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Starfish (Asterias amurensis) are important predators in the marine benthic environment, preying on 
mollusks and echinoderms. Their waste also causes significant environmental harm. However, starfish 
contain a variety of nutrients and biologically active compounds that require further investigation. 
To maintain marine ecosystems and address environmental waste, lipids were extracted from A. 
amurensis skin, and their immune-enhancing effects were evaluated in cyclophosphamide (CY)- 
induced immunosuppressive mice. A. amurensis lipids were combined with PEG 6000 (AA-PEG), which 
contains a high content of polyunsaturated fatty acids (PUFAs, 49.44%), primarily C20:5n3. Mice were 
administered various dosages of AA-PEG, ranging from 50 to 200 mg/kg body weight (BW) via oral 
delivery and CY injection. Results revealed that AA-PEG at 150 mg/kg BW promoted the recovery of 
cellular immune function in both splenocytes from the spleen and peritoneal macrophages, similar to 
the normal group. Administration of AA-PEG (50–150 mg/kg BW) gradually raised the spleen index 
(2.2–2.5 mg/g) and natural killer (NK) cell activity (91–102%), and enhanced ConA- or LPS-stimulated 
splenocyte proliferation. Subsets of T -lymphocytes (CD4 + and CD8+) does-dependently increased by 
AA-PEG. The phagocytic capacity (58–82%) and proliferation (69–98%) of peritoneal macrophages, 
which had been reduced by CY, were restored with AA-PEG. AA-PEG boosts immunity by promoting 
nitric oxide (NO) generation (84–103%). Furthermore, AA-PEG has been shown to increase immune-
related cytokines in splenocytes and peritoneal macrophages, indicating a potential enhancement 
of Th1 and Th2 activity. These results suggest that AA-PEG restored the immune function of 
immunosuppressed mice and could be used as an effective immunomodulatory agent, which may play 
a crucial role in maintaining environmental sustainability.
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Asterias amurensis  (starfish) is a marine invertebrate native to the North Pacific Ocean, particularly around 
Korea, Japan, and Russia. It belongs to the family Asteriidae, class Asteroidea, and phylum Echinodermata. It 
has been classified as a significant pest and can have a major impact on marine ecosystems when introduced 
to non-native areas, as it can become an invasive species1,2. When a starfish enters a new ecosystem outside its 
native range, it can threaten the sustainability of the marine ecosystem because it is a predator in the marine 
benthic system, preying on shellfish and other native organisms1. The starfish severely damages the shellfish 
farming sector and even significantly reduces native biodiversity since it feeds on shellfish including abalone 
clams, blood shellfish, and scallops3. Their wastes cause significant harm to the environment4, which can lead to 
a reduction in the population of native species and alter the ecological balance5. Without control ways, its spread 
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may result in the loss of sustainability and stability in the marine ecosystem6. In order to solve environmental 
wastes, fishermen preserve a considerable quantity of starfish, which they use as fertilizer and occasionally 
waste7. In Hokkaido, starfish around 15,000 tons are disposed of as expensive industrial waste each year8, which 
has caused to maintain the marine ecosystem. On the other hand, if its population is well-managed, starfish can 
be part of a sustainable marine ecosystem.

However, starfish have been reported to possess a variety of bioactive compounds, including steroids, steroid 
glycosides, anthraquinones, alkaloids, polysaccharides, peptides, and fatty acids (FAs)9. These compounds 
exhibit anti-cancer, anti-fungal, anti-inflammatory, and immune-enhancing activities4,10–13. Previous studies 
have reported that FAs extracted from the skin, gonad, and D-gland of A. amurensis contained high amounts 
of dihomo-gamma-linolenic acid (20:3n-6) and eicosapentaenoic acid (EPA), which demonstrated anti-
inflammatory and immune-enhancing activities on macrophage cells12,13. Therefore, these functional materials 
and nutrients can be critical to retain nature sustainability and this study suggested that the lipids extracted from 
A. amurensis skin have immune effects on immunosuppressed mice induced by CY, indicating that the lipids 
could be considered as an effective immunomodulatory agent.

