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Cheng Wang2* and Ping Wang2,3*

1Shandong Hanfang Pharmaceutical Co. LTD, Jinan, Shandong, China, 2Institute of Traditional
Chinese Medicine Pharmacology, Shandong Academy of Chinese Medicine, Jinan, Shandong, China,
3College of Pharmacy, Shandong University of Traditional Chinese Medicine, Jinan, Shandong, China,
4Biology Institute, Qilu University of Technology (Shandong Academy of Sciences), Jinan, China
Introduction: Bone, as both a crucial organ with mechanical support and

immune regulatory functions, profoundly influencing the growth and

development of fish in aquaculture systems. Deer antler and its aqueous

extract Cervi Cornus Colla (CCC), are natural medicinal substances known for

their bone-protective properties.

Methods: This study investigated the osteoprotective effects of CCC against

lipopolysaccharide (LPS)-induced injury to fish bones. An LPS-mediated

zebrafish skeletal injury model was established and evaluated using Alcian

Blue/Alizarin Red staining, fluorescence tracing, ELISA, and qPCR.

Results: The median lethal concentration (LC50) of CCC in zebrafish was 206.3

mg/mL, and staining revealed that CCC reversed LPS-induced reduction in

cartilage and bone formation in a dose-dependent manner. In Tg (mpeg1:

EGFP) zebrafish, CCC treatment significantly decreased macrophages-

associated green fluorescence, suggesting that the extract suppressed the

activation of macrophages caused by LPS. CCC also reduced the production

of several inflammatory factors (IL-6, IL- 1b, and NO). Furthermore, qRT-PCR

confirmed CCC restored COL2a1 and Sox9a mRNA levels. Additional studies

revealed CCC inhibits LPS-induced activation of the TGF-b/Smad3

signaling pathway.

Discussion: This study demonstrates that CCC can alleviate zebrafish bone

injury, thereby providing an experimental basis for its application in the

prevention and treatment of bone diseases in farmed fish.
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1 Introduction

The skeletal system plays dual roles in fish physiology,

providing structural support for the body and regulating various

metabolic processes (Stundl et al., 2019; Li et al., 2021; Beriotto

et al., 2023; Rees et al., 2023). Bone injuries pose significant threats

to fish raised in aquaculture. In aquaculture settings, pathogens

(e.g., Aeromonas hydrophila and infectious hematopoietic necrosis

virus) can induce chronic cartilage inflammation and gill arch

degradation, reducing feeding efficiency by 30–50% (Cavin et al.,

2012; Abdelsalam et al., 2024). In wild populations, exposure to

heavy metals and the resulting developmental defects may cause

bone mineralization disorders, leading to otolith or spinal

deformities that impair spatial navigation and escape behaviors

(Wang et al., 2024). These bone-related issues have become critical

challenges for fish health management and conservation,

prompting the need for natural products with both anti-

inflammatory and bone-protective properties.

Deer antler, a traditional Chinese medicine, contains amino

acids, peptides, phospholipids, growth factors, and trace elements

(e.g., Mn, Zn, and Ca) (Kim et al., 2021). Cervi Cornus Colla (CCC),

an aqueous extract produced by boiling and condensing ossified

antler bases from Cervus nippon or Cervus elaphus, has historically

been used to “nourish essence and strengthen bones” (Hijikata et al.,

2009; Kim et al., 2013). Modern studies have shown that CCC

enhances chondrogenic differentiation of mesenchymal stem cells

via the BMP/Smad signaling pathway and promotes osteoblast

proliferation in skull defect models (Zhang et al., 2012; Wang

et al., 2016; Ren et al., 2019; Wang et al., 2020). However, existing

research has primarily focused on mammals, with only limited

exploration of CCC’s effects on fish skeletal systems. Notably,

zebrafish larvae allow direct drug absorption through their

permeable skin, offering unique advantages for systemic studies.

This system thus provides an opportunity to address current

knowledge gaps in understanding CCC’s regulation of fish bone-

immune-inflammatory networks.

