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Abstract: This study focused on the medium- and long-chain acylcarnitines (MCACs/LCACs) metabolic axis
regulated by peroxisome proliferator-activated receptor alpha (PPAR«a), aiming to elucidate its potential role in the
hepatoprotective effects of herbal medicines. Initially, literature mining and database analysis were conducted to

summarize the current research applications of PPARa agonists in liver diseases and the pathological implications
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of MCACs/LCACs accumulation across different liver disease models. Furthermore, published studies and animal
experiments were integrated to validate the potential mechanism by which herbal medicines and herbal ingredients
modulate liver disease via the PPARa-MCACs/LCACs pathway. Experimental results showed that co-
administration of triptolide and celastrol (TP_Cel) significantly induced liver injury, accompanied by marked
accumulation of MCACs/LCACs. In the TP_Cel model, Spearman analysis revealed moderately to strongly inverse
correlations between plasma MCACs/LCACs abundances and the expression of hepatic PPARa-target genes,
including Cptla, Cpt2, and Acox1, with most correlations reaching statistical significance (P < 0.05). In addition,
plasma MCACs/LCACs abundances were significantly elevated in Ppara™ mice compared with wild-type
129 mice (P < 0.05). Based on these findings, a multi-stage screening strategy was established, resulting in the
identification of 68 hepatoprotective herbal medicines (HpHMs) and 29 hepatoprotective herbal ingredients
(HpHIs), both targeting PPARa with no documented hepatotoxicity. Finally, molecular docking was employed to
preliminarily evaluate the binding capacity of HpHIs to PPARa. These findings provide mechanistic insights and
potential resources for the development of herbal medicines and herbal ingredients targeting lipid metabolism
disorders in liver diseases. All animal experiments were approved by the Animal Ethics Committee of West China
Hospital, Sichuan University (approval No. 20220217001).

Key words: peroxisome proliferator-activated receptor alpha; medium- and long-chain acylcarnitine;

impaired fatty acid oxidation; carnitine palmitoyltransferase; liver injury; herbal medicine screening; metabolomics
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tine-acylcarnitine translocase, CACT) #f N £k Hitk, F 2
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cDNA J5i # 47 qPCR, LA Gapdh RN 5, 27" iE i+ 5 F
(Ppara- Cptla~ Cpt2+ AcoxI~ Cyp4al0) 1 %T F ik &
(SR 1) e M3 ARS8 1) AR 4H 5 43 # B T AR S5
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S VA HT [0 B 2 1g(x + 1) % #e N Z-score 47 HE AL,
P<0.05NEREE.

PPARe #7789 0 ik SRAF(ER M4 @
DrugBank £ 28 PPARa # [7] 2547, HEFBRH0 177 8 755 77 |
WO ) AE R BLEIAS B & S 259, 454 PubMed &
GiAG R % 259 5 “liver injury/hepatoprotective/hepatic”
5 T 5% B ] L B SRR, 21 Bk 7R &5 R SCHR B 7

Table 1 Primer sequences used for qPCR analysis

T35 XU 259, 1 B Cytoscape 3.8.2 44 & 25 91— HT 9%
KI5, YTl PPARa BN 57 16 LRI 0

MCACS/LCACs SFFRREXRIZE Hid L
5575 1 L R 2H 2 H0 4 % (comparative toxicogenomics
database, CTD) #& 2= ¥ 3& A1 B, (acylcarnitine) 5 975 1)
I PE (Id 3¢ inference score). 454 PubMed R Gk R
“acylcarnitine” & i 95 o< 8 A , Ui ik JR 48 B 5K
MCACS/LCACs & 1 (1 i3 2 71 Je & Y, e iod A 522 [
CIEV RS TID S

PPARoEEEHRAT P RIRAIT R 2 TFIE7FE  HpHMs
JE CNHLIR PPARa JC BT 2 £ BB T ORI 5 770 )
24; HpHIs v K5 T HpHMs (1) # 5] PPARa H AT 8 1E
G VE R AY o 8T 22 HHE R0 1% 42 W) PPARa 1)
2 S5y, S5 A SCIR A B B #E I KR  2% H, 3R/45
{6346 HpHMs 5 HpHls; B J5 73 5 OR fT 75 751 B 2H B
74 . HpHMs I 3F P B 70 {5 B HCAE &8, 1 o8 e &
HpHMs 5 HpHIs, ¥4 # A8 B 5¢ Bk W 2% o i 16 i F%
K.