The immune system is a structure of cells and molecules that have specialized roles in defense against 
infection and comprises of two fundamentally different types of reactions to invading microorganisms14. 
Immune responses such as the immune organ indexes (bone marrow, spleen, thymus) and population change of 
immune cells (macrophages, splenocytes, neutrophils, NK cells) are essential mechanisms for the enhancement 
of the body’s immune function14. They can activate a variety of immunomodulatory functions by producing 
cytokines such as interferon-γ (IFN-γ), tumor necrosis factor-α (TNF-α), interleukin-2 (IL-2), and, IL-6, and 
other inflammatory mediators15,16. Cyclophosphamide (CY) as a chemotherapy agent, is used to treat cancer, 
autoimmune and immune-mediated diseases17. CY-induced immunosuppressive animal models were typically 
used to determine immunomodulatory effects that have an inhibitory effect on immune functions, such as the 
reducing indexes of spleen and thymus, as well as the downregulation of some cytokine secretion18–20.

In general, lipids are hydrophobic or amphiphilic small molecules that cannot dissolve in water but can 
dissolve in nonpolar solvents, such as alcohol, ether, chloroform, and benzene21. The bioactive lipid mediators 
in immune cells are synthesized from lipids, especially fatty acids, which are major components of living 
organisms22,23. It has been reported that polyunsaturated fatty acids (PUFAs), in particular EPA (20:5n-3), and 
docosahexaenoic acid (DHA, C22:6n-3) can have anti-tumor, immunomodulatory, and anti-diabetic properties 
as well as inflammatory diseases and Alzheimer’s disease12,13,22,24–27. In addition, PUFAs have been shown 
to modulate cyclophosphamide-induced immunosuppression in animal models28,29. Previously, Liu et al.30 
reported that A. rollestoni polysaccharides contained the immune-enhancement effects in macrophages and 
CY-induced immunosuppression mice. However, the immune-enhancing activity of A. amurensis has not been 
shown in vivo mice physiological system. Therefore, the current study evaluated the effect of oral administration 
of the lipids extracted from A. amurensis skin on immunosuppressed mice induced by CY, which showed the 
functional materials to be crucial to maintain nature sustainability, solving the environmental problems in the 
marine ecosystem.

Results
Fatty acid compositions form A. amurensis lipids combined with PEG 6000 (AA-PEG)
Fatty acid profiles (% of total FA) of experimental diets are shown in Table 1. The main effect of AA-PEG was 
significant (p < 0.05), influencing the levels of several FAs: 15.16% SFAs, 35.40% MUFAs, and 49.44% PUFAs. 
Among the FAs, EPA (C20:5n3) showed the highest content at 24.07%. Major SFAs included palmitic acid 
(C16:0, 4.08%), arachidic acid (C20:0, 5.95%), and behenic acid (C22:0, 2.56%). Major MUFAs included oleic 
acid (C18:1n9, 8.12%), and vaccenic acid (C18:1n7, 2.24%), and paullinic acid (C20:1n7, 22.73%). PUFAs were 
the most abundant, consisting of EPA, dihomo-gamma-linolenic acid (20:3n-6, 17.78%), and DHA (C22:6n3, 
5.03%).

Effects of AA-PEG on spleen index
The effects of AA-PEG on the spleen size and spleen index are shown in Fig. 1. The spleen size and spleen index 
of the CY-treated groups significantly decreased when compared to the normal group (N). The group treated 
with ginseng (GIN) and levamisole (LEV) increased the spleen index and spleen size compared to the CY group. 
The spleen size and index of the AA-PEG treatment groups increased to 150 mg/kg BW in a dose-dependent 
manner, but slightly decreased at 200 mg/kg BW, whereas no significant difference (p < 0.05) was found between 
the PEG 6000 (PEG) and CY groups.

Effects of AA-PEG on peritoneal macrophage proliferation
The effects of various concentrations of AA-PEG on the cell proliferation of peritoneal macrophages are shown 
in Fig. 2A. Compared to normal group mice, cell proliferation in the CY group decreased. Administration of 
AA-PEG (50–200 mg/kg BW) significantly increased the macrophage proliferation in a dose-dependent manner 
up to 150 mg/kg BW, while the macrophage proliferation of AA-PEG at 200 mg/kg BW was lower than AA-PEG 
at 150 mg/kg BW. In addition, AA-PEG at 150 mg/kg BW restored cell proliferation similar to that of the normal 
group.

