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1. Introduction 

High sodium intake has been shown to increase non-

osmotic sodium storage in the skin and muscles of 

both, humans and rodents [1-3]. Elevated extracellular 

sodium concentration can modulate both, the innate 

and adaptive immune systems, and includes the 

activation of cells like macrophages and dendritic  

 

 
 

 

cells [2-4]. These mechanisms involve the activation of 

signaling pathways like NF-κB, MAPK and Nfat5, 

following sodium influx through epithelial sodium 

channels (ENaC) on the surface of immune cells [5, 6]. 

In addition, exposure of human monocytes to 

elevated Na+ ex vivo caused a coordinated response 
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High sodium intake can disrupt the tissue sodium balance and inflammatory responses, 

potentially impairing wound healing. Natural plant extracts may facilitate tissue repair 

by modulating inflammation, however, their therapeutic potential remains 

underexplored. This study evaluated the impact of a high sodium diet (HSD) on 

cutaneous inflammation induced by subcutaneously implanted non-biocompatible 

sponges and evaluated the anti-inflammatory potential of Baccharis dracunculifolia (DC) 

extract formulated in a nanoemulsion (nDC). Weaned male Wistar rats were fed either a 

high sodium diet (HSD; 0.90% Na⁺, w/w) or a standard-sodium diet (SSD; 0.27% Na⁺, 

w/w) for 12 weeks (n = 16 per group). Sponges were then implanted, and the animals 

received oral treatment with 50 mg/kg nDC or vehicle (unloaded nanoemulsion) once 

daily for 14 days while continuing their respective diets. After treatment, sponges were 

collected for evaluation of cellular infiltration, vessel density, myeloperoxidase (MPO) 

and N-acetyl-β-D-glucosaminidase (NAG) activities, and histopathology. No significant 

differences in inflammatory cell counts, vessel density, or MPO and NAG activities were 

observed between the HSD and SSD animals under any treatment condition (p > 0.05). 

Histology revealed dense inflammatory infiltrates in all groups. These findings indicate 

that HSD did not exacerbate inflammation in all groups. These results indicate that HSD 

did not exacerbate inflammation in this model, and nDC treatment did not modulate 

inflammatory responses. In conclusion, neither HSD nor nDC influenced inflammatory 

cell recruitment in the murine wound healing model. 
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involving IsoLG-adduct formation, acquisition of 

dendritic cell-like morphology, and CD83 and CD16 

expression [7]. On the other hand, studies have shown 

that neutrophils are negatively impacted by increased 

sodium concentrations which compromises 

neutrophil viability [8]. Sodium can also drive the 

increase in the production of pro-inflammatory 

molecules like tumor necrosis factor- (TNF-), 

interleukin (IL)-6, and IL-1 [7], which are critical 

molecules involved in the early phase regulation of 

the wound healing process [9]. In addition, NADPH-

oxidase inhibition attenuated monocyte activation 

and IsoLG-adduct formation [7], suggesting the 

oxidative signaling involvement. Together, these 

mechanisms show that excessive sodium intake can 

intensify inflammatory responses across multiple 

immune cell types, offering a biological explanation 

for how high sodium exposure may interfere with the 

normal resolution of inflammation and contribute to 

impaired wound healing. 
 

The wound healing process can be evaluated through 

multiple experimental models [10]. Among these, the 

sponge implantation model represents a particularly 

robust methodology [11, 12]. This technique involves 

subcutaneously or intraperitoneally implanting a 

polyether polyurethane sponge in animals, which 

subsequently induces localized inflammatory 

angiogenesis along with the recruitment, 

accumulation, and proliferation of immune cells [13-

15]. Given the established links between high-sodium 

intake, tissue sodium accumulation, and immune 

dysregulation, this model provides an ideal platform 

to investigate how elevated sodium levels affect tissue 

infiltration and inflammatory responses [16, 17]. Such 

insights are critical for developing targeted 

interventions for healing impairments associated with 

skin sodium imbalance.  