In this study, we established an LPS-induced bone injury model

in zebrafish to evaluate the effects of CCC on bone formation,

immune-inflammatory responses, and gene regulation. We aimed

to clarify CCC’s therapeutic potential for fish bone diseases and

propose novel strategies for aquaculture health management.
2 Materials and methods

2.1 Materials

NaCl, KCl, CaCl2, and MgSO4 were purchased from Aladdin

(Shanghai, China). Methylene blue was obtained from Sinopharm

Chemical Reagent Co., Ltd (Shanghai, China). Dimethyl sulfoxide

(DMSO) was procured from Sangon Biotech (Shanghai, China).

Alizarin red and Alcian blue were sourced from Yuanye Bio-

Technology (Shanghai, China). Lipopolysaccharide (LPS) and

ELISA kits were purchased from Sigma-Aldrich (Saint Louis,

USA). ELISA kits were acquired from Nanjing Jiancheng
Frontiers in Marine Science 02
Bioengineering Institute (Nanjing, China). A BCA protein assay

kit was purchased from Sevenbio (Wuhan, China). RNA extraction,

reverse transcription, and qPCR kits were provided by Vazyme

Biotech (Nanjing, China).
2.2 CCC preparation

Antler bases (Cervus nippon) were obtained from Jinan Dapeng

Agricultural Technology Co., Ltd. Following the protocol described

in the 2020 edition of the Chinese Pharmacopoeia, the antler

segments were boiled in distilled water (1:5 ratio) for three

sequential 3-hour extractions. The combined filtrates were

condensed into a paste and freeze-dried to produce CCC powder.
2.3 Experimental animals

Zebrafish were supplied by the Zebrafish Screening Platform of

the Shandong Academy of Sciences. The sample size was

determined by reference to the published literature (Ouyang

et al., 2022; Horst et al., 2024). The fish were maintained at 28°C

in temperature-controlled incubators with daily water renewal. All

procedures complied with animal management regulations and the

3R (replacement, reduction, and refinement) principles (Ethics

No. SWS20240407).
2.4 Safety assessment of CCC

Healthy 5-day post-fertilization (dpf) larvae were randomly

divided into control and CCC groups (n = 30 per group, 10 fish/

well). CCC was administered at concentrations ranging from 6.25–

250 mg/mL in E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM

CaCl2, and 0.33 mMMgSO4). The survival rates and morphological

features were recorded on day 9.
2.5 Construction of a zebrafish bone injury
model

Healthy 5-dpf zebrafish larvae were randomly divided into a

control group (E3 medium), a model group (100 mg/mL LPS), and

CCC treatment groups (100 mg/mL LPS + CCC at three

concentrations determined based on safety assessments). Each

group comprised three replicates, with 10 fish per well. All

treatment groups were maintained at 28°C, with daily medium

replacement. Zebrafish were collected at 9 dpf for subsequent

experimental analyses.
2.6 Alcian Blue staining

Zebrafish were fixed in 4% PFA for 24 h and washed three times

with PBS. Samples were stained overnight in 0.1% Alcian Blue,
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dehydrated using an ethanol gradient, and treated with 0.05%

trypsin-sodium tetraborate solution for 90 min. After additional

PBS washes, specimens were cleared in a 1% KOH-3% H2O2

solution (90 min) and stored in 50% glycerol. Cartilage staining

in the cephalic region was imaged using a Zeiss AXIO Zoom V16

microscope. Image-Pro Plus 6.0 was used to measure the integrated

optical density (IOD) in zebrafish cranial cartilaginous regions

(Meckel’s cartilage, palatoquadrate, etc.), where IOD values

quantitatively reflect cartilage matrix composition.
2.7 Alizarin Red staining

Zebrafish larvae (9 dpf) were collected from each group and

fixed in a mixture of 2% paraformaldehyde (PFA) and phosphate-

buffered saline (PBS) for 1 hour. Samples were then transferred to

50% ethanol for 1 hour, followed by three 20-min washes with

double-distilled water (ddH2O). After digestion with trypsin until

skeletal structures became visible, the samples stained overnight

in 0.1 g/L Alizarin Red solution. The stained specimens were

stored in glycerol. For analysis, bone mineralization was imaged

using a Zeiss AXIO Zoom V16 microscope. Image-Pro Plus 6.0

measured the IOD in specific skeletal regions of zebrafish, where

IOD values are directly proportional to the degree of

bone mineralization.
2.8 Detection of macrophage distribution
and expression

The Tg (mpeg1:EGFP) transgenic zebrafish with normal

development to 5 dpf after fertilization were randomly divided

into a control group, a model group, and CCC treatment groups.

