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ABSTRACT

There is growing evidence highlighting the pivotal role of cel-

lular metabolic adaptation in governing diverse immune re-

sponses, as well as the capacity of immune cells to alter meta-

bolic preferences. In both scenarios, the prospect of leverag-

ing bioactive compounds to induce metabolic reprogram-

ming emerges as a novel adjuvant strategy for clinical immu-

notherapy. Rg1, a major active ginsenoside found in ginseng

roots, has the potential to function as a glucocorticoid recep-

tor agonist. Unraveling the intricate relationship between

anti-inflammatory functions and the metabolic effects of gin-

senosides and glucocorticoids may contribute to the identifi-

cation of metabolic biomarkers associated with anti-inflam-

mation. This research aims to determine endogenous meta-

bolic response differences evoked by Rg1 and glucocorticoids

underlying in vivo anti-inflammatory responses. The metabol-

ic impact, particularly on primary metabolites, was assessed

in zebrafish embryos using gas chromatography–mass spec-

trometry (GC‑MS) in conjunction with metabolic pathways

analysis via the KEGG pathway database. Our results indicated

that Rg1 possesses a similar effect in alleviating inflammation

in treating injured zebrafish as beclomethasone. The anti-in-

flammatory effects of Rg1 are achieved by inhibiting the neu-

trophils and macrophages toward the amputated edges and

upregulating gene expression associated with pro-inflamma-

tory cytokines. The anti-inflammatory effects of Rg1 also in-

clude changes in fatty-acid metabolism and downstream aro-

matic amino acids in the TCA cycle. Therefore, Rg1 may be a

promising drug candidate for treating inflammatory re-

sponses and a valuable supplement for enhancing immune

regulation.

Uncovering Anti-Inflammatory Activity of Ginsenoside Rg1 in a
Wound-Inured Zebrafish Model by GC‑MS-based Chemical Profiling
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Introduction
Inflammatory processes and immune response are considered as
primary targets for drug therapies due to their importance in a
broad spectrum of chronic inflammatory disorders, including
rheumatoid arthritis, psoriasis, Crohnʼs disease, and bronchial
asthma, among others [1]. The persistent challenge of achieving
a satisfactory therapeutic response has spurred ongoing efforts to
explore novel and effective treatments. Currently, glucocorticoids
(e.g., beclomethasone) are the common anti-inflammatory and
immuno-suppressing agents to treat several acute and chronic in-
flammatory diseases in clinic practices, including asthma, Crohnʼs
disease, rheumatoid arthritis, and even some cancers [2]. The
pharmacological mechanism involves the regulation of inflamma-
tory genes expression such as NF-κB and Stat3 [3], via the gluco-
corticoid receptor (GRs), a member of the nuclear receptor family,
in response to glucocorticoid signaling. However, glucocorticoids
have a wide-ranging influence, extending beyond their anti-in-
flammatory actions. They also regulate multiple immune re-
sponses, metabolism, growth, reproduction, vascular tone, bone
formation, and brain function. The abuse of glucocorticoids, espe-
cially in chronic administration, may lead to severe undesirable
side effects, including alteration of glucose metabolism, osteopo-
rosis, affecting wound healing and with skin and muscle atrophy,
diabetes, abdominal obesity, glaucoma, growth retardation in
children, and hypertension [4,5]. Consequently, there is signifi-
cant interest in finding new anti-inflammatory drug candidates
with reduced side effects, especially from natural resources such
as plants used in traditional medicine.

In the context, Panax ginseng C.A. Mayer (Araliaceae, also
called “ginseng” or “renshen”) is a well-established traditional
medicine in Asian countries. The roots are the most commonly
utilized organ of ginseng, and they contain a plethora of steroidal
saponins (ginsenosides), exhibiting structural and functional sim-
ilarities to glucocorticoids. Notably, Rg1 is the most abundant gin-
senoside in ginseng, and it has been recently confirmed as a GR
ligand that competes against glucocorticoids for binding to the
glucocorticoid receptor, suggesting its potential as a substitute
for glucocorticoids [6]. Despite these findings, the latent cellular
and molecular mechanisms underlying the effects of ginseng and
ginsenosides, particularly in regulating immune responses at
metabolic level, remain to be investigated.

Metabolite analysis is a key approach for monitoring drug effi-
cacy, endogenous and drug-related small molecules in various
matrixes [7]. Recent technological advances have improved the
sensitivity and robustness of such analyses, enabling more data
for metabolomics studies, which provided them with popularity
in life sciences. By analyzing bio-fluids such as urine, serum, plas-
ma, and cerebrospinal fluid, metabolomics studies assist in identi-
fying disease biomarkers, aid diagnosis, and evaluate drug effi-
cacy for metabolic and inflammatory diseases, including cancer,
cardiovascular disease (CVD), and neurological diseases, among
others. [8, 9]. Between diverse analytical platforms for metabo-
lomics, GC‑MS stands out for profiling primary metabolites, in-
cluding carbohydrates, fatty acids, and amino acids. Its robust-
ness and simplicity in identifying metabolites through reliable da-
tabases is an advantage for primary metabolite profiling [10].
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Thus, considering that the intake of anti-inflammatory agents
may affect predominantly the levels of endogenous primary me-
tabolites, GC‑MS is considered as a judicious choice for investigat-
ing the endogenous metabolic changes regarding inflammatory
processes.

