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Angelica sinensis is a long-standing medicine used by Chinese medical practitioners and well-known for its blood-tonic and blood-activating effects. Ferulic acid, ligustilide, and eugenol in Angelica sinensis activate the blood circulation; however, the material basis of their blood-tonic effects needs to be further investigated. In this study, five homogeneous Angelica sinensis polysaccharides were isolated, and their sugar content, molecular weight, monosaccharide composition, and infrared characteristics determined. Acetylphenylhydrazine (APH) and cyclophosphamide (CTX) were used as inducers to establish a blood deficiency model in mice, and organ indices, haematological and biochemical parameters were measured in mice. Results of in vivo hematopoietic activity showed that Angelica sinensis polysaccharide (APS) could elevate erythropoietin (EPO), granulocyte colony-stimulating factor (G-CSF), and interleukin-3 (IL-3) serum levels, reduce tumor necrosis factor-α (TNF-α) level in mice, and promote hematopoiesis in the body by regulating cytokine levels. Biological potency test results of the in vitro blood supplementation indicated strongest tonic activity for APS-H2O, and APS-0.4 has the weakest haemopoietic activity. The structures of APS-H2O and APS-0.4 were characterized, and the results showed that APS-H2O is an arabinogalactan glycan with a main chain consisting of α-1,3,5-Ara(f), α-1,5- Ara(f), β-1,4-Gal(p), and β-1,4-Gal(p)A, and two branched chains of β-t-Gal(p) and α-t-Glc(p) connected to each other in a (1→3) linkage to α-1,3,5-Ara(f) on the main chain. APS-0.4 is an acidic polysaccharide with galacturonic acid as the main chain, consisting of α-1,4-GalA, α-1,2-GalA, α-1,4-Gal, and β-1,4-Rha. In conclusion, APS-H2O can be used as a potential drug for blood replenishment in patients with blood deficiency, providing a basis for APS application in clinical treatment and health foods, as well as research and development of new polysaccharide-based drugs.
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1 INTRODUCTION
Angelica sinensis is the dried root of the Umbelliferae plant Angelica sinensis (Oliv.) Diels, belonging to variety of Chinese medicinal herbs with the same source of food and medicine, which are mentioned in” Shen Nong’s Herbal Classic” and are revered as sacred remedies for blood-related conditions (Chen et al., 2019). Angelica sinensis contains various active ingredients and exhibits a broad spectrum of pharmacological effects, particularly known for its ability to fortify and stimulate blood circulation. Angelica sinensis has a clear material basis for activating blood circulation. Chemical components such as ferulic acid, ligustilide and eugenol demonstrate potent antiplatelet properties, contributing to reduced platelet aggregation and improved blood rheology (Zhu, 2019). However, the material basis of the blood tonic effect needs to be researched further.
Blood deficiency syndrome (BDS) is commonly treated in traditional Chinese medicine (TCM). It is a pathological state of blood deficiency and loss of nourishment of the internal organs and veins caused by excessive blood loss or injury to the spleen and stomach, resulting in insufficient blood in the middle jiao, insufficient sources of qi and blood biochemistry, and blood stagnation (Zhang et al., 2011). Blood deficiency characterized by blood reduction in quantity can be regarded as clinical anemia (Qian and Pan, 2018). Tumors, infections, drug side effects, and radiation therapy can also cause anemia symptoms. Anemia diagnostic indices are mainly hemoglobin concentration (HGB) and the number of red blood cells (RBC) lower than the normal standard (Huang, 2005). Hematopoietic growth in factors refers to a group of active proteins that facilitate the differentiation, proliferation, and directed maturation of hematopoietic cells in the bone marrow. These include IL-3, G-CSF, EPO, and thrombopoietin (TPO), which can regulate the proliferation and differentiation of blood cells and play a role in hematopoietic supplementation by promoting hematopoietic growth factor secretion. Clinically, anemia is mainly corrected by supplementing with iron, vitamin B12 and other drugs, but these may cause gastrointestinal discomfort, allergies, and other side effects. Many TCMs and compound formulas have the effect of tonifying and nourishing blood, such as, Angelica Sinensis (Liu et al., 2010), Radix Rehmanniae Preparata (Liu Y. Y. et al., 2022), Polygonati Rhizoma (Wang et al., 2022), Panax Notoginseng (Chen et al., 2023), Si Wu Tang (Liu Y. Y. et al., 2022), and Danggui-Buxue-Tang (Huang et al., 2016).