Each group was divided into three holes, with 10 bars per hole.

Macrophage fluorescence intensity was quantified at 9 dpf using

microscopy (Zeiss AXIO Zoom V16). Image-Pro Plus 6.0 measured

whole-body fluorescence IOD in zebrafish, with IOD values serving

as a quantitative indicator of macrophage activation status.
2.9 Detection of inflammatory factors in
zebrafish

Ten zebrafish larvae (9 dpf) per group were homogenized in

PBS on ice and centrifuged at 3000 rpm (4°C, 20 min). The

supernatants were collected for interleukin-1b (IL-1b) and

interleukin-6 (IL-6) quantification using ELISA kits. For nitric

oxide (NO) measurement, samples were homogenized in saline

(1:9 ratio), centrifuged at 3500 rpm (10 min), and analyzed using a

BCA protein assay. To quantify NO levels, 0.16 mL of the

supernatant was mixed with 0.08 mL of chromogenic agent and

incubated for 15 min, after which the absorbance was measured at

550 nm using a BMG Labtech microplate reader.
Frontiers in Marine Science 03
2.10 qRT-PCR

Total RNA was isolated from zebrafish using RNA isolation

reagents following the manufacturer’s instructions and then

reverse-transcribed into cDNA. Ribosomal protein L13a (RPL13a),

which has relatively stable expression, was selected as the reference

gene, and the expression levels of Collagen Type II Alpha 1

(COL2a1), SRY-box transcription factor 9a (Sox9a), transforming

growth factor-b (TGF-b), and mothers against decapentaplegic

homolog 3 (Smad3) were quantified using the SYBR Green-based

qPCR (StepOnePlus System). The genes were amplified using the

following gene-specific primers: COL2a1, F:CGGACTCTC

CTGCTACTTGTG, R:ATCTTGAACACAGCCGCCAA; Sox9a, F:

CCTGGATGACCAAACCCCAA, R:AGGAACCGTAGC

TGATGTGC; TGF-b, F:GTCCGAGATGAAGCGCAGTA, R:

TGGAGACAAAGCGAGTTCCC; Smad3 , F:TGTCTCCTG

CCCACAACAAT, R:GAGTTGGACGGGTCTGTGAA; and Rpl

13a, F:CGGTCGTCTTTCCGCTATTG, R:CTTGCGGAGGA

AAGCCAAAT. The samples were analyzed using a LightCycler®

96 Instrument (Roche, Switzerland). For quantitative analysis, fold

changes were analyzed using the 2−DDCt method.
2.11 Statistical analysis

Data are expressed as mean ± standard error of the mean

(SEM). Statistical analyses used IBM SPSS Statistics 25 for one-way

ANOVA with the least significant difference (LSD) post-hoc tests

(recommended for ≥3 experimental groups), while GraphPad Prism

10 generated graphical representations. Statistical significance was

defined as P < 0.05 with multiple comparison adjustment.
3 Results

3.1 Safety evaluation of CCC

To determine the appropriate dosage of CCC, we first investigated

its safety profile. As shown in Figure 1, there were no significant

morphological abnormalities and nomortality in zebrafish treated with

CCC at concentrations of 6.25, 12.5, 25, 50, 75, 100, or 150 mg/mL

compared with the control group. In contrast, mortality and

deformities were observed at 200 mg/mL, and the 250 mg/mL dose

was lethal. The calculated half-maximal inhibitory concentration

(LC50) of CCC was 206.3 mg/mL. Therefore, 50, 100, and 150 mg/mL

CCC concentrations were selected for subsequent experiments.
3.2 CCC alleviates LPS-induced cartilage
hypoplasia