Effects of AA-PEG on NO production
Our results showed that the production of NO in the CY group was remarkably lower than in the normal group 
(Fig. 2B). After being administrated with AA-PEG, there was a significant recovery in NO production compared 
with the CY group. The NO production of AA-PEG at 150 mg/kg BW was greater than at other concentrations.
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Effects of AA-PEG on peritoneal macrophage phagocytosis
The phagocytosis ratio of peritoneal macrophages from normal mice was considered to be 100% by the neutral 
red uptake method. As shown in Fig. 2C, the CY-treated mice significantly reduced macrophage phagocytosis as 
compared with the normal group (p < 0.05). The phagocytic activities of peritoneal macrophages were improved 
after treatment with AA-PEG in a dosage-dependent manner (50–150 mg/kg BW), whereas AA-PEG at a dose of 
200 mg/kg BW reduced macrophage phagocytosis slightly as compared to AA-PEG at 150 mg/kg BW. Moreover, 
the phagocytosis of the AA-PEG at 150 mg/kg BW was enhanced to the same level as that of the positive group, 
which increased by 88.96%.

Effects of AA-PEG on gene expression in peritoneal macrophages
Real-time qPCR was used to analyze the mRNA expression levels of iNOS, COX-2, IL-1β, IL-6, and TNF-α. As 
shown in Fig. 3, the expression of these genes was remarkably downregulated in the CY group. In the AA-PEG-
treated group, different dosages of AA-PEG can significantly up-regulate the mRNA expression of iNOS, COX-2, 
IL-1β, IL-6, and TNF-α, compared with the only CY treated group. Especially, the mRNA levels of COX-2, IL-
1β, IL-6, and TNF-α at the dose of AA-PEG (150 mg/kg BW) reached a level above the levamisole and ginseng 
(positive control) groups.

Fig. 1.  Effects of AA-PEG on spleen size and spleen index in CY-treated mice. (A) Spleen size effects, (B) 
Spleen index effects. Results are expressed as means ± SD. Different letters (a-e) indicate significant (p < 0.05) 
differences among all the groups.

 

Fatty acids Total fatty acids (%)

C14:0 0.88 ± 0.10jk

C15:0 0.90 ± 0.02jk

C16:0 4.08 ± 0.10g

C18:0 0.80 ± 0.03k

C20:0 5.95 ± 0.18e

C22:0 2.56 ± 0.05h

C16:1n7 1.63 ± 0.07i

C18:1n9 8.12 ± 0.23d

C18:1n7 2.24 ± 0.10hi

C20:1n7 22.73 ± 2.05b

C22:1n9 0.69 ± 0.02k

C18:3n3 0.32 ± 0.02k

C20:2n6 1.56 ± 0.04ij

C20:3n3 17.78 ± 0.47c

C20:5n3 24.07 ± 0.60a

C22:5n3 0.68 ± 0.01k

C22:6n3 5.03 ± 0.19f

Totals SFAs 15.16 ± 0.45

Totals MUFAs 35.40 ± 1.73

Totals PUFAs 49.44 ± 1.28

Table 1.  Fatty acid compositions (% of total fatty acids) of AA-PEG. Values are presented as means ± SD (n = 
5). Significant differences (p < 0.05) are indicated by different superscript letters in the table.
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Effect of AA-PEG on NK cell activity
The NK cell activity of splenocytes was measured by examining the cytotoxicity of YAC-1 cells. As shown 
in Fig. 4A, the NK cell activity of the CY group was clearly inhibited compared to that of the normal group. 
However, the NK cell activity of the groups treated with various doses of AA-PEG was increased, higher than 
that of the CY group. In particular, the NK cell activity of AA-PEG at a dose of 150 mg/kg BW was restored to a 
level similar to the normal and levamisole groups.

Effect of AA-PEG on splenocyte proliferation
To evaluate the effects of AA-PEG on mitogen-stimulated splenic lymphocyte proliferation, ConA- and LPS-
induced splenocyte proliferation were performed to assess T- and B-lymphocyte proliferation activities20,31,32. As 
shown in Fig. 4B, the administration of CY significantly reduced T-cell and B-cell proliferation compared with 
the normal group. However, the splenocyte proliferation of AA-PEG-treated mice was significantly increased 
in a dose-dependent manner when compared with the CY group. At the dose of 200 mg/kg BW, AA-PEG also 
significantly increased splenocyte proliferation compared with the CY group, but lower than the doses of 100 
and 150 mg/kg BW. In particular, AA-PEG at a dose of 150 mg/kg BW, the splenic lymphocyte proliferation was 
similar to or higher than that of the positive group.

