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Abstract: (1) Background: Cystic echinococcosis (CE), caused by Echinococcus 14 

granulosus(E. granulosus), is a globally distributed zoonosis predominantly affecting 15 

the liver. Persistent infection provokes chronic inflammation, hepatocellular injury, and 16 

fibrotic cyst formation, yet the molecular mechanisms remain incompletely defined. 17 

High-mobility group box 1 (HMGB1), a damage-associated molecular pattern, regu- 18 

lates inflammation, oxidative stress, and ferroptosis. This study investigated whether 19 

HMGB1 coordinates an inflammation-ferroptosis-fibrosis axis during E. granulosus- 20 

induced liver injury. (2) Methods: We examined HMGB1 using liver tissues from nat- 21 

urally infected sheep, an infected rat model, and in vitro BRL hepatocytes and HSC-T6 22 

stellate cells. Histopathological injury, collagen deposition, and iron accumulation were 23 

assessed by staining. HMGB1, Fe²⁺, lipid peroxides, glutathione, superoxide dismutase, 24 

and malondialdehyde were quantified, and ferroptosis-, inflammation-, and fibrosis-re- 25 

lated proteins were analyzed. Glycyrrhizic acid (GA) and ferrostatin-1 (Fer-1) were 26 
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used for intervention. (3) Results: Infection increased HMGB1 expression and release, 27 

promoted hepatic iron accumulation and lipid peroxidation, impaired antioxidant de- 28 

fenses, downregulated GPX4 and SLC7A11, and upregulated TFRC. It also activated 29 

TLR4/MYD88 and TGF-β/Smad signaling, induced hepatic stellate cell activation, and 30 

enhanced collagen deposition. Iron-positive regions overlapped with fibrotic areas. In- 31 

hibition of HMGB1 or ferroptosis corrected iron-metabolism abnormalities, attenuated 32 

oxidative stress, and suppressed inflammatory and fibrotic responses; GA exerted 33 

broader protection. Exogenous HMGB1 further aggravated hepatocyte ferroptosis and 34 

promoted stellate activation. (4) Conclusions: HMGB1 functions as an upstream reg- 35 

ulator linking E. granulosus-induced injury to ferroptosis, inflammation, and fibrosis. 36 

Targeting HMGB1 or ferroptosis may represent a promising therapeutic strategy for 37 

hepatic CE. 38 

Keywords: Echinococcus granulosus; liver injury; HMGB1; ferroptosis; liver fibrosis 39 

1 Introduction 40 

Cystic echinococcosis is a widespread zoonotic disease caused by infection with 41 

Echinococcus granulosus in humans and other mammals[1,2]. The disease is endemic in 42 

more than 100 countries, particularly in pastoral regions of temperate, subtropical, and 43 

cold climates, and continues to impose a substantial burden on public health and live- 44 

stock production[3-9]. The liver is the principal target organ[10,11]. Persistent exposure to 45 

parasite-derived products and the expanding hydatid cyst initiates chronic inflamma- 46 

tion, hepatocellular injury, inflammatory-cell infiltration, and excessive extracellular 47 

matrix deposition, ultimately leading to hepatic fibrosis and, in severe cases, liver fail- 48 

ure[12-16]. Our previous work showed that E.granulosus protoscoleces(PSC) disrupt he- 49 

patic iron homeostasis, induce oxidative stress, and trigger hepatocyte ferroptosis. Phar- 50 

macological inhibition of ferroptosis with Fer-1 attenuated liver injury and reduced cyst 51 
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formation in both in vivo and in vitro models[17-19]. Nevertheless, the upstream signals 52 

that initiate ferroptosis during infection, and the extent to which this process contributes 53 

to parasite growth and fibrogenesis, remain unclear. 54 

High-mobility group box 1 (HMGB1) is a prototypical damage-associated molec- 55 

ular pattern and a central mediator of sterile inflammation and tissue injury[20,21]. During 56 

E.granulosus-infection, mechanical compression by hydatid cysts, parasite-derived 57 

toxic products, and direct cellular injury may promote the passive release of nuclear 58 

HMGB1 from damaged hepatocytes, together with Fe2+ and lactate dehydrogenase[22-
59 

27]. Extracellular HMGB1 can amplify oxidative stress and regulated cell death, includ- 60 

ing ferroptosis[28,29]. Conversely, ferroptotic membrane damage may further enhance 61 

HMGB1 release, thereby establishing a self-reinforcing cycle of cellular injury and in- 62 

flammation[30,31]. HMGB1 also engages pattern-recognition receptors on macrophages, 63 

neutrophils, and other immune cells, stimulating the production of IL-6, TNF-alpha, 64 

and IL-1beta and activating inflammatory pathways such as NF-kappaB, JAK/STAT3, 65 

and MAPK[32]. Sustained inflammatory signaling can activate hepatic stellate cells 66 

(HSCs), promote extracellular matrix synthesis, and accelerate the progression of liver 67 

fibrosis[33,34]. These observations suggest that HMGB1 may occupy a critical mecha- 68 

nistic position at the intersection of ferroptosis, inflammation, and fibrogenesis. 69 

