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Abstract

:

Hematopoietic damage is a serious side effect of cytotoxic drugs, and agents promoting hematopoiesis are quite important for decreasing the death rate in cancer patients. In our previous work, we prepared the simulated digestive product of fucoidan from Sargassum fusiforme, DSFF, and found that DSFF could activate macrophages. However, more investigations are needed to further evaluate whether DSFF could promote hematopoiesis in the chemotherapy process. In this study, the protective effect of DSFF (1.8–7.2 mg/kg, i.p.) on cyclophosphamide-induced hematopoietic damage in mice and the underlying mechanisms were investigated. Our results show that DSFF could restore the numbers of white blood cells, neutrophils, and platelets in the peripheral blood, and could also retard bone marrow cell decrease in mice with cyclophosphamide-induced hematopoietic damage. UPLC/Q-Extraction Orbitrap/MS/MS-based lipidomics results reveal 16 potential lipid biomarkers in a serum that responded to hematopoietic damage in mice. Among them, PC (20:1/14:0) and SM (18:0/22:0) were the key lipid molecules through which DSFF exerted protective actions. In a validation experiment, DSFF (6.25–100 μg/mL) could also promote K562 cell proliferation and differentiation in vitro. The current findings indicated that DSFF could affect the blood cells and bone marrow cells in vivo and thus showed good potential and application value in alleviating the hematopoietic damage caused by cyclophosphamide.
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1. Introduction


Cytotoxic drugs are the first-line drugs used in the clinical treatment of malignant tumors [1], but they cause some serious side effects, such as hematopoietic damage [2], bone marrow suppression [3], and immunosuppression [4], which significantly increase the risk of death in cancer patients. At present, G-CSF and GM-CSF are clinically used white blood cell-stimulating agents [5]. However, when used for a long time, these colony stimulating factors also cause splenomegaly [6] and increase the risk of splenic rupture [7]. Therefore, adjuvant drugs with safe and effective hematopoietic damage protective functions are urgently needed.



The polysaccharides found in traditional Chinese medicines have been found to protect against the hematopoietic damage caused by cytotoxic drugs and even enhance the immune state of the body [8]. Fucoidans are a class of fucose-rich sulphated polysaccharides. The classical bioactivities of fucoidan include anti-oxidant, anti-tumor, anti-coagulant, and immunoregulation properties [9]. Most importantly, it has been reported that fucoidan stimulates hematopoiesis. For example, sea cucumber fucoidan (Holothuria Polii) could restore the number of white blood cells reduced by cyclophosphamide and significantly promote the recovery of neutrophils [10]; brown algae (Chordaria flagelliformis) fucoidan was also shown to promote the recovery of the white blood cell count in mice with cyclophosphamide-induced leukopenia [11]. In our previous studies, we prepared a fucoidan (SFF) and its simulated digestive product, fucoidan (DSFF), from Sargassum fusiforme and found that DSFF had an immunomodulatory effect and exhibited stronger macrophage activation and phenotype polarization effects in vitro [12]. It was considered that immune cells, especially macrophages, could promote the development [13,14] and reconstruction [15] of hematopoietic stem cells. In addition, changes in various lipid molecule levels have been observed in hematopoietic abnormalities and might be considered markers for disease monitoring and treatment [16]; therefore, they might affect peripheral blood hematopoietic stem cell levels [17]. Additionally, Sargassum fusiforme fucoidan was also reported to regulate lipid metabolism levels [18]. We hypothesized that the macrophage activation, the phenotype polarization effect, and the lipid regulation of DSFF have the potential to alleviate chemical drug-induced hematopoietic damage. Therefore, it is interesting and worthwhile to investigate the hematopoietic damage protection of DSFF in vivo and its protective mechanisms.



In this study, to systematically study the hematopoietic damage protection of DSFF and the overall related mechanism, the potential protective effect of DSFF on mice with hematopoietic damage was evaluated using the cyclophosphamide-induced hematopoietic damage mouse model. The effects of DSFF on the counts of white blood cells, neutrophils, and platelets, and the DNA content of bone marrow were evaluated. Moreover, we tried to clarify the potential mechanism affected by DSFF through screening of endogenous metabolite biomarkers based on the serum lipidomics method.




2. Results


2.1. Protective Effect of DSFF on Body Weight and Immune Organ Index in Hematopoietic Damage Mice


A single high-dose injection of cyclophosphamide has been reported to establish a cyclophosphamide-induced hematopoietic injury model, which can be used to evaluate the protective effect of drugs or components on hematopoietic damage [19,20]. In our present studies, we also established the cyclophosphamide-induced hematopoietic damage model by the intraperitoneal injection of 250 mg/kg cyclophosphamide in mice. As shown in Figure 1A, the body weight of the control group mice gradually increased throughout the experiment (Table S1). However, compared with the control, a significant inhibition of body weight gain was observed in the model group mice induced by cyclophosphamide throughout the experiment (p < 0.01), which indicated the successful establishment of the hematopoietic damage model. Compared with the model, the inhibition of body weight gain in the 3.6 mg/kg DSFF group mice showed an alleviated trend from the 5th day onwards. Such as the 3.6 mg/kg DSFF group, compared with the model, the body weight gain inhibition in the rhG-CSF group mice also showed a trend of alleviation from the 5th day onwards. The cytotoxic drug-induced inhibition of body weight gain is usually considered to be an indicator of side effects [21]. These results indicate that DSFF might have a potential alleviation effect on the inhibition of body weight gain induced by cyclophosphamide.



Next, the effects of DSFF on splenic and thymic indexes were investigated. As shown in Figure 1B, compared with the control, the obviously increased splenic index induced by cyclophosphamide was observed in the model group (p < 0.01), which might be associated with compensatory organ enlargement caused by cyclophosphamide-induced reduced peripheral blood cytopenia [22]. Compared with the model group, the splenic index of the 1.8 and 3.6 mg/kg DSFF groups further increased significantly (p < 0.01). As a positive group, the splenic index of the rhG-CSF group was also markedly increased (p < 0.05). These results suggest that DSFF might have a strong stimulating effect on the enlarged spleen induced by cyclophosphamide.



For thymic index, compared with the control, the obviously decreased thymic index induced by cyclophosphamide was observed in the model group (Figure 1C, p < 0.01), which might be caused by the immunosuppression of cyclophosphamide. Compared with the model group, the decreased thymic index of the 1.8 mg/kg DSFF group was obviously enhanced (Figure 1C, p < 0.05). However, compared with the model group, the decreased thymic index of the rhG-CSF group had no change (Figure 1C, p > 0.05). These results suggest that DSFF might have a strong ameliorating effect on the thymus suppression induced by cyclophosphamide.




2.2. Effect of DSFF on Blood Routine in Cyclophosphamide-Induced Hematopoietic Damage Mice


2.2.1. Restorative Effect of DSFF on White Blood Cell Count


Hematopoietic damage, including reduced white blood cells, neutrophils, and platelets, is one of the main side effects of cyclophosphamide [22]. As shown in Table 1, on the first day after administration, compared with the control group, the white blood cell count (WBC) of the model group mice was significantly decreased (p < 0.01), which further indicated the successful establishment of the cyclophosphamide-induced hematopoietic damage model. On the third day after administration, compared with the control group, the WBC of the model group mice was further decreased (p < 0.01). Compared with the model group, the WBCs of the DSFF group and rhG-CSF group mice had no difference. On the fifth day after administration, compared with the control group, the WBC of the model mice had still not recovered (p < 0.01). Compared with the model group, the WBCs of the 1.8, 3.6, and 7.2 mg/kg DSFF group mice significantly increased (p < 0.01). Compared with the model group, the WBC in the rhG-CSF group mice also significantly and rapidly increased (p < 0.01). On the seventh day after administration, the WBC in the model group mice showed no statistical difference from that of the control group (p > 0.05). However, compared with the model, the WBC in the 1.8 mg/kg DSFF group of mice further significantly increased (p < 0.01). Akin to the 1.8 mg/kg DSFF group, the WBC in the rhG-CSF group mice were also higher than that in the model group (p < 0.01). The above results suggest that DSFF, especially at 1.8 mg/kg of DSFF, could rapidly promote the decreased WBC of mice with cyclophosphamide-induced hematopoietic damage to return to a normal level.




2.2.2. Restorative Effect of DSFF on Neutrophil Count


Hematopoietic damage caused by chemotherapeutic agents such as cyclophosphamide is mainly reflected in a decrease in neutrophils and lymphocytes [23]. Therefore, the effect of DSFF on the neutrophil count was investigated. As shown in Table 1, on the first day after administration, compared with the control group, the neutrophil count of the model group mice was significantly decreased (p < 0.01), which also indicated the successful establishment of the cyclophosphamide-induced hematopoietic damage model. On the third day after administration, compared with the control group, the neutrophil count of the model group mice was further decreased (p < 0.01). Compared with the model group, the neutrophil counts of the DSFF group and rhG-CSF group mice showed no difference. On the fifth day after administration, compared with the control group, the neutrophil count of the model mice was still not recovered (p < 0.01). Compared with the model group, the neutrophil counts of the 1.8, 3.6, and 7.2 mg/kg DSFF group mice were significantly increased (p < 0.01). Compared with the model group, the neutrophil count in the rhG-CSF group mice was also significantly and rapidly increased (p < 0.01). On the seventh day after administration, the neutrophil count in the model group mice showed no statistical difference from that of the control group (p > 0.05). However, compared with the model, the neutrophil count in the 1.8 mg/kg DSFF group mice further increased significantly (p < 0.05). Akin to the 1.8 mg/kg DSFF group, the neutrophil count in the rhG-CSF group mice was also higher than that in the model group (p < 0.05). The above results suggest that DSFF, especially at 1.8 mg/kg DSFF, could encourage the neutrophil count of mice with cyclophosphamide-induced hematopoietic damage to return to a normal level.




