genes were normalized to the
reference gene Actin to account for variations in RNA input
and reverse transcription efficiency.
Western blotting analysis

The protein expression levels of p-IREla, ATF6, IREla,
GRP78, p-AMPK, AMPK, PGC-la, p-PERK, USPI4,
PERK, p-elF2a, Chop, elF2a and B-Actin in the liver samples
were assessed using Western blotting analysis, following a
previously established protocol ®”). The specific dilution ra-
tios for each primary antibody were as follows: p-IREla (1 :
1000), IREla (1 : 1000), ATF6 (1 : 1000), GRP78 (1 : 1000),
p-AMPK (1 : 800), AMPK (1 : 1000), PGC-1a (1 : 1000), p-
PERK (1 : 1000), PERK (1 : 1000), USP14 (1 : 1000), p-
elF2a (1 : 700), elF2a (1 : 700), Chop (1 : 1000), and B-Actin
(1 : 4000). The Western blotting results were independently
validated through three repeated experiments.
Statistical analysis

All statistical analyses in this study were performed us-
ing GraphPad Prism software (version 7.0) through one-way
analysis of variance (ANOVA). The data were presented as
the mean + SD. P <0.05 was indicative of a statistically sig-
nificant difference between different groups.

Results

Phytochemical compositions of ACR were analyzed by UPLC-
O-TOF/MS

The phytochemical profile of ACR was investigated by
UPLC-Q-TOF/MS in this study (Fig. 1). Through comparis-
on of the retention times and MS/MS fragment ions with
standards, a total of 9 alkaloid compounds were identified
(Table 1, Fig.S1).

ACR-IMG-ML 1:-TOF MS ES+
2021061503 BPI
100 8|9 2.68¢5

\
a\c I “
\
|
2 7 “ ” ‘\J
‘ '| 3,50 M |
.Y < L
1 2345678 910111213 14
t/min

Fig.1 Characterization of the main compounds of ACR by
UPLC-Q-TOF/MS in positive-ion mode. (1) codonopyrrolidi-
um B; (2) codonopyrrolidium I; (3) codonopyrrolidium H;
(4) codonopyrrolidium A; (5) codonopyrrolidium F;
(6) codonopyrrolidium C; (7) codonopyrrolidium G;
(8) codonopyrrolidium D; (9) codonopyrrolidium E.

ACR treatment improved HFD-induced hepatic injury and
associated body weight gain

The impact of a long-term HFD on fat intake, blood lip-
id levels, and subsequent development of liver steatosis has
been well-documented °”. Therefore, HFD-fed mice or rats
have been widely employed as a classical model to assess the
therapeutic efficacy of anti-NAFLD drugs. As shown in Figs.
2A—2B, the HFD group exhibited significantly increased
body weight, liver weight, and food intake compared with
those in the NFD group, while the administration of 150
mg-kg” ACR (H-ACR) and 100 mgkg™" FENO (positive
drug group) remarkably reduced the body and liver weight in
mice (P < 0.01). In addition, H-ACR and FENO groups
showed a decrease in food intake compared with the HFD
group, was although no statistically significant difference was
observed between them (Fig. 2C, P > 0.05).

To further ascertain the impact of ACR on liver function
in NAFLD mice, the serum activities of ALT and AST were