Accordingly, the present study examined the role of HMGB1 in E. granulosus- 70 

induced liver injury using complementary naturally infected, experimental animal, and 71 

cell-culture models. We characterized HMGB1 expression and release within the in- 72 

fected hepatic microenvironment and assessed its relationship with iron dysregulation, 73 

oxidative stress, ferroptosis, inflammatory signaling, HSC activation, and collagen dep- 74 

osition. Pharmacological inhibition of HMGB1 and ferroptosis was then used to define 75 

the directionality of these interactions. The results identify HMGB1 as an upstream 76 
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regulator of an inflammation-ferroptosis-fibrosis cascade and provide a mechanistic 77 

basis for therapeutic strategies targeting the host response in hepatic CE. 78 

2 Materials and Methods 79 

2.1 Ethical Approval 80 

All animal experimental protocols were reviewed and approved by the Animal Ex- 81 

periment Ethics Committee of Xinjiang Agricultural University (Approval ID: 82 

2022039). 83 

2.2 Experimental Animals and Parasite Isolation 84 

2.2.1 Naturally Infected Sheep Liver Samples 85 

Sheep livers naturally infected with one or more whitish hydatid cysts containing 86 

viable protoscoleces were collected from slaughterhouse-discarded tissues in the 87 

Urumqi region. Livers from routinely slaughtered sheep without visible cystic lesions 88 

were used as healthy controls, and blood samples were collected and tested negative 89 

using a blocking ELISA kit for ovine echinococcosis.Echinococcus blocking ELISA 90 

antibody detection kit (Lot No.: EG-EB 2501, Beijing Tianzhitai) and used according 91 

to the manufacturer’s instructions.   92 

2.2.2 Sprague-Dawley (SD) Rats 93 

Male SD rats (80 ± 5 g) were purchased from the Experimental Animal Center of 94 

Xinjiang Medical University. Animals were housed in clean cages under controlled 95 

temperature and humidity with a 12 h light/dark cycle and provided with standard ro- 96 

dent chow and purified water ad libitum. 97 

2.2.3 Isolation of E. granulosus protoscoleces 98 

E. granulosus protoscoleces were isolated from hydatid cysts in the livers of natu- 99 

rally infected sheep.Cyst fluid was aspirated, allowed to settle, and washed repeatedly 100 

with phosphate-buffered saline (PBS) containing 1% penicillin–streptomycin. Viability 101 
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was assessed by trypan blue exclusion, and only preparations with viability ≥ 90% were 102 

used. 103 

2.3 Establishment of a Rat E. granulosus Infection Model 104 

The protoscolex suspension was concentrated and adjusted to a concentration of 2 105 

×10⁴ PSCs/mL. Sprague-Dawley (SD) rats were anesthetized by intraperitoneal injec- 106 

tion of pentobarbital sodium (50 mg/kg), and a laparotomy was performed to fully ex- 107 

pose the liver. A 1 mL sterile syringe was used to aspirate 0.5 mL of the protoscolex 108 

suspension, which was then slowly injected into the right hepatic lobe at a depth of 109 

approximately 1 cm with a 45° insertion angle. After injection, the puncture site was 110 

pressed with a sterile dry cotton swab to achieve hemostasis. The control group under- 111 

went a sham operation, receiving an equivalent volume of 0.9% sterile saline injected 112 

into the liver. Subsequently, 1 mL of procaine penicillin in oil was injected into the 113 

peritoneal cavity, the abdominal wall was sutured layer by layer, and the rats were al- 114 

lowed to recover from anesthesia and maintained under standard housing conditions for 115 

observation. 116 

2.4 Experimental design and animal grouping 117 

SD rats were randomly assigned to four groups: (1) Control group, receiving an 118 

intrahepatic injection of 0.5 mL sterile saline; (2) E. granulosus model group, receiving 119 

an intrahepatic injection of 0.5 mL protoscolex suspension (2 × 10⁴ PSCs/mL); (3) E. 120 

granulosus + Fer-1 group, receiving intraperitoneal Fer-1 (5 mg/kg once daily for 21 121 

consecutive days); and (4) E. granulosus + GA group, receiving intraperitoneal GA 122 

(100 mg/kg once daily for 21 consecutive days). GA (purity ≥ 98% by HPLC) was 123 

purchased from Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, China; catalog 124 

no. B20418). All animals were euthanized 1 month after infection, and serum and liver 125 

tissues were collected for subsequent analyses. 126 
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2.5 Cell Culture and in vitro Models 127 

Rat BRL hepatocytes (Cat. No.CL-0038) and HSC-T6 hepatic stellate cells (Cat. 128 

No. CL-0116) were obtained from Procell Life Science & Technology Co., Ltd. (Wu- 129 

han, China) and cultured in RPMI-1640 medium supplemented with 10% fetal bovine 130 

serum and 1% penicillin–streptomycin at 37℃ in a humidified 5% CO₂ incubator. To 131 

assess hepatocyte-HSC crosstalk, BRL cells were exposed to E. granulosus protosco- 132 

leces or treated with recombinant HMGB1, ferrostatin-1 (Fer-1), or glycyrrhizic acid 133 

(GA) as indicated. Conditioned medium from treated BRL cells was transferred to 134 

HSC-T6 cells, and recombinant HMGB1 was also applied directly to HSC-T6 cells.  135 

2.6 Histopathological Examination 136 

Liver tissues were fixed in 4% paraformaldehyde, embedded in paraffin, and cut 137 

into 5-μm sections. Hematoxylin and eosin (H&E), Masson’s trichrome, and Prussian 138 

blue iron staining were performed to evaluate hepatic histopathological changes, colla- 139 

gen deposition, and iron accumulation, respectively. 140 

2.7 HMGB1 measurement 141 

HMGB1 concentrations in serum, cell culture supernatants, and liver tissue ho- 142 

mogenates were determined using a commercial ELISA kit (catalog no. CSB-E08224r; 143 