Stringent European and American animal welfare regulations,
prioritizing animal protection, need to explore alternative models
to rodents for plant and herbal pharmacological studies. Among
all potential alternatives, the zebrafish (Danio rerio) model is one
of the most promising. This model is a viable substitute due to
the extensive homology in genomic sequencing between zebra-
fish and mammalian species (more than 70%), including human
beings [11]. The zebrafish preserves aspects of multiple organ
structures, as well as an immune system, enhancing its wide-
spread applications in pharmacological evaluations [12]. Zebra-
fish embryos necessitate microgram quantities of test com-
pounds due to their smaller mass and size, which also helps to re-
duce maintenance costs. These have been utilized across various
research fields, including toxicological studies [13], investigations
into adiposity [14], non-alcoholic steatohepatitis [15], athero-
sclerosis [16], skin cancer [17], intestinal inflammation [18], and
research on obesity and diabetes [19], among others. Remark-
ably, some studies have highlighted the functional similarity of
the zebrafish glucocorticoid receptor to that of humans, surpass-
ing the likeness observed in mouse models [20].

Our previous investigation unveiled the anti-inflammatory ef-
fects of ginsenoside Rg1 in injured zebrafish, without eliciting glu-
cocorticoid-like side effects that impede tissue regeneration [21].
However, considering the glucocorticoid-like side effect in meta-
bolic homeostasis imbalance, whether the Rg1 regulates endoge-
nous metabolism differently from the glucocorticoids is worth ex-
ploring. Therefore, based on the information mentioned above,
we applied GC‑MS-based metabolomics to monitor metabolic dif-
ferences regulated by the Rg1 and compare it with that of beclo-
methasone against the inflammatory response of 3 dpf zebrafish
larvae. Subsequently, networks for typical metabolic pathways
comparison were generated. This study could assist in the inter-
pretation of the biological mechanism of ginsenosides with its
similarity and/or dissimilarity with glucocorticoids that were re-
vealed in wound-injured zebrafish.
Results
The zebrafish larva with the tail-fin amputation model is com-
monly employed to investigate acute inflammatory responses in-
volving leukocyte migration. The transgenic fish line Tg (mpx:
GFPi114/mpeg1: mcherry-FumsF001) facilitates the visualization
of immune cell migration, including neutrophils and macro-
phages, under fluorescence microscopy. Our results demonstrat-
ed that tail-fin amputation in 3-day-old zebrafish larvae induced
neutrophil and macrophage migration to the amputated site
within 4 hours of the procedure (▶ Fig. 1b). Pre-surgical treat-
ment with Rg1 significantly suppressed the accumulation of both
neutrophils and macrophages at the amputated site, while beclo-
methasone significantly reduced the infiltration of neutrophils but
exhibited no effect on the cell number and migration of macro-
phages (▶ Fig. 1c).
flammatory activity… Planta Med 2025; 91: 609–620 | © 2025. Thieme. All rights reserved.



▶ Fig. 1 Anti-inflammatory effect of Rg1 on the tail-fin amputated zebrafish larvae. a Location of tail-fin amputation and analytical area of zebra-
fish larvae at 3-day post fertilization. b Fluorescence of neutrophils and macrophages. Migration of the neutrophils and macrophages toward the
wound area were observed at 4-hour post amputation with inflammatory response. c The effect of ginsenoside Rg1 on inhibiting migration of
neutrophils and macrophages, in comparison to the beclomethasone as a positive control. d–e The effect of Rg1 on expression of genes that relate
to inflammation and innate immune system. Each collected sample includes 15 zebrafish larvae for the qPCR tests. For all experiments, three in-
dependent replicates were performed. The error bars indicate standard deviations of the median in each group.
At the transcriptional level, the gene expression of inflamma-
tory cytokines (TNF-α, IL-1β, and IL-8), chemokines (CXCL18b,
CXCL11aa, and CCL2), the inhibitor of nuclear factor-κ B (IκB),
and MMP-9 was measured 4 hours after tail amputation using
quantitative reverse transcription PCR (RT-qPCR) analysis. These
results indicated that amputation induced the expression of all ex-
amined inflammatory genes, except for CCL2, which was signifi-
cantly downregulated in the amputated group (▶ Fig. 1d,e).
Treatment with beclomethasone significantly downregulated IL-
1β, IL-8, CXCL18b, and MMP9, but upregulated IκB. No effect
was observed on TNF-α, CXCL11aa, and CCL2 in the amputated
larva. Both Rg1 and beclomethasone downregulated the gene in-
duction of IL-1β, CXCL18b, and MMP9, suggesting common tar-
gets for the anti-inflammatory effects of Rg1 and beclometha-
sone (▶ Fig. 1c,d). However, they increased the expression of
IκB. Intriguingly, only Rg1 inhibited the expression of the chemo-
kine-encoding gene for CXCL11aa, indicating potential differ-
ences between the activities of beclomethasone and Rg1 in the
regulation of chemokine-encoding gene expression.