The development of innovative therapeutic strategies 

increasingly combines bioactive compounds derived 

from natural sources with advanced nanotechnology 

platforms designed to enhance their delivery, 

bioavailability, and efficacy. Baccharis dracunculifolia, a 

plant of the Asteraceae family, has been extensively 

studied for its potent anti-inflammatory and 

antiproliferative properties [18,19]. These 

pharmacological effects position B. dracunculifolia as a 

promising candidate for systemic therapies aimed at 

mitigating tissue damage and promoting tissue 

remodeling. In this context, nanoemulsion-based 

delivery systems offer significant advantages by 

improving the stability, targeted release, and 

absorption of the plant extracts.  
 

Although sodium intake has been associated with 

immune modulation, the effects of chronic high 

sodium consumption on subcutaneous wound 

inflammation and the potential modulatory role of 

nanoformulated B. dracunculifolia extract remain 

insufficiently understood. Therefore, this study aimed 

to investigate the effects of chronic high-sodium 

intake on tissue inflammation and remodeling using 

a sponge implantation model, and to assess whether 

oral administration of a nanoemulsified B. 

dracunculifolia extract could modulate these local 

inflammatory responses. This approach not only 

explores the therapeutic potential of B. dracunculifolia, 

but also highlights the role of nanotechnology in 

enhancing natural product–based interventions for 

inflammatory disorders. 
 

2. Materials and methods 

2.1. Animal model and diet 

A salt-dependent hypertension model was employed 

in this study [20]. Male Wistar rats (35–50 g, 21 days 

old, weaned) were divided into two groups (n = 16 for 

each group): (1) standard-sodium diet (SSD): received 

powdered chow containing 0.27% Na⁺ (w/w) 

(NuviLab, Paulínia, Brazil); (2) High-sodium diet 

(HSD): received modified powdered chow with 0.90% 

Na⁺ (w/w) (NuviLab, Paulínia, Brazil). Both groups 

were maintained on their respective diets for 12 weeks, 

with ad libitum access to tap water and food. 

Environmental conditions were controlled: 

temperature (22-24 °C), humidity (40-80%), and a 12 h 

light/dark cycle. All procedures adhered to the 

guidelines of the Brazilian National Council for the 

Control of Animal Experiments (CONCEA) and were 

approved by the Institutional Animal Care and Use 

Committee (CEUA-UFOP, Protocol 5152120421). 

2.2. Subcutaneous implantation of polyester-polyurethane 

sponge discs 

Sterile polyester-polyurethane sponge discs were 

implanted subcutaneously, following the protocol 
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previously described [16]. The discs measured 8 mm 

in diameter, 5 mm in thickness, and had an average 

weight of 4.8 mg. Prior to implantation, the discs were 

sterilized by immersion in 70°GL ethanol for 48 h. On 

the day of surgery, the sponges were rinsed 

thoroughly and boiled in distilled water at 95 °C for 

30 min to remove residual ethanol. Animals were 

anesthetized with ketamine (80 mg/kg) and xylazine 

(7 mg/kg) administered intraperitoneally. The dorsal-

lumbar region was aseptically prepared with 70°GL 

ethanol, and a 1 cm skin incision was made. A 

subcutaneous pocket was created approximately 2 cm 

from the incision site, and the sponge disc was 

inserted. The incision was then sutured, and the 

animals were housed individually with ad libitum 

access to tap water and their respective diets. Animals 

were monitored daily after surgery to evaluate their 

overall health and identify any indications of infection 

or distress. Those exhibiting postoperative 

complications, such as illness or infection, were 

removed from the study. 
 

2.3. Baccharis dracunculifolia extract preparation 

Leaves of B. dracunculifolia (DC) were collected from a 

cultivation field located on the property of the mining 

company Samarco S.A., Mariana, MG, Brazil (-

20.210833, -43.482222). The collection took place 

during the summer season, between 7:00 a.m. and 9:00 

a.m. Fresh leaves were stored in plastic bags and 

transported to the laboratory, where they were 

selected, washed with purified water, and weighed 

within a few hours of harvesting. The weighed leaves 

were immersed in 96% analytical grade ethanol at a 

ratio of 1:1.5 (w/v) and macerated for 10 days at room 

temperature, protected from light. The maceration 

process was repeated twice with fresh solvent to 

ensure exhaustive extraction. The combined liquid 

fractions were mixed, and ethanol was removed using 

a rotary evaporator under reduced pressure (86 mBar) 

at 40 °C [20], yielding 5.23 g (9.3%, w/w yield) of crude 

extract. The resulting crude extract was used for 

quantitative phytochemical determination as well as 

for the preparation of the nanoemulsion (nDC) [22].  
 