RIS PPAReEB S FXIH il 5 14
$2 F i 57 2% i) HpHIs 5 PPARa B H I 45 & RE J1. /D
Iy TSR AR 1 32 4K (PDB id: 6KAZ) 4514 73 5 )\
TCMSP Al PDB % 4fs i 3145, A SwissDock £ £k
BIEKAZ EARNEE O (x=9,y=6,z=-7) i
1T X ) 555 1) 5 i PyMOL 2.4.1 F Discovery
Studio Visualizer ¥ 17 A] #L4k . HpHIs 14 %% 25 7Y i NP
Classifier 73 2873 B>,

R
PPARa F &5 £ AT A T o B9 Kz FA BAR

£ DrugBank #(#fs 7 h JL i 08 H 12 b R A7 PPARa
BB Im R A&, SCERGE T R X B sl 71 2
7527 K IHw A Fu b S (B 25 B8 G- ), Sr -
T, Gk (LR — 2 D B, 2 S R 40— SR K, R 7 A
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Gene name Forward primer (5'-3") Reverse primer (5'-3")
Gapdh TTGTATGTGCAACAATCTCCAC CGTCCCGTAGACAAAATGTGT
Ppara CCCAAGGGAGGAATAGCTTCT CTCTGCGATGCGGTTCCAA
Cptla TGGCATCATCACTGGTGTGTT CTCTAGGGTCCGATTGATCTTTG
Cpt2 CAGCACAGCATCGTACCCA TCCCAATGCCGTTCTCAAAAT
Acoxl CCGCCACCTTCAATCCAGAG CAAGTTCTCGATTTCTCGACGG

Cyp4all CCAGGAACTGCATTGGGAAA

GACCCTGGTAGGATCTGGCA
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Step 1: Identify herbs and ingredients targeting PPARa
- HIT06): 607 herbs, 42 ingredients

- HERBL!7L: 136 herbs, 87 ingredients

- SymMapl'8l: 387 herbs, 156 ingredients

-Remove duplicates (568 herbs, 74 ingredients)
—— | -Preliminarily exclude entries without literature

evidence (343 herbs, 34 ingredients)

219 PPARa-targeting herbal medicines
177 PPARa-targeting herbal ingredients

|

Step 2: Exclude hepatotoxic candidates
- Literature search: PubMed, CNKI, WanFang
- Remove toxic herbs and ingredients

185 Candidate HpHMs | |75 Candidate HpHls |

1 Step 4: Clinical validation of HpIMs
Step 3: Clinical validation of -Retrieve active ingredients of HpHMs
HpHMs from TCMSPI20]

-Retrieve 101 hepatoprotective «Apply filter: DL > 0.18; no OB
formulas approved by NMPA restriction for non-oral compounds

from TCMIP!] (total 257 -Intersect those active ingredients and

constituent herbs) candidate HpHIs
-Intersect the constituent herbs -Exclude endogenous metabolites based
and candidate HpHMs on HMDB

/

Figure 1 Flow diagram for the screening of hepatoprotective
herbal medicines (HpHMs) and hepatoprotective herbal ingredients
(HpHIs). PPARa: Peroxisome proliferator-activated receptor
alpha; CNKI: China National Knowledge Infrastructure; NMPA:
National Medical Products Administration; TCMIP!"”: Integrative
Pharmacology-based Research Platform of Traditional Chinese
Medicine; TCMSP™: Traditional Chinese Medicine Systems
Pharmacology; DL: Drug-likeness; OB: Oral bioavailability;
HMDB: Human metabolome database; HIT'%: Herbal Ingredients'
Targets Platform; SymMap!": Symptom Mapping; HERB'": A
high-throughput experiment- and reference-guided database of

traditional Chinese medicine

2 MCACS/LCACs EFRTERTHRT R XFRIFESHIFILE
YT MCACSs/LCACs W JIg I FR S8 Ak 388 B 1) H [A] 7=
¥y, B ILAR AT BE 52 PPARa 35, AT 554K 5 MCACs/