Metabolomics provides a systems-like approach for the evalua-
tion of the wound-injury of zebrafish larva and of the potential dif-
ferences in immune-metabolism changes induced by Beclo and
Rg1. To identify metabolites of interest, a non-targeted metabo-
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lomics approach was applied to the data obtained from the total
ion chromatogram (TIC) of all samples resulting from their GC‑MS
analysis (Supplementary Fig. 1S). This technique is characterized
by its large peak capacity and reproducibility of retention times,
a clear indication of its reliability for metabolomics analysis. A to-
tal number of 110 metabolites were identified, including various
primary metabolites such as amino acids, organic acids, carbohy-
drates, fatty acids, purine, pyrimidine and phosphate derivatives.
The visual inspection of chromatograms showed differences in
the profiles of the NA, AMP, and drug-treated groups (Beclo and
Rg1). A principal component analysis (PCA) was conducted to
monitor the effect of metabolic variables on the group classifica-
tions. To enhance the group separation and to further analyze
which variables responded to these separations, PLS‑DA, a super-
vised method, was performed on the data matrixes. A clear sepa-
ration among the four groups was obtained as shown by the score
plot in ▶ Fig. 2a, indicating distinct group classifications for all
groups and treatments. The first two principal components (PC1
and PC2) represented 20% of the total variance of the metabo-
lome (model statistics: R2X = 0.396, R2Y = 0.854, and Q2 = 0.571),
indicating a good performance of the model without overfitting
for the clear separation according to the cross-validation test.
The p-value of the CV-ANOVA test indicated the significance of
611Thieme. All rights reserved.



▶ Fig. 2 PLS‑DA score plots for the classification among different groups. a PLS‑DA score plot based on 110 primary metabolites measured by GC–
MS; b Primary metabolites that response to the relative group classifications (VIP score > 1 in red); c PLS‑DA score plot based on 110 primary
metabolite measured by GC–MS; d Loading plot of C shows primary metabolites that response to the group classification (VIP score > 1 in red); NA:
no amputation + vehicle, AMP: amputation + vehicle, Beclo: amputation + beclomethasone, Rg1: amputation + Rg1.
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the PLS‑DA model (p < 0.005). A loading plot (▶ Fig. 2b) displayed
the important variables that were contributed to the sample scat-
ters (marked in red).

Another PLS‑DA model was conducted to further identify the
potential metabolic differences that were responsible for the sep-
aration between the Rg1 treatment and the beclomethasone
treatment, and the loading plot of PLS‑DA was applied to the
score plot of PLS‑DA (▶ Fig. 2c,d). The score plots (model statis-
tics: R2X = 0.382, R2Y = 0.988, and Q2 = 0.757) indicated a clear
separation between the two drug-treated groups, without too
much overfitting according to the cross-validation with 100 per-
mutation tests and intercepts (model statistics: R2X = 0.396,
R2Y = 0.854, and Q2 = 0.571), respectively (see Supplementary
Fig. 3S). These results, together with the previous inflammatory
study, indicate that under inflammatory condition, the immune
response is accompanied with a large scale of metabolic disor-
ders, which can be restored by the Rg1 treatment revealed by me-
tabolomics analysis.

Metabolomics offers a systems-level approach for evaluating
wound injury in zebrafish larvae and discerning potential differ-
ences in immune-metabolism changes induced by Beclo and
Rg1. To identify metabolites of interest, a non-targeted metabo-
lomics approach was applied to the data obtained from the total
612 Hsu SJ et al. Uncovering anti-in
ion chromatogram (TIC) of all samples resulting from their GC‑MS
analysis (Supplementary Fig. 1S). Generated chromatograms,
characterized by their substantial peak capacity and reproducibil-
ity of retention times, demonstrate reliability for metabolomics
analysis. A total of 110 metabolites were identified, encompassing
various primary metabolites such as amino acids, organic acids,
carbohydrates, fatty acids, purines, pyrimidines, and phosphate
derivatives.

Visual inspection of chromatograms revealed differences in the
profiles of the NA, AMP, and drug-treated groups (Beclo and Rg1).
Principal component analysis (PCA) was conducted to monitor the
effect of metabolic variables on group classifications. To enhance
group separation and analyze variables responding to these sepa-
rations, partial least squares discriminant analysis (PLS‑DA), a su-
pervised method, was performed on the data matrices. The score
plot in ▶ Fig. 2a demonstrated a clear separation among the four
groups, indicating distinct group classifications for all groups and
treatments. The loading plot (▶ Fig. 2b) displayed important var-
iables contributing to the sample scatters, marked in red.

To investigate metabolites responsible for the groups, an unsu-
pervised method, the PLS‑DA model, was conducted to further
identify potential metabolic differences responsible for the sepa-
ration between Rg1 treatment and beclomethasone treatment.
flammatory activity… Planta Med 2025; 91: 609–620 | © 2025. Thieme. All rights reserved.



The loading plot of PLS‑DAwas applied to the score plot of PLS‑DA
(▶ Fig. 2c,d). The score plots (model statistics: R2X = 0.382,
R2Y = 0.988, and Q2 = 0.757) indicated a clear separation be-
tween the two drug-treated groups, with minimal overfitting ac-
cording to cross-validation with 100 permutation tests and inter-
cepts (model statistics: R2X = 0.396, R2Y = 0.854, and
Q2 = 0.571), respectively (see Supplementary Fig. 3S). These find-
ings, combined with the previous inflammatory study, suggest
that under inflammatory conditions, the immune response is ac-
companied by a large-scale metabolic disorder, which can be re-
stored by Rg1 treatment, as revealed by metabolomics analysis.