Cartilage morphology reflects developmental processes

involving cell proliferation, differentiation, and extracellular
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matrix synthesis. Alcian Blue staining was used to evaluate cartilage

development (Figure 2). Compared with the control group, the LPS-

treated group exhibited significantly reduced staining intensity in

Meckel’s cartilage and palatoquadrate regions (P < 0.01), along with

signs of cartilage atrophy and hypoplasia. CCC treatment restored

cartilage staining intensity and structural integrity, indicating its

ability to counteract LPS-induced cartilage developmental defects.
3.3 CCC restores LPS-impaired bone
mineralization

Bone formation plays a crucial role in maintaining bone health

and function. Alizarin Red staining was used to demonstrate the

effects of CCC on bone formation (Figure 3). LPS exposure

significantly reduced the intensity of bone mineralization

compared with the control group (P < 0.01). CCC treatment

enhanced mineralization in a dose-dependent manner (P < 0.01

vs. LPS model), confirming its protective effect against the

suppression of LPS-induced bone formation.
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3.4 CCC inhibits LPS-triggered activation
of macrophages

Macrophage activation contributes to LPS-induced cartilage

damage (Sun et al., 2022). Fluorescence imaging of Tg (mpeg1:

EGFP) zebrafish revealed that LPS exposure significantly increased

macrophage fluorescence intensity compared with the control

group (P < 0.01; Figure 4). CCC treatment reduced macrophage

activation, with the 100 and 150 mg/mL groups showing the most

pronounced effects (P < 0.01). The results indicated that CCC could

inhibit LPS-induced immune activation and reduce the number of

macrophages in zebrafish.
3.5 CCC reduces LPS-induced
inflammatory factor expression

Inflammatory factors are important causes of bone injury as

they can induce apoptosis and pyroptosis (Li et al., 2022). ELISA

analysis showed that exposure to LPS significantly elevated the
FIGURE 1

Survival rates of zebrafish under different concentrations of CCC.
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levels of IL-6, IL-1b, and nitric oxide (NO) compared with the

controls (P < 0.01; Figure 5). CCC treatment effectively suppressed

these inflammatory markers, with the most significant inhibition

observed in NO levels (P < 0.01). The results indicated that CCC

could inhibit LPS-induced inflammatory response by reducing the

expression of the above inflammatory factors.
3.6 CCC regulates bone-related gene
expression

COL2a1 and Sox9a play central roles in bone development,

homeostasis, and repair, with their synergistic regulation being

crucial for maintaining bone structure and function (Deng et al.,

2016; Song and Park, 2020). qRT-PCR analysis (Figure 6)

demonstrated that exposure to LPS significantly downregulated

COL2a1 and Sox9a mRNA levels compared with the controls (P

< 0.01). CCC treatment restored the expression of these critical

bone development genes to near normal levels (P < 0.01 vs. LPS

model). The results thus demonstrated that CCC could promote

bone development.
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3.7 CCC inhibits the activation of the TGF-
b/Smad3 signaling pathway

The TGF-b/Smad3 signaling pathway plays a critical role in

bone homeostasis, and its excessive or sustained activation

contributes to the development of inflammatory bone disease

(Zhen et al., 2013; Deng et al., 2021; Hu et al., 2024). The qRT-

PCR analysis (Figure 7) revealed that LPS treatment significantly

elevated the levels of TGF-b and Smad3 compared to the control

group (P < 0.01). Notably, CCC intervention effectively suppressed

the expression of these TGF-b/Smad3 pathway markers, restoring

their levels to near-normal values. These findings demonstrate that

CCC attenuates the activation of the TGF-b/Smad3 signaling

cascade by downregulating TGF-b and Smad3 expression.
4 Discussion

This study investigated the therapeutic potential of CCC against

LPS-induced skeletal injury in zebrafish, revealing its dual capacity

to enhance bone regeneration and suppress macrophage-mediated
FIGURE 2

Effects of CCC and/or LPS on zebrafish cartilage. (A) Representative images of Alcian Blue staining. (B) Histogram of IOD values. The blue-boxed
areas represent regions selected for IOD measurement. # vs. control: ## P < 0.01; * vs. LPS model: **P < 0.01.
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inflammatory cascades. These findings expand the pharmacological

profile of CCC and provide novel insights for alleviating piscine

skeletal disorders.