Wuhan Huamei Biotech Co., Ltd. [CUSABIO], Wuhan, China) according to the man- 144 

ufacturer’s instructions. Blood collected from the orbital sinus was centrifuged to ob- 145 

tain serum, and liver homogenates were centrifuged to collect supernatants. Standards 146 

and samples were added to 96-well plates, incubated with the supplied reagents, and 147 

developed colorimetrically. Absorbance was measured at 450 nm, and HMGB1 con- 148 

centrations were calculated from the standard curve.  149 

2.8 Fe²⁺ measurement 150 
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Fe²⁺ levels in liver tissues and BRL cells were quantified using a commercial kit 151 

(catalog no. BC5415; Beijing Solarbio Science & Technology Co., Ltd., Beijing, 152 

China). Tissue and cell homogenate supernatants were prepared, reagents were added 153 

according to the protocol, and the mixtures were incubated. After chloroform extraction 154 

and centrifugation, absorbance at 593 nm was recorded. Fe²⁺ concentrations were cal- 155 

culated from a standard curve.  156 

2.9 Lipid peroxide (LPO) measurement 157 

LPO levels in liver tissues and BRL cells were determined using a commercial kit 158 

(catalog no. A106-1-2; Nanjing Jiancheng Bioengineering Institute Co., Ltd., Nanjing, 159 

China). Supernatants were prepared, reagents were added, and the mixture was incu- 160 

bated. After centrifugation, absorbance was measured, and LPO concentrations were 161 

derived from a standard curve.  162 

2.10 Measurement of GSH, SOD, and MDA 163 

Glutathione (GSH) content (catalog no. A001-3-2; Nanjing Jiancheng Bioengi- 164 

neering Institute Co., Ltd., Nanjing, China), superoxide dismutase (SOD) activity (cat- 165 

alog no. A003-1-1; Nanjing Jiancheng Bioengineering Institute Co., Ltd., Nanjing, 166 

China), and malondialdehyde (MDA) level (catalog no. A003-1-1; Nanjing Jiancheng 167 

Bioengineering Institute Co., Ltd., Nanjing, China) in liver tissues and BRL cells were 168 

measured using the respective commercial kits. Supernatants were incubated with 169 

working reagents according to the manufacturers’ instructions. After centrifugation, 170 

absorbance was measured at 586 nm for GSH, 450 nm for SOD, and 532 nm for MDA, 171 

and concentrations or activities were calculated accordingly. 172 

2.11 Western blot 173 

Total protein was extracted from liver tissue homogenates and BRL cell lysates 174 

using RIPA lysis buffer (catalog no. AR0105; Bioss Biological Technology Co., Ltd., 175 
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Beijing, China) supplemented with protease and phosphatase inhibitor cocktails (cata- 176 

log no. AR1178; Bioss Biological Technology Co., Ltd., Beijing, China). Protein con- 177 

centrations were determined by BCA assay. Equal amounts of denatured protein were 178 

separated by SDS-PAGE and transferred onto 0.45 μm or 0.22 μm PVDF membranes 179 

(Millipore, Burlington, MA, USA). Membranes were blocked with 5% non-fat milk or 180 

5% bovine serum albumin in TBST for 1 h at room temperature and then incubated 181 

overnight at 4 °C with primary antibodies against collagen I (catalog no. bs-0578R; 182 

Bioss Biological Technology Co., Ltd., Beijing, China), GPX4 (catalog no. 67763-1- 183 

Ig; Proteintech, Wuhan, China), SLC7A11 (catalog no. 26864-1-AP; Proteintech, Wu- 184 

han, China), TFRC (catalog no. PB9233; Boster Biological Technology Co., Ltd., Wu- 185 

han, China), FTH1 (catalog no. BM4487; Boster Biological Technology Co., Ltd., Wu- 186 

han, China), TLR4 (catalog no. bs-1021R; Bioss Biological Technology Co., Ltd., Bei- 187 

jing, China), MyD88 (catalog no. AF5195; Affinity Biosciences, Changzhou, China), 188 

α-SMA (catalog no. AF1032; Affinity Biosciences, Changzhou, China), Smad2/3 (cat- 189 

alog no. AF6367; Affinity Biosciences, Changzhou, China), phosphorylated Smad2/3 190 

(catalog no. AF3367; Affinity Biosciences, Changzhou, China), and β-actin (catalog 191 

no. 100166-MM10; Sino Biological Inc., Beijing, China). After washing three times 192 

with TBST, membranes were incubated with HRP-conjugated goat anti-rabbit IgG (cat- 193 

alog no. ab205718; Abcam, Cambridge, UK) or goat anti-mouse IgG (catalog no. 194 

ab205719; Abcam, Cambridge, UK) for 1 h at room temperature. Signals were visual- 195 

ized using an ultra-sensitive ECL chemiluminescence detection kit (catalog no. 196 

PK10003h; Wuhan Sanying Biotechnology Co., Ltd., Wuhan, China) and captured with 197 

a Chemiscope 3000 chemiluminescence imaging system (Shanghai Qinxiang Scientific 198 

Instrument Co., Ltd., Shanghai, China). Band intensities were quantified using ImageJ 199 

software, with β-actin as the loading control. 200 



 

