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ABSTRACT.	 Research on the composition and application of immune enhancers in livestock and 
poultry breeding has been gaining interest in recent years. Poplar bark lipids (PBLs), which are 
extracted from poplar tree bark, are natural substances known to efficiently enhance the immune 
response. To understand the chemical makeup of PBLs and their underlying mechanism for 
enhancing the immune system, we extracted PBLs from poplar bark using petroleum ether and 
subjected these extracts to chemical analysis. To evaluate PBLs effect on the immune system mice 
were treated with different doses of PBL via gavage and sacrificed 4 weeks later. PBLs were shown 
to be rich in vitamin E, unsaturated fatty acids, and other immune-potentiating compounds. 
Treatment with PBLs increased the spleen index and stimulated spleen and thymus development. 
In addition, PBLs increased the number of CD3+CD4+ cells in the peripheral blood and the ratio 
of CD4+/CD8+ cells while decreasing the number of CD3+CD8+ cells. Moreover, PBLs significantly 
increased IL-4 and IFN-γ levels in mouse serum and TLR4 mRNA and protein expression in the 
spleen. Taken together these results demonstrate that PBLs exert their immune-potentiating 
effects by promoting spleen and thymus development, T lymphocyte proliferation and 
differentiation, and immune factor expression. These immune-potentiating effects may be related 
to the activation of TLR4. This study provides a theoretical basis for the development of PBLs as an 
immune adjuvant or feed additive in the future.
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Given the growing scale and intensification of animal husbandry, increasing attention has been directed toward research on and 
the application of immune enhancers in livestock and poultry breeding. Poplar trees belong to the Populus genus and are one of 
the most widely distributed and adaptable species in the world, with wide distributions in Asia, Europe, and North America [35]. 
China is in the center of the global poplar distribution area and has abundant poplar resources, primarily in northeast, central 
north, and northwest China and Inner Mongolia, in addition to other regions [6, 17]. Poplar bark is also an historically important 
medicine and reports of its use can be found even in ancient medical records [33]. Tang Bencao (newly revised pharmacopeia) 
describes the use of poplar bark as an herbal medicine called white poplar, used to help to dispel wind, dredge collaterals, disperse 
blood stasis, and relieve pain [6]. There are relatively few studies describing the active compounds in poplar bark. Bae et al. used 
acetone to extract poplar bark compounds and subjected these extracts to chromatographic analysis. They found that the poplar 
bark extracts contained phenolic compounds, flavonols, salicylic acid derivatives, aescin, coumarin acid, and other compounds [1]. 
Li et al. studied the seasonal dynamics of the phenolic compounds in poplar leaves and bark [14]. While Wu et al. deoxygenated 
and liquefied poplar leaves, bark, and wood, and then analyzed the leaf oil, bark oil, and wood oil using gas chromatography-mass 
spectrometry (GC-MS). They found that all three poplar oils contained carbon-hydrogen compounds and phenolic substances [40].

Poplar bark lipids (PBLs) are natural substances extracted from poplar bark with a colorless or light yellow oily liquid 
appearance and high biological activity [53]. PBLs are rich in phospholipids, sterols, glycolipids, vitamin E (VE), carotene, and 
unsaturated fatty acids and are widely used in Chinese medicine, every day chemical products, health care products, and a variety 
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of other common items used throughout the world [54]. Studies have confirmed that PBLs can be used as an additive in vitamins 
to promote weight gain in livestock and poultry, and increase egg production rates [47]. In previous studies, we used PBLs to 
replace traditional chemical immune-potentiators, prepared a dual-lipid vaccine against infectious rhinitis caused by Mycoplasma 
gallisepticum in chickens and a lipid-inactivated vaccine for Newcastle disease, both of which demonstrated good immune 
efficiency [46, 48]. In addition, when PBLs were used as immune-potentiators in young chickens, researchers were able to identify 
increased immune responses in the thymus, bursa and spleen [46].

