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Abstract
Background  Cystic echinococcosis (CE) is a chronic zoonotic parasitic disease caused by the parasite Echinococcus 
granulosus (E. granulosus). Currently, pharmacologic treatments are limited to albendazole and mebendazole; 
however, these treatments are associated with significant side effects and limited therapeutic efficacy, highlighting 
the urgent need for the development of new drugs. Harmine (HM) has been reported to exhibit potent antiparasitic 
effects, although it is also accompanied by notable neurotoxicity. H-2-104, a derivative of HM obtained through 
structural modification of its parent nucleus, represents a promising candidate for further investigation. This study 
aims to assess the in vivo and in vitro efficacy of H-2-104 against E. granulosus and to elucidate the mechanism of 
action of H-2-104 against CE from a metabolomics perspective.

Methods  In vitro pharmacodynamics experiments were conducted to assess the inhibitory activity of H-2-104 
against E. granulosus protoscoleces (PSCs). Following this, a mouse model of E. granulosus infection was established to 
explore the inhibitory effects against E. granulosus of H-2-104 at low, medium, and high concentrations. Additionally, 
non-targeted metabolomic approaches were utilized to analyze the serum and liver samples from mice in the control 
group, model group, and H-2-104 treatment group with the aim of identifying relevant biomarkers and crucial 
metabolic pathways involved in the response to H-2-104 treatment.

Results  The in vitro results demonstrated that H-2-104 exhibited significantly superior inhibitory activity against PSCs 
compared to harmine and albendazole. Morphological observations revealed marked alterations in the ultrastructural 
characteristics of PSCs treated with H-2-104. In vivo pharmacodynamic studies showed that H-2-104 at a dosage of 
100 mg/kg exhibited the highest cyst inhibition rate, which was (73.60 ± 4.71)%. Metabolomics analysis revealed that 
64 serum metabolites were significantly altered, primarily involving metabolic pathways such as necroptosis, linoleic 
acid metabolism, and phenylalanine metabolism. Additionally, 81 liver metabolites were identified with significant 
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Introduction
Cystic echinococcosis (CE) is a severe zoonotic para-
sitic disease caused by the larval stage of the tapeworm 
Echinococcus granulosus(E. granulosus) parasites in 
humans or animals [1–3], and it is classified as one of the 
most serious parasitic diseases in humans by the World 
Health Organization (WHO) and the Food and Agricul-
ture Organization of the United Nations (FAO) [4]. This 
disease is predominantly distributed in regions with 
developed animal husbandry [5]. In China, CE is pre-
dominantly prevalent in pastoral and semi-pastoral areas 
of seven provinces and autonomous regions, namely Nei 
Mongol, Sichuan, Tibet, Gansu, Qinghai, Ningxia, and 
Xinjiang [6]. According to statistics, the direct economic 
loss in western China due to echinococcosis amounts to 
RMB 3 billion yuan annually [7, 8]. CE has been listed by 
the World Health Organization as one of 17 neglected 
diseases that need to be controlled or eliminated by 2050 

[9, 10].The infection caused by E. granulosus primarily 
affects organs with rich blood supply, with the liver being 
the most common site [11]. The presence of occupational 
lesions at the site of E. granulosus infection leads to dis-
comfort, and such infections impact the structure and 
function of the liver, primarily disrupting its metabolic, 
detoxifying, and excretory capabilities. Additionally, 
there is a risk of secondary infections, which collectively 
impairs the patient’s quality of life [12].

Currently, the treatment options for CE primarily 
encompass surgical intervention and pharmacological 
therapy [13]. Surgical procedures are primarily indicated 
for patients with definitive surgical indications, whereas 
pharmacological therapy represents the sole approach 
for those ineligible for surgery [14]. Albendazole (ABZ), 
belonging to the benzimidazole class of drugs, is cur-
rently the first-line clinical treatment for CE and is also 
one of the drugs recommended by the WHO for the 

differences, mainly involving metabolic pathways like fructose and mannose metabolism, and glycerophospholipid 
metabolism.

Conclusions  H-2-104 exhibits significant activity both in vitro and in vivo, suggesting its potential as a promising 
new drug for the treatment of CE. The anti-CE effects of H-2-104 may be attributed to its regulation of multiple 
biological pathways, including cell apoptosis, amino acid metabolism, and glucose metabolism.
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management of CE [15]. Despite its widespread use in 
the treatment of CE, ABZ exhibits poor solubility, lead-
ing to inadequate absorption after oral administration, 
and low drug concentrations in plasma and liver, and 
thus, only about one-third of patients achieve remission 
or cure [16, 17]. 20~40% of patients exhibit suboptimal 
treatment outcomes. Furthermore, ABZ acts to inhibit 
rather than expel the parasite, necessitating long-term 
administration [18], which in turn predisposes patients 
to adverse reactions such as nausea, vomiting, alopecia, 
renal impairment, mucosal damage, and even death [19]. 
Consequently, it is urgent to develop novel and effective 
chemotherapeutic agents. Recent years have witnessed 
remarkable advancements in pharmacological research 
targeting Echinococcus granulosus infections, with par-
ticular emphasis on the identification of bioactive plant-
derived compounds exhibiting anthelmintic properties 
from traditional medicinal botanicals. Notably, system-
atic phytochemical investigations have validated the 
therapeutic potential of several species including Zataria 
multiflora [20, 21], Nigella sativa [22], Berberis vulgaris 
[23], Allium sativum [24, 25] and crocin [26, 27]. These 
findings not only corroborate the empirical knowledge 
of traditional healing systems but also lay the foundation 
for substantial progress in developing novel anti-echino-
coccosis therapeutics through modern pharmaceutical 
approaches.