 9 

2.12 Statistical analysis 201 

Data are presented as the mean±standard deviation. Statistical analyses were per- 202 

formed using SPSS version 26.0 and GraphPad Prism version 9.5. Comparisons be- 203 

tween two groups were conducted using an independent-samples Student’s t-test, 204 

whereas comparisons among three or more groups were performed by one-way analysis 205 

of variance followed by Tukey’s post hoc test. A value of P < 0.05 was considered 206 

statistically significant. P < 0.05 and P < 0.01. Unless otherwise stated, experiments 207 

were independently repeated at least three times. 208 

3 Results 209 

3.1 HMGB1 Expression, Ferroptosis, and Fibrosis in Liver Tissues from Naturally 210 

Infected Sheep 211 

Healthy sheep livers displayed a regular contour, smooth capsule, uniform red- 212 

dish-brown parenchyma, and no visible structural abnormalities (Fig.1a, b). In contrast, 213 

livers naturally infected with E. granulosus exhibited irregular surfaces, distorted lob- 214 

ular architecture, and multiple milky-white to pale-pink cystic nodules surrounded by 215 

dense fibrous capsules (Fig.1c, d). The expanding lesions compressed and displaced the 216 

adjacent hepatic parenchyma. Prussian blue staining revealed no appreciable iron dep- 217 

osition in healthy livers (Fig.1e, f), whereas abundant iron-positive granules accumu- 218 

lated in hepatocytes surrounding hydatid cysts in infected tissues (Fig.1g-j).  219 

Consistent with these histological findings, HMGB1 concentrations was signifi- 220 

cantly increased in both serum and liver homogenates from infected sheep(Fig.1k, l). 221 

Hepatic Fe2+ and lipid peroxide (LPO)levels were elevated, whereas GSH content and 222 

GPX4 expression were reduced(Fig.1m-q). Additionally, Western blot analysis demon- 223 

strated upregulated expression of the inflammatory receptor TLR4 and fibrosis-related 224 

markers, including TGFβR1, α-SMA, and COL1A1 (Fig.1r-v). These results indicate 225 
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that E.granulosus-infection is associated with iron accumulation, oxidative stress,and 226 

the activation of TLR4/TGF-β signaling pathways leading to liver fibrosis. 227 

 228 
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Fig 1. Gross anatomical and histopathological characterization of liver tissues from 229 

healthy and naturally E. granulosus-infected sheep. 230 

(a,b): Representative macroscopic images of livers from healthy control sheep. (c,d): 231 

Macroscopic lesions of hydatid-infected sheep livers with abundant cystic nodules and 232 

surrounding fibrous capsules; black arrows indicate hydatid cysts. (e, f): Prussian blue 233 

iron staining of healthy sheep hepatic lobules. (g-j): Prussian blue staining of infected 234 

liver tissue around hydatid cysts; red arrows mark iron-positive granular deposits. Scale 235 

bars: 300 μm (low magnification) and 30 μm (high magnification). (k): Quantification 236 

of HMGB1 concentrations in serum homogenates. (l-o): Quantification of HMGB1, 237 

Fe²⁺, LPO, and GSH concentrations in hepatic tissue homogenates. n = 6 per group. 238 

(p,q): Western blot band and quantitative analysis of ferroptosis marker GPX4.(r): Rep- 239 

resentative Western blot bands of fibrosis-related proteins (TGFBR1, TRL4, COLIA1, 240 

α-SMA). (s-v): Quantitative analysis of the relative protein expression levels corre- 241 

sponding to panel (r). n = 4 per group. 242 

3.2 Protective Effects of Fer-1 and GA against Liver Injury in Rats Infected with 243 

E. granulosus 244 

To evaluate the protective effects of ferroptosis and HMGB1 inhibition, infected 245 

rats were treated with Fer-1 or GA for 21 consecutive days. Livers from control rats 246 

were smooth, reddish, and free of visible nodules (Fig.2a), whereas those from un- 247 

treated infected rats contained multiple cystic lesions of variable size(Fig.2b). Both Fer- 248 

1 and GA reduced the number and size of visible lesions and partially restored normal 249 

gross morphology (Fig.2c, d). Prussian blue staining showed extensive hepatic iron 250 

deposition in the infected group(Fig.2f1-2), which was markedly reduced by either in- 251 

tervention (Fig.2g1-h2). Hematoxylin and eosin and Masson's trichrome staining fur- 252 

ther demonstrated disrupted lobular architecture, inflammatory-cell infiltration, and 253 
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substantial collagen deposition in infected livers(Fig.2i1-j2). These abnormalities were 254 

attenuated in both treatment groups(Fig.2k1-p2). Across the evaluated histopathologi- 255 

cal features, GA produced a more pronounced improvement than Fer-1. 256 

 257 

Fig 2. Representative images of liver gross morphology, histopathology, and iron dep- 258 

osition in SD rats one month after infection with E. granulosus protoscoleces, with or 259 

without daily treatment with Fer‑1 or GA. 260 

(a-d): Gross liver appearance. (a): normal control; (b): infected model showing multiple 261 

cysts (black arrows); infected rats treated with Fer‑1 (c) or GA (d), both exhibiting 262 

fewer and smaller cysts. (e-h): H&E staining of liver sections from normal (e), infected 263 
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(f), infected+Fer‑1 (g), and infected+GA (h) groups. For each group, two magnifica- 264 

tions are presented (left column scale bar: 300 μm; right column scale bar: 100 μm). 265 