Polysaccharides exhibit extensive potential applications within the medical and nutraceutical sectors. Owing to their excellent biocompatibility, multifaceted bioactivities, abundant availability, minimal toxicological profiles, and capacity to serve as efficient drug delivery vehicles, polysaccharides are poised to emerge as prospective therapeutic agents or drug vectors for both the treatment and prophylaxis of various diseases. Currently, drugs made from astragalus, mushroom, poria, Ganoderma lucidum, and ginseng polysaccharides have been approved and marketed in China and are widely used in the fields of immune regulation and antitumor activity (Bai et al., 2021). APS is one of the main active ingredients of Angelica sinensis and has various pharmacological activities, including antitumor (Cao et al., 2010), antioxidant (Pan et al., 2018), immunomodulatory (Wang et al., 2016), hematopoietic (Lee et al., 2012), and hepatoprotective effects (Cao et al., 2018). Its physicochemical properties and biological activities are closely related to its monosaccharide composition, relative molecular mass, conformation, glycosidic bond position, and advanced conformation (Wang et al., 2011). APSs delay premature senescence of hematopoietic cells by down-regulating Wnt/β-catenin signaling (Niu et al., 2023). APS reverses D-gal-induced hematopoietic degeneration in a rat model of senescence by attenuating oxidative stress in the hematopoietic microenvironment (Jing et al., 2023). APS reverses CFA-induced anaemia in rats with arthritis by inhibiting the activation of IL-6/JAK2/STAT3 signalling pathway induced by complete Freund’s adjuvant (CFA) (Li et al., 2020). Among the various chemical components with blood replenishing effects in Angelica sinensis soup, the blood replenishing effect of APS was the most significant (Ning et al., 2002). Studies have shown that the active components of Angelica sinensis play have blood tonic effects (Liu et al., 2010), mainly APSs. Lee JG et al. (Lee et al., 2012). Isolated the highest hematopoietic activity of the F2 component of monosaccharides arabinose (Ara) (51.82%), fructose (Fru) (1.65%), galactose (Gal) (29.96%), glucose (Glc) (4.78%) and galacturonic acid (GalA) (14.80%), but the primary structure has not yet been fully analyzed, and the conformational relationship remains unclear.
Consequently, this study aimed to extract a series of homogeneous APSs to elucidate their physicochemical properties and structural characteristics. Furthermore, the research endeavored to delve into the hematopoietic effects of these polysaccharides, both in vivo and in vitro, to identify the main sites of hematopoiesis and their structures. Additionally, the study sought to investigate the possible relationship between their structural features and hematopoietic activities. These results provided a theoretical basis for the application of APSs in food and medicine, as well as research and development basis for new polysaccharide-based drugs.
2 MATERIAL AND METHODS
2.1 Materials and chemicals
Fresh roots of Angelica sinensis were grown in Min County, Gansu Province, in July 2022 (Gansu, China). Human erythroleukemia cell line K562 was obtained from Nanjing Beijia Biotechnology Co., Ltd. (Beijing, China). Specific pathogen-free (SPF)-grade male Kunming mice were purchased from Scribes Biotechnology Co. Ltd. (Henan, China). Glucosamine (GlcN), Mannose (Man), rhamnose (Rha), glucuronic acid (GlcA), GalA, Glc, Gal, Ara, cyclophosphamide (CTX), acetylphenylhydrazine (APH), Hemin, macroporous adsorption resin D101, DEAE Sephadex A-25, and Sephadex G-100 were purchased from Yuanye Biotechnology Co., Ltd. (Shanghai, China). T-series dextran standards, T-1 (Mw = 1000), T-10 (Mw = 10,000), T-40 (Mw = 40,000), T-100 (Mw = 100,000), and T-500 (Mw = 500,000) were purchased from Solaybao Technology Co., Ltd. (Beijing, China). EPO, G-CSF, IL-3, and TNF-α enzyme-linked immunosorbent assay (ELISA) kits were purchased from Hunan Aifang Biotechnology Co., Ltd. (Hunan, China). RPMI 1640-fetal bovine serum (FBS) culture medium was purchased from Beijia Biotechnology Co., Ltd. (Nanjing, China). Cell proliferation and activity detection kit CCK-8 obtained from Biyuntian Biotechnology Co., Ltd (Shanghai, China) was used. dimethyl sulfoxide (DMSO) (Yifeixue Biotechnology Co., Ltd., Nanjing, China), trifluoroacetic acid (TFA) and 5-methyl-2-phenyl-1,2-dihydropyrazole-3-one (PMP) (Macklin Biochemical Technology Co., Ltd., Shanghai, China), and deuterium oxide (Innokai Technology Co. Ltd., Beijing, China) were used. All chemical reagents were of analytical grade.