Peganum harmala L., a perennial herb belonging to 
the Zygophyllaceae family, has been traditionally used 
as a medicinal herb by ethnic groups such as Uyghurs, 
Kazaks, and Mongolians [28, 29]. Peganum harmala 
L. contains a variety of chemical compositions, such as 
alkaloids, flavonoids, anthraquinones, triterpenoids, ste-
roids, phenolic glycosides and volatile oils, etc., of which 
alkaloids are the most abundant, up to 2 ~ 6 %. Alkaloids 
mainly include β-carbolines and quinolines, and the most 
researched alkaloid is harmine among the β-carboline 
alkaloids [30]. The medicinal parts include its seeds and 

whole plant, with the major chemical constituent being 
harmine (HM) (Fig. 1A). Numerous studies have reported 
that HM exhibits a wide range of pharmacological activi-
ties, including antibacterial [31], antiparasitic [32–36], 
antitumor [37–40], antidepressant [41–44], and antidia-
betic effects [45]. Our research team has discovered that 
HM possesses significant anti-CE activity [46]. However, 
studies have also shown that HM has strong neurotoxic-
ity, capable of stimulating the central nervous system and 
causing adverse reactions or even life-threatening condi-
tions in humans and animals, thereby limiting its clinical 
application [47]. To reduce the neurotoxicity of HM, our 
research group previously conducted structural modifi-
cation on HM to obtain the derivative H-2-104 (Fig. 1B). 
Preliminary studies have indicated that H-2-104 exhib-
its favorable absorption properties and high bioavail-
ability [48], suggesting that H-2-104 may be a potential 
therapeutic agent for CE and warrants further in-depth 
investigation.

Metabolomics, an emerging discipline developed in 
recent years, involves the analysis of metabolites within 
organisms to observe changes in metabolites under dif-
ferent physiological or pathological states, thereby elu-
cidating the relationships between metabolites and their 
corresponding physiological or pathological conditions. 
Currently, metabolomics is widely applied in various 
fields such as drug discovery and development, disease 
diagnosis, therapeutic efficacy assessment, toxicological 
evaluation, and biomarker discovery [49–51].

In this study, we first investigated the inhibition of E. 
granulosus activity of H-2-104 through in vitro and in 
vivo pharmacodynamics experiments. Subsequently, 
based on LC-MS/MS technology, we detected changes 
in serum and liver metabolites in mice infected with E. 
granulosus after the intervention, identified potential 
biomarkers and the involved metabolic pathways, and 
explored the mechanism of action of H-2-104 against CE. 

Fig. 1  The molecular structures of harmine (A) and harmine derivatives H-2-104 (B)
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Our findings provide a potentially valuable reference for 
the development of anti-CE drugs.

Materials and methods
Chemicals and reagents
ABZ (purity > 98%) was purchased from Sigma-Aldrich 
(St. Louis, USA). HM and H-2-104 (purity > 98%) were 
synthesized by Xinjiang Huashidan Pharmaceutical Co., 
Ltd. Unless stated otherwise, all culture reagents were 
purchased from Gibco (Wisent, Canada).

Animals
Eighty female Kunming(KM) mice, aged 6–8 weeks, 
of Specific Pathogen Free grade with a body weight of 
20 ± 2 g, were purchased from the Experimental Animal 
Center of Xinjiang Medical University. The experimental 
animal production license number is SYXK (Xin) 2018-
0003 The animals were housed in a barrier environment 
at the Animal Experimentation Center of Xinjiang Medi-
cal University. China. This experiment was approved 
by the Experimental Animal Ethics Committee of Xin-
jiang Medical University with the approval number: 
IACUC-20170420-04.

Parasites collection and culture
Protoscoleces (PSCs) were isolated from hepatic cysts 
of naturally infected sheep slaughtered at the Hualing 
Slaughterhouse in Urumqi, Xinjiang. The method for 
collecting and culturing PSCs refers to previous stud-
ies [33]. Briefly, cyst fluid was aspirated from the hepatic 
cysts, and after natural sedimentation, the supernatant 
was discarded to collect the PSCs. The PSCs were washed 
five times with sterile saline and then digested with 1% 
pepsin (pH = 2.0) for 30  min. After filtration through a 
sieve, they were washed with saline-containing antibiot-
ics until the viability of the PSCs reached over 98% [52]. 
Subsequently, the PSCs were transferred to a 25 cm² cell 
culture flask containing RPMI 1640 medium supple-
mented with 2% penicillin (100 U/mL) and streptomycin 
(100  µg/mL), and 10% fetal bovine serum. The viability 
of the PSCs was assessed using 1% eosin staining, with 
a requirement of greater than 95% viability. The eligible 
PSCs were then cultured in an incubator at 37 °C with 5% 
CO2.