LCACs & BE - Hith h i fE/E FH o CTD 4l e il
T T R, T2 R B AR T 5 5 5 22 P s v A O,
L35 R R INURE IR 5 BT W DILL K AP %5 (K1 3A).
H15% FE Jg 7R T SCilik FF MCACS/LCACs 5 2 Fft i
FMAHRFBR MU X R (K 3B), HTtm T 2%
FF975, AL FEAR U 5 IR URA R L A SO 5K
i8S 4R W1, JC LA DILI AT MASLD 524 % W
4k, MCACS/LCACs 1% W, T CACT . CPT2 6k 55 5
77 T S A B RS A G PRI PR o A G IR R AL A 366
JHF G 7 7 1 BE G AR 2 Ul T v e A 3R L A
RAETE, MCACS/LCACs Tt =1 5 IR D72 p-A ALt JIg
7 7 1 AT L Ak T e B 45 % D) SE B, $2 7R MCACSs/
LCACs XU 5 0] 68 4 g 7 8 444 B 15 284 JH 453 40 1)
HBEAN R IIEEAR S
3 PPARa BN SHI MCACS/LCACs X a7 BT
R RER
3.1 XERIEE X # PPARa-MCACs/LCACs-FF & #l
#) PPARa AJ REIE L 85 MCACS/LCACs kT HifT 5
5, M CPT1/2 7& Horp A S B L . SCR A B &
WL, ARAT R Tk Tl S A R 2 TE B
PPARa 15 2% it I 52 1 1) [B) I, 5 £ 5 MCACs/
LCACs KV R & & CPT1/2 F ik L. # ., 1
TP i5 S (I RT 105 5 AL, PPARa R IL %21, CPT1/2 K
Wi JF B8 MCACS/LCACs & . Ih4h, TEANS B
Rgl. /K & &) 52 A 5 55 55 2 B 25 ) il o T T
MASLD & J'F [ 78, 78 %2 31 PPARa 5 CPT1/2
PrE EVEILS (2229, X gk RN, CPT1/2 7]
AE{E PPARa-MCACs/LCACs- 5 L il v 8 45 5% 42 1)
e
32 TP 5 Cel B & RFHitr#E & tf PPARa 1l 5
MCACS/LCACs EFAXEL TP Ml Cel a5 A i il 71 (1)
FEOEVERy, WA A nT I E BT Btk ARt
FUIESL TP_Cel B & 15 F 4 45 A Y, ¥R 5F PPARa
T A X CPT1/2 2 MCACs/LCACs 1 4 i #% f 5 i .

Table 2 Herbal medicines and herbal ingredients modulating CPT1/2 and MCACs/LCACs via PPARa to improve liver disease

Herbal medicine/ingredient

PPARa-MCACs/LCACs axis alteration

Hepatic impact

Paeoniae radix rubra®!
Triptolide™
Nutmeg™®!
Ginsenoside Rg1®"
Wauzhi tablet®!
Silybin®”!

Swertia cincta®”

Dendrobine®®"

Tangerine peel derived exosome like nanovesicles™

Monoammonium glycyrrhizinate™!
1341

Conophylline

Heshouwu'”

PPARa T, MCACS/LCACs |

PPARa |, CPT1/2 | , MCACs/LCACs 1
PPARa T, MCACs/LCACs |

PPARa T, CPT1/2 1

PPARa T, CPT1 T, MCACS/LCACs |
PPARa T, CPT1/2 1

PPARa T, CPT2 1

PPARa T, CPT2 1

PPARa 1, CPT1/2 1

PPARa T, CPT1/2 1

PPARa T, CPT1/2 1

PPARa 1, CPT1/2 1

Protect cholestatic model
Damage

Protect DILI

Protect MASLD

Protect DILI

Protect MASLD

Protect cholestatic model
Protect MASLD

Protect MASLD

Protect hepatocellular steatosis
Protect MASLD

Protect MASLD
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Figure 2 Therapeutic applications of PPARa agonists in liver diseases. Network depicting associations between PPARa agonists (orange
nodes) and liver diseases (green nodes). Node color intensity reflects the number of agonist types linked to each disease, and edge width
indicates the number of supporting publications per drug-disease pair. cGVHD: Chronic graft-versus-host disease; GPD1: Glycerol-3-
phosphate dehydrogenase 1; GSDIa: Glycogen storage disease type Ia; MASLD: Metabolic dysfunction-associated steatotic liver disease;
VLCAD: Very long-chain acyl-coenzyme A dehydrogenase; DILI: Drug induced liver injury
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Figure 3  Association between medium- and long-chain acylcarnitines (MCACs/LCACs) and liver diseases. A: Association scores between
acylcarnitines and liver diseases calculated from Comparative Toxicogenomics Database (CTD); B: Chord diagram showing liver diseases
(top) and pathological phenotypes (bottom) associated with MCACs/LCACs accumulation; arc width represents literature frequency.
CACTD: Carnitine-acylcarnitine translocase deficiency; HMGCLD: 3-Hydroxy-3-methylglutaryl-coenzyme A lyase deficiency; LCHAD:
Long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency; MCADD: Medium-chain acyl-CoA dehydrogenase deficiency; MADD:

Multiple acyl-CoA dehydrogenase deficiency; CPT2: Carnitine palmitoyltransferase 2; MTPD: Mitochondrial trifunctional protein
deficiency; ALDHI1L2: Aldehyde dehydrogenase 1 family member L2
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Figure 4 PPARa signaling disruption leads to MCACs/LCACs accumulation in TP_Cel models (A-E) and Ppara”™ models (F). A: Plasma