2.4. Phytochemical determination 

Phenolic content was determined by the Folin-

Ciocalteu colorimetric method [23] and flavonoid 

content was measured using the aluminum chloride 

colorimetric assay [24]. Gallic acid was used the 

standard for the phenolic calibration curve, and total 

phenolic content was expressed as micrograms of 

gallic acid equivalents (GAE) per milligram of extract. 

Quercetin and rutin were used as standards for the 

flavonoid calibration curves, with flavonoid content 

expressed as micrograms of quercetin equivalents (QE) 

or rutin equivalents (RE) per milligram of extract 

(w/w). 
 

2.5. Baccharis dracunculifolia nanoemulsion preparation 

A nanoemulsion containing B. dracunculifolia extract 

(nDC) was prepared as previously described [22]. The 

formulation was developed so that approximately 1 

mL of nDC corresponded to a dose equivalent to 50 

mg/kg of the extract, as this dosage was reported as 

safe for rats [19]. A placebo nanoemulsion, containing 

all excipients but without the extract, was also 

prepared and used as the control vehicle. The placebo 

and nDC were characterized by measuring the 

particle size and polydispersity index (PDI) using 

photon correlation spectroscopy with a Malvern 

Zetasizer ZS (Malvern Instruments, UK). 
 

 

2.6. Animal treatment 

Animals were divided into four groups (n = 8 for each 

group): SSD + vehicle, SSD + nDC, HSD + vehicle, and 

HSD + nDC. The nDC or vehicle was administered 

orally at a dose of 50 mg/kg in a volume of 

approximately 1 mL, once every 24 h, for 14 days 

following sponge implantation. At the end of the 

treatment period, the animals were euthanized by 

intraperitoneal injection of a lethal dose of ketamine 

(300 mg/kg) and xylazine (21 mg/kg). The implanted 

sponges were collected; weighted, and stored at –

20 °C until further analysis. 
 

2.7. Determination of myeloperoxidase (MPO) and n-

acetyl-β-d-glucosaminidase (NAG) activities in the 

sponges  

The infiltration of activated neutrophils into the 

implanted sponge was assessed by quantifying MPO 

enzyme activity, following the extraction and assay 

method described by Barcelos et al. [16]. Briefly, the 

pellet obtained from the processed implants was 

weighted and homogenized in a buffer solution 

containing 0.1 mol/L NaCl, 0.02 mol/L Na₃PO₄, and 

0.015 mol/L NaEDTA (pH 4.7), and then centrifuged 

at 10,000 rpm for 10 min at 4 °C. The supernatant was 
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discarded, and a 0.2% NaCl solution was added to the 

pellet. After 30 seconds, a solution of 1.6% NaCl with 

5% glucose was added. The samples were then 

homogenized and centrifuged again at 10,000 rpm for 

10 min at 4 °C. Following removal of the supernatant, 

a buffer containing 0.05 mol/L Na₃PO₄ and 0.5% (w/v) 

hexadecyl trimethyl ammonium bromide (pH 5.4) 

was added to the pellet at a ratio of 1 mL per 100 mg 

of sample. The samples were homogenized and 

subjected to three freeze-thaw cycles using liquid 

nitrogen. Finally, the solution was centrifuged at 

10,000 rpm for 15 min at 4 °C, and the supernatant was 

collected for the MPO enzymatic assay. Absorbance 

was measured using a UV-visible ELISA reader at 450 

nm. In addition to MPO, the infiltration of activated 

macrophages was estimated by quantifying NAG 

activity. NAG activity was measured using the same 

UV-visible ELISA reader at 400 nm.  
 