To explore the key metabolites contributing to group classifica-
tion, 25 metabolites were further filtered and defined as signifi-
cant biomarkers using the threshold variable importance in proj-
ect plot (VIP) > 1 from the PLS‑DAmodel. These were further con-
firmed with a Studentʼs t-test between each of the two groups
(▶ Table 1). The filtered metabolite profiles with their regulation
trends are presented in ▶ Table 1. Levels of 16 metabolites were
significantly modified in the AMP group versus the NA group, in-
cluding seven amino acids (salicyluric acid, glycine, isoleucine,
proline, phenylalanine, glutamine, and tyrosine), a sugar (man-
nose), seven organic acids (malic acid, lactic acid, butanoic acid,
hexadecanoic acid, octadecanoic acid, aminomalonic acid, and
uric acid), and an inorganic acid (phosphoric acid). Most detected
amino acids (six out of seven) were downregulated, while the re-
maining 10 metabolites were upregulated in the AMP group.
Compared with AMP, beclomethasone significantly regulated 12
metabolites such as proline, galactose,myo-inositol, seven organ-
ic acids (malic acid, fumaric acid, lactic acid, hexadecane, amino-
malonic acid, tricarballylic acid, and uric acid), phosphoric acid,
and adenosine. Among these metabolites, six metabolites (galac-
tose, myo-inositol, fumaric acid, hexadecane, tricarballylic acid,
and adenosine) were significantly regulated by beclomethasone
but did not significantly differ in the inflammatory amputation.
The beclomethasone treatment downregulated only three organ-
ic acids (malic acid, lactic acid, and phosphoric acid), which were
significantly elevated after the tail amputation with inflammatory
response (▶ Table 1). Additionally, beclomethasone even down-
regulated proline levels that were decreased by amputation and
upregulated the levels of aminomalonic acid and uric acid, which
were elevated by amputation.

In contrast, more metabolites (n = 22) were regulated by the
Rg1 treatment, exceeding the number regulated by beclometha-
sone. Specifically, five amino acids (salicyluric acid, glycine, phe-
nylalanine, glutamine, and tyrosine), five sugars (mannose, galac-
tose, galactopyranose, glucose, and myo-inositol), nine organic
acids (malic acid, fumaric acid, lactic acid, hexadecane, hexadeca-
noic acid, octadecanoic acid, aminomalonic acid, tricarballylic ac-
id, and uric acid), two purine-derived metabolites (isoxanthopter-
in and adenosine), and phosphoric acid were regulated by Rg1.
Among these significant metabolites, three amino acids (phenyl-
alanine, glutamine, and tyrosine), mannose, four organic acids
(malic acid, lactic acid, hexadecanoic acid, and octadecanoic ac-
id), and phosphoric acid that were dysregulated by inflammatory
amputation were significantly restored by Rg1. This may suggest
that Rg1 regulates differently from beclomethasone at the meta-
bolic level and may have more beneficial effects on wound-injured
Hsu SJ et al. Uncovering anti-inflammatory activity… Planta Med 2025; 91: 609–620 |© 2025.
zebrafish. To further gain a better understanding of how metabol-
ic pathways are influenced by Rg1 regulation under inflammatory
conditions, the KEGG website was utilized to construct pathways
crucial in the inflammatory response and metabolic disorders
based on significant changes observed in biomarkers (see ▶ Table
1 and Fig. 3). These biomarkers were primarily associated with 14
metabolic pathways: amino sugar and nucleotide sugar; fructose
and mannose; starch and sucrose; glycine, serine, and threonine;
glutamine and glutamate; arginine and proline; phenylalanine,
tyrosine, and tryptophan biosynthesis; tyrosine; pyrimidine; the
citrate cycle (TCA cycle); pyruvate; fatty acid; inositol phosphate;
purine metabolism (▶ Fig. 4). Among these pathways, both Rg1
and beclomethasone exhibited similar regulation in galactose me-
tabolism, inositol phosphate metabolism, TCA cycle, pyruvate
metabolism, fatty acid metabolism, and purine metabolism. How-
ever, Rg1 regulated additional pathways such as phenylalanine,
tyrosine, and tryptophan metabolism, glycine, serine, and threo-
nine metabolism, glutamine and glutamate metabolism, and sug-
ar metabolism (e.g., glucose metabolism; fructose and mannose
metabolism; amino sugar and nucleotide sugar metabolism).
Discussion
Inflammation, typically considered detrimental, plays a crucial
role in tissue repair following injury, an essential aspect of the
healing process. Neutrophils and macrophages, integral to this
process, contribute to both immune and non-immune functions.
In our investigation, Rg1 exhibited potential anti-inflammatory
activity by restraining immune cell migration and suppressing
the gene expression of pro-inflammatory cytokines (il1b, cxclc1c,
and mmp9) in the amputated tail of zebrafish larvae. Notably, we
observed potential differences in their regulatory pathways, both
upstream and downstream. Specifically, Rg1 impacted both neu-
trophils and macrophages, while beclomethasone predominantly
affected neutrophils. Additionally, Rg1 demonstrated differential
effects on the gene expression of il8, cxcl11aa, and ccl2 compared
to beclomethasone. These findings suggest potential divergences
in the regulatory mechanisms against inflammatory response be-
tween Rg1 and beclomethasone.

To delve deeper into the intrinsic regulatory distinctions be-
tween the actions of these two drugs, we employed GC‑MS com-
bined with pattern recognition technology to analyze metabolic
profiles. Substantial differences were identified in the species
and concentration levels of significant metabolites, indicative of
distinct involvement in well-discriminated metabolic pathways.
Further analysis revealed additional pathway variances, particu-
larly those related to energy imbalances, encompassing the regu-
lation of glycolysis, amino acids, fatty acids, and lipids and anoth-
er intermediate metabolism.