ALT, AST, and TBA were significantly elevated, indicating liver injury; B: Representative hematoxylin and eosin (HE) stained liver

sections. CON (left): Normal architecture. TP_Cel (right): Hepatocyte disarrangement, cytoplasmic loosening, vacuolar degeneration (*),

erythrocyte extravasation (arrows). Scale bar: 100 um; C: Hepatic mRNA expression of PPARa signaling genes (Ppara, Cptla, Cpt2, Acoxl,

Cyp4al0) significantly downregulated; D: Plasma MCACs/LCACs abundances were significantly elevated in TP_Cel group compared to

CON group; E: Spearman correlation heatmap showed negative correlations between plasma MCACs/LCACs abundances and hepatic

PPARa-target gene expression, and positive correlations with liver injury markers; F: Plasma MCACs/LCACs abundances were significantly

elevated in Ppara” group compared to WT-129 group. TP_Cel: Triptolide and celastrol; ALT: Alanine aminotransferase; AST: Aspartate

transaminase; TBA: Total bile acid. n =4, ¥+ 5. P <0.05, "P<0.01,

P <0.001 vs CON group or WT-129 group
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Table 3 Summary of molecular docking results for HpHIs targeting PPARa (PBD: 6KAZ). H-bond: Hydrogen bond; vdW: van der Waals

HpHIs Affinity/kJ-mol’ Interaction Chemical class (NP Classifier)
Pemafibrate -40.815 H-bond, vdW, hydrophobic, aromatic stacking /
Berberine -38.012 H-bond, vdW, hydrophobic, aromatic stacking Tyrosine alkaloids
Auraptene -36.451 vdW, hydrophobic, aromatic stacking Coumarins
Sesamin -36.028 H-bond, vdW, hydrophobic, aromatic stacking Lignans
y-Tocopherol -35.572 H-bond, vdW, hydrophobic Meroterpenoids
Quercetin -35.192 vdW, H-bond, hydrophobic Flavonoids
Naringenin -34.439 vdW, hydrophobic Flavonoids
Wogonin -34.158 vdW, hydrophobic Flavonoids
Apigenin -34.054 H-bond, vdW, hydrophobic Flavonoids
Nobiletin -33.648 H-bond, vdW, hydrophobic Flavonoids
Nuciferine -33.439 H-bond, vdW, hydrophobic Tyrosine alkaloids
Cyanidin -33.254 H-bond, vdW, hydrophobic Flavonoids
Eupatilin -32.924 H-bond, vdW, hydrophobic Flavonoids
Genistein -32.037 H-bond, vdW, hydrophobic Isoflavonoids
Daidzein -31.974 H-bond, vdW, hydrophobic Isoflavonoids
Ergosterol -31.824 vdW, hydrophobic Steroids
Silibinin -29.974 H-bond, vdW, hydrophobic, aromatic stacking Lignans, flavonoids
f-Ecdysone -28.221 H-bond, vdW, hydrophobic Steroids
Hesperidin -28.070 H-bond, vdW, hydrophobic Flavonoids
Farnesol -27.573 H-bond, vdW, hydrophobic Sesquiterpenoids, monoterpenoids
Abscisic acid -26.259 H-bond, vdW, hydrophobic Apocarotenoids
Icariin -26.204 H-bond, vdW, hydrophobic Flavonoids
Caffeic acid -25.614 H-bond, vdW, hydrophobic Phenylpropanoids
Cinnamic acid -24.246 H-bond, vdW, hydrophobic Phenylpropanoids
Loganic acid -23.782 H-bond, vdW, hydrophobic Monoterpenoids
Gallic acid -23.326 H-bond, vdW, hydrophobic, aromatic stacking Phenolic acids
Caryophyllene -20.188 vdW, hydrophobic Sesquiterpenoids
Betaine -14.439 H-bond, vdW, electrostatic Small peptides
Gomisin a -13.531 H-bond, vdW, hydrophobic Lignans
Ursolic acid / / Triterpenoids
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Figure 5 Screening of HpHMs and HpIMs. A: Network diagram of associations among hepatoprotective formulas (diamond nodes),
therapeutic functions, and PPARa-targeting herbal medicines (circular nodes). Hierarchical layers: outer (PPARa-targeting herbal medicines),
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associated HpHMs
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Figure 6 Molecular docking conformations (surface and 2D interaction diagrams) of the top five HpHIs and PPAR« agonist pemafibrate

with PPARa protein (PBD: 6KAZ)
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