2.2.3. Restorative Effect of DSFF on Platelet Count


Thrombocytopenia induced by chemotherapy drugs is the main cause of side effects such as gastrointestinal and visceral bleeding in cancer patients [24]. As shown in Table 1, on the third and fifth days after administration, compared with the control group, the platelet count of the model group mice was significantly decreased (p < 0.01). Compared with the model group, the platelet counts of the DSFF group and rhG-CSF group mice showed no difference. On the seventh day after administration, the platelet count in the model group mice was slightly lower than that of the control group (p > 0.05, Table 1). Compared with the model group, the platelet counts in the 1.8 and 7.2 mg/kg DSFF group mice were obviously increased (p < 0.05). Compared with the model group, the platelet count of the rhG-CSF group mice showed no difference (p > 0.05). The above results suggest that DSFF, especially at 1.8 mg/kg of DSFF, had the potential to promote the recovery of decreased platelet count in mice with cyclophosphamide-induced hematopoietic damage.





2.3. Protective Effect of DSFF on Bone Marrow DNA Content


Bone marrow suppression is also a major side effect of chemotherapy drugs [25]. As shown in Figure 2, compared with the control group, the bone marrow DNA content of the model group mice was reduced significantly (p < 0.01). Compared with the model group, the bone marrow DNA content of the rhG-CSF group mice was significantly increased (p < 0.01). As with the effect of rhG-CSF, the bone marrow DNA content in the 7.2 mg/kg of DSFF group mice was also significantly increased (p < 0.01), which indicated the ameliorating effect of DSFF on myelosuppression induced by cyclophosphamide.




2.4. The Hematopoietic Damage Protection Mechanism of DSFF Based on Serum Lipidomics


2.4.1. Screening of Potential Lipid Biomarkers for Hematopoietic Damage in Mouse Serum


Due to the diverse structure of fucoidans, it is difficult to investigate the action mechanisms of DSFF in vivo. In the present study, we employed lipidomics methods to investigate the changes in lipid composition and concentration in the cyclophosphamide-induced hematopoietic model mice treated with DSFF and tried to illustrate the mechanisms underlying the protective effect of DSFF in cyclophosphamide-induced hematopoietic damage mice.



Firstly, the metabolite data obtained by the UPLC-MS/MS in positive and negative ion mode were imported into SIMCA for principal component analysis (PCA). The results showed that after an injection with 250 mg/kg of cyclophosphamide, the metabolites in the model group changed abnormally and were separated completely from the control group (Figure 3A,B). Moreover, the metabolites in the positive-drug group (rhG-CSF group) clustered away from the model group in PCA (Figure 3C,D), and almost overlapped with those of the control group (Figure 3C). The results indicate that the model of cyclophosphamide-induced hematopoietic damage in mice was replicated successfully.



OPLS-DA was performed to observe the metabolite clustering between the control group and the model group (Figure 4). Potential biomarkers were screened and identified by the comprehensive utilization of one-way analysis of variance, the Progenesis QI software (VIP > 1, p < 0.05), and some metabolic databases (Lipid Maps, HMDB, KEGG, and Massbank). As a result, 16 potential lipid biomarkers in serum that responded to hematopoietic damage in mice were found (Table 2), which were related to the pathways of glycerophospholipid metabolism, linoleic acid metabolism, alpha-linolenic acid metabolism, and arachidonic acid metabolism (Figure 5).




2.4.2. Identification of Potential Lipid Biomarkers for DSFF Protective Effects


DSFF exhibited hematopoietic protection in the animal experiments, which was supported by the data from serum lipidomics. The PCA and OPLS-DA of metabolites in the control group, the model group, and the 3.6 mg/kg DSFF group showed the same results, as the points of each group gathered well and were distributed in different quadrants. Compared with the model group, the DSFF group showed an obvious trend of callback to the control group (Figure 6).



After treatment with rhG-CSF, the contents of three biomarkers, LysoPC (P-18:0), PC (20:3/18:0), and SM (d18:0/22:0), tended to be normal (Table 2). For DSFF, six potential lipid biomarkers were found. Two of them ((PC (20:1/14:0), SM (d18:0/22:0)) were therapeutic biomarkers, while the other four ((2-palmitoyl-sn-glycero-3-phosphocholine, PC (20:1/14:0), PC (20:5/16:0), and DG (18:0/20:4)) were potentially negative biomarkers (Table 2). These six biomarkers of DSFF involved all four pathways in the hematopoietic damaged mice model, while the underlying mechanism still needs to be studied.





2.5. Promoting Effect of DSFF on Proliferation and Differentiation of Myeloid K562 Cells


Next, to confirm the differential metabolic pathways predicted above, the effects of DSFF on the proliferation and differentiation of bone marrow cells were studied in vitro [26,27]. K562 cells are myeloid lymphoblasts with the ability to differentiate into erythrocytes, megakaryocytes, and monocytes; thus, they are usually used to study the hematopoietic recovery effect of drugs [28,29]. The results showed that DSFF could moderately promote the proliferation of the K562 cells (Figure 7A), suggesting that DSFF might promote the recovery of white blood cells by promoting the proliferation of bone marrow cells.



Then, the effects of DSFF on the differentiation of K562 cells were investigated. After the catalytic oxidation of benzidine by red blood cell hemoglobin [29], the produced emerald blue benzidine blue indirectly reflects the number of red blood cells [28]. Our results show that, after treatment with different concentrations (6.3–100 μg/mL) of DSFF, the percentage of benzidine-staining positive K562 cells significantly increased in a concentration-dependent manner, demonstrating the role of DSFF in inducing the differentiation of K562 cells into erythrocytes (Figure 7B).



To further verify the effect of DSFF on the differentiation of K562 cells, we detected the effect of CD235a expression in K562 cells, as the elevated expression of CD235a (hemoglobin glycoprotein A) indicates erythrocyte maturation [30]. The results showed that, after DSFF treatment (6.3–50 μg/mL), the expression of CD235a was significantly increased in a concentration-dependent manner, confirming that DSFF induced erythrocyte differentiation (Figure 7C).



CD41 (platelet glycoprotein IIb) is expressed in the megakaryocyte-platelet system, and is an early hematopoietic differentiation antigen [31,32]. Furthermore, the megakaryocyte-platelet differentiation of DSFF-treated K562 cells was detected. As shown in Figure 7D, after DSFF treatment (6.3–50 μg/mL), CD41 expression increased in a concentration-dependent manner, suggesting that DSFF could promote the differentiation of K562 cells into the megakaryocyte-platelet line (Figure 7D). The above results show that DSFF could promote the differentiation of K562 cells into erythrocytes and megakaryocytes-platelet cells for restoring blood cells.



The differentiation of bone marrow cells into mature erythrocytes, megakaryocytes, and platelet cells requires the participation of differentiation and mature-related proteins. The RSK1 p90, c-Myc, and GATA1 proteins play important roles in the proliferation and differentiation of erythrocytes, megakaryocytes, and mast cells [33]. Next, we examined the effect of DSFF on the expression of differentiation and mature-related proteins in K562 cells. The results showed that the expression of RSK1 p90 decreased gradually with the increase in the DSFF concentration (6.3–100 μg/mL), which might promote the proliferation and differentiation of bone marrow cells. Meanwhile, the expressions of c-Myc protein and GATA1 protein were obviously enhanced in a concentration-dependent manner (Figure 7E). The above results show that DSFF might have proliferative promotion and differentiation induction effects on the bone marrow cells, alleviating the myelosuppression and hemocyte abnormity induced by cyclophosphamide.





3. Discussion


This study aims to investigate the protective effect of DSFF on cyclophosphamide-induced hematopoietic damage in mice and elucidate the underlying mechanisms. The polysaccharides extracted from brown seaweed were reported to be absorbed into rat [34] and human [35] serum without any change in molecular weight due to intestinal macrophages, liver Kupfer cells [34], or clathrins [36]; thus, stimulating the hematopoietic effect of DSFF (i.p.) in mice was investigated first. Weight gain inhibition, abnormal splenic and thymic indexes, and bone marrow DNA suppression are considered to be serious side effects of high doses of cyclophosphamide. These results suggest that DSFF might have the potential to reverse the weight gain inhibition induced by cyclophosphamide. Interestingly, a single high dose of cyclophosphamide might have different effects on the spleen and thymus, and DSFF might have a strong stimulating effect on the spleen and cause the amelioration of the thymus suppression, which might be associated with the spleen compensatory hyperplasia [37] or splenic immune hyperactivity induced by cyclophosphamide [38]. In addition, the protective effect of DSFF on cyclophosphamide-induced bone marrow DNA inhibition was also observed.