The immune system is the physical machinery of any organism that produces the immune response and primarily includes 
immune organs, immune cells, and immune effectors. The spleen and thymus are important immune organs, and changes in the 
spleen and thymus mass indices and tissue structure invariably affect the immune response [10]. While there are a number of 
immune cells, T lymphocytes are believed to most directly reflect the immune status of the body and function to regulate cellular 
immunity, while B lymphocytes are primarily associated with the humoral immunity [22]. T lymphocytes can be divided into 
several subpopulations, including helper T (Th) cells, which can be further classified into two subgroups: Th1 and Th2 cells; 
Th1 and Th2 cells secrete various cytokines (interleukin 4 (IL-4) and interferon-γ (IFN-γ), respectively and assist in both cellular 
immunity and humoral immunity [39, 43]. Astragalus polysaccharides (APS) extracted from Astragalus mongholicus, have been 
shown to exert a variety of immunomodulatory effects [42], and can be used as a positive control in immune enhancement studies 
[21]. Studies have shown that polysaccharides induce immune responses in mice through the toll-like receptor 4 (TLR4) pathway 
[49]. Therefore, in this study, mice were used as an animal model to examine the effects of PBL treatment on the animal immune 
response and evaluate the effects of PBL mediated immune enhancement at three levels: the immune organs (the thymus and 
spleen), immune cells (T cells and B cells), and immune effectors (IL-4 and IFN-γ). In addition, activation of the TLR4 signaling 
pathway in response to PBL stimulation was also investigated in an effort to identify the underlying molecular mechanism of these 
compounds.

MATERIALS AND METHODS

Materials
IL-4 and IFN-γ ready-to-use sandwich enzyme-linked immunosorbent assay (ELISA) kits were obtained from Excell Biotech 

Co., Ltd. (Taicang, China). FACS lysing solution was obtained from BD Biosciences (Gliwice, Poland). Fluorescently-labeled 
anti-mouse monoclonal antibodies (FITC-CD3, PE-CD4, PerCP/Cy5.5-CD8a, and PE-CD19) were obtained from BioLegend (San 
Diego, CA, USA). APS (>70%) was obtained from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). All chemical 
reagents were of analytical purity and were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All material 
used in this study was endotoxin-free, including not only the PBLs but also all biological and synthetic substrates.

Preparation of the PBLs
Poplar bark was collected from 30- to 40-year-old poplar trees located in the Jilin Province, China, thoroughly cleaned, and 

dried. This dried bark was then pulverized into powder using a crusher, and the poplar bark powder was mixed with petroleum 
ether at a ratio of 1:2.5 (kg: l). This mixture was then sealed for 6 hr. PBLs were obtained by filtering the mixture through filter 
paper, and the filtrates were then processed by rotary distillation.

PBL characterization
The PBL extraction rate was calculated using the ratio of extracted weight to dried bark powder weight. The dry weight and 

VE content were determined using a protocol provided by the People’s Republic of China’s Forestry Industry and compared to the 
Poplar Bark Lipids Standard [31]. The purified fraction was characterized using GC-MS. Briefly, 0.3 ml of the obtained lipids were 
mixed with 200-proof ethanol (analytical grade) to a volume of 100 ml and ultrasonically vibrated for 10 min. The sample were 
then subjected to GC-MS with the following analysis conditions: a capillary chromatography column (0.25 mm × 30 m × 0.25 µm), 
charged high-purity helium as the carrier gas (99.999%), was set to a flow rate of 2.0 ml/min, with an inlet sample temperature of 
260°C, an injection volume of 3 µl, and a split ratio of 50:1. The initial column temperature was 80°C, which was maintained for 
3 min and then increased to 120°C at 5°C/min and then held at 120°C for 10 min, and then further increased to 150°C at 5°C/min, 
maintained at this temperature for 2 min, then increased to 220°C at 10°C/min and maintained at 220°C for 2 min, before finally 
being increased to 250°C at 10°C/min and maintained at this temperature for 23 min. The total analysis time was 64 min. Analysis 
was completed using the electron ionization (EI) method, with an electron energy of 70 eV, an ion source temperature of 210°C, 
a mass scanning range of m/z 40–550, a mass spectrometry detection time of 1.6–64 min, and a GC-MS interface temperature of 
260°C.

Animals and treatments
All animal experiments were approved by the Animal Ethics and Experimentation Committee of Ludong University (license 

number LDU-IACUC2018007) based on the guidelines set out in the National Institutes of Health Guide for the Care and Use of 
Laboratory Animals.