Effect of AA-PEG on gene expression of splenic lymphocytes
Figure 5 showed the effects on the mRNA expression of immune-associated genes in splenocytes. Compared 
to the CY group, these genes significantly enhanced the expression levels of AA-PEG at 50–150 mg/kg BW (p < 
0.05) in a dose-dependent manner. However, AA-PEG at 200 mg/kg BW increased expression levels more than 
the CY group, but lower than AA-PEG at 100 and 150 mg/kg BW. At a dose of 150 mg/kg BW, the expression 
levels of cytokines such as IL-1β, IL-2, IL-4, IL-6, TNF-α, and IFN-γ was recovered similarly to those of the 
normal group.

Fig. 2.  Effects of AA-PEG on macrophage proliferation, NO production, and phagocytosis activity in 
peritoneal macrophages in CY-treated mice. (A) Influence on macrophage proliferation, (B) Influence on NO 
production, (C) Influence on phagocytosis activity. Results are expressed as means ± SD. Different letters (a-d) 
indicate significant (p < 0.05) differences among all the groups.
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Effect of AA-PEG on CD4 + and CD8 + lymphocytes
As shown in Fig.  6A and B, the percentages of CD4 + and CD8 + T cells, as well as the CD4+/CD8 + ratio, 
were significantly lower than in the normal group and higher than in the CY group. Treatment with AA-PEG 
increased the percentage of helper T cells compared with mice in the CY-treated group. Moreover, AA-PEG 
upregulated the CD4+/CD8 + ratio in splenocytes at the tested dose (50–200 mg/kg), compared to those in the 
CY group.

Discussion
Starfish are an invasive species in the marine ecosystem, causing productivity loss and damaging the natural 
environment due to the rapid increase in their populations33. However, starfish are still valuable and contain 
many bioactive compounds, such as saponins, polysaccharides, peptides, amino acids, collagen, and alkaloids2. 
Consequently, the utilization of starfish can support environmental sustainability by controlling their populations, 
reducing waste, creating valuable products, and promoting the conservation of marine ecosystems.

Fig. 4.  Effects of AA-PEG on splenic NK cell activity and mitogen-stimulated splenocyte proliferation in 
CY-treated mice. (A) Effects on NK cell activity in spleen, (B) Effects on splenocyte proliferation. Results are 
expressed as means ± SD. Different letters (a-g) indicate significant (p < 0.05) differences among all the groups.

 

Fig. 3.  Effects of AA-PEG on mRNA expression in LPS-stimulated peritoneal macrophages in CY-treated 
mice. The relative levels of iNOS (A), COX-2 (B), IL-1β (C), IL-6 (D), and TNF-α (E) expression. Results are 
expressed as means ± SD. Different letters (a-f) indicate significant (p < 0.05) differences among all the groups.
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Fig. 6.  Effects of AA-PEG on CD4 + and CD8 + T lymphocytes and the ratio of splenic CD4+/CD8 + T cells in 
CY-treated mice. (A) Effects on CD4 + and CD8 + T lymphocytes, (B) splenic CD4+/CD8 + T cell ratio. Results 
are expressed as means ± SD. Different letters (a-f) indicate significant (p < 0.05) differences among all the 
groups.

 

Fig. 5.  Effects of AA-PEG on immune-associated gene expression from mitogen-stimulated splenic 
lymphocyte cells in CY-treated mice. The relative levels of IL-1β (A), IL-2 (B), IL-4 (C), IL-6 (D), TNF-α (E), 
IFN-γ (F), COX-2 (G), and TLR-4 (H) expression. Results are expressed as means ± SD. Different letters (a-h) 
indicate significant (p < 0.05) differences among all the groups.