Deer antler has traditionally been recognized for its kidney-

tonifying and bone-strengthening properties. Ren et al.

demonstrated that aqueous antler extracts promoted the

proliferation of bone marrow mesenchymal stem cells and

osteogenic differentiation through activation of the BMP-2/

Smad1,5/Runx2 pathway, effectively counteracting ovariectomy-

induced bone loss (Ren et al., 2019). Antler extracts also

accelerate fracture healing through activation of BMP2-Smad-

mediated osteoblasts (Gu et al., 2025). In addition, Li et al. found

that antler chloroform extracts inhibited the differentiation of

RANKL- and M-CSF-stimulated osteoclasts and bone resorption

(Li et al., 2007). While these studies highlight the osteogenic effects

of deer antler extracts in mammals, their skeletal protective effects

in fish remain underexplored. Our findings confirm CCC’s bone-

protective action in aquatic models, effectively ameliorating LPS-

induced cartilage dysplasia and suppressing bone mineralization.

Post-injury inflammatory responses activate monocytes to

differentiate into mature macrophages, particularly pro-

inflammatory M1 phenotypes that secrete inflammatory cytokines

and matrix metalloproteinases that degrade type II collagen and

proteoglycans, thereby accelerating the degeneration of articular

cartilage (Wu et al., 2020; Sun et al., 2022). LPS-induced M1

polarization further exacerbates inflammation through the
Frontiers in Marine Science 06
generation of reactive oxygen species and excessive production of

NO (Yan et al., 2023; Xue et al., 2024). Previous studies have

reported that antler extracts inhibit the activation of LPS-triggered

macrophages and suppress NO synthesis (Widyowati et al., 2020).

Kuo et al. demonstrated the suppressive effects of antler extracts on

TNF-a and IL-6 in LPS-stimulated RAW 264.7 cells (Kuo et al.,

2018), while Widyowati et al. further corroborated these findings,

showing that the administration of oral antler extract reduced IL-1b
levels and joint swelling in osteoarthritic rats (Widyowati et al.,

2023). Consistent with these findings, our results showed that CCC

treatment in Tg (mpeg1:EGFP) zebrafish suppressed LPS-induced

macrophage activation downregulated the levels of IL-6, IL-1b,
and NO.

Bone metabolic balance is regulated by multiple genes (Parolini,

2025). COL2a1, a gene encoding type II collagen, regulates both

intramembranous and endochondral ossification, with mutations in

this gene causing skeletal dysplasia due to abnormal collagen

structure (Viakhireva et al., 2024). Runx2, like COL2a1, is an

osteogenic marker that transcriptionally regulates osteocalcin

(OCN) expression and critically mediates bone matrix

mineral ization (Hwang et al . , 2023). Notably, Runx2

overexpression in chondrocytes accelerates post-traumatic

osteoarthritis progression in adult mice (Catheline et al., 2019).

Sox9a serves as a master transcriptional regulator for the osteoblast

differentiation and extracellular matrix synthesis, and it is being

essential for the COL2a1 expression (Bell et al., 1997). During
FIGURE 3

Effects of CCC and/or LPS on zebrafish bone formation. (A) Representative images of Alizarin Red staining. (B) Histogram of IOD values. The blue-
boxed areas represent regions selected for IOD measurement. # vs. control: ## P < 0.01; * vs. LPS model: **P < 0.01.
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normal skeletogenesis, Sox9a directly activates COL2a1
transcription by binding its enhancer, thereby facilitating the

production of type II collagen (Bell et al., 1997). Conversely,

Sox9a downregulation in osteoarthritis reduces COL2a1
synthesis, thereby accelerating cartilage degradation and bone loss

(Carmon et al., 2023; Horváth et al., 2023). This destructive process

is further amplified by matrix metalloproteinases (MMPs),

particularly MMP-13 which selectively degrades COL2a1 under

inflammatory conditions (Malemud, 2018; Phillips, 2021). Our

study demonstrated CCC’s ability to reverse LPS-induced
Frontiers in Marine Science 07
suppression of COL2a1 and Sox9a expression, confirming its

protective role against skeletal injury. However, comprehensive

evaluation of CCC’s impact on the entire bone cascade requires

future investigation incorporating additional bone remodeling

markers such as Runx2 (osteoblast differentiation), osteocalcin

(mineralization), and MMPs (matrix degradation).