Effect of H-2-104 on PSCs in vitro
PSCs were subjected to adaptive culturing for 48  h, 
and their viability was assessed. PSCs with viability 
greater than 95% were added to a 96-well plate, with 
approximately 200 PSCs per well. 0.1% dimethyl sulf-
oxide (DMSO, Amresco, USA) group was used as the 
negative control; The HM and H-2-104 groups were dis-
solved in DMSO and 2 µL was added to wells to make 
the final concentrations of 6.25, 12.5, 25, 50, 100 and 200 

µM, respectively. PSCs were collected at 1, 2, 3, 4, and 5 
days, respectively.The survival rate of PSCs in each group 
was detected by eosin staining method. The experiment 
was performed in triplicate. Additionally, changes in the 
ultrastructure of PSCs were also observed using a scan-
ning electron microscope (SEM) (JSM-6390LV, JEOL 
Ltd., Tokyo, Japan).

Subacute toxicity study of H-2-104 in mice
The subacute toxicity study in mice was performed 
according to OECD Guideline No. 407 [53]. Fifty KM 
mice were randomly divided into five groups of ten ani-
mals each (five female and five male): (1) control group, 
given 0.5% CMC-Na; (2)HM group, given 100 mg/kg/day 
HM suspension; (3) H-2-104 groups (low, medium and 
high), given 50, 100 or 200  mg/kg/day H-2-104 suspen-
sion. After 30 days of intragastric administration, blood 
was collected from anesthetized mice. The biochemical 
parameters were measured, and liver, kidney and brain 
tissues were collected for pathological examination.

Effect of H-2-104 on E. granulosus-infected mice in vivo
A 0.2 mL suspension of normal saline containing 3000 
PSCs was injected into mice via intraperitoneal injection 
[54]. 8 months after infection, mice successfully infected 
were randomly divided into five groups (6 mice/group): 
(1)control group and model group, 0.5% carboxymethyl 
cellulose (CMC-Na) solution; (2) positive drug group, 
given 50 mg/kg/day ABZ in 0.5% CMC-Na solution; (3) 
H-2-104 groups (low, medium and high), given 25, 50 or 
100 mg/kg/day H-2-104 in distilled water. Oral adminis-
tration was carried out for 30 days [13, 18]. At the end of 
treatment, all animals were anesthetized with isoflurane 
to collect blood, and euthanized by cervical dislocation to 
prevent pain. Then the mice were dissected to isolate the 
livers and cysts, and the cyst inhibition rate was calcu-
lated as follows: [(mean cysts weight of the model group) 
- (mean cysts weight of the intervention group)] / (mean 
cysts weight of the model group) × 100%. Additionally, 
cysts were observed by transmission electron microscopy 
(TEM) (JEM1230, JEOL company, Japan) as described 
previously; and the liver tissues were collected for his-
topathological observation. Furthermore, metabolomic 
analysis was conducted on the liver tissues.

Metabolomics analysis
100 µL of serum was placed in a clean EP tube, and 400 
µL of extraction solution containing isotope-labeled 
internal standards (methanol: acetonitrile, 1:1 (v/v)) were 
added. The mixture was vortexed for 30 s and then soni-
cated in an ice-water bath for 10 min. After allowing the 
sample to stand at -40 °C for an hour, it was centrifuged at 
13,800 × g for 15 min at 4 °C. The supernatant was trans-
ferred to a clean sample vial for analysis. Additionally, 
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25  mg of liver tissue sample were weighed into a clean 
EP tube, and homogenization beads were added. 500 µL 
of extraction solution containing isotope-labeled inter-
nal standards (methanol: acetonitrile: water; 2:2:1(v/v/v)) 
were then added, and the mixture was vortexed for 30 s. 
The sample was homogenized in a homogenizer (JXFST-
PRP-24, shanghaijingye, Shanghai, China) at 35  Hz for 
four minutes and then transferred to an ice-water bath 
for five minutes of sonication. This homogenization step 
was repeated three times. Following this, the sample was 
incubated at -40  °C for an hour and then centrifuged at 
13,800 × g for 15 min at 4 °C. The supernatant was trans-
ferred to a clean sample vial for analysis.

LC-MS/MS analyses were performed using a high-
performance liquid chromatography (HPLC) system 
(Vanquish, Thermo Fisher Scientific, Waltham, USA, 
and Bruker BioSpin, Karlsruhe, Germany). The injec-
tion volume of the plasma and liver was 2 µL. Data were 
acquired using an Orbitrap Exploris 120 mass spec-
trometer (Thermo Fisher Scientific, Waltham, USA, and 
Bruker BioSpin, Karlsruhe, Germany). Equipped with an 
electrospray ionization (ESI) source, operating in both 
positive and negative ion modes. The spray voltage was 
set to 3.8  kV for positive ions and − 3.4  kV for negative 
ions. The sheath gas flow rate was 50 arb, and the auxil-
iary gas flow rate was 15 arb. The capillary temperature 
was maintained at 320℃. The first-stage resolution was 
set to 60,000, and the second-stage resolution was set to 
15,000.