 

Scientific Reports |        (2025) 15:17111 6| https://doi.org/10.1038/s41598-025-00143-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


In our study, we determined the FA contents in AA-PEG. The FAs present in AA-PEG were composed of 15% 
saturated fats, 35% monounsaturated fats, and a significant amount of polyunsaturated fats (49%). PUFAs, such 
as α-linolenic acid (ALA; C18:3n-3), EPA, and DHA, are essential fatty acids that the body cannot produce and 
must be obtained through the diet. According to earlier research, PUFAs have been shown to improve a variety 
of human health conditions, including cardiovascular disease, inflammation, obesity, cancer, and many others34. 
Other FAs, such as palmitic acid and oleic acid, are key dietary sources for growth, energy, metabolic synthesis, 
and components of cell membranes, and they also perform well in eliciting immunological responses35,36. Our 
findings reveal that the FA profile of EPA had the highest content in AA-PEG, which has immune-enhancing 
effects on immune cells37.

In this study, the immune-enhancing effects of AA-PEG were established in CY-induced immunosuppressed 
BALB/c mouse models, and the immunological action of lipids is most likely initiated by the activation of effector 
immune cells. Therefore, we investigated the effects of AA-PEG on peritoneal macrophages and splenocytes. 
In vivo experiments, several research on the immunomodulatory effects of various materials in a CY-induced 
immunosuppression animal model have been conducted18–20,32. AA-PEG was obtained from the lipids extracted 
from A. amurensis  skin combined with PEG 6000. PEG is widely used in biomedical applications such as 
bioconjugation38, drug delivery38,39, surface functionalization40, and tissue engineering41. PEG-lipid conjugates 
are commonly utilized to produce a polymer coat in the field of liposomal drug delivery42. In addition, ginseng 
syrup and levamisole, an immune enhancer, were used as positive controls for comparing the efficacy of AA-
PEG.

Macrophages, important effector cells, are phagocytes derived from monocytes of the innate immune system 
and play a key role in initiating and propagating adaptive immunity43. Activated macrophages can actively 
perform phagocytosis, which is the first step in the defense against invading pathogens. It refers to the process 
by which certain body cells, known as phagocytes, ingest and eliminate microbes, malignant cells, and tissue 
debris44. In this study, the proliferative capacity and phagocytosis indices of peritoneal macrophages significantly 
increased after AA-PEG treatment. In addition, the production of NO by the nitric oxide enzyme (NOS) is 
harmful to pathogenic bacteria and causes tumor cell death, indicating that macrophages are activated during 
immunological responses45. After the administration of AA-PEG, NO production was found to be elevated 
in our studies. In addition, AA-PEG also enhanced the cell functions of peritoneal macrophages, including 
proliferation, phagocytic activity, and NO production, showing results comparable to or better than positive 
control drugs such as ginseng syrup and levamisole. Thus, these results may explain the immune-modulating 
effect of AA-PEG on macrophages.

The spleen is one of the immune organs that play important roles in the body’s immune function32. Several 
compounds have also been reported to significantly improve the spleen indices of mice, which are indicators of 
the development of their immune system19,20. Furthermore, CY treatment usually causes damage and weight loss 
in the spleen, which acts as a representative immunological organ46. Thus, to evaluate the immunostimulatory 
effect of AA-PEG in a CY-induced immunosuppressive mouse model, we assessed the rise in the weights of these 
immune organs. After the administration of CY, the immune organ index of mice was significantly decreased. 
However, after treatment with AA-PEG, the spleen index significantly increased (p< 0.05) at 150 mg/kg BW 
compared to the CY group, consistent with previous studies46,47. These results showed that A. amurensis lipids 
can recover from damage to immune organs caused by CY.

Lymphocytes are the most abundant immune cells in the spleen, and their functional status has a direct 
impact on immunological activity of the spleen48. Splenic lymphocyte proliferation is an important event that 
reflects both cellular and humoral immune responses. Lymphocytes stimulated by ConA can be used to evaluate 
T lymphocyte activity related to cellular immunity, and lymphocytes stimulated by LPS can be used to evaluate 
B lymphocyte activity related to humoral immunity14,31. Thus, to assess the immunostimulatory activity of AA-
PEG on lymphocytes, we investigated the ConA- and LPS-induced splenocyte proliferation to evaluate T- and 
B-lymphocyte proliferation activities. Our results demonstrated that AA-PEG increased the cytotoxicity of 
NK cells and splenic lymphocyte proliferation up to 150 mg/kg BW, but these effects decreased at the highest 
concentration (200 mg/kg BW). Likewise, polysaccharide obtained from Craterellus cornucopioidesat a high 
dose (240 mg/kg) reduced splenocyte proliferation in the mouse model of CY-induced immunosuppression16. 
Another type of splenic lymphocyte, natural killer (NK) cells are cytotoxic lymphocytes with a nonspecific ability 
to kill abnormal and foreign cells, and are present in the early phases of immune responses49,50. The measurement 
of NK cell activity is a useful method for evaluating cellular immunity in a host50. However, treatment with 
AA-PEG restored NK cell activity against the CY treatment, which suggests AA-PEG could contribute to the 
regulation of NK cell activity. The results indicated that AA-PEG promoted peritoneal macrophage phagocytosis 
as well as the immune effects of NK, T, and B lymphocytes in immunosuppressive mouse models.