Table 1 Characterization of the main compounds of ACR by UPLC-Q-TOF/MS

. Mass error
No. trpmin Compounds Selected ion Formula Detected (mDa) MS fragments
mDa
1 1.03  codonopyrrolidium B M1 C14HypNO,  268.1547 -0.2 250.1422, 161.0601, 121.0655, 88.0755
2 2.64  codonopyrrolidium I M1 Ci9H,sNOg  366.1916 —0.1  266.1392, 177.0549, 161.0592, 137.0590, 88.0744
N 266.1391, 220.1389,202.1451, 172.1351,
3 6.68  codonopyrrolidium H [M] Ci9H30NOg¢  368.2062 0.5
121.0667, 100.0762, 88.0767
268.1535, 250.1436, 220.1324, 161.0637,
4 6.82  codonopyrrolidium A M1 C1gHpNOs  350.1967 0
121.0647, 88.0750
5 7.01  codonopyrrolidium F M]' CoH30NOs 352.2126 0.2 250.0865, 161.0609, 121.0660, 88.0750
6 7.49  codonopyrrolidium C M]" CigH,sNO5  350.1974 0.7 250.1452,232.1339,170.1187, 161.0603, 121.0649
7 7.64  codonopyrrolidium G M]° CigH30NOs  352.2119 0.5 250.1430, 161.0606, 121.0658, 88.0768
8 8.07  codonopyrrolidium D M1’ CioH30NOs 352.2119 -0.5 250.1460, 232.1308, 172.1327, 121.0667, 88.0758
9 8.24  codonopyrrolidium E M1 Ci9H30NOs  352.2121 -0.3  250.1460, 232.1274, 172.1351, 121.0667, 88.0754
®
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Fig.2 ACR attenuated HFD-induced body weight gain and liver injury in NAFLD mice. (A) Changes of body weight were re-
corded during ACR treatment in the progression of NAFLD. (B) The index of liver/body in HFD-fed mice treated with ACR (50
mg-kg '-d”" and 150 mg-kg '-d™") or FENO (100 mg-kg "-d") for 12 weeks were counted. (C) The food intake (g/day/mouse) in dif-
ferent groups was recorded. (D—E) Levels of serum ALT and AST in different groups were detected using Automatic biochemic-
al analyzer. The data were expressed as mean + SD; (n = 8). # P<0.01 vs NFD group; "P<0.05," P<0.01 vs HFD group.

determined. As depicted in Fig. 2D and Fig. 2E, the activities
of serum ALT and AST exhibited a substantial up-regulation
in the HFD group compared with those in the NFD group
(P < 0.01), whereas treatment with 150 mg-kg' ACR (H-
ACR) and 100 mg-kg™' FENO treatment led to a significant
down-regulation of ALT and AST activities (P < 0.05). Re-
markably, the effect of ACR in mitigating body weight gain
and reducing ALT and AST activities in the serum closely
paralleled that of FENO, suggesting that ACR can attenuate
HFD-induced hepatic injury and associated weight gain.
ACR could alleviate HFD-induced hepatic steatosis and reg-
ulate HFD-induced glucose and lipid metabolism disorders
NAFLD, characterized by hepatic lipid accumulation, is
a chronic disease with significant implications " In this
study, we investigated the effects of ACR on HFD-induced
hepatic steatosis and the level of insulin. Histopathological
examination using H&E and Oil Red O staining revealed pro-
nounced diffuse bullous steatosis and hepatocyte swelling in
the liver of mice in the HFD group (Fig. 3A and Fig. 3B),
suggesting that the long-term HFD causes hepatic steatosis.
However, treatment with 150 mg-kg” ACR (H-ACR) and
100 mg-kg ' FENO resulted in a noticeable reduction in HFD-
induced lipid deposition. Consistent with these pathological

changes, the HFD group exhibited significantly elevated
levels of serum glucose, insulin, TC, TG, and LDL (P < 0.01,
Fig. 3C—Fig. 3G), accompanied by a marked reduction in the
level of HDL (P < 0.01, Fig. 3H). Furthermore, qRT-PCR
analysis (Fig. 31-Fig. 3K) demonstrated that mRNA expres-
sion levels of key genes involved in fatty acid uptake and
synthesis related genes (Fasn, Fabpl and Scdl) were
markedly upregulated in response to long-term HFD treat-
ment. Importantly, treatment with ACR and FENO effect-
ively reversed these alterations induced by a HFD (Fig.
3C-Fig. 3K, Table 2), highlighting the potential of ACR to
ameliorate HFD-induced disturbances in glucose and lipid
metabolism. Collectively, these findings establish the benefi-
cial role of ACR in alleviating HFD-induced hepatic ste-
atosis and restoring HFD-induced glucose and lipid homeo-
stasis.
ACR ameliorated HFD-induced oxidative injury in NAFLD
mice