The raw data were converted to the mzXML format 
using ProteoWizard and processed with an in-house pro-
gram, which was developed using R and based on XCMS, 
for peak detection, extraction, alignment, and integration. 
The metabolites were identified by accuracy mass and 
MS/MS data which were matched with HMDB (http://
www.hmdb.ca) [55], massbank ​(​​​h​t​t​p​:​/​/​w​w​w​.​m​a​s​s​b​a​n​k​.​j​p​/​​​​​
) [56], KEGG ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​g​e​n​o​m​e​.​j​p​/​k​e​g​g​/​​​​​) [57], Lipid-
Maps (http://www.lipidmaps.org) [58], mzcloud (https://
www.mzcloud.org) [59] and the metabolite database 
bulid by Panomix Biomedical Tech Co., Ltd. (Suzhou, 
China). Two different multivariate statistical analy-
sis models, unsupervised and supervised, were applied 
to discriminate the groups (PCA; PLS-DA; OPLS-DA) 
by R ropls (v1.22.0) package [60]. The statistical signifi-
cance of P value was obtained by statistical test between 
groups. Finally, combined with P value, VIP (OPLS-DA 
variable projection importance) and FC (multiple of dif-
ference between groups) to screen biomarker metabo-
lites. By default, when P < 0.05 and VIP > 1, we think that 
metabolite were considered to have significant differen-
tial expression. Differential metabolites were subjected to 
pathway analysis by MetaboAnalyst [61], which combines 
results from powerful pathway enrichment analysis with 
the pathway topology analysis. The identified metabolites 

in metabolomics were then mapped to the KEGG path-
way for biological interpretation of higher-level systemic 
functions. The metabolites and corresponding pathways 
were visualized using KEGG Mapper tool. The data were 
analyzed on the BioDeep Platform (https://www.biodeep.
cn).

Statistical data analysis
SPSS 26.0 software (IBM Corporation, Armonk, USA) 
was used to analyze the data. Data are expressed as 
mean ± standard deviation(SD). In all cases, P < 0.05 was 
considered statistically significant. Prism 8 software 
(GraphPad, USA) is used to create graphs.

Results
H-2-104 significantly inhibited PSCs activity in vitro
The activity of PSCs after the intervention of H-2-104 
is shown in Fig.  2A. The results showed that the activ-
ity of PSCs was inhibited to varying degrees after drug 
administration, with the inhibition in the group being 
significantly superior to that in the parent compound 
HM group. On the third day, the survival rate of PSCs in 
200 µM H-2-104 group was 0%, which was significantly 
lower than that in HM group. The lethal concentration 
50% (LC50) of H-2-104 was 79.82 µM, significantly lower 
than that of HM at 109.1 µM (Fig. 2B). To investigate the 
effects of H-2-104 on the PSCs ultrastructure, SEM was 
used to observe the changes (Fig. 2C). After 48 h of inter-
vention, the morphological structure of PSCs in DMSO 
group was intact, with a full body and neatly arranged 
microvilli. In HM group, the surface of PSCs was concave 
and the microvilli were messy; In the H-2-104 group, the 
surface of PSCs was wrinkled, the hook and microtriches 
were lost, and the body was seriously damaged.

Subchronic toxicity study to evaluate the safety of H-2-104
Throughout the treatment period, observations of fur 
coloration, behavioral patterns, dietary intake, and def-
ecation status in all experimental groups revealed no 
abnormalities. Hematological parameters were quan-
titatively assessed, with corresponding results docu-
mented in Table  1. The WBC, Neu and Lym levels in 
HM group were significantly higher than those in control 
group (P < 0.01), while there was no significant differ-
ence in blood routine parameters between all H-2-104 
groups and the control group (P > 0.05). Pathological 
results showed that chronic inflammatory cell infiltra-
tion occurred in the portal area of liver tissue and loose 
arrangement, swelling and deformation of brain tissue 
cells in HM group. However, no significant pathological 
changes were observed in the organs of mice in all dose 
groups of H-2-104 (Fig. 3A).

http://www.hmdb.ca
http://www.hmdb.ca
http://www.massbank.jp/
https://www.genome.jp/kegg/
http://www.lipidmaps.org
https://www.mzcloud.org
https://www.mzcloud.org
https://www.biodeep.cn
https://www.biodeep.cn
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H-2-104 has therapeutic activity in vivo experiments in 
mice infected with E. granulosus
The in vivo efficacy of H-2-104 against E. granulosus 
cysts was investigated in KM mice infected with E. gran-
ulosus. Mice in the H-2-104 drug intervention group 
had significantly smaller cysts compared with mice in 
the model group and ABZ group (Fig.  3B). Therapeutic 

evaluation was performed through systematic analysis 
of cyst characteristics, including wet weight determina-
tion combined with morphological parameters (number 
and diameter of cysts), followed by inhibition rate com-
putation to quantify treatment effects (Fig. 3C). Follow-
ing 30-day treatment protocols, all therapeutic regimens 
demonstrated statistically significant improvements 

Table 1  Effects of H-2-104 on the biochemical parameters of healthy KM mice after 30 days of intragastric administration (mean ± SD, 
n = 6)
Parameters Control HM H-2-104