Galactose contributes to ATP production through glycolysis
and participates in the recycling of NADH, promoting rapid ATP
generation during cellular activation. However, elevated galactose
levels are associated with pathological processes, including the
production of reactive oxygen species (ROS) and the accumula-
tion of advanced glycation end products (AGE), contributing to
diseases such as diabetes, atherosclerosis, nephropathy, infection,
and Alzheimerʼs [22]. Some studies also suggest a correlation be-
613Thieme. All rights reserved.



▶ Table 1 Significant changed metabolites response to different drug treatments in the amputated zebrafish.

Group Metabolites RT Regulation
(AMP vs. NA)

Regulation
(Beclo vs. AMP)

Regulation
(Rg1 vs. AMP)

Pathway

Amino ac-
id

Salicyluric acid
(C4)

 7.496 ↓* – ↓** Phenylalanine metabolism

Glycine (C14) 10.969 ↑** – ↑* Glycine, serine, and threonine
metabolism

Isoleucine (C12) 10.729 ↓* – – Valine, leucine, and isoleucine
biosynthesis

Proline (C25) 14.86 ↓** ↓* – Arginine and proline metabo-
lism

Phenylalanine
(C31)

16.651 ↓** – ↑* Phenylalanine, tyrosine, and
tryptophan biosynthesis

Glutamine (C43) 18.991 ↓** – ↑** Glutamine and glutamate
metabolism

Tyrosine (C61) 21.429 ↓* – ↑* Phenylalanine, tyrosine, and
tryptophan biosynthesis

Saccharide Mannose (C92) 27.156 ↑* – ↓* Fructose and mannose
metabolism

Galactose (C48) 20.044 – ↑* ↑* Galactose metabolism

Galactopyranose
(C58)

20.931 – – ↓* Amino sugar and nucleotide
sugar metabolism

Glucose (C102) 29.972 – – ↑* Glucose metabolism

Myo-Inositol
(C94)

27.483 – ↓* ↓* Inositol phosphate
metabolism

Organic
acids

Malic acid (C22) 14.311 ↑** ↓* ↓** TCA-Cycle

Fumaric acid
(C16)

11.816 – ↓** ↓* TCA-Cycle

Lactic acid (C1)  5.991 ↑* ↓* ↓** Pyruvate metabolism

Butanoic acid
(C26)

15.043 ↑* – – Butanoate metabolism

Hexadecane
(C91)

27.099 – ↑** ↑* Fatty acid metabolism

Hexadecanoic
acid (C66)

22.968 ↑* – ↓** Fatty acid metabolism

Octadecanoic
acid (C84)

25.509 ↑** – ↓* Fatty acid metabolism

Aminomalonic
acid (C21)

13.967 ↑* ↑* ↑** TCA-Cycle

Tricarballylic acid
(C46)

19.684 – ↑** ↑** TCA-Cycle

Uric acid (C68) 23.62 ↑** ↑** ↑* Purine metabolism

Purin and
pyrimidine

Isoxanthopterin
(C72)

24.078 – – ↑* Purine metabolism

Adenosine
(C107)

34.498 – ↑** ↑** Purine metabolism

Phosphate
derivatives

Phosphoric acid
(C6)

18.808 ↑* ↓* ↓** TCA-Cycle

The sequence of the metabolites indicates their importance for the contribution to the group separations;↑: increase;↓: decrease; –: no significant
change; *: p < 0.05, **: p < 0.01, Structural unidentified metabolites in GC‑MS untargeted measurement
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▶ Fig. 3 Concentrations of significantly different metabolites detected by GC‑MS, compared among different groups. The peak areas were nor-
malized to the internal standard methyl palmitate in each sample. Analysis of variance (ANOVA) and Fisherʼs least-significant difference (LSD) post
hoc test were performed for the comparison between groups. * p < 0.05.
tween galactose and proinflammatory mediators (IL-6 and TNF-
α), leading to lipid peroxidation [23]. Additionally, under hypoxic
conditions, increased lactic acid production, linked to glutamine-
carbon overflow, is considered a potential biomarker of ischemia
and hypoxia, which are found to be elevated in patients with acute
ischemic stroke (AIS) under inflammatory conditions [24].

This study clearly revealed that Rg1 and beclomethasone signif-
icantly reduced elevated lactic acid levels under inflammatory con-
ditions, potentially indicating their capacity to regulate carbohy-
drate metabolism and prevent excessive ammonia accumulation.
Moreover, similar to beclomethasone, Rg1 demonstrated regula-
tory effects not only on sugarmetabolism (e.g., galactose) but also
on carbohydrates (up-regulating upstream glucose and galactose
while down-regulating downstream mannose), modulating en-
ergy intake and adjusting activity to reduce ATP requirements.

Adenosine, crucial for wound healing and angiogenesis, stimu-
lates the immune and inflammatory system by binding to cell-sur-
face adenosine receptors (A1, A2A, A2B, and A3) [25]. Our results
indicate that Rg1 significantly upregulates adenosine production
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but it downregulates downstream uric acid, along with isoxan-
thopterin, a vital cofactor in cell metabolism. This aligns with our
previous findings suggesting that Rg1 facilitates wound healing
after tail-fin amputation.