This study was conducted using 5-week-old female BALB/c mice (18–22 g) obtained from Jinan Pengyue Laboratory Animal 
Breeding Co., Ltd., Jinan, China. The animals were bred and maintained under standard laboratory conditions, including being kept 
at a temperature of 25 ± 2°C with a photoperiod of 12 hr. A commercial pellet diet and water were available ad libitum. PBLs were 
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orally administered to each animal at a dose of 6-, 12-, 25-, 50-, or 100-mg/kg body weight for 4 weeks; phosphate-buffered saline 
(PBS) was used as a blank control, and APS (100-mg/kg) was used as a positive control [15, 22]. The animals were randomly 
divided into seven groups, with six animals in each group, as shown in Fig. 1.

Spleen and thymus indices
Animals were weighed and then sacrificed by cervical dislocation 24 hr after their final dose of treatment. The spleen and 

thymus were immediately collected and weighed with these values used to establish the spleen and thymus indices, which were 
calculated according to the following formula:

Index mg/g=weight of the thymus or spleen/body weight.

Histological staining
After the blood samples were collected, mouse spleen and thymus tissues were immediately collected and immersed in 10% 

formaldehyde. After 24 hr, the tissues were embedded in paraffin and sliced into 5-µm-thick sections for hematoxylin and eosin 
(HE) staining. Histological changes were observed under an OLYMPUS BX50 microscope (Olympus Optical, Tokyo, Japan).

ELISA
Blood samples were collected after enucleation, allowed to stand at room temperature for 30 min, and then centrifuged at 

3,000 rpm for 10 min at 4°C. The serum supernatant was then collected. Cytokine (IL-4 and IFN-γ) levels in these serum samples 
were then evaluated using commercial ELISA kits according to the manufacturer’s instructions.

Flow cytometry
Splenic tissue was ground through a 400-mesh sieve, rinsed thoroughly with PBS, and centrifuged at 1,000 rpm for 6 min. 

The supernatant was discarded, and red blood cells were lysed. The remaining cells were then blocked with rat serum for 30 min 
on ice, stained with FITC-CD3, PerCP/Cy5.5-CD8a, and PE-CD4 antibodies (10 g/ml) for 30 min at 4°C while protected from 
light, washed twice with PBS, and then resuspended in 1% paraformaldehyde (PFA). The number of CD3+, CD4+, and CD8+ T 
lymphocytes were then determined via flow cytometry (BD, CA, USA), followed by data analysis using FlowJo 7.6.1 software.

Quantitative reverse-transcription PCR (qRT-PCR)
Total RNA was isolated from the spleen using TRIzol reagent (Invitrogen, Life Technologies Corp., CA, USA), and cDNA 

was synthesized using a Revert Aid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA) for 
qRT-PCR using a ChamQTM SYBR® qPCR Master Mix (Vazyme, Biotech, Nanjing, China) and primers specific for TLR4 
(forward 5′-ATGGCATGGCTTACACCACC-3′ and reverse 5′-GAGGCCAATTTTGTCTCCACA-3′) [12] and β-actin (forward 
5′-AGAGGGAAATCGTGCGTGAC-3′ and reverse 5′-CAATAGTGATGACCTGGCCGT-3′) [32]. The reaction conditions were as 
follows: pre-denaturation at 95°C for 30 sec, followed by 40 cycles of denaturation at 95°C for 10 sec and annealing and extension 
at 60°C for 30 sec. The total reaction volume was 20 µl, and gene expression was quantified using the 2−∆∆Ct method [18].

Western blot
Splenic proteins were collected from each of the groups following sacrifice. These proteins were then determined by a BCA 

Protein Quantitative Kit from Beijing Solarbio Co., Ltd., Beijing, China and equal concentrations of protein were subjected to 
SDS-PAGE and then transferred onto a PVDF membrane. These membranes were then blocked with 5% non-fat milk in 0.1% 
TBST for 2 hr at room temperature and then incubated with primary antibodies against TLR4 (1:1,000, Cell Signaling Technology, 
Danvers, MA, USA) and β-actin (1:1,000, Cell Signaling Technology) overnight at 4°C and then treated with horseradish 
peroxidase-labeled secondary antibodies (Proteintech Group, Chicago, IL, USA) for 1 hr at RT. β-actin was used as the loading 
control. The intensities of the protein bands were determined by densitometry (ImageJ software). Protein expression was assessed 
relative to β-actin expression.
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Fig. 1.	 BALB/c mice were randomly divided into seven groups. Phosphate-buffered saline (PBS): the control group. Poplar bark lipid (PBL): the 
groups treated with PBL extracts at five doses (6-, 12-, 25-, 50-, or 100-mg/kg). APS: the group treated with APS (100-mg/kg).
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Statistical analysis
Experimental data are expressed as the mean ± standard error of the mean (SEM) and analyzed using GraphPad Prism 6 