- 100 mg/kg 50 mg/kg 100 mg/kg 200 mg/kg
WBC(%) 8.70 ± 1.47 13.77 ± 2.12* 8.93 ± 0.94 8.61 ± 0.94 8.60 ± 0.87
Neu(%) 20.07 ± 1.36 27.33 ± 1.12* 20.88 ± 1.20 19.99 ± 1.65 19.86 ± 1.30
Lym(%) 71.06 ± 4.05 79.13 ± 3.94* 70.37 ± 4.18 69.82 ± 2.76 71.47 ± 2.77
Mon(%) 2.22 ± 0.27 2.02 ± 0.21 2.00 ± 0.19 2.21 ± 0.27 2.09 ± 0.26
Eos(%) 1.98 ± 0.22 2.04 ± 0.19 1.90 ± 0.19 1.99 ± 0.22 2.07 ± 0.21
RBC(1012/L) 7.95 ± 0.41 7.85 ± 0.39 7.91 ± 0.41 7.86 ± 0.71 8.12 ± 0.31
HGB(g/L) 121.65 ± 9.88 126.53 ± 6.10 122.20 ± 4.60 120.87 ± 5.91 118.52 ± 6.53
AST(U/L) 118.21 ± 24.39 112.11 ± 20.71 115.25 ± 16.49 117.32 ± 19.35 114.63 ± 16.55
ALT(U/L) 42.12 ± 4.17 42.09 ± 4.04 43.14 ± 4.00 42.72 ± 4.38 44.44 ± 3.93
ALP(U/L) 29.09 ± 3.37 31.44 ± 3.54 27.46 ± 2.99 28.17 ± 3.20 28.54 ± 4.77
Cr(µM) 69.78 ± 4.44 67.35 ± 3.58 67.05 ± 3.81 67.74 ± 3.85 69.93 ± 3.83
BUN(mM) 8.30 ± 0.71 8.42 ± 0.56 8.21 ± 0.50 8.57 ± 0.46 8.75 ± 0.54
*Compared to the control group, P < 0.01

Fig. 2  The effects of H-2-104 on the activity and structure of PSCs. (A) PSCs activity(mean ± SD) after 5 days of intervention with gradient concentrations 
(B) PSCs activity(mean ± SD) after 48 h of intervention (C) Ultrastructure of PSCs observed under electron microscopy (n = 3) ***P < 0.001
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Fig. 3  (A) Effects of HM and H-2-104 on the tissue structure in healthy mice. Thirty days after treatment with HM and its derivatives, the mice were eu-
thanized. HE staining was used to observe the histopathological changes in the livers, brains and kidneys of the mice. Bar = 10 μm. (B) Cyst size in mice 
after drug administration. (C) Cyst weight (mean ± SD), inhibition rate of capsule (mean ± SD), number of cysts(mean ± SD) and cyst diameter (mean ± SD) 
in mice (n = 6) *P < 0.05, **P < 0.01, ***P < 0.001
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relative to the model group: cyst weight reduction 
(ANOVA, F(5, 30) = 63.601, P < 0.001), decreased cyst 
count (F(5,30) = 27.031, P < 0.001), reduced cyst diameter 
(F(5, 30) = 27.532, P < 0.001), and elevated inhibition rates 
(F(5, 30) = 112.820, P < 0.001). H-2-104 displayed dose-
responsive therapeutic profiles across its dosage range 
(25, 50 and 100 mg/kg). Particularly noteworthy was the 
50  mg/kg dose, which achieved equivalent or enhanced 
efficacy compared to both ABZ and HM at iso-dosage 
levels (50 mg/kg), whereas maximal therapeutic response 
was attained with the 100 mg/kg regimen.

H-2-104 attenuated liver damage in mice infected with E. 
granulosus
The HE staining results revealed that the liver tissue of 
mice in the model group exhibited obvious pathological 
changes, with vesicular structures visible in the center 
and hepatocytes arranged in disarray. In the ABZ group, 
cysts were also observed in liver tissue, but they were 
characterized by clear structure and distinct boundaries, 
suggesting absorption of vesicular contents. No signifi-
cant pathological changes were noted in the liver tissues 
of mice in the various H-2-104 groups(Fig. 4A). The Mas-
son staining results indicated that there was significant 
collagen deposition in the model group, while the ABZ 
group showed marked improvement in this regard. All 
H-2-104 groups demonstrated significant improvement 
in collagen deposition, with the level of improvement 

increasing significantly as the drug dosage increased 
(ANOVA, F(5,30) = 231.339, P < 0.05). Specifically, the 
improvement observed in the 50  mg/kg H-2-104 group 
was comparable to that in the ABZ group, with no sta-
tistical difference. However, the effect of the 100  mg/kg 
H-2-104 group was significantly superior to that of the 
ABZ group(Fig. 4B).

H-2-104 destroys the normal structure of cysts infected 
with E. granulosus in mice in vivo
The results of TEM on E. granulosus cysts revealed 
the following (Fig. 5): In the model group, the vesicu-
lar wall structure of E. granulosus was clear and intact, 
with distinct boundaries between the cortical and 
germinal layers. The nuclei, nuclear membranes, and 
nucleoli were clearly visible, and the microvilli on the 
vesicular wall were arranged neatly and uniformly in 
length. In the ABZ group, the vesicular wall thickness 
of E. granulosus was significantly uneven, with a disor-
ganized germinal layer that was difficult to distinguish. 
Nuclear rupture was observed, and the microvilli var-
ied in length, with a significant increase in vacuolar 
structures. In the 25  mg/kg H-2-104 group, the cyst 
wall of E. granulosus was thickened, with a clear sepa-
ration between the germinal and cortical layers, and 
sparse microvilli. In the 50 mg/kg H-2-104 group, the 
cyst wall structure of E. granulosus was unclear, with 
the cortical and germinal layers intertwined. Pyknosis 

Fig. 4  Pathologic changes in the liver in each group. (A) HE staining and masson staining results. (B) Quantitative analysis of masson staining. Scale bar 
= 10 μm (n = 6) *P < 0.05
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and fragmented tissues were visible in the germi-
nal layer, and the microvilli were disorganized. In the 
100 mg/kg H-2-104 group, the cyst wall of E. granulo-
sus was significantly thickened, with the structures of 
the germinal layer appearing layered and an increase 
in elongated vacuolar structures. The microvilli varied 
in length and thickness. These findings suggest that 
both the ABZ group and the various H-2-104 groups 
have certain destructive and damaging effects on the 
cysts of E. granulosus.