Given the regulation of Rg1 and beclomethasone on sugar/car-
bohydrate metabolism, it is logical to examine their influence on
downstream TCA and amino acid metabolism pathways. Our re-
sults demonstrate that Rg1′s down-regulation of malic and fuma-
ric acids leads to the accumulation of their intermediate metabo-
lite, tricarboxylic acid (TCA), favoring the regulation of energy me-
tabolism in mitochondria. These metabolites can subsequently
participate in amino acid metabolism after the TCA cycle.

Moreover, there is a growing body of evidence linking amino
acids to the inflammatory response to injury, demonstrating not
only an increase in the expression of anti-inflammatory cytokines
and tight junction proteins but also a reduction in oxidative stress
[26]. This aligns with our studyʼs findings, revealing a decrease in
the levels of specific amino acids, including salicyluric acid, isoleu-
cine, proline, phenylalanine, glutamine, and tyrosine, in the am-
615Thieme. All rights reserved.



▶ Fig. 4 Metabolic changes under inflammatory situation and the changed primary pathways under the drug treatment. The error bars indicate
standard deviations of the median in each group. Green color indicates the control group. Amputated model group were displayed in blue color.
The positive control group was treated with beclomethasone and was displayed in red color. The orange color indicates the Rg1 treatment. Each
collected sample includes 15 zebrafish larvae, and each test group includes 3 replicates for detection, indicating a total 45 zebrafish information for
metabolic analysis.
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putated (AMP) samples. This observation underscores the involve-
ment of amino acids in the regulation of energy metabolism, lead-
ing to significant flux changes in the tricarboxylic acid cycle (TCA),
consistent with previous reports on various inflammatory diseases
[24,27].
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Among the mentioned amino acids, isoleucine and glutamine
are particularly noteworthy. These amino acids are major meta-
bolic products derived from branched-chain amino acids (BCAAs),
including leucine and valine. BCAAs serve numerous physiological
and metabolic functions, such as promoting protein synthesis and
renewal, mediating signal transduction pathways, and influencing
flammatory activity… Planta Med 2025; 91: 609–620 | © 2025. Thieme. All rights reserved.



glucose metabolism. They also play crucial roles in the immune
system and brain functions. Clinical supplementation with BCAAs
has been shown to be beneficial for patients with liver disease, re-
nal failure, sepsis, and surgical injury [28]. Additionally, BCAAs
serve as the main nitrogen source for the synthesis of glutamine
and alanine in muscle tissue [29].

Glutamine, being the most abundant amino acid, regulates ac-
id-base homeostasis and gluconeogenesis. It also acts as a “nitro-
gen shuttle” between organs due to its buffering capacity. Func-
tioning as a buffer, glutamine can accept excess ammonia and re-
lease it as needed to form other amino acids, amino sugars, nu-
cleotides, and urea. This property protects the organism from ele-
vated ammonia concentrations and contributes to rapid cell divi-
sion and immune system regulation and serves as a precursor for
nucleotide synthesis. The multifaceted functions of glutamine ex-
plain its reduction in plasma and muscles during conditions such
as sepsis, cancer, cachexia, burn injury, and trauma [29]. This re-
duction in energetic glutamine and proline observed under in-
flammatory conditions in our study is consistent with these find-
ings.

In this study, we observed that Rg1 upregulates glutamine and
proline, influencing the glutamine and glutamate metabolism
within the TCA cycle pathway. This suggests an immunomodula-
tory effect of ginseng by accelerating the accumulation of
branched-chain amino acids (BCAAs), in addition to its known
anti-inflammatory properties. Previous studies have reported im-
munomodulatory effects of ginseng extracts and ginsenosides on
innate immunity [30]. Moreover, proline and glycine are recog-
nized as primary precursors for collagen synthesis, playing essen-
tial roles in cell-mediated wound healing and injury recovery [31].
Glycine, in particular, affects immune responses in various im-
mune cells, exhibiting anti-inflammatory and cytoprotective ef-
fects [32] and enhancing liver regeneration in patients following
hepatectomy [33]. Our results indicate that Rg1 upregulates gly-
cine levels, while beclomethasone further downregulates proline
levels. This may explain our earlier observation that Rg1, acting
as an anti-inflammatory drug candidate, does not exhibit gluco-
corticoid-like tissue regeneration.

The increase in both glutamate and glycine metabolite levels in
mice treated with Asian ginseng, as observed in other studies
[34], aligns with our findings. Importantly, our results highlight
that inflammation induces changes in the metabolism of aromatic
amino acids, particularly tryptophan and phenylalanine. Phenyla-
lanine, being an essential amino acid and a precursor of crucial
metabolites such as tyrosine, dopamine, norepinephrine, and epi-
nephrine, undergoes metabolism via tyrosine to yield acetoacetic
acid and fumaric acid [35]. Our study revealed downregulation of
phenylalanine and tyrosine in inflamed zebrafish and their upreg-
ulation with Rg1 treatment, suggesting accelerated TCA cycle ac-
tivity involving fumaric acid and malic acid metabolism. This ob-
servation aligns with other studies confirming that the phenylala-
nine/tyrosine pair may serve as important biomarkers of inflam-
mation and acute ischemic stroke (AIS) [36].