software for Windows. An unpaired two-tailed Student’s t-test was used to compare the data. P-values <0.01 were considered 
statistically significant (*P<0.01, **P<0.005, and ***P<0.001).

RESULTS

PBL composition
The PBL yield, dry weight, and chemical composition were all 

evaluated in this study. The PBL yield was 4.1%, the dry weight 
was 97.41%, and the VE content was 1,325 mg/kg. PBL compounds 
were characterized using GC-MS, and 62 peaks were observed in 
the spectrum. Table 1 lists the top 20 PBL compounds based on the 
GC-MS results. We found that unsaturated fatty acids, including oleic 
acid and linoleic acid, were the predominant type of biologically 
active compound in these PBLs.

PBL treatment promotes spleen and thymus development
Immune organ indices can reflect the developmental status of 

immune organs in the body and can be used to determine if there has 
been any immune activation in the study subjects [28]. The spleen 
index increased in each group (except for the 100-mg/kg group) 
(P<0.05), and the 50-mg/kg PBL group and APS group exhibited 
significant differences when compared to the control (P<0.01) 
(Fig. 2A). However, no significant differences in the thymus index 
were observed between any of the groups (Fig. 2B), suggesting that 
PBL treatment had a smaller effect on thymus development.

Staining of these tissues showed that the experimental group and 
positive control group demonstrated an obvious boundary between 
the white pulp and the red pulp of the spleen, with an increased amount 
of white pulp and an increased number of lymphocyte germinal 
centers (Fig. 3A) when compared to the control. In addition, the 
cortical area of the thymus was significantly thickened, and a distinct 
boundary was observed between the cortex and medulla (Fig. 3B). 
These results suggest that PBL treatment promotes the development 
and immune functions of the spleen and thymus in mice.
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Table 1.	 Top 20 compounds isolated from the poplar bark 
lipid (PBL) extracts

Peak# Area% Name
62 75.82 9,12-Octadecadienoic acid (Z,Z)-
52 7.19 n-Hexadecanoic acid
59 2.92 Oleic Acid
60 1.97 Henicosanal
51 1.26 1-Heptacosanol
50 0.94 Eicosanal-
58 0.74 Octadecanoic acid
17 0.51 trans-. alpha. -Bergamotene
46 0.50 Hexatriacontane
29 0.45 Naphthacene,1-methyl
57 0.43 Squalene
43 0.39 Eicosane
41 0.39 Benzoic acid
53 0.32 Henicosanal
45 0.27 Dibutyl phthalate
55 0.24 Heptadecanoic acid
16 0.24 cis-.alpha.-Bergamotene
49 0.23 Pentadecanoic acid
54 0.22 1-Docosanol,methyl ether
4 0.19 Cyclohexasiloxane,dodecamethyl

31 0.18 Hexanoic acid
4.60 Others

100.00 Total

Fig. 2.	 The effect of poplar bark lipid (PBL) treatment on the immune organ indices in mice. Spleen indices (A). Thymus indices (B). The values shown 
represent the mean ± SD (n=6). *P<0.05, **P<0.01 when compared to the control group. Abbreviations and symbols are the same as those in Fig. 1.
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PBL treatment promoted lymphocyte proliferation and differentiation in peripheral blood
The effects of PBL treatment on immune cell proliferation in mouse peripheral blood were examined using flow cytometry 

(Fig. 4). The proportion of CD3+CD4+ cells (P<0.05) and the CD4+/CD8+ cell ratio (P<0.05) in the blood of the mice in each 
PBL group increased to different extents, with the 50-mg/kg group showing the most significant effects (P<0.001) when compared 
to the control. The proportion of CD3+CD8+ cells in each of these groups (with the exception of the 6- and 12-mg/kg treatment 
groups) decreased, with the 50-mg/kg group demonstrating the most significant decrease (P<0.001) when compared to the control. 
However, no significant effect on B lymphocytes was observed in the peripheral blood for any of the groups.