Serum metabolomics analysis
In the PCA analysis, the R2X values were 0.514 and 
0.539, respectively (Fig. 6A, B), indicating certain dis-
tinctions among the sample groups, though further 
screening of inter-group differences is required. To 
proceed, OPLS-DA was employed for data analysis 
(Fig.  6C, D,E, F). Additionally, to validate the model’s 
effectiveness, 200 permutation tests were conducted 
(Fig.  6G, H,I, J). The results demonstrated that, in 
positive ion mode, the R2X, R2Y, and Q2 for the con-
trol and model groups were 0.467, 0.999, and 0.834, 
respectively, while in negative ion mode, these values 
were 0.396, 0.990, and 0.825 for the same groups. For 
the model and H-2-104 groups, in positive ion mode, 
the R2X, R2Y, and Q2 were 0.354, 0.981, and 0.726, 
respectively, and in negative ion mode, the corre-
sponding values were 0.484, 0.996, and 0.752. These 

results indicate that there are significant differences 
between control group and model group, model group 
and H-2-104 group, and Q2 of each model is greater 
than 0.5, which indicates that the model has a good 
prediction degree. Furthermore, with Q2 values greater 
than 0.5 for all models, the predictive performance of 
the models is considered good.

Based on the OPLS-DA model, differential metabo-
lites between the control group and model group, 
as well as between the model group and H-2-104 
group, were screened using the criteria of Variable 
Importance in the Projection (VIP) > 1 and P < 0.05. 
Compared with the control group, a total of 1401 
differential metabolites were significantly altered 
(P < 0.05) in the model group, with 611 upregulated 
and 790 downregulated (Fig.  6K). These metabolites 
can serve as potential biomarkers to characterize met-
abolic disturbances in the body following E. granulosus 
infection. Compared with the model group, a total of 
914 differential metabolites were significantly altered 
(P < 0.05) in the H-2-104 group, with 399 upregulated 
and 515 downregulated (Fig.  6L). By comparing the 
differential metabolites obtained from the two inter-
group screenings and utilizing the KEGG database 
to compare the significantly different metabolites, it 
was found that 64 differential metabolites were sig-
nificantly altered (P < 0.05) in both inter-group com-
parisons (Table S1). To visually compare the content 

Fig. 5  Cyst ultrastructural changes. GL: Germinal layers; Te: tegument. Scale bar = 2 μm
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Fig. 6  Multivariate statistical analysis of serum samples. (A, B) PCA score plots, (C, E) OPLS-DA score plots in positive ion mode, (D, F) OPLS-DA score plots 
in negative ion mode, (G, I) OPLS-DA permutation plots in positive ion mode, (H, J) OPLS-DA permutation plots in negative ion mode, (K) Volcano plot in 
control group vs. model group and (L) Volcano plot in model group vs. H-2-104 group
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changes of the common differential metabolites among 
the groups, the content of these 64 differential metab-
olites in each sample was converted into a clustered 
heatmap (Fig. 7A).

Pathway enrichment analysis was conducted on the 
64 differential metabolites using the KEGG database 
(Fig.  7B). The main pathways with significant differ-
ences in the serum before and after drug adminis-
tration include Necroptosis, Choline metabolism in 
cancer, Retrograde endocannabinoid signaling, Lin-
oleic acid metabolism, Phenylalanine metabolism, and 
others.

Liver metabolomics analysis
In the PCA analysis, the R2X values were 0.562 and 
0.541, respectively (Fig.  8A, B), indicating the pres-
ence of certain differences among the sample groups, 
but further screening for inter-group differences was 
necessary. To further analyze the data, OPLS-DA was 
employed (Fig.  8C, D,E, F). Additionally, to validate 
the effectiveness of the models, 200 permutation tests 
were conducted for each (Fig.  8G, H,I, J). The results 
showed that for the control and model groups in posi-
tive ion mode, the R2X, R2Y, and Q2 values were 0.47, 
0.994, and 0.856, respectively. In negative ion mode, 
the corresponding values for these two groups were 
0.503, 0.996, and 0.816. For the model and H-2-104 
groups in positive ion mode, the R2X, R2Y, and Q2 val-
ues were 0.281, 0.991, and 0.664, respectively, while 
in negative ion mode, the values were 0.302, 0.98, and 
0.584. These results indicate that there are significant 
differences between the control and model groups, as 
well as between the model and H-2-104 groups. Fur-
thermore, the Q2 values of all models were greater 
than 0.5, indicating good predictive performance of 
the models.

Based on the OPLS-DA model, differential metabo-
lites between the control and model groups, as well as 
between the model and H-2-104 groups, were screened 
using the criteria of Variable Importance in the Projec-
tion (VIP) > 1 and P < 0.05, and volcano plots were gen-
erated for each comparison. Compared to the control 
group, a total of 2,039 differential metabolites were sig-
nificantly altered (P < 0.05) in the model group, with 
1,209 upregulated and 830 downregulated (Fig.  8K). 
These metabolites can serve as potential biomarkers indi-
cating metabolic disturbances in the body following E. 
granulosus infection. In comparison to the model group, 
900 differential metabolites were significantly changed ( 
P < 0.05) in the H-2-104 group, including 417 upregulated 
and 483 downregulated (Fig. 8L).