Black arrows indicate cysts. (i-l): Masson’s trichrome staining of the corresponding 266 

groups (same magnifications and scale bars). Black arrows denote cysts; cyan arrows 267 

highlight fibrotic areas. (m-p): Prussian blue staining for iron deposition in normal (m), 268 

infected (n), infected+Fer‑1 (o), and infected+GA (p) livers. Red arrows point to 269 

iron‑positive deposits, which are abundant in the infected group but markedly reduced 270 

after either treatment. n = 6 per group. 271 

3.3 HMGB1 Inhibitor Attenuates HMGB1 Secretion, Fe²⁺ Overload, and Oxida- 272 

tive Lipid Peroxidation in the Liver of E. granulosus-Infected Rats 273 

To determine how infection and treatment affected iron metabolism and redox ho- 274 

meostasis, Fe2+, lipid peroxides, HMGB1, GSH, SOD, and MDA were quantified in 275 

liver tissues. Relative to controls, infected rats exhibited increased Fe2+(Fig.3a), lipid 276 

peroxide (Fig.3b), HMGB1 (Fig.3c), and MDA levels (Fig.3f), together with decreased 277 

GSH content(Fig.3d) and SOD activity (Fig.3e). These changes indicate that E. granu- 278 

losus-infection induces hepatic iron accumulation, lipid peroxidation, and antioxidant 279 

depletion. Treatment with either Fer-1 or GA significantly reduced Fe2+(Fig.3a), lipid 280 

peroxide(Fig.3b), HMGB1 (Fig.3c), and MDA levels(Fig.3f) and restored GSH 281 

(Fig.3d)and SOD (Fig.3e) toward control values. GA generally exerted a stronger cor- 282 

rective effect than Fer-1, particularly on HMGB1 release and iron accumulation. 283 
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 284 

Fig 3. The effects of Fer-1 and GA treatments on the expression of iron accumulation 285 

and lipid peroxidation substances in liver cells of rats infected with E. granulosus. 286 

The expression levels of Fe²⁺(a), LPO (b), HMGB1(c), GSH(d), SOD(e), and MDA(f) 287 

in hepatocytes from rats infected with E. granulosus in the different experimental 288 

groups. n = 6 per group. 289 

3.4 HMGB1 Inhibition Alleviates Ferroptosis‑Related Protein Expression in Liver 290 

Tissue of E. granulosus‑Infected Rats 291 

We next examined ferroptosis-related proteins in liver tissues (Fig.4a). Compared 292 

with controls, infected rats showed increased TFRC and FTH1 expression (Fig.4b, 4c) 293 

and reduced SLC7A11 (Fig.4d) and GPX4 expression (Fig.4e), consistent with en- 294 

hanced iron uptake and impaired glutathione-dependent antioxidant defense. These mo- 295 

lecular changes occurred in parallel with the reduction in GSH and SOD described 296 

above, supporting the induction of a pro-ferroptotic state. Both Fer-1 and GA partially 297 
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normalized the expression of TFRC, FTH1, SLC7A11, and GPX4 (Fig.4b–e). The ef- 298 

fect was more pronounced in the GA-treated group, in which ferroptosis-related protein 299 

expression approached that observed in controls. These findings suggest that HMGB1 300 

may play an upstream regulatory role in infection-associated ferroptosis. 301 

 302 

Fig 4. Expression of ferroptosis-related proteins in liver tissues from control and E. 303 

granulosus-infected rats treated with Fer-1 or GA. 304 

(a): Representative Western blots of TFRC, FTH1, SLC7A11, and GPX4. Densitomet- 305 

ric quantification of TFRC (b), FTH1 (c), SLC7A11 (d), and GPX4 (e) expression in 306 

each experimental group. n = 4 per group. 307 

3.5 HMGB1 Inhibitor Reduces Fibrotic Protein Expression in Liver Tissue of E. 308 

granulosus-Infected Rats 309 

To assess the relationship between HMGB1, inflammation, and fibrosis, we ana- 310 

lyzed TLR4/MYD88 and TGF-β/Smad signaling in liver tissues. Infection markedly 311 

increased TLR4 (Fig.5f, g) and MYD88 expression (Fig.5f, h), indicating activation of 312 

the HMGB1-responsive inflammatory pathway. The abundance of phosphorylated 313 
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Smad2/3 was also increased (Fig. 5a, c), whereas total Smad2/3 remained largely un- 314 

changed (Fig.5a, d). In parallel, alpha-SMA (Fig.5a, b) and COL1A1 were upregulated 315 

(Fig.5a, e), consistent with HSC activation and enhanced collagen synthesis. Fer-1 re- 316 

duced these inflammatory and fibrotic changes (Fig.5b-h), suggesting that ferroptosis 317 

contributes to pathway activation. GA produced a broader inhibitory effect, simultane- 318 

ously suppressing TLR4/MYD88 signaling, Smad2/3 phosphorylation, alpha-SMA ex- 319 

pression, and COL1A1 accumulation. Thus, direct HMGB1 inhibition attenuated both 320 

the inflammatory and fibrotic components of the hepatic response to infection. 321 

 322 

Fig 5. Protein expression levels of fibrosis‑related markers (Smad2/3, phosphorylated 323 

Smad2/3, α‑SMA, and COL1A1) and the TLR4/MYD88 signaling pathway in each 324 

group. 325 
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(a): Expressions of fibrosis-related proteins Smad2/3, p-Smad2/3, α-SMA and 326 

COL1A1 in each group. Quantitative analysis of α-SMA (b), p-Smad2/3 (c), Smad2/3 327 

(d), COL1A1 (e), TLR4 (g) and MYD88 (h) protein expressions. (f): Expressions of 328 