Hematopoietic damage, especially a decrease in the white blood cell number (mainly neutrophils) and platelet abnormalities, are considered to be the main reasons for the poor prognosis of cyclophosphamide. Although fucoidans have the potential to treat chemotherapy-induced leukopenia, fucoidans from different species sources also cause differences in activity. In our present study, we first investigated the stimulating hematopoietic effect of DSFF on white blood cell count (mainly neutrophils) and platelet count. The restorative effects of DSFF on white blood cell count, platelet count, and bone marrow DNA content strongly proved that the DSFF improved the blood routine in mice with cyclophosphamide-induced hematopoietic damage. Consistent with our findings, fucoidans from Durvillaea antarctica [39] and Fucus vesiculosus [40] were also found to improve hematopoietic damage induced by radiotherapy or chemotherapy at higher concentrations. Both our present work and research carried out by other groups indicate the potential use of fucoidans in improving the blood routine in patients with chemotherapy-induced hematopoietic damage.



Due to the diverse structure of fucoidans, it is difficult to investigate the action mechanisms of DSFF in vivo. As one important subfield of metabolomics, lipidomics studies the overall changes in endogenous lipids and their bioactivity [41]. Endogenous lipids facilitate changes in cellular morphology during division and participate in key signaling events [42]. With the development of high-throughput and high-resolution detection technology and analysis instruments, it is possible to investigate the action mechanisms of polysaccharides using metabolomics methods [43,44]. However, there have been few reports investigating the pharmacological mechanism of polysaccharides based on the lipidomics method. UPLC/Q-Extraction Orbitrap/MS/MS-based lipidomics results revealed 16 potential lipid biomarkers in serum that responded to hematopoietic damage in mice related to the pathways of glycerophospholipid metabolism, linoleic acid metabolism, alpha-linolenic acid metabolism, and arachidonic acid metabolism.



Glycerophospholipid is not only a component of the cell membrane but also plays an important role in regulating immune cell function [45,46]. Some evidence has shown that glycerophospholipid metabolism disorders might cause the abnormal function of bone marrow [47] and affect the percentage of different blood cell types [48].



In the pathways of fatty acid metabolism (α-linolenic acid, linoleic acid, and arachidonic acid metabolism), α-linolenic acid (ALA) is the substrate of long-chain, unsaturated omega-3 fatty acids, eicosapentaenoic acid (EPA), eicosapentaenoic acid, and docosahexaenoic acid (DHA) [49]. ALA can promote the phagocytosis of mouse mononuclear macrophages [50], peritoneal macrophages, [51] and promote cell proliferation [52,53]. Furthermore, the DHA synthesized by α-linolenic acid is transported into erythrocytes through glucose transporter-1 (GLUT-1) on the erythrocyte membrane, then rapidly reduced in erythrocytes, which helps erythrocytes to maintain a good antioxidant activity [54].



It has been reported that linoleic acid is significant in the regulation of neutrophils [55,56]. Linoleic acid can promote the secretion of immune factors such as IL-6, which can activate the JAK-STAT3 pathway [57], increase the secretion of granulocyte colony-stimulating factor (G-CSF), and ultimately promote the recovery of leukocytes [58].



Arachidonic acid is transformed by phosphatidylcholine under the catalysis of phospholipase A2, which is pivotal in the regulation of immune cells, especially leukocytes and platelets [30,59]. Arachidonic acid is a direct precursor to the synthesis of twenty carbon derivatives; these eicosanoids have important regulatory effects on lipid protein metabolism, white blood cell function, and platelet activation [54].



DSFF exhibited hematopoietic protection in animal experiments, which was supported by data from serum lipidomics. The PCA and OPLS-DA of metabolites in the control group, the model group, and the 3.6 mg/kg DSFF group showed the same results, as the points of each group gathered well and were distributed in different quadrants. Among them, PC (20:1/14:0) and SM (18:0/22:0) are the key lipid molecules through which DSFF exerts protective actions. Consistent with our findings, previous investigations have also shown that Danggui Buxue Decoction could regulate the levels of PC and SM in mice with glycerophospholipid metabolism in hematopoietic damage [60], confirming that lipids (PC and SM) are involved in the mechanism of DSFF. Glycerophospholipid metabolism causes the abnormal function of bone marrow and affects the percentage of different blood cell type; furthermore, glycerophospholipids can also affect cell proliferation, differentiation, and apoptosis [61]. Additionally, our results show DSFF might have proliferative promotion effects and differentiation induction on bone marrow cells, alleviating the myelosuppression and hemocyte abnormity induced by cyclophosphamide. Consistent with our findings, some studies have shown that fucoidan from Fucus vesiculosus [62] and Chordaria flagelliformis [63] could also promote hematopoietic function in hematopoietic damaged animals by promoting the proliferation and differentiation of hematopoietic cells. Moreover, our present work also proved that the lipidomics analysis method might provide a good methodological reference for elucidating the complex mechanism of polysaccharides through studying the overall changes of endogenous lipids [41]. While oral administration is the usual route of drug administration, fucoidans have been reported to be degraded by the gut microbiota [64,65], which might affect their stimulating hematopoietic effect. Anisimova et al. found that fucoidan administered by subcutaneous injection would stimulate the hematopoiesis of mice with cyclophosphamide-induced hematopoietic damage [11]; in addition, Lee et al. indicated that fucoidan administered by intraperitoneal injection also stimulated the hematopoiesis of mice with hematopoietic damage [63]. Therefore, we speculate that intraperitoneal or subcutaneous injection might be the optimal administration mode of fucoidan for hematopoiesis stimulation. Of course, the intestinal microbiota might be a target of fucoidans, in addition to its direct role in cells [66]. Although we initially tried to explore and verify the mechanisms of DSFF on related pathways through the above experiments, the question of at which molecular weight fucoidan plays a role and other more detailed mechanisms of DSFF need to be further investigated.




4. Materials and Methods


4.1. Materials and Reagents


Simulated digestive product of fucoidan from Sargassum fusiforme (DSFF) was prepared according to our laboratory method [12]. In brief, the main composition of DSFF was total sugar (51.01%) with ignorable protein and uronic acid and the sulfate content was 16.99%. Lipopolysaccharide was not detected in DSFF using the test-tube quantitative chromogenic matrix method according to the instructions of the Limulus Endotoxin Detection Kit (Xiamen Bioendo Technology Co., Ltd., Xiamen, China). The analysis of the monosaccharide composition suggested that DSFF was fucoidan with abundant fucose (36.05%), galactose (18.60%), glucose (7.99%), xylose (5.64%), mannose (4.57%), mannuronic acid (4.26%), glucosamine (2.68%), and glucuronic acid (1.62%). The molecular weight distribution (area percentage %) of DSFF was 146.1 (21.0%), 88.3 (16.5%), 42.4 (16.1%), 28.5 (10.2%), and 25.9 (23.2%) kilodaltons.



Chronic myeloid leukemia cells K562 were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Roswell Park Memorial Institute (RPMI) 1640 medium was purchased from Genio Biopharmaceutical Technology Co., Ltd. (Hangzhou, China). Limulus endotoxin detection kit was purchased from Xiamen Bioendo Technology Co., Ltd. (Xiamen, China). Fetal bovine serum (FBS) was purchased from Shanghai Jitai Biotechnology Co., Ltd. (Shanghai, China). Cyclophosphamide for injection was purchased from Jiangsu Shengdi Pharmaceutical Co., Ltd. (Lianyungang, China). Bovine serum albumin (BSA) was purchased from Beijing Solai Bao Technology Co., Ltd. (Beijing, China). Recombinant human granulocyte colony stimulating factor injection (rhG-CSF) was purchased from Qilu Pharmaceutical Co., Ltd. (Jinan, China). Benzidine, acetic acid, 30% H2O2, and sodium nitroferricyanide dihydrate were purchased from Sinopharm Chemical Reagents Co., Ltd. (Beijing, China). FITC-anti-CD235A antibody and APC-anti-CD41 were purchased from BioLegend (San Diego, CA, USA). RSK1 p90, c-Myc, GATA1, and GAPDH were purchased from Shenyang Wanlei Biological Technology Co., Ltd. (Shenyang, China). PC (14:0/18:1), LysoPC (14:0/0:0), LysoPC (16:0/0:0), LysoPC (18:1/0:0), PG (16:0/18:1), LysoPG (16:0/0:0), LysoPG (18:1/0:0), LysoPS (18:0/0:0), PS (16:0/18:1), LysoPE (16:0/0:0), PA (16:0/18:1), and PI (16:0/18:1) were purchased from AVANTI polar lipid (Alabaster).