By comparing the differential metabolites obtained 
from the two inter-group screenings and utilizing the 
KEGG database for further analysis of significantly 

different metabolites, it was found that 81 differential 
metabolites were significantly altered ( P < 0.05) in both 
comparisons (Table S2). To visually compare the changes 
in the abundance of these common differential metabo-
lites across the groups, the abundances of these 81 dif-
ferential metabolites in each sample were converted into 
a clustered heatmap (Fig. 9A).

Pathway enrichment analysis was conducted for 81 dif-
ferential metabolites based on the KEGG database, and 
the results were visually presented (Fig.  9B). The major 
pathways with significant differences in the serum before 
and after drug administration primarily included Fruc-
tose and mannose metabolism, Phosphotransferase sys-
tem (PTS), and Retrograde endocannabinoid signaling.

Discussion
Numerous studies have reported that HM has a good 
inhibitory effect on E. granulosus, but its obvious neuro-
toxicity limits the clinical application of HM. Therefore, 
in order to reduce the toxicity and increase the efficacy, 
our team synthesized 1,076 new compounds including 
32 types of structures by structural modification of 1, 2, 
3, 7, and 9 positions of HM parent nucleus. The phar-
macodynamics and subchronic toxicity results in vitro 
and in vivo showed that H-2-104 might be a promising 
compound for the treatment of echinococcosis caused 
by E. granulosus infection, and the mechanism might 
be related to the regulation of necroptosis, linoleic acid 
metabolism, phenylalanine metabolism, glucose metabo-
lism and lipid metabolism.

Our previous study showed that derivatives DH-330, 
H-2-98 and H-2-168 possessed potent anti-CE activities 
[62]. In this study, the anti-hydatid effect of derivative 
H-2-104 was investigated on the basis of previous stud-
ies.The results in vitro showed that all the E. granulosus 
treated with 200 μm of H-2-104 died on the third day of 
intervention, which was much better than that of HM at 
the same concentration. Currently, although drugs for CE 
have been widely developed and have shown significant 
parasiticidal effects in vitro, but the in vivo effects are 
unsatisfactory. Therefore, we further evaluated the thera-
peutic efficacy of H-2-104 in E. granulosus infected mice. 
The of subchronic results showed that thesafety of H-2-
104 was significantly better than that of HM, and was 
equivalent to that of ABZ. At the same dosage of 50 mg/
kg/day, the treatment effect of H-2-104 was significantly 
better than that of ABZ. The TEM results further dem-
onstrated that after treatment with H-2-104, the ultra-
structure of the cysts was disrupted to different degrees. 
These results suggest that H-2-104 may be a promising 
new drug against echinococcosis.

In order to clarify the anti-echinococcosis mecha-
nism of H-2-104, the changes of metabolites in serum 
and liver of mice before and after H-2-104 intervention 
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Fig. 7  Differential metabolite classification and metabolite pathway enrichment analysis of serum samples. (A) Differential metabolite classification. (B) 
Metabolite pathway enrichment analysis
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Fig. 8  Multivariate statistical analysis of liver samples. (A, B) PCA score plots, (C, E) OPLS-DA score plots in positive ion mode, (D, F) OPLS-DA score plots 
in negative ion mode, (G, I) OPLS-DA permutation plots in positive ion mode, (H, J) OPLS-DA permutation plots in negative ion mode, (K) Volcano plot in 
control group vs. model group and (L) Volcano plot in model group vs. H-2-104 group
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Fig. 9  Differential metabolite classification and metabolite pathway enrichment analysis of liver samples. (A) Differential metabolite classification. (B) 
metabolite pathway enrichment analysis
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were further investigated by non-targeted metabolomics. 
In serum metabolomics studies, the concentrations of 
a total of 64 metabolites underwent significant changes 
after model establishment and were altered following 
H-2-104 intervention. The enriched metabolic pathways 
primarily included necroptosis, linoleic acid metabolism, 
and phenylalanine metabolism. Necroptosis [63], a form 
of programmed cell death, is activated by extracellular 
or intracellular signals when apoptosis is blocked and 
occurs widely in various liver diseases such as hepatitis 
and liver cancer. Studies have shown that necroptosis can 
promote liver pathology, hepatocyte injury, and death 
[64–66]. When necroptosis occurs in multiple types of 
liver cells, including hepatic stellate cells and Kupffer, 
inflammatory mediators are released, leading to inflam-
matory lesions and fibrosis in the liver. Inducing the 
death of these cells or inhibiting their functions can slow 
down or even reverse the progression of liver fibrosis [67, 
68]. Recent studies have confirmed that harmine has a 
certain ameliorative effect on acute liver injury induced 
by CCl4, with mechanisms related to necroptosis [69]. In 
the present study, Masson staining results showed that 
H-2-104 could significantly improve the area of colla-
gen deposition in the liver, suggesting that H-2-104 may 
have the effect of alleviating liver fibrosis caused by E. 
granulosus, and its mechanism may be related to necrop-
tosis. Arachidonic acid (AA) and its metabolites, as well 
as sphingosine, can activate or inhibit certain signaling 
pathways, further regulating cell survival or death [70]. 
In this study, the differential metabolites arachidonic 
acid and sphingosine jointly participated in the necrop-
tosis pathway, suggesting that H-2-104 may improve liver 
damage caused by E. granulosus by altering metabolite 
concentrations and regulating the necroptosis pathway.