Considering the well-established association between the
development of NAFLD and the persistent occurrence of ox-
idative stress, we evaluated the effect of ACR on HFD-in-
duced liver oxidative injury by assessing the activities of liv-
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Fig. 3 ACR improved HFD-induced glucose and lipid metabolism disorder in NAFLD mice. (A, B) Representative images of
H&E and Oil red O staining of liver tissue; scale bar 10 pm. Fat vacuoles: red arrow; Ballooning degeneration: black filled tri-
angle; Fatty degeneration: black filled arrow. (C—H) Levels of serum blood glucose (C), insulin (D), TC (E), TG (F), LDL (G) and
HDL (H) in NAFLD mice were detected. (I-K) The mRNA levels of Fasn (I) , Fabp 1 (J), and Scd 1 (K) genes in mice. Gene ex-
pression was normalized to Actin mRNA levels. The data were expressed as mean £ SD; (n = 8). * P< 0.01 vs NFD group; " P<
0.05, " P<0.01 vs HFD group.
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Table2 ACR improved liver and serum metabolic parameter levels in HFD mice (means + SD, n=8)

Group NFD HFD HFD + H-ACR HFD + L-ACR HFD + FENO

liver TG (ug-mL™) 38.23+2.56 76.26 + 4.49" 56.36+4.107 75.50 +3.22 53.34+3.03"
Serum TC (mmol-L™") 2.89 +0.27 6.48 £ 0.50™ 453+034" 6.31+0.47 438+0.29

Serum TG (mmol-L™") 0.51 +0.08 1.01 + 0.08% 0.69+0.07" 0.96+0.12 0.64 +0.08"™

HDL (mmol-L™") 4.80 £ 0.35 2.58 +0.26™ 4.96+0.43" 3.30+0.29" 4.98+0.28"
LDL (mmol-L™") 1.79 +0.28 5.49+£0.51" 3.42+035" 4.75+0.46 3.58+£0.34"

VLDL (mmol-L ") 2.60 + 0.60 7.46 + 0.53" 520048 6.46 + 0.44 4.65+0417

P <0.05 and *P < 0.01 vs NFD group; "P < 0.05 and P < 0.01 vs HFD group

er MDA, GSH, and SOD ™ As displayed in Fig. 4A and Fig.
4B, the HFD group exhibited significant reductions in SOD
and GSH activities in liver tissues compared with the NFD
group (P < 0.01), while treatment with both H-ACR and
FENO effectively prevented the decline in enzymatic activit-
ies, restoring them to levels similar to the NFD group (P <
0.01). Notably, HFD + L-ACR group also showed a trend to-
wards restored SOD and GSH activities, although the differ-
ence did not reach statistical significance. Moreover, the level
of MDA, a marker of oxidative stress, was significantly in-
creased in the HFD group, indicating liver oxidative injury
(P < 0.01). Remarkably, both HFD + H-ACR and FENO
groups exhibited a significant reduction in MDA levels com-
pared with the HFD group (P < 0.01), but no significant dif-
ference was observed between HFD + H-ACR group and
HFD + FENO group (P < 0.01, Fig. 4C). Moreover, there
was no significant difference between groups ACR and
FENO on the improvement of these changes. Above results
suggested that ACR administration could alleviate HFD-in-
duced oxidative stress by enhancing the antioxidant system.
ACR administration could improve HFD-induced mitochon-
drial energy anomaly by regulation of AMPK/PGC-1o. path-
way

In the pathogenesis of NAFLD, the excessive consump-
tion of HFD leads to mitochondrial dysfunction in hepato-
cytes, characterized by increased ROS production and im-

13- M Therefore, the effects of

ACR on mitochondrial energy metabolism in NAFLD mice

paired energy metabolism

were evaluated in this study. As shown in Table 3 and Fig.
S5A-Fig. 5F, the HFD group exhibited a significant decrease
in ATP content and activities of mitochondrial respiratory
chain complexes -V (P < 0.01, P < 0.05), while the ATP
production and activities of complex I, II, IV and V in the
ACR and FNEO groups were increased (P < 0.05). In con-
trast, treatment with ACR and FENO resulted in increased
ATP production and enhanced activities of complexes I, II,
IV, and V (P < 0.05), albeit still lower than those in the con-
trol group. Notably, the increase in complex III following
ACR and FENO treatment was not statistically significant
compared to the HFD group (P > 0.05, Fig. 5D).