TLR4 and MYD88 proteins in each group. n = 4 per group. 329 

3.6 E. granulosus Infection Promotes HMGB1 Release from Hepatocytes and Ac- 330 

tivates Hepatic Stellate Cells 331 

Exposure of BRL hepatocytes to PSCs caused cellular shrinkage and morphologi- 332 

cal injury (Fig.6a-e), whereas HSC-T6 cells exposed to hepatocyte-conditioned me- 333 

dium acquired an enlarged, elongated, and activated phenotype (Fig.6f-j). HMGB1 ex- 334 

pression was increased in infected BRL cells (Fig.6k, l) and was further enhanced by 335 

exogenous recombinant HMGB1. Fer-1 and GA both reduced HMGB1 abundance 336 

(Fig.6k, l), with GA producing the greater effect. In parallel, inhibition of HMGB1 or 337 

ferroptosis mitigated iron accumulation and cellular injury and diminished the activa- 338 

tion of HSC-T6 cells. These observations indicate that parasite-induced hepatocyte in- 339 

jury promotes HMGB1 release and generates a paracrine microenvironment capable of 340 

activating HSCs. 341 
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 342 

Fig 6. Morphological observation of BRL hepatocytes and HSC‑T6 cells under differ- 343 

ent treatments in monoculture or co‑culture, and the corresponding HMGB1 protein 344 

expression in BRL cells. 345 

(a): Control group of BRL cells. (b): BRL cells with infection. (c): HMGB1 protein 346 

treatment group. (d): BRL cells with infection plus Fer-1 treatment. Purple arrows in- 347 

dicate BRL cells (scale bar: 100 μm). (e): BRL cells with infection plus GA treatment. 348 

(f): Control group of HSC cells. (g): Co-cultured HSC cells. (h): HMGB1 protein treat- 349 

ment group. (i): Co-cultured HSC cells plus Fer-1 treatment. (j): Co-cultured HSC cells 350 

plus GA treatment. White arrows indicate HSC-T6 cells (scale bar: 100 μm). (k): 351 

HMGB1 protein expression in BRL hepatocytes upon protoscolex infection and ferrop- 352 

tosis intervention. (l): Quantitative analysis of HMGB1 protein in BRL hepatocytes. n 353 

= 4 per group. 354 

3.7 E. granulosus Induces HMGB1-Dependent Ferroptosis in BRL Hepatocytes 355 
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Biochemical and protein analyses were performed in control BRL cells, protosco- 356 

lex-exposed cells, cells treated with recombinant HMGB1, and infected cells treated 357 

with Fer-1 or GA. E. granulosus exposure significantly increased intracellular Fe²⁺ (Fig. 358 

7b), lipid peroxides (Fig. 7c), and MDA (Fig. 7f) and reduced GSH content (Fig. 7d) 359 

and SOD activity (Fig. 7e). Recombinant HMGB1 further intensified these changes 360 

(Fig. 7b-f), whereas Fer-1 and GA restored the measured indices toward control levels. 361 

Infection also increased HMGB1 (Fig. 7a) and TFRC expression (Fig. 7g, h) and re- 362 

duced GPX4 expression (Fig. 7g, i). Fer-1 partially decreased HMGB1 abundance (Fig. 363 

7a), consistent with feedback between ferroptotic injury and HMGB1 release, whereas 364 

GA more directly suppressed HMGB1 and reversed the associated ferroptotic profile. 365 

Collectively, these results showed that E. granulosus-induces ferroptosis in BRL 366 

hepatocytes and that HMGB1 amplifies this process. 367 
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 368 

Fig 7. Effects of protoscolex infection on HMGB1 secretion, iron death‑related oxida- 369 

tive stress markers (Fe²⁺, LPO, GSH, SOD, MDA), and the protein expression of TFRC 370 

and GPX4 in BRL cells. 371 

(a): HMGB1 secretion in BRL cells after protoscolex infection across different groups. 372 

(b): Fe²⁺ levels in BRL cells after protoscolex infection across different groups. (c): 373 

LPO levels in BRL cells after protoscolex infection across different groups. (d): GSH 374 

levels in BRL cells after protoscolex infection across different groups. (e): SOD levels 375 

in BRL cells after protoscolex infection across different groups. (f): MDA levels in 376 

BRL cells after protoscolex infection across different groups. (g): Expression of TFRC 377 
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and GPX4 proteins in BRL cells after protoscolex infection. Quantitative analysis of 378 

TFRC (h) and GPX4 (i) protein expressions in each group. n = 4 per group. 379 

3.8 E. granulosus Infection Activates Fibrotic Signaling through HMGB1 380 

Conditioned-medium experiments were used to determine whether HMGB1-de- 381 

pendent hepatocyte injury promoted HSC activation. Relative to controls, HSC-T6 cells 382 

exposed to conditioned medium from infected BRL cells exhibited increased Smad2/3 383 

phosphorylation (Fig. 8a, c), alpha-SMA expression (Fig. 8a, d), and COL1A1 expres- 384 

sion (Fig. 8a, e), whereas total Smad2/3 abundance was unchanged (Fig. 8a, b). Re- 385 

combinant HMGB1 further enhanced these profibrotic responses (Fig. 8c-e). By con- 386 

trast, treatment with GA or Fer-1 reduced Smad2/3 phosphorylation (Fig. 8c) and de- 387 

creased alpha-SMA (Fig. 8d) and COL1A1 expression (Fig. 8e). Furthermore, the in- 388 

flammatory signaling markers TLR4 (Fig. 8f) and MYD88 (Fig. 8g) were similarly 389 

modulated by these treatments. These findings indicate that HMGB1 promotes infec- 390 

tion-associated HSC activation through TGF-β/Smad signaling and that both direct 391 