In the innate and adaptive immune responses, cytokines are important factors in mediating and regulating the 
immune response. The T lymphocytes are regulators of adaptive function, serving as primary effectors for cell-
mediated immunity51. They can be divided into two effector cell subsets based on their function and the cytokines 
they produce. Th1 and Th2 cells secrete various types of cytokines to regulate immunity, leading to different 
cellular responses. For example, Th1 cells produce IL-2, IFN-γ and TNF-α, while Th2 cells produce cytokines 
such as IL-4, IL-5, and IL-1031. Compared with mice treated with CY, the mixture of anionic macromolecules 
extracted from Codium fragile and red ginseng significantly up-regulated the expression of cytokine, such as IL-
1β, IL-6, TNF-α, IFN-γ, COX-2, iNOS, and TLR-4 genes in peritoneal macrophages52. Echinacea purpurea extract 
reversed the CY-induced decrease IL-2, TNF-α and IFN-γ levels in splenic lymphocytes53. In this study, the levels 
of expression of immune-related genes increased with increasing doses of AA-PEG in splenic lymphocytes and 
peritoneal macrophages, and the highest level of expression occurred at the 150 mg/kg BW (Figs. 3 and 5). Thus, 
AA-PEG can markedly promote the mRNA expression of immune-associated genes in the immunosuppressive 
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mice induced by CY and improve the immune function thought activating peritoneal macrophages, which is 
consistent with other reports16,47.

T cells are defined by their surface receptor expressions and are comprise several subtypes. CD3 (cluster of 
differentiation 3) is involved in the activation of both cytotoxic T cells (CD8 + naive T cells) and T helper cells 
(CD4 + naive T cells), both of which are important regulators of immunological responses51. CD4 + T-helper 
lymphocytes recognize exogenous antigens presented in MHC class II molecules, whereas CD8 + T lymphocytes 
recognize endogenous antigens presented in molecules51,54. In this study, The CD4+/CD8 + ratio of splenic 
lymphocytes was improved in proportion to the administered dose of AA-PEG, reaching at 150 mg/kg BW 
(Fig. 6). These results are consistent with previous research18,55, indicating that the proportion of CD4 + and CD8 
+ T lymphocytes was improved by AA-PEG.

In conclusion, the current study demonstrates the potential of skin starfish lipids as AA-PEG by repurposing 
marine by-products as a sustainable material with environmental benefits and functional applications in immune 
modulation. AA-PEG can restore immunosuppression in CY-treated mice through its effects on immune 
modulation, including peritoneal macrophage proliferation, NO production, macrophage phagocytosis, spleen 
index, splenic NK cell activity, and splenic lymphocyte proliferation. AA-PEG administration also significantly 
inhibited immune-regulated gene expression in peritoneal macrophages and splenic lymphocytes. Flow 
cytometry analysis revealed an increased CD4/CD8 ratio in T-lymphocytes from the spleens of CY-induced 
mice. Thus, AA-PEG could contribute to advancements in immune-regulation treatments while promoting 
environmental sustainability.

Materials and methods
Lipid extraction from Asterias amurensis skin
Asterias amurensis was collected from the east coast of Gangneung, Gangwon-do, South Korea. The skin of A. 
amurensis was isolated and collected. The samples were dried in the sunlight for at least 3 days. The dried skins 
were then crushed with a grinder and stored at −20 °C until used for lipid extraction.