In fatty acid metabolism, acetyl-coenzyme A (Acetyl-CoA), a
byproduct of sugar metabolism, along with its carboxylate deriva-
tive malonic acid monoacyl-CoA, can be transported outside the
mitochondria via the tricarboxylic acid (TCA) cycle. Subsequently,
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long-chain fatty acids, encompassing both saturated and unsatu-
rated varieties, undergo further synthesis. Notably, long-chain
fatty acids, particularly unsaturated fatty acids, have been impli-
cated in inflammation and the congenital immune response in hu-
man macrophages [37]. Unsaturated fatty acids can undergo oxi-
dation, such as beta-oxidation, participating in diverse metabolic
processes, including hormone regulation and the production of
inflammatory cytokines, which contribute to the development of
various inflammatory diseases [38–39]. Interestingly, beyond the
observed amine-derived and sugar metabolic changes induced by
Rg1, we have also identified its impact on the regulation of fatty
acid metabolism disorders. Elevated levels of two saturated long-
chain fatty acids, hexadecanoic acid (palmitic acid) and octadeca-
noic acid, were detected under inflammatory conditions, a phe-
nomenon significantly attenuated by Rg1 but not by beclometha-
sone. This suggests the potential of Rg1 to mitigate inflammatory
diseases, presenting a novel avenue for future exploration.

In this study, the zebrafish model has offered insights into Rg1′
s metabolic effects, indicating its potential to modulate body me-
tabolism. Although zebrafish embryos are valuable for studying
inflammation and the metabolic effects of Rg1, their direct appli-
cation to human contexts still face challenges due to physiological
differences. Our findings in this study encourage the use of the
zebrafish model for exploring Rg1′s metabolic effects and provide
a nuanced perspective on the future translatability of these find-
ings to mammalian and human applications. Based on the re-
search outcomes of this article, our future work will confidently
carry out studies on the regulatory effects of Rg1 on more meta-
bolic diseases. Furthermore, we plan to continue verifying the rel-
evant pharmacological effects through mammalian experiments
and clinical trials and to explore the possibility of their transforma-
tion into practical applications.

In summary, this study contributes additional scientific evi-
dence supporting the potential anti-inflammatory effect of Rg1,
which shares similarities with the glucocorticoid beclomethasone
but exhibits significant differences in their metabolic mechanisms
concerning injury-wounded zebrafish. Beclomethasone, a widely
recognized anti-inflammatory glucocorticoid, primarily influences
upstream energy metabolism, specifically monosaccharides and
intermediates, thereby regulating the tricarboxylic acid (TCA)
cycle. In contrast, Rg1 predominantly targets fatty acids and
downstream amino acids in the TCA cycle, playing diverse roles
not only as cell signaling molecules but also as regulators of in-
flammatory and immune responses. The extensive metabolic
pathways affected by Rg1 administration encompass phenylala-
nine, tyrosine, and tryptophan biosynthesis, glycine, serine, and
threonine metabolism, glutamine and glutamate metabolism,
pyruvate metabolism, inositol phosphate metabolism, and purine
metabolism. The broad regulation of downstream TCA amino ac-
ids and fatty acids by Rg1 provides additional evidence supporting
Rg1 as a promising drug candidate against inflammatory re-
sponses and as a supplement for enhancing immunomodulation
concurrently.
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Materials and Methods

Chemicals and reagents

All chemicals employed in this study were of analytical grade. In-
ternal standards and reagents for GC‑MS analysis, namely N,O‑Bis
(trimethylsilyl) trifluoroacetamide (BSTFA) plus 1% trimethylchlor-
osilane (TMCS) were purchased from Pierce Chemical Co., and be-
clomethasone was procured from Sigma-Aldrich Co. The Rg1 ref-
erence compound (purity > 98%) was sourced from Solarbio Sci-
ence & Technology Co., Ltd.

Zebrafish treatments

Zebrafish (Danio rerio) of the transgenic line Tg (mpx :GFPi114/
mpeg1:mcherry-FumsF001) were sourced and maintained at the
Institute of Biology Leiden (IBL) in Leiden University. The animal
study received approval from the Institutional Animal Care and
Use Committee of Leiden University, the Netherlands, (license
number 10612) under protocol 14198 and adhered to the stan-
dard guidelines from the Zebrafish Model Organism Database
(https://zfin.org, accessed on 30 January 2023).

Three-day-old zebrafish larvae were cultured in egg water (con-
taining 60 g/mL Instant Ocean Sea salts and 0.0025% methylene
blue) and treated with 120 µM Rg1 or 25 µM beclomethasone (Be-
clo, used as a positive control) two hours before inducing acute in-
flammation through tail-fin amputation (▶ Fig. 1a) [40]. The use of
the Rg1 dosage was informed by our previous study, which found
that a significant effect begins when the dose exceeds 100 µM,
equivalent to the effect of beclomethasone at doses higher than
120 µM. Consequently, a concentration of 120 µM was used for
the metabolomics study presented in this study. The experiments
were set up in a 24-well plate with 15 larvae in each well, divided
into four groups: (a) control group without amputation to the lar-
vae (NA group), (b) vehicle treatment after amputation (Amp + ve-
hicle), (c) beclomethasone treatment after amputation (Amp + Be-
clo), and (d) Rg1 treatment after amputation (Amp+Rg1). The ex-
periment was performed in quintuplicate.

For tail-fin amputation, embryos were anesthetized with tri-
caine (buffered 0.02% aminobenzoic acid ethyl ester in egg water)
and placed on Petri dishes coated with 2% agarose. The tail fin of
each larva was amputated (▶ Fig. 1a) using a 1mm sapphire
blade under a Leica MZ16FA fluorescence stereomicroscope. Neu-
trophils and macrophages in the wounded area were tracked by
GFP and mCherry fluorescence, respectively (▶ Fig. 1b), and
quantified. Four hours after amputation, the zebrafish larvae were
quickly rinsed twice with water, transferred to 2mL centrifuge
tubes, and snap-frozen in liquid nitrogen. The larval samples were
stored at − 20 °C until further processing.