HMGB1 inhibition and ferroptosis blockade attenuate the profibrotic hepatocyte-HSC 392 

crosstalk. 393 

 394 
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Fig 8. Effects of different treatments on the protein expression of Smad2/3, phosphor- 395 

ylated Smad2/3 (p-Smad2/3), α‑SMA, COL1A1, TLR4, and MYD88. 396 

(a): Protein expression levels of Smad2/3, p-Smad2/3, α-SMA, and COL1A1 in each 397 

group. The quantitative analysis of Smad2/3 (b), p-Smad2/3 (c), α-SMA (d), COL1A1 398 

(e), TLR4 (f), and MYD88 (g) protein expressions. n = 4 per group. 399 

4 Discussion 400 

CE remains an important zoonotic disease with major consequences for public 401 

health and livestock production, and the liver is the organ most frequently affected[35,36]. 402 

Chronic hepatic infection is characterized by persistent inflammation, hepatocellular 403 

injury, and fibrotic cyst formation, but the molecular events that connect these pro- 404 

cesses are not fully understood[37,38]. By integrating naturally infected sheep tissues, an 405 

experimental rat model, and complementary hepatocyte-HSC culture systems, the pre- 406 

sent study identifies HMGB1 as an upstream regulator linking iron dysregulation and 407 

ferroptosis to inflammatory and fibrotic signaling during E. granulosus infection. The 408 

principal finding is that infection-induced HMGB1 release promotes a coordinated 409 

pathological program comprising TLR4/MYD88 activation, impaired antioxidant de- 410 

fense, hepatocyte ferroptosis, TGF-β/Smad signaling, and HSC activation. 411 

Previous work, including our own, established that E. granulosus infection can in- 412 

duce hepatocyte ferroptosis[39,40], but the initiating signals and biological consequences 413 

of this response remained uncertain. In the present study, untreated infected rats devel- 414 

oped multiple hepatic cystic lesions, marked histopathological injury, and extensive 415 

collagen deposition. Inhibition of either HMGB1 or ferroptosis reduced lesion burden 416 

and improved liver morphology, with HMGB1 inhibition producing the broader effect. 417 

Although these data do not establish a direct parasiticidal action, they suggest that 418 

HMGB1-dependent host injury and ferroptosis contribute to a tissue microenvironment 419 
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that favors lesion persistence and growth. Accordingly, modulation of the HMGB1- 420 

ferroptosis axis may simultaneously protect host tissue and restrict disease progression. 421 

To clarify the key pathological features and optimal intervention timing during the 422 

transition from early hepatic injury to established fibrosis in echinococcosis, this study 423 

selected one month post-infection as the observation time point in the protoscolex-in- 424 

duced in vivo infection model. At this stage, hydatid cysts have begun to exert mechan- 425 

ical compression and secrete multiple factors that disrupt local hepatic architecture, but 426 

widespread and irreversible fibrotic remodeling has not yet occurred [41-43]. This transi- 427 

tional phase therefore provides an optimal window for intercepting early pro-fibrotic 428 

signals, enabling pharmacological intervention to genuinely modify disease progres- 429 

sion rather than merely alleviating end-stage damage[44,45].  430 

Although glycyrrhizic acid (GA) exhibits relatively weaker direct binding affinity 431 

for HMGB1 compared with other reported HMGB1 inhibitors, it was selected as the 432 

candidate drug based on several rationales[46]. First, GA is a well-characterized multi- 433 

target agent that, in addition to directly neutralizing HMGB1, exerts anti-inflammatory, 434 

antioxidant, and membrane-stabilizing effects[47]. Second, recent evidence indicates 435 

that GA regulates HMGB1 expression and secretion at both transcriptional and post- 436 

translational levels, thereby reducing extracellular HMGB1 abundance through mech- 437 

anisms distinct from direct protein binding[48]. Third, its broader pharmacological pro- 438 

file allows simultaneous targeting of multiple key nodes within the HMGB1–ferropto- 439 

sis–inflammation–fibrosis network, which is particularly advantageous given the mul- 440 

tifactorial pathogenesis of parasitic liver injury. Finally, the established safety profile 441 

and clinical history of GA provide strong support for its translational application as a 442 

potential therapeutic agent[49]. 443 
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Prussian blue staining was employed to spatially visualize the association between 444 

disordered iron metabolism and fibrosis. Iron-positive deposits were concentrated 445 

around hydatid cysts and in areas of hepatocellular injury, and these regions substan- 446 

tially overlapped with collagen-rich areas detected by Masson's trichrome staining. 447 

Both GA and Fer-1 reduced iron deposition in parallel with improvements in inflam- 448 

matory infiltration and collagen accumulation. This spatial association, together with 449 

the biochemical evidence of increased Fe2+, lipid peroxidation, and MDA, supports a 450 

close relationship among iron overload, ferroptosis, and fibrogenesis in infected liver 451 

tissue. Nevertheless, colocalization alone cannot prove causality, and future studies us- 452 

ing cell-specific iron-tracing approaches will be required to define the cellular sources 453 

and temporal sequence of iron accumulation. 454 

The mechanistic data further position HMGB1 upstream of ferroptosis and fibrosis. 455 

Infection increased HMGB1 in serum and liver tissue, upregulated TFRC, and down- 456 

regulated SLC7A11 and GPX4, thereby favoring iron accumulation and lipid peroxi- 457 

dation. Direct HMGB1 inhibition corrected these abnormalities more comprehensively 458 

than ferroptosis inhibition, whereas Fer-1 partially reduced HMGB1 abundance. This 459 

pattern is consistent with a bidirectional relationship in which HMGB1 promotes fer- 460 

roptosis and ferroptotic injury, in turn, amplifies HMGB1 release[33]. In parallel, infec- 461 

tion activated TLR4/MYD88 and TGF-β/Smad signaling and increased alpha-SMA and 462 