In addition, we investigated the signaling pathways asso-
ciated with energy metabolism. AMPK, a key cellular energy
sensor, has emerged as a potential therapeutic target for meta-
bolic disorders ™" **. Mounting evidence indicates that mito-
chondrial status can influence AMPK activity, and in turn,
AMPK regulates the function of mitochondria in many
ways Y. As depicted in Fig. 5G-Fig. 5I, the levels of PGC-
lo/Actin and p-AMPK/AMPK ratios were significantly re-
duced by approximately 50% following HFD treatment.
However, administration of 150 mg-kg” ACR and FENO
markedly upregulated the levels of PGC-la/Actin and p-
AMPK/AMPK ratios (P < 0.05). These findings suggest that
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Fig. 4 ACR attenuated HFD-induced oxidative stress in mice. (A—C) The activities of SOD (A), GSH (B), and MDA (C) were
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0.01 vs HFD group.

®

—417-



FAN Cailian, et al. / Chin J Nat Med, 2023, 21(6): 411-422

Table3 ACR regulated HFD-induced mitochondrial energy metabolism in mice (means = SD, n = 8)

Group NFD HFD HFD + H-ACR HFD + L-ACR HFD + FENO

ATP content (nmol-mg ' prot) 64.40 £ 5.77 40.58 +3.68" 59.69 + 6.39° 49.89 +5.24 61.71+3.92"
Complex I activity(U-mg ' prot) 15.65 + 1.24 8.64 +1.61" 12.68 + 1.04 10.36 + 1.24 12.79 + 1.54

Complex II activity (U-mg' prot) 10.28 + 1.47 521+ 1.07% 8.69 +1.20" 6.14+1.23 9.23+1.47"
Complex III activity (U-mg ' prot) 3.29+0.81 2.15+0.50 2.64 +0.60 2.45+0.54 2.70 £ 0.58
Complex IV activity (U-mg " prot) 2.41+0.49 1.58+0.31% 231+0.35 1.96 024 2.34+0.42
Complex V activity (U-mg ™' prot) 226+ 0.34 1.48 +0.37" 2.15+0.39" 1.73 +0.29 2.20+0.38

P <0.05 and “P < 0.01 vs NFD group; ‘P < 0.05 and "'P < 0.01 vs HFD group

ACR treatment can ameliorate HFD-induced mitochondrial
energy disturbances, potentially through activation of the
AMPK/PGC-10 pathway.
ACR inhibited HF D-induced ER stress in NAFLD mice
Previous studies have established the involvement of ER
stress in the pathogenesis of NAFLD, highlighting the up-
regulation of USP14, a key player in lipid aggregation, as a
consequence of sustained ER stress 4 41 Therefore, we
sought to investigate the impact of ACR on ER stress-related
signaling pathways and USP14 expression in HFD-induced
NAFLD mice using Western blot assays. As illustrated in
Fig.6A-Fig.6H, the ratios of p-PERK/PERK, p-IRE1o/IRE1a,
ATF6/Actin, GRP78/Actin, p-elF2a/elF20, and Chop/Actin,
representing canonical ER stress signaling pathways, along
with the expression of USP14, exhibited a minimum 1.5-fold
increase upon HFD feeding. The positive control drug
showed a similar effect to ACR in regulating the expressions
of ER stress proteins and USP14, except for the expression of
ATF6. The above data indicated that ACR could inhibit ER
stress in HFD-induced NAFLD, which may be related to the
expression of USP14.

Discussion

Alkaloids, a class of naturally occurring compounds with
diverse biological activities, are widely distributed in natu-
re "%, Codonopsis Radix, a prominent Traditional Chinese
Medicinal herb, is known for its high alkaloid content. In this
study, the effects and underlying mechanisms of ACR in
ameliorating lipid accumulation in a mouse model of HFD-
induced NAFLD were investigated. Our findings provide
compelling evidence for the ability of ACR to mitigate hepat-
ic lipid deposition in NAFLD mice by enhancing energy
metabolism, mitigating oxidative stress, and alleviating ER
stress.