2.8. Histological analysis of the sponges 

Tissue infiltration within the implanted sponges was 

assessed by microscopic examination of hematoxylin 

and eosin (H&E)-stained sponge sections. To evaluate 

the effects of the treatments on the kidneys and liver, 

samples of these organs were collected from all 

animals, including both the SSD and HSD groups, 

treated with either nDC or vehicle. Sponges were 

excised, fixed in 10% formalin, embedded in paraffin, 

and sectioned into 4 µm thick slices. The sections were 

stained with H&E following standard protocols. 

Microphotographs were captured (10× and 40× 

magnification) and analyzed to assess the general 

cytological and histological features.  
 

 

2.9. Determination of total cells and total vessels in the 

sponges 

For the quantitative analysis of inflammatory 

infiltrates, the total number of cells within the sponges 

was counted. Cell counts were performed on 20 

randomly selected microscopic fields per group using 

ImageJ software (version 1.4.3.67). Results were 

expressed as the mean number of cells ± SD for each 

group. 
 

For vessel quantification, the number of blood vessels 

was counted in 40 randomly selected fields per group 

using the same ImageJ software. The mean number of 

vessels per field was calculated, recorded, and 

analyzed with GraphPad Prism 5.0. Results were 

expressed as the mean number of vessels ± SD for each 

group.  
 

2.10. Statistical analysis  

The results were expressed as mean ± SD and were 

evaluated with one-way ANOVA followed by a post-

hoc Tukey test. A p-value less than 0.05 was 

considered significant (p < 0.05).  
 

3. Results and discussion 

The subcutaneous implantation of synthetic sponges 

in mice is a well-established and widely utilized 

experimental model for investigating local 

inflammatory responses and tissue remodeling. This 

model allows for the comprehensive characterization 

of the inflammatory profile and its temporal dynamics, 

including cell recruitment, cytokine production, and 

extracellular matrix remodeling [25, 26]. Using this 

approach, we aimed to determine whether HSD alters 

tissue infiltration patterns and inflammatory 

processes within the sponge matrix, thereby 

providing mechanistic insights into how dietary 

sodium may exacerbate local inflammation and 

impair the wound healing process. In addition, 

animals subjected to the sponge implantation model 

and receiving a HSD were treated with nDC to 

investigate their potential to reduce and/or eliminate 

the inflammatory processes induced by the 

combination of the sponge and HSD. 
 

 

The bioactive compounds present in B. dracunculifolia, 

particularly flavonoids and phenolic constituents, 

have been well documented for their significant anti-

inflammatory properties [18, 19]. The DC extract used 

for the preparation of nDC contained 4.37% (w/w) 

total phenolic compounds (GAE), 1.82% (w/w) 

flavonoids (QE), and 6.84% (w/w) flavonoids (RE) 

(Table 1), suggesting the presence of compounds with 

potential anti-inflammatory effects.  
 
 

Animals were fed either a HSD (0.90% Na⁺, w/w) or a 

SSD (0.27% Na⁺, w/w) for 12 weeks (n = 16 per group). 

Sponges were then implanted, and the animals 

received oral treatment with 50 mg/kg nDC or vehicle 

(unloaded nanoemulsion) once daily for 14 days 

while continuing their respective diets. The 

experiments were conducted using 50 mg/kg nDC, as 

this dose had been previously evaluated by Batista et 

al. [21], who reported no adverse or toxic effects in rats,  
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Table 1. Quantification of phenolic compounds and 

flavonoids in Baccharis dracunculifolia extract.  

Compound 
Extract 

(µg/mg) 

Percent 

(w/w) 

Phenolic compounds (GAE) 43.7 4.37 

Flavonoids (QE) 18.2 1.82 

Flavonoids (RE) 68.4 6.84 

Phenolic content is expressed as gallic acid equivalents (GAE), 

and flavonoids are expressed as quercetin equivalents (QE) and 

rutin equivalents (RE). Values are reported in µg/mg of extract 

and % (w/w). 