Linoleic acid, as an unsaturated fatty acid, possesses 
antioxidant properties that can neutralize free radicals 
in the body and reduce oxidative stress-induced dam-
age to hepatocytes [71]. It also participates in linoleic 
acid metabolism within organisms. Multiple research 
findings have indicated a link between the linoleic acid 
metabolic pathway and liver function, suggesting that 
drugs can improve normal liver physiological func-
tions by regulating this pathway [72, 73]. The improve-
ment of E. granulosus by H-2-104 may be related to this 
pathway. Additionally, differential metabolites such as 
N-acetylphenylalanine and phenylacetylglycine partici-
pate in the phenylalanine metabolic pathway, which pri-
marily occurs in liver tissue and involves the conversion 
of phenylalanine to tyrosine under enzymatic catalysis 
[74]. The normal functioning of the liver directly affects 
the phenylalanine metabolic pathway, particularly during 
inflammation or infection, which can lead to increased 
phenylalanine levels in the body [75], consistent with 
the results of this study. Some studies have also found 

that abnormalities in certain enzymes within the phenyl-
alanine metabolic pathway can produce metabolites that 
activate specific signaling pathways, thereby exacerbating 
liver diseases. Furthermore, research has shown that the 
phenylalanine metabolic pathway is disturbed in the liv-
ers of mice infected with E. granulosus [76]. Combined 
with the regulation of the phenylalanine metabolic path-
way observed in this study following drug intervention, 
it can be inferred that the efficacy of H-2-104 may be 
related to its regulation of phenylalanine metabolism and 
key substances within this pathway. Future exploration of 
this pathway and its key substances as potential drug tar-
gets holds significant research value.

In liver metabolomics research, the concentrations of 
a total of 81 metabolites underwent significant changes 
after model establishment and were altered following 
H-2-104 intervention. The enriched metabolic pathways 
primarily included fructose and mannose metabolism, 
glycerophospholipid metabolism, and others. In this 
study, 6-phosphoglucomannose, 1-phosphoglucoman-
nose, and fructose-6-phosphate collectively participated 
in the fructose and mannose metabolic pathway [77], 
further influencing glucose metabolism in the organ-
ism. 6-Phosphoglucomannose is an intermediate in the 
metabolic pathway, with its primary metabolism involv-
ing conversion to fructose-6-phosphate by an isomerase 
for glycolysis, and its secondary metabolism involving 
conversion to 1-phosphoglucomannose by a mutase for 
protein glycosylation [78]. E. granulosus primarily main-
tains its life activities through glycolysis for energy pro-
duction. For the growth and development of parasites, 
acquiring energy sources from the host is extremely 
important [79]. Glucose is the primary energy substance 
for E. granulosus to maintain life activities, and blocking 
the parasite’s energy acquisition is an effective means to 
inhibit its growth. The metabolomics results also sug-
gest that H-2-104 may interfere with the organism’s glu-
cose metabolism process to exert an inhibitory effect on 
E. granulosus. Additionally, enrichment results revealed 
changes in glycerophospholipid metabolism within the 
organism. Glycerophospholipid metabolism is part of 
lipid metabolism, and lipids play crucial roles in trans-
mitting intercellular signals, maintaining cell survival 
and apoptosis, and sustaining normal organismal func-
tions [80, 81]. Diseases or drugs can disrupt this meta-
bolic pathway, further causing liver damage [28]. Based 
on the experimental results, it is speculated that H-2-104 
may also normalize the disordered glycerophospholipid 
metabolism in the organism, thereby restoring proper 
function and overcoming the damage caused by E. granu-
losus to the liver.

The limitations of this study are as follows. First, 
although the sub-chronic toxicity results indicated that 
H-2-104 was safe, its long-term toxicity remains unclear 



Page 16 of 18Gao et al. BMC Veterinary Research          (2025) 21:174 

and requires further observation. Secondly, additional 
samples are necessary to validate the current results and 
enhance the reliability and accuracy of the procedure. 
Finally, various omics technologies, such as transcrip-
tomics and proteomics, could be cross-validated to bet-
ter support the experimental findings. In summary, this 
study systematically investigated the anti-echinococcosis 
effect of H-2-104 both in vitro and in vivo, and explored 
the potential mechanism of H-2-104 in treating E. granu-
losus infection in mice using non-targeted metabolomics. 
This research offers a novel strategy for anti-CE drug 
treatment.

Conclusions
In conclusion, this study systematically investigated the 
anti-echinococcosis effects of the harmine derivative 
H-2-104, both in vitro and in vivo. The results demon-
strated that H-2-104 exhibited significant inhibitory 
activity against E. granulosus, suggesting that H-2-104 
may represent a promising new drug for the treatment 
of CE. Furthermore, its anti-CE effects may be associ-
ated with the regulation of multiple pathways, including 
apoptosis, amino acid metabolism, and glucose metabo-
lism. Future studies should further explore H-2-104 and 
its related pathways as key areas of interest.
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