RT-qPCR

Gene expression at the transcriptional level was assessed through
the RT-qPCR (reverse transcription–quantitative PCR) method.
RNA isolation was carried out using TRIzol reagent (Invitrogen)
following the manufacturerʼs instructions. The initial cDNA strand
was synthesized using the iScript cDNA synthesis kit and subse-
quently subjected to qPCR analysis, employing the amplification
conditions as previously described [21]. Each collected sample in-
618 Hsu SJ et al. Uncovering anti-in
cludes 15 zebrafish larvae for the qPCR tests. For all experiments,
three independent replicates were performed. The error bars indi-
cate standard deviations of the median in each group.

Metabolites extraction for GC‑MS analysis

Zebrafish larvae were treated following a previously documented
procedure [41]. The frozen zebrafish larval samples were com-
bined with 1mL of methanol and sonicated at room temperature
for 30 minutes, after which centrifugation at 13000 rpm/min
(18894.2 ×g) for 10 minutes was conducted. The supernatant
was collected and subjected to drying in a Speed-vac (Thermo-
Scientific). The resultant dried extract was reconstituted in
100 µL of anhydrous pyridine and derivatized using 100 µL of N,
O-Bis-(trimethylsilyl) trifluoroacetamide (BSTFA) and 1% trime-
thylchlorosilane (TMCS) at 80 °C for 50 minutes. Following deriva-
tization, the extract was combined with 50 µL of an internal stan-
dard solution (1mg/mL methylpalmitate dissolved in pyridine)
and centrifuged at 13000 rpm/min (18894.2 ×g) for 5 minutes
at room temperature prior to GC/MS analysis.

GC–MS analysis

The derivatized zebrafish larval sample underwent analysis using a
7890A gas chromatograph mass spectrometer equipped with a
7693 automatic sampler and a 5975C single-quadrupole detector
(Agilent). The sample was injected onto a DB-5 GC column
(30m × 0.25mm, 0.25 µm film, J&W Science) and eluted with He-
lium (99.9% purity) as a carrier gas at a flow rate of 1mL/min. The
initial temperature was set at 40 °C, and it was increased to 150 °C
at a rate of 5 °C/min, followed by an increase to 260°C at 7 °C/min,
with a 3-minute hold. The injector was maintained at 250 °C, and
1 µL of the sample was injected in the split mode (10 :1). The in-
terface temperature was 280 °C, and the ion source and quadru-
pole temperatures of the mass detector were set at 230°C and
150 °C, respectively. Ionization energy in EI mode was 70 eV.
Peaks were identified through a comparison of ion spectra with
the NIST library version 2008 (https://www.nist.gov/srd) or by
comparing retention times and spectra with those of standard
compounds. Methyl palmitate served as the internal standard
with a final concentration of 100 ng/µL.

Data processing and statistical analysis

Inflammatory marker data are presented as the mean ± standard
error of the mean (SEM). Group comparisons were conducted us-
ing analysis of variance (ANOVA) and Fisherʼs least-significant dif-
ference (LSD) post hoc test. An independent t-test was employed
for comparisons between Amp vs. NA groups and treated vs. un-
treated samples. A P value < 0.05 was considered statistically sig-
nificant.

All total ion chromatograms (TIC) were automatically inte-
grated, and peak identification was performed using Mass Hunter
Qualitative Analysis software version B.07.00 (Agilent). Files in
ʼCDF′ format obtained fromGCMS, containing sample information
such as retention time and peak intensity, were exported to Micro-
soft Excel for further preprocessing. The internal standardwas used
for data quality control to ensure reproducibility. Peaks corre-
sponding to the internal standard and any identified in blank sam-
ples were removed from the dataset. Normalization of the dataset
flammatory activity… Planta Med 2025; 91: 609–620 | © 2025. Thieme. All rights reserved.

https://zfin.org
https://www.nist.gov/srd


was carried out by the total intensity of peaks in each sample for
multivariate data analysis (MVDA) using SIMCA P software (Version
15.1, Umetrics, Umeå Sweden). Data scaling was performed using
the Pareto method. Partial least squares discriminant analysis
(PLS‑DA), a supervised method, was utilized for maximum classifi-
cation, separation of independent samples, and feature selection
based on R2X, R2Y, and Q2Y. A permutation test (100 substitutions
in all models) was employed to assess the validity of the PLS‑DA
model for overfitting. Metabolite pattern analysis followed the ap-
proach described by Xia et al. 2015 [42]. The Variable Importance
in the Projection (VIP) score was calculated in the PLS‑DA model.
The identification of the most crucial metabolites was the primary
discriminating feature distinguishing between the Amp and NA
groups, as well as between treated and Amp groups. Compounds
with VIP values > 1.0 and p values < 0.05, as obtained from the
PLS‑DA scatter plot model, were considered potential biomarkers.
Metabolic pathways associated with each potential biomarker
were determined using the Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG, http://genome.jp/kegg) [43].

Supporting information

Total ion chromatograms (TICs) for the metabolomics analysis by
GC‑MS, as well as the validation of the PLSDA model, are available
as supporting information.
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