 

thereby confirming its safety. After treatment, the 

sponges were carefully collected and weighed. Our 

results show that sponge weight was not significantly 

affected by HSD in vehicle-treated animals compared 

to those on SSD (Fig. 1C, p > 0.05).  

 

 
 

Figure 1. Photographs of the sponge before (A) and after (B) 

implantation into the subcutaneous tissue of mice, 

representative of both HSD- and SSD-fed animals. Weight 

of sponges measured after 14 days of implantation in rats 

fed either a standard-sodium diet (SSD - 0.27% Na⁺) or a 

high-sodium diet (HSD - 0.9% Na⁺), treated with Baccharis 

dracunculifolia (DC) nanoemulsion (nDC, 50 mg/kg) or 

vehicle (C). Data are presented as mean ± SD and were 

analyzed by two-way ANOVA; no significant differences 

were observed (p > 0.05). 

 

Similarly, treatment of HSD animals with 50 mg/kg 

nDC did not significantly alter sponge weight 

compared to SSD animals receiving nDC (Fig. 1C, p > 

0.05). These data suggest that HSD did not increase 

cellular infiltration within the implanted sponges, as 

indicated by the lack of difference in sponge weight 

compared to SSD vehicle-treated animals. 

Additionally, treatment with nDC did ineffective 

sponge weight in either dietary group, suggesting that 

the nanosystem was not effective in modulating cell 

migration into the sponges. 
 

Both N-acetyl-β-D-glucosaminidase (NAG) and 

myeloperoxidase (MPO) activities are reliable 

indicators of immune cell infiltration in tissues. NAG, 

a lysosomal enzyme released primarily by 

macrophages and neutrophils during inflammation, 

is widely used to quantify macrophage infiltration at 

wound sites. MPO, which is predominantly expressed 

in neutrophils, is a well-established marker of 

neutrophil infiltration in inflamed tissues [27]. 

Moreover, decreased MPO activity has been 

correlated with reduced polymorphonuclear 

leukocyte (PMN) infiltration and attenuated tissue 

damage [28]. Thus, measuring NAG and MPO 

activities provides valuable insights into the extent of 

macrophage and neutrophil recruitment, respectively, 

as well as the overall inflammatory status and tissue 

injury. 
 

 

MPO and NAG activities were quantified in the 

sponge implant samples from each animal. MPO 

activity was not significantly modified by the HSD, as 

vehicle-treated HSD animals exhibited values 

comparable to those maintained on the SSD (SSD + 

vehicle: 0.013 ± 0.003 optical density (O.D.)/mg sponge 

vs. HSD + vehicle: 0.011 ± 0.003 O.D./mg sponge; Fig. 

2A, p > 0.05). Likewise, administration of nDC (50 

mg/kg) did not significantly influence MPO activity in 

HSD-fed rats compared to SSD-fed rats receiving nDC 

(SSD + nDC: 0.010 ± 0.001 O.D./mg sponge vs. HSD + 

nDC: 0.007 ± 0.001 O.D./mg sponge; Fig. 2A; p > 0.05). 
 

Consistent with the MPO findings, NAG activity was 

not significantly affected by HSD in vehicle-treated 

animals compared to those maintained on the SSD 

(SSD + vehicle: 0.024 ± 0.003 O.D./mg sponge vs. HSD 

+ vehicle: 0.033 ± 0.003 O.D./mg sponge; Fig. 2B; p > 

0.05). Furthermore, nDC treatment (50 mg/kg) did not 

significantly alter NAG activity in rats fed an HSD or 

SSD (SSD + nDC: 0.031 ± 0.002 O.D./mg tissue vs. HSD 

+ nDC: 0.029 ± 0.006 O.D./mg tissue; Fig. 2B; p > 0.05). 

Therefore, within this murine wound-healing model, 

neither HSD nor nDC treatment influenced the 
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Figure 2. Myeloperoxidase (MPO) (A) and N-acetyl-β-D-

glucosaminidase (NAG) (B) activities measured in sponge 

sample after 14 days of implantation in animals fed a 

standard-sodium diet (SSD - 0.27% Na⁺) or a high-sodium 

diet (HSD - 0.9% Na⁺), treated with B. dracunculifolia (DC) 

nanoemulsion (nDC, 50 mg/kg) or vehicle. Data are 

presented as mean ± SD and were analysed by two-way 

ANOVA; no significant differences were observed (p > 0.05). 