The TGF-b/Smad3 signaling pathway, implicated in diverse

bone pathologies through dysregulated bone remodeling and

inflammation. Clinical and mechanistic studies demonstrate that

TGF-b1 is a top-ranked pathway in osteoarthritis polygenic risk
FIGURE 4

Effects of CCC and/or LPS on macrophage activity. (A) Representative macrophage fluorescence images. (B) Histogram of fluorescence IOD values.
# vs. control: ## P < 0.01; * vs. LPS model: *P < 0.05 and **P < 0.01.
FIGURE 5

Effects of CCC and/or LPS on inflammatory factors. (A) IL-6 levels. (B) IL-1b levels. (C) NO levels. # vs. control: # P < 0.05 and ## P < 0.01; * vs. LPS
model: *P < 0.05 and **P < 0.01.
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scores (Nielsen et al., 2024), while TGF-b3 is upregulated in human

osteoarthritis tissues (Du et al., 2023). Similarly, Smad3

polymorphisms are linked to osteoarthritis susceptibility (Yang

et al., 2018), and its overexpression in articular cartilage

exacerbates aberrant bone remodeling (Tardif et al., 2013).

Persistent TGF-b/Smad3 activation disrupts cartilage-subchondral

bone crosstalk, promoting osteoarthritis progression (Yi et al.,

2020). Therapeutic strategies targeting this pathway, such as

engineered extracellular vesicles (Jing et al., 2024), have shown

promise. Notably, pilose antler peptides (PAP)—a natural

compound similar to CCC in both origin and extraction methods

—ameliorate liver fibrosis by suppressing TGF-b/Smad3 signaling

(Chunhua and Hongyan, 2017). Our findings align with this

mechanism, as CCC similarly inhibited TGF-b/Smad3 in LPS-
Frontiers in Marine Science 08
induced bone remodeling dysfunction, suggesting shared bioactive

properties. This supports CCC’s potential as a disease-modifying

agent for inflammatory bone disease by restoring TGF-b/
Smad3 homeostasis.

The zebrafish larval model provided significant advantages for

this foundational mechanistic study, particularly its optical

transparency and conserved skeletal pathways—notably, as a

prominent model organism in aquaculture research (Dahm and

Geisler, 2006; López Nadal et al., 2020; Wan-Mohtar et al., 2021;

Truzzi et al., 2022; Kumar et al., 2023). However, we explicitly

acknowledge the inherent limitations of findings derived from this

early developmental stage for direct aquaculture translation.

Consequently, the observed efficacy of Cervi Cornus Colla (CCC)

in mitigating LPS-induced bone injury and inflammation
FIGURE 6

Effects of CCC and/or LPS on the expression of COL2a1 and Sox9a. (A) COL2a1 mRNA levels. (B) Sox9a mRNA levels. # vs. control: ## P < 0.01;
* vs. LPS model: **P < 0.01.
FIGURE 7

Effects of CCC and/or LPS on the expression of TGF-b and Smad3. (A) TGF-b mRNA levels. (B) Smad3 mRNA levels. # vs. control: ## P < 0.01; * vs.
LPS model: **P < 0.01.
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necessitates validation in later life stages (e.g., juvenile/adult

zebrafish) that better reflect the physiology of commercially

harvested fish. Furthermore, extending these protective effects to

economically vital species (e.g., tilapia, salmon) requires dedicated

study, as species-specific physiological and husbandry parameters

may influence efficacy and optimal dosing regimens. Collectively,

our findings identify CCC as a promising therapeutic candidate for

ameliorating bone injury in fish, supporting its potential for future

development in sustainable aquaculture practices.
5 Conclusion

This study demonstrated that CCC could alleviated LPS-

induced skeletal damage in zebrafish by enhancing bone

regeneration via the TGF-b/Smad3 axis and suppressing

macrophage-mediated inflammation, thus providing a potential

therapeutic strategy for treating aquaculture-related bone

disorders. While this study establishes the protective role of CCC

against LPS-induced bone injury in zebrafish larvae, future research

is essential to validate these effects in later developmental stages of

zebrafish and in commercially important aquaculture species.
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