PBL treatment increased IFN-γ and IL-4 levels in the blood
Serum IFN-γ and IL-4 content was measured for each group using ELISA, and the results are shown in Fig. 5. Figure 5A shows 

that the IFN-γ content significantly increased in all the PBL groups except for the 50- and 100-mg/kg PBL groups, with the 12-mg/
kg group demonstrating the most significant effect (P<0.01). All the PBL groups, with the exception of the 100-mg/kg group, 
showed increases in IL-4 expression, with the effect on IL-4 being most significant in the 25-mg/kg group (P<0.001).

PBLs increase the expression levels of TLR4 mRNA and protein
The mechanism by which the PBLs regulate the immune response has not been reported. Studies have shown that APS enhances 

immunity by promoting the expression of TLR4 [8]. Therefore, we hypothesized that PBLs may also activate the splenic immune 
system via the TLR4 pathway. We analyzed the expression levels of TLR4 mRNA and protein in the spleens of mice after PBL 
treatment using qRT-PCR and western blot. We found that PBLs significantly upregulated TLR4 expression in spleen cells (Fig. 6), 
with the 25-mg/kg group showing the most significant effect (P<0.01).
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Fig. 3.	 The effect of poplar bark lipid (PBL) treatment on the structures of the immune organs. The structures of the immune organs were 
visualized using hematoxylin and eosin staining. The spleen (A). The thymus (B). Images were acquired using an OLYMPUS BX50 
microscope (magnification 200×). Scale bars=200 µm. Abbreviations and symbols are the same as those in Fig. 1.
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DISCUSSION

Given the impact of immunodeficiency on the health and productivity of various animals, the immune induction or suppression 
effects of various drugs and their underlying mechanisms have remained a priority in animal husbandry and production research 
[46]. Because of the low toxicity and superior performance of natural products, especially those extracted from plants, these 
compounds have seen an increase in scrutiny in recent history [2]. PBLs extracted from poplar bark are natural products with 
high biological activity. When we examined the extraction rate, dry weight, and composition of PBLs extracted using methanol, 
we found that PBLs are rich in VE and linoleic acid. Satoru Moriguchi et al. found that a high-VE diet can activate both rat 
splenic lymphocytes and lung alveolar macrophages [23]. Wakikawa et al. showed that VE treatment resulted in a slight increase 
in the percentage of T cells in the spleen and enhanced IFN-γ production in mice [34]. Singh et al. revealed that VE can exert a 
regulatory effect on the immune system in buffalo neonates born [30]. Linoleic acid is an essential fatty acid in humans and is 
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Fig. 4.	 Flow cytometric evaluation of the effect of PBL treatment on peripheral blood lymphocyte populations (%). Cells were labeled with 
monoclonal antibodies targeting CD3 (FITC-conjugated monoclonal antibody), CD4 (PE-conjugated monoclonal antibody), CD8 (PerCP/Cy5.5-
conjugated monoclonal antibody), and CD19 (PE-conjugated monoclonal antibody) (A) and analyzed via flow cytometry using Cell Quest 
software. The content and proportion of lymphocytes (B). The values shown represent the mean ± SD (n=6). *P<0.05, **P<0.01, ***P<0.001 
when compared with the control group. Abbreviations and symbols are the same as those in Fig. 1.

Fig. 5.	 The effect of PBL treatment on the cytokine levels in mice from different groups. Released IFN-γ (A) or IL-4 (B) levels in peripheral blood 
were detected using commercial enzyme-linked immunosorbent assay (ELISA), and the results are shown as the mean ± SD (n=6). *P<0.05, 
**P<0.01, ***P<0.001 when compared with the control group. Abbreviations and symbols are the same as those in Fig. 1.
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involved in material circulation and immune regulation in the body. Linoleic acid is metabolized to γ-linolenic acid, arachidonic 
acid (AC), adrenal acid, and docosapentaenoic acid (DPA) in the human body [41]. Nayak et al. showed that AC can promote the 
marbled spinefoot rabbitfish growth, survival, and innate and acquired humoral immune functions [26]. Mudronová et al. showed 
that γ-linolenic acid increases the ratio of CD4+/CD8+ cells in peripheral blood and improves immunity [25]. Based on these 
results, we hypothesize that PBLs may exert a stimulating effect on the immune system in mice. To test this hypothesis we treated 
mice with PBL extracts via oral gavage and performed in vivo evaluations on cellular proliferation, lymphocyte profiles and the 
production of immune signaling molecules.