2.2 Extraction isolation and purification of the polysaccharide
Extraction: Slices of Angelica sinensis were extracted using 12 volumes of pure water. The process was repeated twice for 1.5 h each time. The extracts were concentrated and then mixed with 95% ethanol to achieve an 80% alcohol content, and the mixture was left at 4°C for 24 h for alcohol precipitation. The precipitate was collected and then redissolved. Sevag reagent (chloroform:nbutanol = 4:1, the volume ratio of organic solvent to polysaccharide solution was 1:3) was added to remove the protein until the protein gel layer disappeared. The polysaccharide solution was collected; pigments on the upper layer were removed using a large pore adsorption resin, and the eluate was dialyzed with flowing distilled water.
Separation and purification: 0.5 g/mL of APS was firstly separated on a DEAE Sephadex A-25 (80 cm × 3 cm) column, and then eluted with distilled water, 0.1, 0.2, 0.3, and 0.4M NaCl aqueous solution. The flow rate was 1.0 mL/min, and the eluent was collected at 5 mL/tube after the flow rate stabilized. The polysaccharide content in the eluate was determined using the phenol-sulfuric acid method. The elution curve was plotted with the number of tubes as the horizontal coordinate and the absorbance as the vertical coordinate. The preliminary purified fractions were collected, dialyzed, concentrated, and lyophilized. Further purification was performed on a Sephadex G-100 column (80 cm × 2.5 cm) and eluted with distilled water. The purified fractions were named APS-H2O, APS-0.1, APS-0.2, APS-0.3, and APS-0.4, respectively.
2.3 Determination of the polysaccharide content
The total sugar content of each sample was determined using the phenol–sulfuric acid method.
2.4 Determination of the molecular weight
Waters liquid chromatograph with an evaporative light scattering detector (ELSD) (pipette temperature of 115°C, airflow rate of 3.2 L/min) was used with ultrapure water as the mobile phase and a TSK-GEL G3000PWXL column at a flow rate of 0.8 mL/min. The polysaccharide sample and the series of Dextran standard were weighed precisely, dissolved in distilled water and prepared into a 5 mg/mL solution. Retention times of the polysaccharides were measured as T500, T100, T40, T10, and T1 for each of the standards and plotted against the retention times with logMw to obtain standard curves. Retention time of the polysaccharide was measured and the molecular weight was calculated from the standard curve.
2.5 Analysis of the monosaccharide components
The monosaccharide composition of the polysaccharide samples was determined by complete acid hydrolysis combined with PMP precolumn derivatization (Li et al., 2015). 1 mL of 1 mg/mL polysaccharide sample solution was poured into a hydrolysis tube, and 1 mL 4M TFA was added. N2 was used to remove air inside the tube and sealed, followed by hydrolysis in an oven at 110°C for 8 h. After the TFA was removed, 1 mL 0.6M NaOH solution was added to the tube and mixed well. Then 2 mL of 0.5 M PMP methanol solution was added to the mixture, vortexed to mix well, and reacted in a water bath at 70°C for 100 min. After cooling to room temperature, 2 mL of 0.3M HCl was added to neutralize and the mixture was spin-dried under reduced pressure. The extraction solution (chloroform: water = 1:1) was added to extract three times and the aqueous phase was passed through a 0.22 μm filter membrane on the machine to measure. Eight standard monosaccharides were subjected to the same treatment. The mobile phases were ammonium acetate aqueous solution (100 mmol/L, pH5.1) and acetonitrile (81:19, v/v) at a flow rate of 1.0 mL/min and detection wavelength of 250 nm.