4.2. Hematopoietic Damage Model Establishment and Treatment


SPF-grade female Kunming mice (18–20 g, 4–6 weeks old) were purchased from Jinan Pengyue Experimental Animal Breeding Co., Ltd., license number: SCXK (Lu) 20190003. Then, they were randomly divided into a control group (n = 10) and experimental group (n = 50) according to body weight after adaptive feeding for 7 days. Hematopoietic damage model mice were established by the tail intravenous injection of cyclophosphamide (250 mg/kg) once in the experimental group mice. Then, the successive experimental mice were divided into a model group (n = 10), rhG-CSF group (n = 10), low-dose-DSFF group (n = 10), medium-dose-DSFF group (n = 10), and high-dose-DSFF group (n = 10), according to their significantly reduced white blood cell count (WBC) and were treated with normal saline (i.p.), rhG-CSF (s.c., 22.5 μg/kg), low-dose DSFF (i.p., 1.8 mg/kg), medium-dose DSFF (i.p., 3.6 mg/kg), and high-dose DSFF (i.p., 7.2 mg/kg), respectively. The control group was treated with the same volume of normal saline (0.1 mL/10 g body weight). Animal experiments were approved by the Institutional Animal Care and Use Committee of the Ocean University of China (No.OUC-SMP-2020-05-01).




4.3. Detection of Relevant Indicators


4.3.1. Examination of Blood Routine


From the first day after administration, 20 μL of blood was collected from tail vein of each mouse on the 1st, 3rd, 5th, and 7th day. The values of white blood cells, neutrophils, and platelets in each group were detected on the Celltac E blood cell analyzer (Nihon Kohden, Japan), and the body weight of the mice was recorded. The weight of spleen and thymus of mice was determined at the end of the experiment.




4.3.2. Detection of DNA Content from Bone Marrow


DNA content was detected as reported previously [67]. In brief, after euthanasia, the right femur of mice in each group was taken. All the bone marrow was flushed with 10 mL 0.005 M CaCl2 into a clean centrifuge tube, and placed in a refrigerator at 4 °C for 30 min, and then centrifuged at 2750× g for 15 min. The supernatant was discarded and replaced with 5 mL of 0.2 nM HClO4 solution. DNA content was detected by ultra-micro spectrophotometer (SpectraMax M5 and M5e Multi-Detection Microplate Readers, 206 Molecular Devices, Sunnyvale, CA, USA.) after the cooling and filtration of the solution.





4.4. Serum Samples Preparation for Lipidomics


After the last administration on the 8th day, blood was collected from the eyeball within 30 min, placed at 4 °C for 30 min, and centrifuged at 3300× g for 15 min. The serum of each group was carefully aspirated and stored at −80 °C for further use.



Serum samples from each group were gradually thawed and centrifuged at 4 °C 4400× g for 10 min. Then, 50 μL serum was added to 200 μL methanol containing internal standards (2-chloro-L-phenylalanine and L-theanine), vortexed for 2 min, then centrifuged at 4 °C 15,400× g for 10 min to precipitate protein. After the drying of the supernatant, 200 μL precooling methanol-water (1:1, v/v) solution was added, vortexed for 2 min, and centrifuged at 4 °C at 15,950× g for 10 min. Then, we transferred the supernatant into the sample vial for LC-MS analysis. The QC sample was prepared by taking 10 μL of serum from each group, mixing it, and then following the above steps for the serum samples.




4.5. UPLC Q-Exactive Orbitrap MS/MS Analysis


All samples were investigated in a Thermo UltiMate 3000. The following were the chromatographic conditions: Agilent InfinityLab Poroshell 120 (2.1 × 5 mm, 1.7 μm), Agilent InfinityLab Poroshell 120 EC-C18 (2.1 × 100 mm, 1.7 μm); the mobile phase was 0.1% formic acid aqueous solution (A)-0.1% formic acid acetonitrile solution (B) containing 10 mM ammonium acetate. The column temperature was as follows: 35 °C; flow rate: 0.3 mL/min; sample size: 5 μL. The elution procedure was as follows: 0–2 min, 98–90% A; 2–6.5 min, 90–58% A; 6.5–12 min, 58–10% A; 12–14 min, 10–5% A; 14–15.5 min, 5% A; 15.5–16 min, 5–98% A; 16–20 min, 98% A.



The following were the mass spectrometric conditions: ESI ion source, positive and negative ions full MS/dd-MS2 mode detection; sheath gas volume flow: 35, auxiliary gas volume flow: 10 psi; spray voltage: 3.0 kV; capillary temperature: 350 °C, auxiliary temperature: 300 °C. Full MS mass scanning range m/z: 80–1200, detection resolution: 70,000 FWHM, dd-MS2 normalized collision energy NCE set 30, 40, and 50. Higher Energy Collision Induced Dissociation (HCD) was used for the secondary mass spectrometry with a resolution of 17,500.



The processed serum data matrix and UPLC-MS/MS raw data files were imported into Progenesis QI (Wasters, MA, USA) for matching, alignment, and normalization; then, the processed data were imported into SIMCA-P 14.1 (Umetrics, Sweden) for multivariate statistical analysis, including principal component analysis (PCA), to preliminarily observe the separation of samples and eliminate abnormal samples. Orthogonal partial least-squares discrimination analysis (OPLS-DA) was performed for the comparison of mass spectrometry between the control group and model group. Potential endogenic metabolites were screened according to the standard of VIP > 1, p < 0.05 and compared with databases (KEGG, HMDB, Lipid Maps, and Massbank) to determine the differential metabolite information. Finally, the selected metabolites were imported into MetaboAnalyst (https://www.metaboanalyst.ca/faces/home.xhtml, accessed on 12 February 2021) to perform the metabolic pathway analysis.




4.6. K562 Cell Proliferation Assay


K562 cells (5000 cells/well) were treated with different concentrations (6.3–100 μg/mL) of DSFF for 48 h; then, we added 10 μL CCK-8 solution to incubate for 4 h. The absorbance of each well was measured by an ultra-micro spectrophotometer at 450 nm (SpectraMax M5 & M5e Multi-Detection Microplate Readers, 206 Molecular Devices, Sunnyvale, CA, USA).




4.7. Differentiation Assay of K562 Cells Using Benzidine Staining and Flow Cytometry


K562 cells (2 × 105 cells/well) were treated with different concentrations (6.3–50 μg/mL) of DSFF for 48 h. Then, the cells were collected; washed with cold PBS twice; added with 14 μL 0.4% benzidine solution, 1 μL 12% acetic acid solution, and 1 μL 30% H2O2 solution. This was followed by incubating them for 5 min and then adding 1 μL sodium nitroso ferricyanide solution. After incubation for 30 min, the number of blue-positive cells in 300 cells was recorded by an XD-inverted microscope (Sunny Optical Technology (Group) Co., Ltd., Shanghai, China).



K562 cells (3 × 105 cells/well) were treated with different concentrations (6.3–50 μg/mL) of DSFF for 48 h, collected, washed with cold PBS twice, and added to 0.9 μL of 0.5 mg/mL FITC-anti CD235a antibody or APC-CD41 antibody. After incubation for 15 min, the CD235a and APC-CD41 expression levels in K562 cells were detected by a flow cytometer (Beckman Coulter MoFlo XDP, Fullerton, CA, USA).




4.8. Western Blotting Detects Differentiation-Related Protein Expression in K562 Cells


K562 cells (5 × 105 cells/well) were treated with different concentrations (6.3–100 μg/mL) of DSFF for 48 h. Proteins were collected, quantified, separated through electrophoresis, and transferred to a PVDF membrane. The membrane was blocked for 2 h, then incubated overnight with primary antibody solution containing different proteins (RSK1 p90, c-Myc, and GATA1, 1:500) at 4 °C, blocked for 2 h, and incubated with secondary antibody solution for 2 h. β-actin was used as an internal reference to detect the expression of specific proteins. Specific proteins were detected with enhanced chemiluminescence by FluorChem E (Protein Simple, San Jose, CA, USA).




4.9. Statistical Analysis


Quantitative experimental data were expressed as mean ± SD. Statistical tests were carried out with the GraphPad Prism 8 software (GraphPad Software, San Diego, CA, USA). Statistical analyses between multiple groups were performed using GraphPad Prism 8 by one-way analysis of variance plus the multiple-comparisons Tukey’s test (GraphPad Software, San Diego, CA, USA). p < 0.05 was considered statistically significant.





5. Conclusions


In summary, our present study, for the first time, revealed that DSFF exerted a hematopoietic damage protection effect on mice with cyclophosphamide-induced hematopoietic damage via restoring white blood cells, neutrophils, platelets, as well as bone marrow cells. Moreover, we first illustrated that the mechanisms underlying the hematopoietic damage protection of DSFF might mainly act through improving the imbalanced lipid metabolism and ultimately promoting bone marrow cell proliferation and differentiation. The current findings indicated that DSFF showed good potential and application value in alleviating hematopoietic damage and provided a greater understanding of the pharmacological function and mechanisms of fucoidans.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/md20030201/s1. Table S1. Effects of simulated digestive product of fucoidan from Sargassum fusiforme (DSFF) on the body weight gain.