Both the thymus and spleen are important immune organs which play essential roles in nonspecific immunity, and immune 
organ indices are good indicators of immune function and activation [20]. Many immune-potentiators, including polysaccharides, 
phenolic compounds, and saponin, exert immune-potentiating effects by increasing these immune organ indices [7]. We found 
that PBL treatment did not exert any significant effect on the thymus index in mice but that these compounds did significantly 
increase the spleen index, giving preliminarily confirmation that PBLs can affect immune function in mice. The degree of tissue 
development in these organs also directly affects their physiological function. The spleen is the largest peripheral immune organ 
in the body and is primarily composed of white and red pulp. White pulp is indicative of a highly organized lymphatic region 
responsible for the induction of adaptive immune responses [19]. The lymphoid nodules in the white pulp are B cell-resident 
areas, and the nearby periarterial lymphoid sheaths are T cell-resident areas. When the cellular immune response is induced, the 
periarterial lymphoid sheath thickens, while the size of the splenic nodules increase during the activation of the humoral immune 
response [37]. The H&E staining results show that treatment with PBLs or APS increase the proportion of white pulp in the spleen, 
thicken the periarterial lymphoid sheaths, and enlarge the splenic nodules, which effectively enhances the immune functions of the 
spleen. The thymus is also an important lymphoid organ, acting as the site for T lymphocyte maturation; thus, its functional status 
is closely related to immunity [52]. The thymus cortex primarily contains T lymphocytes, which means that the proportion of T 
lymphocytes among all the thymocytes increases with increasing thymus cortex. Treatment with PBLs or APS thickened the mouse 
thymus cortex, suggesting that PBLs can improve the overall tissue structure of the thymus, delay thymus degeneration in mice, 
and thus enhance the immune functions of the thymus [37].

Lymphocytes are the major cell type in the immune system. Lymphocyte proliferation is the most direct indicator of the body’s 
immunity. T lymphocytes function to regulate cellular immunity, and B lymphocytes are the primary effectors of humoral immunity 
[22]. CD4+ cells are auxiliary cells that play a positive regulatory role in cellular immunity. CD8+ T cells are suppressor cells 
which play a negative regulatory role in cellular immunity. The CD4+/CD8+ ratio can be used to reflect the functional status of the 
immune system [27]. Under normal circumstances, the number of T cells and the ratio of CD4+/CD8+ T cells in peripheral blood 
are maintained within a specific range and any increase or decrease in these numbers suggests some underlying change to the status 
of the immune response. When these values increase, immune responses are typically under activation and any decrease suggests 
some form of suppression [16]. Studies have shown that when cellular immune function is low, the number of CD4+ T lymphocytes 
and the CD4+/CD8+ ratio decrease, while the number of CD8+ T lymphocytes increases [5, 38, 51]. After PBL treatment, the 
proportion of CD3+CD4+ cells and the CD4+/CD8+ cell ratio in mouse peripheral blood samples increased, while the proportion of 
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Fig. 6.	 Poplar bark lipids (PBLs) increase toll-like receptor 4 (TLR4) expression in mouse spleens. (A) mRNA and (B) protein expression levels 
of TLR4 in the spleen as determined by qRT-PCR and western blot, respectively. The values shown represent the mean ± SD (n=6). *P<0.05, 
**P<0.01, ***P<0.001 when compared with the control group. Abbreviations and symbols are the same as those in Fig. 1.
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CD3+CD8+ cells decreased, suggesting that PBL treatment elicited some activation of the immune system. Zhang et al. showed that 
polysaccharides can promote splenic cell proliferation [44]. Zhang et al. showed that APS significantly increased the proportions of 
CD3+ and CD3+CD4+ cells in the peripheral blood of mice, increasing the ratio of CD4+/CD8+ cells, and decreasing the proportion 
of CD3+CD8+ cells [45], which is consistent with our results. These results suggest that PBL treatment positively regulates the 
immune response by promoting lymphocyte proliferation and differentiation and improving cellular immunity.