Lipids were extracted according to a modified Bligh and Dyer method56. Briefly, 4.5 g of samples were mixed 
with chloroform: methanol (1:2, v/v) and homogenized for 2 min. 10 mL of chloroform and distilled water were 
added and homogenized for 30 s. After that, the mixture was centrifuged at 3000 rpm for 10 min at 4 °C. After 
centrifugation, the organic solvent was filtered with Whatman No.1 filter paper, and through a 0.2 μm PETE 
membrane. The supernatant was removed and concentrated under a vacuum and nitrogen evaporator. Finally, 
the dried lipids were dissolved with absolute alcohol.

Combination with lipids from A. amurensis and PEG 6000 (AA-PEG)
For use in animal experiments, the extracted lipids were mixed with PEG 6000 in a ratio of 1:1 (w/w) according 
to the previous report57. The lipids were added to PEG 6000 to produce a homogenized mixture at 60 ℃. The 
solution was removed in a rotary evaporator under vacuum at 40 °C and 45 rpm for 2 h, and then stored at −20 
°C for 24 h. After breaking the mixture, the samples were mashed through a 100-mesh sieve and stored in a 
desiccator.

Analyzing the profiles of fatty acids
The fatty acids were extracted from the AA-PEG according to the method of Garces and Mancha58,59to prepare 
fatty acid methyl esters (FAMEs) via a one-step hydrolysis, extraction, and methylation process. The fatty acid 
profiles were analyzed by gas chromatography with flame ionization detection (GC-FID), which was carried 
out on a 7890 A (Agilent Technologies, CA, USA), and the GC-FID system was used as previously described60.

Animals and immunosuppressive treatments in mice
A total of 45 male BALB/c mice (6 weeks old, body weight 21–23 g) were purchased from the Central Lab, 
Animal Inc. (Seoul, Korea). The mice were maintained at a constant temperature (22 ˚C ± 2˚C) under a 12-h 
dark-light cycle. A standard laboratory diet and water were provided to all mice. The Institutional Animal Care 
and Use Committee (IACUC) at Gangneung–Wonju National University in South Korea granted approval for 
this study (Approval Number: GWNU-2021-12). All animal methods were performed in accordance with the 
relevant guidelines and regulations. All authors complied with the guidelines for animal research: reporting of 
in vivo experiments (ARRIVE).

After 1 week of acclimatization, the mice were randomly divided into 9 groups (n= 5) for various treatments. 
For 10 days, healthy mice were treated daily with saline solution by gavage normal controls (Normal group). 
Other mice were received oral administration daily for 10 days as follows: negative control (CY group) group 
of mice were received saline solution; LEV group of mice as positive controls were received levamisole (40 
mg/kg BW); GIN group of mice as positive controls were received commercial red ginseng syrup (100 mg/
kg BW); PEG group of mice as model controls were received PEG 6000 (100 mg/kg BW); AA-PEG groups of 
mice were received difference doses of AA-PEG (50, 100, 150, and 200 mg/kg BW). According to a previous 
study31, all mice (except for those in the normal group) were intraperitoneally injected with 80 mg/kg BW of 
CY to cause immunosuppression from Day 4 to Day 6. Levamisole and commercial red ginseng syrup were 
used as the positive controls, and both solutions were involved in modulating the inflammatory responses as 
immunomodulatory agents15,52,61. All mice were euthanized using a CO2 anesthesia system, in compliance with 
the guidelines set forth by the American Veterinary Medical Association (AVMA), 24 h after the last treatment.

Determination of spleen size and index
After the mice were sacrificed, the size and index of the spleens were measured. The spleen index was determined 
using the following formula:
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	 Spleen index (mg/g) = Spleen weight (mg)/ Body weight (g)

Peritoneal macrophages and splenocytes preparation
The mouse was intraperitoneally injected with 5 mL of ice-cold PBS supplemented with 3% of fetal bovine serum 
(Welgene, Korea). The peritoneal macrophages were collected from the peritoneal cavity of the mouse. Cells 
were resuspended in RPMI-1640 medium, (Gibco Laboratories, USA) supplemented with 10% of fetal bovine 
serum, and 1% of streptomycin (100 µg/mL)/penicillin (100 IU/mL) (Welgene, Korea). The cell density was 
adjusted to 1 × 106 cells/mL.

Splenocytes were isolated from the spleens of BALB/c mice. After weighing, the spleens of each mouse 
were placed in ice-cold PBS for splenocyte isolation. The splenocytes were extracted using RBC Lysis Buffer 
(eBioscience, USA), according to the manufacturer’s instructions. The cells were transferred to RPMI-1640 
medium supplemented with 10% of fetal bovine serum, and 1% of streptomycin (100 µg/mL)/penicillin (100 
IU/mL). The cell density was adjusted to 2 × 106 cells/mL.