2.6 Fourier transform-infrared (FT-IR) spectroscopy
The samples were prepared by KBr compression method and analyzed by Fourier transforminfrared spectrometer scanning in the wavelength range of 4000–400 cm-1 to determine the charact-eristic absorption peaks of each polysaccharide sample.
2.7 Methylation analysis
In this experiment, the methylation analysis of polysaccharide samples was performed by the Needs method. Briefly, polysaccharides were reduced with carboxymethyl cellulose (CMC) reagent, dried, and methylated by adding anhydrous DMSO, NaOH, and CH3I; this procedure was repeated until the broad peaks around 3400 cm-1 in the IR spectrum of the samples disappeared. Then formic acid and TFA were added for hydrolysis, spin-dried and reduced by adding 0.5M NaBH4 dilute base solution, acetylated by adding acetic anhydride:pyridine (1:1), spin-dried and extracted with extraction solution (chloroform:water = 1:1), and the organic phase was taken for on-line detection.
Gas chromatography–mass spectrometry (GC-MS) conditions:
Column: Agilent HP-5MS quartz capillary column (30 mm × 250 um×0.25 um).
Program warming: start from 100°C, keep 3 min, 20°C per minute, rise to 200°C and keep continuing for 5 min, 3°C per minute, rise to 230°C and keep continuing for 2 min, 10°C per minute, rise to 280°C and keep continuing for 8 min.
Inlet temperature: 200°C
Ion source EI: 230°C 70 eV
Carrier gas: N2
Carrier gas flow rate: 1 mL/min
Mass spectral scanning range (m/z): 40–400
2.8 Nuclear magnetic resonance (NMR) spectroscopy
Fifty milligrams (50 mg) of APS-H2O and APS-0.4 samples were each taken, fully dried, and 1 mL of heavy water added to them. They were then freeze-dried for 48 h, replaced three times, and 0.5 mL of heavy water was added and transferred to HMBC NMR tubes for one-dimensional 1H-NMR, 13C-NMR, and two-dimensional 1H–1H COSY, HSQC, HMBC, and NOESY spectroscopic analyses.
2.9 Evaluation of blood tonifying efficacy in vivo
The test animals were 6-week-old SPF-grade male Kunming mice, weighing 18–22 g, purchased from Henan Skebes Biotechnology Co. Ltd. (Certificate No.: SCXK (Yu) 2020-0005). After being acclimatized to the environment for 7 days, the mice were divided into six groups of 10 mice each: normal control (NC), blood deficiency model (MOD), positive control (FEJ, 20 mL/kg), APS low dose (APS-L, 100 mg/kg), APS medium dose (APS-M, 200 mg/kg), and APS high dose (APS-H, 400 mg/kg) groups. NC and MOD groups were given equal amount of distilled water by gavage at the same time of the day for nine consecutive days. Except for the NC group, all other groups were injected subcutaneously with APH saline solution (at doses of 20 mg/kg and 40 mg/kg, respectively) on the 2nd and 5th days of administration, and CTX saline solution (40 mg/kg) was injected intraperitoneally every day for four consecutive days from the 5th day onwards (He et al., 2012). The CN group was injected with an equal volume of saline solution.
2.9.1 Body weight gain
The body mass of each group of mice on the first and last day of the test was determined, and the formula for calculating the change in body mass was: change in body mass (g) = body mass of mice (d10) - body mass of mice (d1).
2.9.2 Organ index
The liver, spleen and thymus were dissected with scissors and rinsed with 4 °C saline to remove blood stains. Surface fat and connective tissues of the organs were then stripped clean, the water was absorbed by filter paper, and the mass of spleen and thymus were weighed. The thymus and spleen indices were obtained according to the following formulas: thymus index = thymus weight (mg)/rat weight (g) × 10 and spleen index = spleen weight (mg)/rat weight (g)*10.