The CD4+ subpopulation (Th cells) is further divided into two subgroups, Th1 and Th2 cells, according to their cytokine profile. 
Th1 and Th2 cells secrete different lymphokines that bind to their corresponding receptors regulating the growth, differentiation, 
and function of effector cells, thereby regulating immune responses [39, 43]. IFN-γ is secreted by Th1 cells and is an indicator of 
cellular immunity induced by infection [50]. IL-4 plays an important role in Th2 cell differentiation, promotes B cell proliferation, 
and is used as an indicator of the humoral immune response [39]. In this study, IFN-γ (Th1 subgroup) and IL-4 (Th2 subgroup) 
levels were measured, and the effects of PBLs on cellular immunity and humoral immunity were explored. The results showed that 
the IL-4 concentrations in the 6-, 12-, and 25-mg/kg PBL groups were higher than that in the control group. The concentrations 
of IFN-γ significantly increased in all the treatment groups, except for the 100 mg/kg PBL group, when compared to the control. 
These results suggest that PBLs have a stimulating effect on cellular and humoral immunity in mice, with a more significant effect 
on humoral immunity. Cytokine interactions in the immune system are complex. IFN-γ and IL-4 are antagonists of each other, but 
some studies have also shown that they may enhance each other’s function under specific conditions [13, 24]. Dosage plays an 
important role in regulating the properties of any therapeutic compound. Studies have shown that some natural medicines exhibit 
different effects at different doses, i.e., bidirectional dose-dependent effects. The effect of a drug increases or decreases in a dose-
dependent manner within a certain range. Outside this range, rather than enhancing the therapeutic effect, further increases in the 
dose may reduce their effects [36]. Ganoderma lucidum polysaccharides have been shown to induce a significant increase in the 
production of hemolysin antibodies in normal mice at low doses, while they exert an inhibitory effect on these antibodies at high 
doses [3, 4]. Studies have shown that flavonoids exert differential effects on the humoral immune function in mice with lower 
doses found to exert more positive effects than high doses [11]. This study showed that treatment with PBL at a dose between 
12-mg/kg and 25-mg/kg may exert the best immune enhancement effects. When the concentration of the PBLs was higher than 
25-mg/kg, the effect was no longer dose-dependent, and the serum levels of IFN-γ and IL-4 decreased.

Toll like receptors (TLRs) are important pattern recognition with all the described members of the TLR family known to play 
key roles in the innate and adaptive immune responses [9]. TLR4 is an important signaling molecule and a critical regulator of 
innate immunity, with most polysaccharides exerting their immunomodulatory effects through alterations in the TLR4 pathway 
[49]. Shao et al. found that APS stimulation activated TLR4 on the surfaces of mast cells in vitro [29]. The results of this study 
show that treatment with PBLs increase the expression levels of TLR4 mRNA and protein in spleen cells, indicating that PBLs may 
promote activation of the innate immune system by enhancing TLR4 signaling. This aspect will be expanded in future studies.

Here we demonstrated that PBLs are rich in VE and unsaturated fatty acids. PBL treatment promotes both spleen and thymus 
development in mice, while significantly increasing the proportion of CD3+CD4+ cells and the CD4+/CD8+ cell ratio in peripheral 
blood and decreasing the proportion of CD3+CD8+ cells, thereby promoting secretion of cytokines IL-4 and IFN-γ. PBL doses of 
25- and 50-mg/kg demonstrated the best immune enhancement effects in mice. While increases in TLR4 expression in the spleen 
suggest that PBLs may promote activation of the innate immune system through the TLR4 signaling pathway. PBL mediated 
increases in lymphocyte differentiation and IFN-γ secretion may be related to the relative abundance of VE in PBLs [23, 30], while 
the effects on the CD4+/CD8+ cell ratio and IL-4 concentration may be associated with the linoleic acid content of these extracts 
[25, 26, 41].

In summary, PBL treatment can enhance mouse immunity by enhancing T cell proliferation and differentiation. This study 
provides a theoretical basis for the development of PBLs as an immune adjuvant or feed additive for livestock and poultry in the 
future. We plan to expand on the findings of this study by evaluating the molecular mechanisms underlying the immune effects 
described here and examining the potential applications of PBL extracts in other animal models.
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