Author Contributions


Investigation, Data curation, Software, Writing—original draft, W.-P.M.; Investigation, Data Curation, Writing—Review and Editing, S.-N.Y., J.-P.C., X.-C.G., M.-F.L. and H.-H.L.; Project administration, Supervision, Conceptualization, Funding acquisition, Writing—Review and editing, H.-B.L. and M.L. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Natural Science Foundation of China (81973433), the Marine S&T Fund of Shandong Province for Pilot National Laboratory for Marine Science and Technology (Qingdao) (No.2018SDKJ0405), and the National Key Research and Development Program of China (2017YFE0195000).




Institutional Review Board Statement


The animal study protocol was approved by the Institutional Animal Care and Use Committee of the Ocean University of China (No.OUC-SMP-2020-05-01).




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Tchounwou, P.B.; Dasari, S.; Noubissi, F.K.; Ray, P.; Kumar, S. Advances in our understanding of the molecular mechanisms of action of cisplatin in cancer therapy. J. Exp. Pharmacol. 2021, 13, 303–328. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.Q.; Wang, X.L.; He, D.H.; Cheng, Y.X. Protection against chemotherapy- and radiotherapy-induced side effects: A review based on the mechanisms and therapeutic opportunities of phytochemicals. Phytomedicine 2021, 80, 153402. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, Y.L.; Wang, L.Y.; Wang, J.X.; Wang, C.; Wang, C.L.; Zhao, D.P.; Wang, Z.C.; Zhang, J.J. Protective effects of paeoniflorin and albiflorin on chemotherapy-induced myelosuppression in mice. Chin. J. Nat. Med. 2016, 14, 599–606. [Google Scholar] [CrossRef]

	



Chen, X.; Nie, W.; Fan, S.; Zhang, J.; Wang, Y.; Lu, J.; Jin, L. A polysaccharide from Sargassum fusiforme protects against immunosuppression in cyclophosphamide-treated mice. Carbohydr. Polym. 2012, 90, 1114–1119. [Google Scholar] [CrossRef]

	



Myles, N.; Myles, H.; Clark, S.R.; Bird, R.; Siskind, D. Use of granulocyte-colony stimulating factor to prevent recurrent clozapine-induced neutropenia on drug rechallenge: A systematic review of the literature and clinical recommendations. Aust. N. Z. J. Psychiatry 2017, 51, 980–989. [Google Scholar] [CrossRef]

	



Nakayama, T.; Kudo, H.; Suzuki, S.; Sassa, S.; Mano, Y.; Sakamoto, S. Splenomegaly induced by recombinant human granulocyte-colony stimulating factor in rats. Life Sci. 2001, 69, 1521–1529. [Google Scholar] [CrossRef]

	



Giri, N.; Pitel, P.A.; Green, D.; Alter, B.P. Splenic peliosis and rupture in patients with dyskeratosis congenita on androgens and granulocyte colony-stimulating factor. Br. J. Haematol. 2007, 138, 815–817. [Google Scholar] [CrossRef]

	



Wu, F.; Huang, H. Surface morphology and protective effect of Hericium erinaceus polysaccharide on cyclophosphamide-induced immunosuppression in mice. Carbohydr. Polym. 2021, 251, 116930. [Google Scholar] [CrossRef]

	



Luthuli, S.; Wu, S.; Cheng, Y.; Zheng, X.; Wu, M.; Tong, H. Therapeutic effects of fucoidan: A review on recent studies. Mar. Drugs 2019, 17, 487. [Google Scholar] [CrossRef]

	



Li, C.; Niu, Q.; Li, S.; Zhang, X.; Liu, C.; Cai, C.; Li, G.; Yu, G. Fucoidan from sea cucumber Holothuria polii: Structural elucidation and stimulation of hematopoietic activity. Int. J. Biol. Macromol. 2020, 154, 1123–1131. [Google Scholar] [CrossRef]

	



Anisimova, N.; Ustyuzhanina, N.; Bilan, M.; Donenko, F.; Usov, A.; Kiselevskiy, M.; Nifantiev, N. Fucoidan and fucosylated chondroitin sulfate stimulate hematopoiesis in cyclophosphamide-induced mice. Mar. Drugs 2017, 15, 301. [Google Scholar] [CrossRef] [PubMed]

	



Ma, W.P.; Li, H.H.; Liu, M.; Liu, H.B. Effects of simulated digestion in vitro on the structure and macrophages activation of fucoidan from Sargassum fusiforme. Carbohydr. Polym. 2021, 272, 118484. [Google Scholar] [CrossRef] [PubMed]

	



Mariani, S.A.; Li, Z.; Rice, S.; Krieg, C.; Fragkogianni, S.; Robinson, M.; Vink, C.S.; Pollard, J.W.; Dzierzak, E. Pro-inflammatory aorta-associated macrophages are involved in embryonic development of hematopoietic stem cells. Immunity 2019, 50, 1439–1452.e5. [Google Scholar] [CrossRef] [PubMed]

	



Bennett, L.; Mumau, M.; Speck, N.A. Macrophages fertilize the soil to promote hematopoietic cell growth. Immunity 2019, 50, 1342–1344. [Google Scholar] [CrossRef]

	



Smith, J.N.P.; Dawson, D.M.; Christo, K.F.; Jogasuria, A.P.; Cameron, M.J.; Antczak, M.I.; Ready, J.M.; Gerson, S.L.; Markowitz, S.D.; Desai, A.B. 15-PGDH inhibition activates the splenic niche to promote hematopoietic regeneration. JCI Insight 2021, 6, e143658. [Google Scholar] [CrossRef]

	



Pannkuk, E.L.; Laiakis, E.C.; Singh, V.K.; Fornace, A.J. Lipidomic signatures of nonhuman primates with radiation-induced hematopoietic syndrome. Sci. Rep. 2017, 7, 9777. [Google Scholar] [CrossRef]

	



Yildirim Simsir, I.; Donmez, A.; Kabaroglu, C.; Yavasoglu, I.; Basol, G.; Gungor, A.; Comert Ozkan, M.; Saygili, F.; Bolaman, Z.; Tombuloglu, M. The effect of serum lipid levels on peripheral blood hematopoietic stem cell levels. Transfus. Apher. Sci. 2021, 60, 103074. [Google Scholar] [CrossRef]

	



Wu, Q.; Wu, S.; Cheng, Y.; Zhang, Z.; Mao, G.; Li, S.; Yang, Y.; Zhang, X.; Wu, M.; Tong, H. Sargassum fusiforme fucoidan modifies gut microbiota and intestinal metabolites during alleviation of hyperglycemia in type 2 diabetic mice. Food Funct. 2021, 12, 3572–3585. [Google Scholar] [CrossRef]

	



Lei, G.; Xi, L.; Sha, M.; Cui, C.; Zhenghong, Z. Effects of single high dose and multiple low dose cyclophosphamide abdominal injection on immunosuppressive model in mice. Chin. Anim. Husb. Vet. Med. 2021, 48, 3787–3794. [Google Scholar]

	



Wang, C.; Gao, H.; Cai, E.; Zhang, L.; Zheng, X.; Zhang, S.; Sun, N.; Zhao, Y. Protective effects of Acanthopanax senticosus-Ligustrum lucidum combination on bone marrow suppression induced by chemotherapy in mice. Biomed. Pharmacother. 2019, 109, 2062–2069. [Google Scholar] [CrossRef]

	



Wang, J.; Liu, G.; Ma, W.; Lu, Z.; Sun, C. Marine bacterial polysaccharide EPS11 inhibits cancer cell growth and metastasis via blocking cell adhesion and attenuating filiform structure formation. Mar. Drugs 2019, 17, 50. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Meng, Q.; Qiao, H.; Jiang, H.; Sun, X. Role of the spleen in cyclophosphamide-induced hematosuppression and extramedullary hematopoiesis in mice. Arch. Med. Res. 2009, 40, 249–255. [Google Scholar] [CrossRef]

	



Zheng, B.; Huang, Z.; Huang, Y.; Hong, L.; Li, J.; Wu, J. Predictive value of monocytes and lymphocytes for short-term neutrophil changes in chemotherapy-induced severe neutropenia in solid tumors. Support. Care Cancer 2020, 28, 1289–1294. [Google Scholar] [CrossRef] [PubMed]

	



Mones, J.V.; Soff, G. Management of thrombocytopenia in cancer patients. Cancer Treat. Res. 2019, 179, 139–150. [Google Scholar] [PubMed]

	



Feng, L.; Huang, Q.; Huang, Z.; Li, H.; Qi, X.; Wang, Y.; Liu, Z.; Liu, X.; Lu, L. Optimized animal model of cyclophosphamide-induced bone marrow suppression. Basic Clin. Pharmacol. Toxicol. 2016, 119, 428–435. [Google Scholar] [CrossRef]

	



Wei, X.; Liu, C.; Wang, H.; Wang, L.; Xiao, F.; Guo, Z.; Zhang, H. Surface phosphatidylserine is responsible for the internalization on microvesicles derived from hypoxia-induced human bone marrow mesenchymal stem cells into human endothelial cells. PLoS ONE 2016, 11, e0147360. [Google Scholar]

	