2.9.3 Blood routine test
In each group, blood was pre-diluted using EDTA anticoagulated blood collection tubes 24 h after the last drug administration and subjected to routine blood tests with an automatic blood analyzer. The calculation was performed to determine the number of RBC, white blood cells (WBC), HGB, hematocrit (HCT), and platelet (PLT) content in the whole blood of each group of mice.
2.9.4 Changes in serum biochemical indicators in mice
The blood was allowed to stand at room temperature for 30 min, then the samples were centrifuged at 3000 rpm for 15 min, and the upper layer of serum was used for the biochemical indexes. The methods for the determination of EPO, G-CSF, IL-3, and TNF-α were strictly in accordance with the analysis kits manufacturers’ instructions.
2.10 Determination of blood supplementation potency in vitro
2.10.1 Cell lines and culture
Human myeloid leukemia K562 cell line was selected and cultured in RPMI 1640 medium containing 10% fetal bovine serum in a cell culture incubator at 37°C, 5% CO2, and fully saturated humidity. The cells were passaged every 2–3 days. Logarithmic growth phase cells were used for the experiment.
2.10.2 Blood supplementation potency determination
Blood replenishment potency of each APS was measured by the method of blood replenishment bioefficacy of Angelica sinensis tablets established by the research group in the early stages of the study. The hemoglobin level of each APS was repeated, and the effects of different concentrations of the standard and the test material on the relative hemoglobin content were analyzed. The concentration range with significant and quantity effect correlation was selected, and the blood replenishment potency of each APS was calculated according to formula 1 within this range (Liu H. H. et al., 2022).
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Note: The dose groups d1, d2, and d3 of the standard substance (S) and test substance (T) corresponded to low, medium, and high doses, respectively, and the ratio between the two doses was 1:0.5.
3 RESULTS
3.1 Isolation and purification of APS
The elution profile of APS on a DEAE Sephadex A-25 is shown in Figure 1, which was sequentially eluted with distilled water and solutions of 0.1, 0.2, 0.3, and 0.4 M NaCl. Each fraction was sampled separately on a Sephadex G-100 column for further purification, resulting in five pure polysaccharide fractions. The elution profile of these fractions is shown in Supplementary Figure S1. These samples were named APS-H2O, APS-0.1, APS-0.2, APS-0.3 and APS-0.4.
[image: Figure 1]FIGURE 1 | Purification of APS on DEAE Sephadex A-25 column.
3.2 The content of APS
The standard curve equation for Glc based on ultraviolet-visible (UV-Vis) spectrophotometry was y = 0.0114x+0.0256 (R2 = 0.9991), and the sugar contents of APS-H2O, APS-0.1, APS-0.2, APS-0.3 and APS-0.4 were measured to be 91.82, 93.05, 90.25, 89.19, and 92%, respectively.
3.3 Determination of the molecular weight
The purity and molecular weight of polysaccharides are prerequisites for studying their properties. In this experiment, the molecular weight of each APS was determined by the HPSEC-ELSD method, and the standard curve equation was y = −0.5493x+8.9252 (R2 = 0.9975). The results of the HPSEC-ELSD determination are shown in Supplementary Figure S2. Each APS sample showed a single peak on the HPLC chromatogram and was a homogeneous polysaccharide. The molecular weights of APS-H2O, APS-0.1, APS-0.2, APS-0.3, APS-0.4 were 6.02×105, 4.27×105, 1.47×105, 1.25×105, and 1.37×105, respectively.