COL1A1 expression. Suppression of these pathways by GA indicates that HMGB1 463 

contributes not only to ferroptotic hepatocyte injury but also to inflammatory signaling 464 

and HSC activation[50]. 465 

The in vitro experiments corroborated the animal findings and clarified the cellular 466 

sequence of events. Protoscolex exposure increased HMGB1 release and induced a fer- 467 

roptotic phenotype in BRL hepatocytes, whereas recombinant HMGB1 intensified iron 468 
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accumulation, lipid peroxidation, and GPX4 loss. Conditioned medium from injured 469 

hepatocytes activated HSC-T6 cells and increased Smad2/3 phosphorylation, alpha- 470 

SMA, and COL1A1. Both GA and Fer-1 attenuated these responses, indicating that 471 

hepatocyte-derived HMGB1 and ferroptotic stress contribute to paracrine activation of 472 

HSCs. These findings extend previous reports linking HMGB1 to ferroptosis and he- 473 

patic fibrogenesis by demonstrating their convergence in the context of E. granulosus 474 

infection. 475 

Taken together, the results support a model in which mechanical and biochemical 476 

injury caused by E. granulosus promotes HMGB1 release from hepatocytes. Extracel- 477 

lular HMGB1 activates TLR4/MYD88-dependent inflammation and facilitates TGF- 478 

β/Smad-mediated HSC activation. Concurrently, HMGB1 disrupts iron and redox ho- 479 

meostasis, thereby promoting ferroptosis. Ferroptotic injury further increases HMGB1 480 

release, generating a positive-feedback loop that sustains inflammation and fibrosis. 481 

The greater overall efficacy of GA relative to Fer-1 is consistent with HMGB1 acting 482 

upstream of several interconnected pathological pathways rather than exclusively 483 

within the ferroptotic response. 484 

Several limitations should be acknowledged. First, the in vivo experiments were 485 

conducted in sheep and rats, and validation in human hepatic CE specimens is required 486 

to establish clinical relevance. Second, this study relied on pharmacological inhibition 487 

of HMGB1; in the absence of genetic approaches such as conditional knockout or 488 

CRISPR-based techniques, we could not definitively attribute the observed phenotypic 489 

effects to HMGB1 deficiency, nor could we exclude potential off-target effects of the 490 

drug. Third, parasite burden and cyst viability were not included as primary endpoints, 491 

leaving unresolved whether HMGB1 modulation directly affects parasite survival. 492 

Fourth, the dynamic changes of the HMGB1–ferroptosis axis across the acute and 493 
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chronic stages of infection were not examined, and longer-term follow-up and analysis 494 

will be needed to evaluate the progression of chronic fibrosis and determine whether 495 

early intervention can prevent progressive fibrotic remodeling. Fifth, the cellular 496 

sources of pathogenic HMGB1 were not thoroughly dissected; future studies employ- 497 

ing cell type-specific HMGB1 knockout strategies will be necessary to determine 498 

whether hepatocytes, immune cells, or other parenchymal cell populations are the prin- 499 

cipal contributors. Sixth, although the conditioned medium experiments support cross- 500 

talk between hepatocytes and hepatic stellate cells, they do not fully elucidate the spe- 501 

cific roles of macrophages and other immune cells within the infected liver microenvi- 502 

ronment, and the physiological relevance of the co-culture system to the in vivo micro- 503 

environment remains limited. 504 

Notably, the HMGB1–ferroptosis–fibrosis axis described here may not be limited 505 

to cystic echinococcosis but could also apply to other parasitic liver diseases[51]. In al- 506 

veolar echinococcosis, caused by Echinococcus multilocularis, chronic infection simi- 507 

larly triggers robust inflammatory responses, progressive fibrosis, and hepatocellular 508 

injury, and recent studies suggest that ferroptosis plays an important role in parasite- 509 

mediated liver injury[39]. Likewise, in schistosomiasis, deposition of schistosome eggs 510 

in the liver can induce granulomatous inflammation and HMGB1 release, further pro- 511 

moting fibrotic progression through TLR4 and TGF-β signaling pathways[51]. These 512 

similarities suggest that the HMGB1–ferroptosis–fibrosis axis may represent a con- 513 

served host response mechanism to chronic parasitic liver injury, rather than a pathway 514 

unique to E. granulosus infection[18]. Nevertheless, direct comparative studies will be 515 

required to validate the generality and applicability of this axis across different parasitic 516 

etiologies. 517 

5 Conclusions 518 
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HMGB1 is an upstream mediator linking E. granulosus-induced hepatocellular in- 519 

jury to ferroptosis, inflammation, and progressive hepatic fibrosis. Parasite-induced 520 

HMGB1 release disrupts iron homeostasis and antioxidant defense, activates 521 

TLR4/MYD88 and TGF-β/Smad signaling, and promotes HSC activation. Ferroptotic 522 

injury further enhances HMGB1 release, thereby sustaining a pathogenic positive-feed- 523 

back loop. Pharmacological inhibition of HMGB1 produced broader protection than 524 

ferroptosis inhibition alone, reducing iron accumulation, lipid peroxidation, inflamma- 525 

tion, collagen deposition, and lesion burden. These findings define an HMGB1-cen- 526 

tered inflammation-ferroptosis-fibrosis axis and support HMGB1 as a potential host- 527 

directed therapeutic target for hepatic CE. 528 
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