Analysis of peritoneal macrophage proliferation
Peritoneal macrophage cells were cultured in the presence or absence of 1 µg/mL of lipopolysaccharide (LPS) for 
24 h. After incubation, the cultured medium was removed, and then the cells were determined by the EZ-Cytox 
Cell Viability Assay kit (Daeillab service, Korea) to detect the proliferation of macrophages. The WST solution 
(110 µL) was added to each well and incubated at 37 °C for 1 h. The absorbance at 450 nm was detected on a 
microplate reader (Bio-Rad, USA).

Determination of nitric oxide (NO) production
To detect the NO levels, the peritoneal macrophage cells were cultured in the presence or absence of LPS (1 µg/
mL) for 24 h. The culture supernatants (100 µL) were mixed with Griess reagent (Sigma-Aldrich, USA) and 
incubated for 10 min in dark conditions. The absorbance at 540 nm was detected on a microplate reader.

Phagocytosis assay of peritoneal macrophages
Phagocytosis of macrophages was measured by the neutral red uptake method as described62. Peritoneal 
macrophage cells were seeded in 96-well plates and stimulated with 6 µg/mL of LPS for 24 h. After incubation, 
the cells were washed twice with 1×PBS and added to a 0.09% neutral red solution at room temperature for 30 
min. Cells were washed 2–3 times with 1×PBS and added 50% ethanol containing 1% glacial acetic acid to each 
well. The absorbance at 540 nm was detected on a microplate reader.

Splenocyte proliferation assay
Splenic lymphocyte proliferation was measured by the EZ-Cytox Cell Viability Assay Kit (Daeillab Service, 
Korea). The splenocytes were seeded in 96-well plates and cultured with 5 µg/mL Con A (T cell mitogen), or 10 
µg/mL LPS (B cell mitogen) for 48 h. The non- treated cells (cultured only with RPMI) were used as a normal 
control group. After incubation for 48 h, 25 µL of EZ-Cytox reagent was added to each well and incubated at 37 
°C for 1 h. The absorbance at 490 nm was detected on a microplate reader.

Analysis of splenic NK cell activity
Splenic NK cell activity was measured using splenocytes as effector cells and YAC-1 cells as target cells. The 
splenocytes were cultured with or without YAC-1 cells at a ratio of 50:1. After 24 h of co-culturing, the supernatant 
was collected after centrifugation at 250×g for 5 min. The CytoTox 96® Non-Radioactive Cytotoxicity Assay Kit 
(Promega, USA) was used to determine the NK cell activity.

Real-time qPCR analysis
The Tri reagent (Molecular Research Center, Inc., USA) was employed to extract total RNA from the splenic 
lymphocytes or peritoneal macrophages, and isolated RNA was reverse-transcribed into cDNA using the High-
capacity cDNA Reverse Transcription Kit (Applied Biosystems, USA). To amplify the cDNA, the cDNA was 
subjected to TB Green® Premix Ex Taq™ II (Takara Bio Inc., Japan), on a QuantStudio™ 3 FlexReal-Time PCR 
System (ThermoFisher Scientific, USA). Amplification conditions were as follows: initial denaturation at 95 °C 
for 30 min, followed by 40 cycles of 95 °C for 5 s and 60 °C for 34 s. Table 2 shows the sequences of the primers.

Flow cytometry analysis
Anti-CD3e-PE, anti-CD4-APC, and anti-CD8-FITC antibodies were added to splenic cells for 20 min at 4 °C. 
After incubation, cells were centrifuged, washed with 1×PBS buffer, and then resuspended in FACs buffer 
(2% FBS and 0.1% sodium azide in 1×PBS buffer). The CytoFLEX Flow Cytometer was used to determine the 
percentages of T-cells and B-cells subsets.

Statistical analysis
The means ± standard deviation (SD) is used to express all data. Statistical analysis was carried out by IBM SPSS 
Statistics Version 23 software (IBM SPSS, USA). One-way ANOVA and Duncan’s multiple range test were used 
to analyze the significant differences among the groups.
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Table 2.  Real-time qPCR primer sequences.
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