Arab Tehrany, E.; Kahn, C.J.F.; Baravian, C.; Maherani, B.; Belhaj, N.; Wang, X.; Linder, M. Elaboration and characterization of nanoliposome made of soya; rapeseed and salmon lecithins: Application to cell culture. Colloids Surf. B Biointerfaces 2012, 95, 75–81. [Google Scholar] [CrossRef]

	



Li, L.; Jiang, X.; Teng, S.; Zhang, L.; Teng, L.; Wang, D. Calf thymus polypeptide improved hematopoiesis via regulating colony- stimulating factors in BALB/c mice with hematopoietic dysfunction. Int. J. Biol. Macromol. 2020, 156, 204–216. [Google Scholar] [CrossRef]

	



Lu, W.; Jia, D.; An, S.; Mu, M.; Qiao, X.; Liu, Y.; Li, X.; Wang, D. Calf spleen extractive injection protects mice against hematopoietic injury through signaling. Sci. Rep. 2017, 7, 8402. [Google Scholar] [CrossRef]

	



Guo, Z.; Meng, M.; Geng, S.; Du, Z.; Zheng, Y.; Yao, J.; Li, Z.; Han, G.; Lin, H.; Du, G. The optimal dose of arsenic trioxide induced opposite efficacy in autophagy between K562 cells and their initiating cells to eradicate human myelogenous leukemia. J. Ethnopharmacol. 2017, 196, 29–38. [Google Scholar] [CrossRef]

	



Rukoyatkina, N.; Shpakova, V.; Panteleev, M.; Kharazova, A. Multifaceted effects of arachidonic acid and interaction with cyclic nucleotides in human platelets. Thromb. Res. 2018, 171, 22–30. [Google Scholar] [CrossRef] [PubMed]

	



Mikkola, H.K.A.; Fujiwara, Y.; Schlaeger, T.M.; Traver, D.; Orkin, S.H. Expression of CD41 marks the initiation of definitive hematopoiesis in the mouse embryo. Blood 2003, 101, 508–516. [Google Scholar] [CrossRef] [PubMed]

	



Shimizu, R.; Engel, J.D.; Yamamoto, M. GATA1-related leukaemias. Nat. Rev. Cancer 2008, 8, 279–287. [Google Scholar] [CrossRef]

	



Nagamine, T.; Nakazato, K.; Tomioka, S.; Iha, M.; Nakajima, K. Intestinal absorption of fucoidan extracted from the brown deaweed, Cladosiphon okamuranus. Mar. Drugs 2015, 13, 48–64. [Google Scholar] [CrossRef] [PubMed]

	



Kadena, K.; Tomori, M.; Iha, M.; Nagamine, T. Absorption study of mozuku fucoidan in Japanese volunteers. Mar. Drugs 2018, 16, 254. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, E. Use of fluorescein isothiocyanate isomer I to study the mechanism of intestinal absorption of fucoidan sulfate in vivo and in vitro. Biopharm. Drug Dispos. 2018, 39, 298–307. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.Q.; Yang, X.; Zhang, Y.G.; Cai, E.B.; Zheng, X.M.; Zhao, Y.; Li, G.; Han, M.; Yang, L.M. Study on the changes of chemical constituents in different compatibilities of ginseng-prepared rehmannia root and their effects on bone marrow inhibition after chemotherapy. Chem. Pharm. Bull. 2020, 68, 428–435. [Google Scholar] [CrossRef]

	



Huilin, K.; Weiping, F.; Bo, L.; Yan, T.; Shuting, Z. The immunosuppression and immunoenhancement effect of cyclophosphamide on normal mice. Immunol. J. 2018, 34, 308–312. [Google Scholar]

	



Yang, Y.; Hu, T.; Li, J.; Xin, M.; Zhao, X. Structural characterization and effect on leukopenia of fucoidan from Durvillaea antarctica. Carbohydr. Polym. 2021, 256, 117529. [Google Scholar] [CrossRef]

	



Rhee, K.H.; Lee, K.H. Protective effects of fucoidan against γ-radiation-induced damage of blood cells. Arch. Pharm. Res. 2011, 34, 645–651. [Google Scholar] [CrossRef]

	



Yang, K.; Han, X. Lipidomics: Techniques, applications, and outcomes related to biomedical sciences. Trends Biochem. Sci. 2016, 41, 954–969. [Google Scholar] [CrossRef] [PubMed]

	



Storck, E.M.; Özbalci, C.; Eggert, U.S. Lipid cell biology: A focus on lipids in cell division. Annu. Rev. Biochem. 2018, 87, 839–869. [Google Scholar] [CrossRef] [PubMed]

	



Jin, Q.; Black, A.; Kales, S.N.; Vattem, D.; Ruiz-Canela, M.; Sotos-Prieto, M. Metabolomics and microbiomes as potential tools to evaluate the effects of the mediterranean diet. Nutrients 2019, 11, 207. [Google Scholar] [CrossRef] [PubMed]

	



Niu, X.; He, B.; Du, Y.; Sui, Z.; Rong, W.; Wang, X.; Li, Q.; Bi, K. The investigation of immunoprotective and sedative hypnotic effect of total polysaccharide from Suanzaoren decoction by serum metabonomics approach. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2018, 1086, 29–37. [Google Scholar] [CrossRef]

	



Thomas, C.P.; Donnell, V.B.O. Oxidized phospholipid signaling in immune cells. Curr. Opin. Pharmacol. 2012, 12, 471–477. [Google Scholar] [CrossRef]

	



Donnell, V.B.O.; Rossjohn, J.; Wakelam, M.J.O. Phospholipid signaling in innate immune cells. J. Clin. Investig. 2018, 128, 2670–2679. [Google Scholar] [CrossRef]

	



Brodsky, R.A. Paroxysmal nocturnal hemoglobinuria. Blood 2014, 124, 2804–2811. [Google Scholar] [CrossRef]

	



Zeharia, A.; Shaag, A.; Houtkooper, R.H.; Hindi, T.; de Lonlay, P.; Erez, G.; Hubert, L.; Saada, A.; de Keyzer, Y.; Eshel, G.; et al. Mutations in LPIN1 cause recurrent acute myoglobinuria in childhood. Am. J. Hum. Genet. 2008, 83, 489–494. [Google Scholar] [CrossRef]

	



Baker, E.J.; Miles, E.A.; Burdge, G.C.; Yaqoob, P.; Calder, P.C. Metabolism and functional effects of plant-derived omega-3 fatty acids in humans. Prog. Lipid Res. 2016, 64, 30–56. [Google Scholar] [CrossRef]

	



Bijak, M.; Saluk-bijak, J. Flavonolignans inhibit the arachidonic acid pathway in blood platelets. BMC Complement. Altern. Med. 2017, 17, 396. [Google Scholar] [CrossRef]

	



Pauls, S.D.; Rodway, L.A.; Winter, T.; Taylor, C.G.; Zahradka, P.; Aukema, H.M. Alpha-linolenic acid enhances the phagocytic and secretory functions of alternatively activated macrophages in part via changes to the oxylipin profile. Int. J. Biochem. Cell Biol. 2020, 119, 105662. [Google Scholar] [CrossRef] [PubMed]

	



Liu, W.N.; Leung, K.N. The immunomodulatory activity of Jacaric Acid, a conjugated linolenic acid isomer, on murine peritoneal macrophages. PLoS ONE 2015, 10, e0143684. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.; Kelly, O.J.; Ilich, J.Z. Synergism of α-linolenic acid, conjugated linoleic acid and calcium in decreasing adipocyte and increasing osteoblast cell growth. Lipids 2013, 48, 787–802. [Google Scholar] [CrossRef] [PubMed]

	



Martin, S.A.; Brash, A.R.; Murphy, R.C. The discovery and early structural studies of arachidonic acid. J. Lipid Res. 2016, 57, 1126–1132. [Google Scholar] [CrossRef] [PubMed]

	



Mahmoudi, R.; Ghareghani, M.; Zibara, K.; Ardakani, M.T.; Jand, Y.; Azari, H. Alyssum homolocarpum seed oil (AHSO), containing natural alpha linolenic acid, stearic acid, myristic acid and β-sitosterol, increases proliferation and differentiation of neural stem cells in vitro. BMC Complement. Altern. Med. 2019, 19, 113. [Google Scholar] [CrossRef] [PubMed]

	



Krombach, F.; Savolainen, K.M. Effect of linoleic acid, linoleic acid anilide, and arachidonic acid on the expression of adhesion molecules on human neutrophils. Arch. Toxicol. 1997, 71, 627–632. [Google Scholar]

	



Mena, J.; Manosalva, C.; Ramirez, R.; Chandia, L.; Carroza, D.; Loaiza, A.; Burgos, R.A.; Hidalgo, M.A. Linoleic acid increases adhesion, chemotaxis, granule release, intracellular calcium mobilisation, MAPK phosphorylation and gene expression in bovine neutrophils. Vet. Immunol. Immunopathol. 2013, 151, 275–284. [Google Scholar] [CrossRef]

	