O.D. – Optic Density. 

 

recruitment of macrophages and neutrophils 

compared to the control conditions. Additionally, the 

nanoemulsion formulation failed to produce 

measurable anti-inflammatory effects in the sponge 

implantation model under the tested conditions, 

suggesting that oral administration may have limited 

the systemic delivery of the extract’s active 

compounds. Finally, a single dose of nDC may have 

been insufficient to achieve the desired therapeutic 

effect.  
 

Macrophages and neutrophils, along with other 

components of the inflammatory infiltrate, were also 

present in the histopathological images of the sponges. 

From the SSD and HSD groups, the sponges showed 

a fibrovascular stroma characterized by abundant 

thick collagen fibers randomly arranged around the 

sponge trabeculae, likely as an attempt to isolate the 

remaining sponge matrix areas [29] (Fig. 3 A-D). 

Intense cellular infiltration was observed, 

predominantly composed of mononuclear cells (Fig. 3. 

A-D inset). Quantitative cell counting showed no 

significant differences in cellular infiltration between 

the SSD and HSD groups, nor did nDC treatment alter 

cell numbers (Fig. 3E) (p > 0.05).  
 

 
Figure 3. Histological sections of sponges stained with 

hematoxylin and eosin (H&E), implanted for 14 days in rats 

fed a standard-sodium diet (SSD - 0.27% Na⁺) or a high-

sodium diet (HSD - 0.9% Na⁺), treated with vehicle or 

Baccharis dracunculifolia nanoemulsion (nDC, 50 mg/kg). All 

groups exhibited a fibrovascular stroma with abundant 

collagen fibers (A–D, 10×). An intense inflammatory 

infiltrate was observed (A–D, inset, 40×). The mean 

infiltrating cell count (E) and mean vessel density (F) 

revealed no significant differences between groups, 

indicating that neither HSD nor nDC treatment affected 

cellular infiltration or angiogenesis (p > 0.05). Sponge 

trabeculae, vessels, and macrophages are indicated by “T”, 

“VS,” and “M", respectively. Data are presented as mean ± 

SD. 

 

 

In addition, the sponge matrix was well vascularized, 

with blood vessels of varying calibers distributed 

mainly in the peripheral regions of the implants and 

the around cellular clusters (Fig. 3F). The quantitative 

analysis of vessel counts revealed that neither HSD 

nor nDC treatment significantly influenced 

angiogenesis within the sponge matrix (p > 0.05). 
 

According to Almeida-Junior et al. [30], baccharin - an 

isolated phenolic compound derived from B. 

dracunculifolia exhibits a broad spectrum of biological 

activities, including anti-inflammatory effects 
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potentially linked to antiedematogenic properties, 

inhibition of polymorphonuclear cell migration, and 

modulation of NF-κB expression. However, despite 

the presence of phenolic compounds and flavonoids 

in the nanoemulsion, these bioactives did not exert the 

expected therapeutic effects in our model, suggesting 

that their concentrations within the formulation 

and/or the dose of the formulation were insufficient to 

downregulate the established inflammatory response 

in the implanted sponges under both dietary 

conditions. 
 

4. Conclusions 

The HSD did not exacerbate the inflammatory 

response in the implanted sponges, as demonstrated 

by similar cell counts, vessel density, MPO and NAG 

activity levels compared to animals fed a SSD in the 

subcutaneous wound healing model. Furthermore, 

treatment with nDC failed to modulate the 

inflammatory response in sponges from animals on 

either diet. These findings suggest that optimization 

the nanoemulsion formulation is necessary, 

potentially through dose adjustment and/or enhanced 

encapsulation efficiency of the phenolic compounds 

and flavonoids from B. dracunculifolia, to achieve the 

desired anti-inflammatory effects in this model. 
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