Numerous scientific investigations have consistently
highlighted hepatic steatosis as the primary pathogenic mech-
anism underlying NAFLD ™. Therefore, the widely em-
ployed approach of feeding mice a HFD for a duration of
8—12 weeks has been established as a reliable method for es-
tablishing an in vivo NAFLD model "> *". During the HFD
feeding regimen, mice exhibit increased liver index and ser-
um levels of ALT, GLU, TC, TG and LDL, alongside de-

®

creased serum HDL levels. Furthermore, the liver presents
varying degrees of steatosis, accompanied by inflammatory
cell infiltration and other pathological changes “**". In our
study, a mouse model of NAFLD was successfully construc-
ted following 12 weeks of HFD treatment, as evidenced by
the observed increase in body weight, liver weight relative to
body weight index, and serum AST and ALT levels. These
findings were consistent with histological analysis using
H&E and Oil Red O staining, as well as measurements of TC,
TG, LDL, and HDL levels in the serum were further con-
firmed, corroborating existing literature reports ““. Treat-
ment with ACR significantly attenuated weight gain and re-
duced serum ALT and AST levels in NAFLD mice. Further-
more, ACR intervention led to notable reductions in intracel-
lular lipid deposition in the livers of HFD-induced mice and
lowered serum levels of TC, TG, and LDL. Notably, these ef-
fects on lipid accumulation were comparable to those ob-
served with the positive control drug FENO, unequivocally
demonstrating the potent lipid-regulating properties of ACR
in NAFLD.

Oxidative stress and lipid peroxidation, as the core of the
“second strike”, are indispensable in the occurrence and de-
velopment of NAFLD ™. Oxidative stress primarily arises
from the the excessive production of ROS Y. When the
clearance of ROS fails to keep pace with their production it
leads to lipid and protein peroxidation within mitochondria.
Subsequently, the opening of mitochondrial membrane per-
meability transition pores is triggered, resulting in a decline
or complete loss of mitochondrial membrane potential, dis-
ruption of mitochondrial structure, and impairment of mito-
chondrial function ""*". In line with these reports, our study
demonstrated that ACR alleviated HFD-induced oxidative
stress injury, as evidenced by a reduction in the level of MDA
and elevations in GSH and SOD activities. These data indic-
ate that the lipid-lowering effects of ACR in NAFLD mice
may, in part, be attributed to its potent anti-oxidative effect.

Mitochondria serve as the primary source of ROS pro-
duction and ATP synthesis . ATP generation within mito-
chondria is primarily accomplished through the coordinated
functioning of the five respiratory chain complexes, namely
complexes [-V, located on the inner mitochondrial mem-
brane ™. The key role of mitochondrial respiratory chain
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Fig. 5 ACR regulated HFD-induced mitochondrial energy metabolism disorder in mice. (A) Effect of ACR and FENO on ATP
content in liver of mice was evaluated by a commercial kit. (B—F) Effects of ACR and FENO on the activities of Complex I (B),
Complex II (C), Complex III (D), Complex IV (E) and Complex V (F) were detected by Elisa Kits in liver of mice. (G) The pro-
tein expressions of p ~-AMPK, AMPK, PGC-1a and Actin were recorded by Western blotting bands. (H, I) Relative protein levels
of p ~-AMPK/AMPK and PGC-1a/Actin in different groups were measured by Image J. The data were expressed as mean + SD;
n=4." P<0.01 vs NFD group; " P<0.05,” P<0.01 vs HFD group.

abnormal mitochondrial energy metabolism. After ACR in-
tervention, the ATP production in mitochondria and the activ-
ities of mitochondrial respiratory chain complexes (I, II, IV
and V) were obviously enhanced. However, it is important to
note that although the activity of mitochondrial respiratory
chain complex III was up-regulated by ACR treatment, the

complex enzymes is to release energy through a series of
redox reactions during electron transfer, and finally synthes-
ize ATP to provide energy for hepatocytes *. Heightened
ROS production impairs the function of the mitochondrial
respiratory chain, resulting in diminished ATP synthesis, per-
turbed hepatic metabolic function, and subsequent hepatic
steatosis > ™. Therefore, the integrity of the mitochondrial
respiratory chain is a prerequisite for ensuring normal liver
function. In our study, the ATP production and activities of
mitochondrial respiratory chain complexes ( [-V) were obvi-
ously reduced in HFD-fed mice, indicating that HFD causes

difference was not statistically significant.