Zhu, F.; Guan, Y.; Zhang, R. High-dose linoleic acid activated JAK2-STAT3 signaling pathway involved in cytokine production and lipogenesis in pancreatic exocrine cells. Curr. Mol. Med. 2016, 16, 668–676. [Google Scholar] [CrossRef]

	



Thompson, B.; Valeri, C.R. Arachidonic acid metabolism by platelets of differing size. Br. J. Haematol. 1983, 53, 503–511. [Google Scholar]

	



Liu, Y.T.; Li, X.Q.; Li, A.P.; Li, K.; Qin, X.M. UHPLC Q-Exactive MS-based spleen metabolomics and lipidomics to explore the effect mechanisms of Danggui Buxue Decoction in anemia mice. J. Pharm. Biomed. Anal. 2020, 185, 113234. [Google Scholar] [CrossRef]

	



Guo, M.; Zhang, J. Lipid metabolomic analysis of exosomes of osteonecrosis of the femoral head based on ultra performance liquid chromatography-tandem mass spectrometry. Chin. J. Chromatogr. 2022, 40, 123–129. [Google Scholar]

	



Anisimova, N.Y.; Ustyuzhanina, N.E.; Bilan, M.I.; Donenko, F.V.; Ushakova, N.A.; Usov, A.I.; Kiselevskiy, M.V.; Nifantiev, N.E. Influence of modified fucoidan and related sulfated oligosaccharides on hematopoiesis in cyclophosphamide-induced mice. Mar. Drugs 2018, 16, 333. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.; Kim, J.; Moon, C.; Kim, S.-H.; Hyun, J.W.; Park, J.W.; Shin, T. Radioprotective effects of fucoidan in mice treated with total body irradiation. Phyther. Res. 2008, 22, 1677–1681. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Z.; Zhang, Y.; Ai, C.; Wen, C.; Dong, X.; Sun, X.; Cao, C.; Zhang, X.; Zhu, B.; Song, S. Gut microbiota response to sulfated sea cucumber polysaccharides in a differential manner using an in vitro fermentation model. Food Res. Int. 2021, 148, 110562. [Google Scholar] [CrossRef] [PubMed]

	



Kong, Q.; Zhang, R.; You, L.; Ma, Y.; Liao, L.; Pedisić, S. In vitro fermentation characteristics of polysaccharide from Sargassum fusiforme and its modulation effects on gut microbiota. Food Chem. Toxicol. 2021, 151, 112145. [Google Scholar] [CrossRef] [PubMed]

	



Sun, T.; Xue, M.; Yang, J.; Pei, Z.; Zhang, N.; Qin, K.; Liang, H. Metabolic regulation mechanism of fucoidan via intestinal microecology in diseases. J. Sci. Food Agric. 2021, 101, 4456–4463. [Google Scholar] [CrossRef]

	



Tao, Y.; Lei, W.; Jianda, J.; Qingchuan, Y.; Fei, Z.; Chen, X.; Jianzhong, X. The protective effect of two kinds of marine polysaccharides on the 60Co radiation-induced damage to mice. Radiat. Prot. 2019, 39, 242–248. [Google Scholar]








[image: Marinedrugs 20 00201 g001 550] 





Figure 1. Effects of simulated digestive product of fucoidan from Sargassum fusiforme (DSFF) on the (A) body weight gain, (B) splenic index, and (C) thymic index of mice with cyclophosphamide-induced hematopoietic damage. ** p < 0.01, vs. control; # p < 0.05, ## p < 0.01, vs. model. 
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Figure 2. Effects of DSFF on bone marrow DNA content in cyclophosphamide-induced mice. Data are the mean ± standard deviation (n = 10). ** p < 0.01, vs. control; ## p < 0.01, vs. model. 
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Figure 3. PCA score plots of serum samples: (A) control vs. model in positive ion mode; (B) control vs. model in negative ion mode; (C) control vs. model vs. rhG-CSF in positive ion mode; (D) control vs. model vs. rhG-CSF in negative ion mode. 
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Figure 4. OPLS-DA score plot of serum samples from control group and model group in (A) positive ion mode and (B) negative ion mode. 
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Figure 5. Differential metabolite pathway analysis of serum samples in the control group and the model group. A: arachidonic acid metabolism; B: glycerophospholipid metabolism; C: alpha-linolenic acid metabolism; D: linoleic acid metabolism. 
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Figure 6. PCA and OPLS-DA score plots of serum samples between the control group, model group, and 3.6 μg/mL DSFF group under positive ion mode. (A): PCA score plot; (B): OPLS-DA score plot. 
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Figure 7. Effects of simulated digestive product of fucoidan from Sargassum fusiforme (DSFF) on the proliferation and differentiation of K562 cells. (A) Proliferative effect of DSFF on K562 cells using CCK-8 assay; (B) effects of DSFF on the differentiation of K562 cells using a benzidine-staining assay (10×, scale bar: 100 μm); (C) effects of DSFF on the erythroid differentiation of K562 cells using flow cytometry; (D) effects of DSFF on the megakaryocyte differentiation of K562 cells using flow cytometry; (E) effects of DSFF on the differentiation-related protein expression of K562 cells using Western blotting. Data are the mean ± standard deviation (n = 10). * p < 0.05, ** p < 0.01, vs. control. 
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Table 1. Effects of simulated digestive product of fucoidan from Sargassum fusiforme (DSFF) on white blood cell, neutrophil, and platelet counts in mice with cyclophosphamide-induced hematopoietic damage.
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Groups

	
First Day

	
Third Day

	
Fifth Day

	
Seventh Day




	
White Blood Cell Count (109/L, Mean ± SD)






	
Control

	
11.29 ± 2.83

	
12.21 ± 2.92

	
10.69 ± 3.81

	
14.55 ± 3.38




	
Model

	
4.46 ± 1.41 **

	
2.04 ± 1.16 **

	
3.85 ± 1.85 **

	
16.34 ± 3.58




	
rhG-CSF

	
4.48 ± 1.40 **

	
1.61 ± 0.52 **

	
11.03 ± 3.88 ##

	
26.81 ± 4.31 **##




	
1.8 mg/kg

	
4.50 ± 1.41 **

	
1.91 ± 0.72 **

	
10.21 ± 4.45 ##

	
22.44 ± 3.82 **##




	
3.6 mg/kg

	
4.50 ± 1.37 **

	
2.08 ± 0.78 **

	
8.39 ± 2.42 ##

	
18.20 ± 2.95




	
7.2 mg/kg

	
4.54 ± 1.46 **

	
1.72 ± 0.65 **

	
8.36 ± 3.40 ##

	
15.99 ± 2.57




	
Groups

	
Neutrophil Count (109/L, Mean ± SD)




	
Control

	
4.21 ± 1.53

	
4.83 ± 1.57

	
3.76 ± 1.14

	
4.41 ± 1.19




	
Model

	
2.22 ± 0.98 **

	
0.47 ± 0.38 **

	
2.31 ± 1.38 **

	
15.25 ± 4.01 **




	
rhG-CSF

	
2.09 ± 0.83 **

	
0.57 ± 0.42 **

	
9.25 ± 3.76 **##

	
24.11 ± 6.40 **#




	
1.8 mg/kg

	
2.03 ± 1.29 **

	
0.42 ± 0.27 **

	
7.86 ± 3.96 **##

	
20.28 ± 8.93 **#




	
3.6 mg/kg

	
2.26 ± 0.97 **

	
0.35 ± 0.18 **

	
6.39 ± 2.38 ##

	
16.65 ± 5.27 **




	
7.2 mg/kg

	
2.43 ± 1.62 **

	
0.63 ± 0.66 **

	
6.43 ± 3.05 ##

	
15.03 ± 4.33 **




	
Groups

	
Platelet Count (109/L, Mean ± SD)




	
Control

	
770.67 ± 58.75

	
758.07 ± 71.77

	
755.40 ± 135.06

	
758.20 ± 66.65




	
Model

	
769.33 ± 91.33

	
498.47 ± 70.46 **

	
359.27 ± 99.7 **

	
638.86 ± 179.33




	
rhG-CSF

	
813.93 ± 115.15

	
499.6 ± 91.21 **

	
360.33 ± 88.62 **

	
709.87 ± 117.90




	
1.8 mg/kg

	
794.53 ± 58.65

	
445.93 ± 112.51 **

	
422.73 ± 69.20 **

	
850.71 ± 144.16 #




	
3.6 mg/kg

	
815.33 ± 116.58

	
467.8 ± 99.03 **

	
362.00 ± 106.44 **

	
771.80 ± 180.70




	
7.2 mg/kg

	
858.40 ± 118.22

	
404.73 ± 124.02 **

	
347.93 ± 116.03 **

	
849.2 ± 256.08 #








Data are the mean ± standard deviation (n = 10). ** p < 0.01, vs. control; # p < 0.05, ## p < 0.01, vs. model.
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Table 2. Results of identified key potential biomarkers (M: model group; C: control group; R: rhG-CSF group; D: DSFF group).
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	No.
	tR/min
	m/z
	HMDB ID
	KEGG
	Formula
	Adduct
	Identification
	M vs. C
	R vs. M
	D vs. M