It is well recognized that the change of ATP content in
cells will affect the activation of AMPK ®”, AMPK, a mem-
ber of the serine protein kinase family, which plays an impo-

rtant role in maintaining energy metabolism homeostasis °".
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ACR alleviated HFD-induced ER stress in NAFLD mice. (A) The protein expressions of p-PERK, PERK, p-IREla,

IREla, ATF 6, GRP 78, USP14, p-elF 2a, elF 2a, Chop and Actin were recorded by Western blotting bands. (B—H) Relative pro-
tein levels of p-PERK/PERK, p-IRE10/IRE1a, ATF6/Actin, GRP 78/Actin, USP14/Actin, p-eIF 2a/elF 20 and Chop/Actin in dif-
ferent groups were measured by Image J. The data are expressed as mean = SD; (n = 4). ¥ P< 0.01 vs NFD group; * P < 0.05,

" P<0.01 vs HFD group.

Studies have proven that the activity of AMPK is signific-
antly inhibited in NAFLD mice, and the activation of AMPK
can improve oxidative stress injury and lipid deposition >,
PGC-10, a downstream molecule of AMPK, can regulate the
expression of mitochondrial function-related genes to main-
tain mitochondrial function homeostasis ™ **. Some studies
have confirmed that the activation of PGC-1a expression in
liver cells improves energy metabolism °* "), In the present
study, ACR treatment obviously up-regulated the p-AMPKa
and PGC-1a expressions, suggesting that ACR can activate
the AMPK/PGC-1a pathway in HFD-fed mice to regulate en-
ergy metabolism. Collectively, these results indicate that

ACR can enhance the activities of mitochondrial respiratory
chain complexes, promote ATP synthesis, and improve en-
ergy metabolism in NAFLD mice through the activation of
the AMPK/PGC-1a signaling pathway.

The pathogenesis of NAFLD involves intricate mechan-
isms of lipotoxicity, encompassing oxidative stress injury and
ER stress induction " Lipid accumulation triggers protein
misfolding or unfolding in the ER, leading to the activation of
the unfolded protein response (UPR). The UPR, mediated by
GRP78, stimulates pathways involving PERK, ATF6, and
IREq to regulate lipid metabolism !> *?. Thus, alleviating ER
stress is a pivotal therapeutic approach in NAFLD manage-
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ment. In our study, ACR inhibited the up-regulation of
GRP78, p-PERK, p-IREla, ATF6, p-elF2a, and Chop pro-
teins, indicating its ability to alleviate HFD-induced ER
stress. Moreover, USP14, which plays an important role in
protein degradation by participating in the post-translational
modification of proteins in the UPR system, was also invest-
igated in our study. Studies have reported that the high ex-
pression of USP14 is correlated with fatty acid metabo-
lism ™. USP14 may decrease the level of TG in the develop-
ment of NAFLD by regulating fatty acid metabolism “*. Our
findings demonstrated that ACR treatment reduced the ex-
pression level of USP14 in NAFLD mice. All these results
highlight the potential of ACR to restore ER homeostasis and
mitigate lipid accumulation in NAFLD.

However, our study has several limitations that should be
acknowledged. Firstly, while we investigated the effects of
ACR on a NAFLD mouse model and explored the prelimin-
ary mechanisms, we did not confirm the molecular mechan-
ism specifically in hepatocytes. Future studies should aim to
elucidate the underlying molecular pathways at the cellular
level by isolating the total alkaloids. Secondly, ACR is a
complex mixture of alkaloids, and further investigations are
warranted to explore the integrated effects of ACR on the im-
provement of NAFLD. This can be achieved through compre-
hensive approaches such as transcriptomics, proteomics,
metabolomics, and network pharmacology analysis .
Thirdly, our research primarily focused on oxidative stress,
abnormal energy metabolism, and ER stress. Other critical
mechanisms involved in NAFLD pathogenesis, such as in-
flammation and autophagy, were not explored in our study.
Therefore, future investigations should encompass a broader
range of mechanisms to fully elucidate the comprehensive
therapeutic effects and underlying mechanisms of ACR in
NAFLD.

Conclusion

In conclusion, this study represents the pioneering in-
vestigation into the effects and underlying mechanisms of
ACR in ameliorating lipid accumulation in NAFLD. The
findings of this study provide compelling evidence for the
significant amelioration of hepatic steatosis and oxidative in-
jury in HFD-induced NAFLD mice following ACR adminis-
tration. These lipid-lowering effects are attributed to the en-
hancement of mitochondrial energy metabolism and suppres-
sion of ER stress. The results of this study highlight the po-
tential of ACR as a therapeutic agent for NAFLD and war-
rant further comprehensive investigations in this field.
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