	1
	11.98413
	496.3399
	HMDB0061709
	-
	C24H50NO7P
	M+H, M+Na
	2-palmitoyl-sn-glycero-3-phosphocholine
	↓
	
	↓



	2
	12.46675
	508.3765
	HMDB0013122
	C04230
	C26H54NO6P
	M+H, M+Na
	LysoPC (P-18:0)
	↓
	↑
	



	3
	13.00928
	806.5689
	HMDB0007991
	C00157
	C46H80NO8P
	M+H
	PC (16:0/22:6)
	↓
	
	



	4
	13.68895
	327.2332
	HMDB0002183
	C06429
	C22H32O2
	M-H
	Docosahexaenoic acid
	↓
	
	



	5
	14.0069
	810.6000
	HMDB0008464
	C00157
	C46H84NO8P
	M+H
	PC (20:4/18:0)
	↓
	
	↓



	6
	14.58425
	465.3047
	HMDB0000653
	C18043
	C27H46O4S
	M-H
	Cholesterol sulfate
	↓
	
	



	7
	14.57367
	760.5846
	HMDB0008295
	C00157
	C42H82NO8P
	M+H
	PC (20:1/14:0)
	↓
	
	↑



	8
	16.48282
	768.5891
	HMDB0013407
	-
	C44H82NO7P
	M+H
	PC (16:0/20:4)
	↓
	
	



	9
	16.5502
	812.6139
	HMDB0008399
	C00157
	C46H86NO8P
	M+H-H2O, M+H
	PC (20:3/18:0)
	↓
	↑
	



	10
	16.7293
	742.5735
	HMDB0008159
	C00157
	C42H80NO7P
	M+H
	PC (18:2/P-16:0)
	↓
	
	



	11
	16.8413
	811.6675
	HMDB0012091
	C00550
	C45H93N2O6P
	M+Na
	SM (d18:0/22:0)
	↓
	↑
	↑



	12
	17.3122
	806.569
	HMDB0008339
	C00157
	C46H80NO8P
	M+H
	PC (20:2/18:4)
	↓
	
	



	13
	17.42562
	780.5533
	HMDB0008495
	C00157
	C44H78NO8P
	M+H
	PC (20:5/16:0)
	↓
	
	↓



	14
	17.44898
	756.553
	HMDB0008199
	C00157
	C42H78NO8P
	M+H
	PC (18:3/16:0)
	↓
	
	



	15
	17.78938
	627.5344
	HMDB0007171
	-
	C41H72O5
	M+H-H2O
	DG (18:0/20:4)
	↓
	
	↓



	16
	18.01642
	806.5687
	HMDB0008212
	C00157
	C46H80NO8P
	M+H
	PC (18:3/20:3)
	↓
	
	







Note: “↑” and “↓” represent higher and lower content expression between two groups.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
@ ®)

[EE
2 = £ o & s s
e Comcenration Gty
e » H
P i
:
i

®






media/file4.png
L
'\
e

(89%y) ddueqaosqy





nav.xhtml


  marinedrugs-20-00201


  
    		
      marinedrugs-20-00201
    


  




  





media/file2.png
—_— &
(%)xapuj uaadg

L

il

—
~~
@ s

cL
M o8 22 £
N EEE
ESEx e
O 7 R o -
1L
-~
@
v, =
-
b Kag]
—
L
= - o~ =]
o ~ —

(3) yyBrapn Apog

(A)





media/file5.jpg
)

A ool
e

LA

b
waxt2) - o113

A
@

+rocs

ENipse: woeting’

w00 EI——
o e
» o
¥ o
o 0 A u*
a PR W TS
. g /
&

R - 0.3

ENipse: otetling





media/file3.jpg
®9y)
94
UL
sq
\4





media/file1.jpg
Y





media/file7.jpg
@ Aot

i
! 1 oo
ol [ .:{

- A
20007\ -
il
P

B o IS 2no) =

AP e weretting






media/file10.png
-l0g10(p)
15

2.5

2.0

10

( Jev

0.00 0.05 0.10 0.15 0.20 0.25

Pathway Impact





media/file12.png
A Ctrl

. Model
Yr DSFF

T T T

I
-10 g

1
=20

R2X[2] = 0.137

Ellipse: Hotelling

rrnulenr iy puan
-

1.00773 * t[2]
o

: e
—‘IDOO—; *

b,

A

|-

-4000
-8000 -6000 -4000 -2000

0

T T T [ T T T [ T T T [ T T

2000 4000 6000

1.00059 * t[1]

R2X[2] = 0.0344

A Ctrl
@ Model
'z DSFF

Ellipse: Hotelling





media/file9.jpg
-log10(p)

15

25

20

10

®
D
c
@
A
Q
?
000 005 010 015 020 025

Pathway Impact





media/file0.png





media/file14.png
(A)

(€)

Counts

(E)

Cell Viability (% of Control)

150 R
« T _
120F o o

90F

60

30

Ctrl 6.3 12.5 25

50 100

Concentration (pg/mL)
5
' E
— Ctrl ‘ =
— 6.3 pg/mL S 10
= 12.5 Hg:’mL 3 =
— 25 pg,.:mL . 1. 2 gh
— 50 pg/mL /\ =
(]
e}
- - ‘ _— m
o~
a
: e
w
§
o o o w o E O ’
= Ctrl
BL1-H :: FITC-H P
FITC-CD235a =
§ & &y
S P ,@
& e AD AN >
o e N VoA N

c-Myc

GATAL R o o o
GAPDH w

LN PN v b . o

(B)

% %

Relative Expression Levels

2.0

1.6

1.2

Concentration (pg/mL)

-

25 pg/mL

(D) -

BB PR AN T ] P T o e
6.3 pg/mL 12.5 pg/mL

50 pg;"lﬁL -

Taa

Tae

e Ctrl
— 6.3 ugn

— 12.5 pgh
— 25 pgh
— 50 pg/m

e ! — § g
&

N
ID1 102 103 104 105

RL1-H = APC-H

APC-CD41
Ctrl mm— 6.3 pg/mL
25 pg/mL === 50 pg/mL

o
EEd
o

HEIRRRRRRRRNRRNNRRRENRI,

Benzidine-positive Cells (%)

The Expression of CD41 (% of Control)

n
=
1

30F

Ctrl

Concentration (ug/mL)

30
P
24}
ok
18| *k

¥

Ctrl 6.3

125 25 50

Concentration (ug/mL)

s 2.5 png/mL
s |00 pg/mL
e

RSK1 p90

c-Myc

2
> [MITIITITH





media/file8.png
(A) Ac B A

A A
6000~ @ Mode 3004 @ Model
4000 200-;
T 2000- AA} T 100
I ‘ﬁ 5 A
22000~ Z-1007 ‘A‘
-4000- -200—;
-6000- 300
-8000 +———""T"r—r 1Tt '400:""l""l""l""l"""'f[""lf"'l""l":
-8000 -6000 -4000 -2000 O 2000 4000 6000 -500 -400 -300 -200 -100 0 100 200 300 400
1.00177 * t[1] 1.00503 * t[1]

R2Xo[1] = 0.267 Ellipse: Hotellin R2Xo[1l] = 0.177 E1lipse: Hotelling





media/file11.jpg
@ A
e
eosse

W s
(2] = 0.137 [iT—— 212 = 0.0 ™ inigge: wraning





media/file6.png
A B
( )‘k B A Control ( ) ‘l A Control
20-] /,/"#f H““mh @ Model 15 — T @ Vode
15 y \ 10 s “\\
y . y 1_

§ Y _ ®9 \
12-: I/ Aoy \ 5- y AA e N

t[2]
Lan]
/-'—" -
b
da
t[2]
L)
>
>
>
S |

-5-— . 5 _ 2 ;
- LY . //“ 5 5 \ ‘ /
104\ ] \ /
] b -10 . /
-15- “x\\\' - \N,xh _,_.r"".’;#
-20 ] N““*R i ’__,,,f”‘ =15 e | e
—25 ; T T T T __'—l T T T — _20 L 1 I I i 1 ! ! 1 L 1 L | ! ! -
B 1] -20 S 0 10 20 25 -20 -15 -10 -5 0 5 10 15 20
t[1] t] . .
R2X[2] = 0.154 Ellipse: Hotelling® R2X[2] = 0.142 Ellipse: Hotelling
C D
15 //'f T~ @ Model 15 - — @ Model
J 7 \ + rhG-CSF 7 —~ + _‘_““‘\“-‘.\_‘_ + rhiG-CSF
10 4 N 10- o + K
. J \ : g
|/ o% s - \
e M / a ‘+ . f A g + \
Sl 16 N i
= | j = 1 ‘ RE |
-5 \ iit} / = A A“‘ % /
. \ / | \ y
-10 N /) y -10 \ S
| \\“‘- // . . . H’;f,/‘
-154 \“-MH il : =151 — | @
-20 ' T ' T e T ' T - A i e e e O I — T T T T T T T
-30 -20 -10 0 10 20 -25 20 -15 10 -5 O 5 =10 15 20

1 1
Rex[2] = 0.113 E1lipse: Hotelling'. R2x[2] = 0.143 Ellipse: Hotelling