3.4 Monosaccharide composition
The composition of the APS monosaccharides varied with the different extraction processes, with the results depicted in Figure 2. APS-H2O, APS-0.1, APS-0.2, and APS-0.3, all consisted of Man, Rha, GalA, Glc, Gal, and Ara; whereas APS-0.4 contains no Ara and is mainly composed of Gal A. Some differences in the content of each monosaccharide were observed, reflected in the different molar ratios of the monosaccharides. Ara content gradually decreased with increasing eluent polarity in the DEAE column. The peak area of the derivatives of each polysaccharide after complete acid hydrolysis was substituted into the standard curve to determine the concentration of each monosaccharide and obtain the molar ratio between the monosaccharide components in the polysaccharide. The molar ratios are as follows:
[image: Figure 2]FIGURE 2 | Monosaccharide composition of polysaccharides.
APS-H2O: Man:Rha: GalA: Glu: Gal: Ara = 0.23:1.00:1.22:0.39:4.83:6.21;
APS-0.1: Man:Rha: GalA: Glu: Gal: Ara = 0.17:1.00:1.18:1.53:2.88:5.19;
APS-0.2: Man:Rha: GalA: Glu: Gal: Ara = 0.09:1.00:3.50:2.30:4.13:4.25;
APS-0.3: Man:Rha: GalA: Glu: Gal: Ara = 0.12:1.00:5.43:0.92:2.24:3.31;
APS-0.4: Man:Rha: GalA: Glu: Gal = 0.20:1.00:9.88:0.59:1.39.
3.5 FT-IR analysis
The infrared scanning results for each polysaccharide sample are shown in Figure 3. The infrared scanning results of APS-H2O, APS-0.1, APS-0.2, APS-0.3, APS-0.4 are similar, with similar peak positions and typical absorption peaks of polysaccharides. Broad peak of 3700–3100 cm-1 is the stretching vibration peak of the -OH functional group of the polysaccharide samples, and the peak at 3000–2900 cm-1 was the stretching vibration absorption peak of C-H (Cao et al., 2006), which was weaker. The peak at 2900 cm-1 is the C-H stretching vibration absorption peak, which is weak because of the easy moisture absorption by the polysaccharide sample. The signal near 1613 cm-1 is the O-H deformation vibration produced by polysaccharides containing bound water (Liu et al., 2019). The peak at 1745 cm-1 is the absorption peak caused by the stretching vibration of C=O (-COOH or -CHO functional group) (Zhang et al., 2016), and the absorption peaks of polysaccharides are different in strength, which means that the peaks are different from one another. The absorption peaks near 1427 cm-1 were C-H bending vibration peaks (Li et al., 2020). the three peaks 1019, 1100, and 1249 cm-1 in the range of 1300–1000 cm-1 were C-O stretching vibration peaks of pyranose, indicating the existence of the pyranose ring. the peaks in the range of 880–830 cm-1 indicated the existence of α-glycosidic bonds (Kong et al., 2015). and the peaks near 770 cm-1 were D-O (-COOH or -CHO functional groups) absorption peaks, indicating the existence of different polysaccharides. The peak near 770 cm-1 is the symmetric telescopic vibration of the D-glucopyranose ring, indicating the presence of the pyranose ring structure of the polysaccharide (Wang et al., 2016).
[image: Figure 3]FIGURE 3 | FT-IR spectrum of APS-H2O, APS-0.1, APS-0.2, APS-0.3 and APS-0.4.
3.6 Methylation analysis
After hydrolysis, reduction and acetylation of APS-H2O, the corresponding partially methylated alditol acetate (PMAA) was obtained, and the total ion flow chromatograms obtained by GC-MS detection and analysis are shown in Supplementary Figure S3. The GC chromatogram of APS-H2O showed nine major peaks, which were combined with the tandem mass spectrometry results of the characteristic fragments, the monosaccharide composition data and the PMAA standard database of the Centre for the Study of Complex Carbohydrates, Georgia University, United States (http://www.ccrc.uga.edu/specdb/ms/pmaa-/pframe.html). The nine peaks were identified as: t-Glc(p); 3-Ara(f); 5-Ara(f); t-Gal(p); 3,5-Ara(f); 2,4-Rha(p); 4-Gal(p); 6-Gal(p); 3,6-Glc(p). The ratio between each sugar residue was calculated based on the peak area of PMAA on GC with the corresponding response factor. The above results are summarised in Table 1. The major bond types in APS-H2O were 1,3,5-Ara(f), 1,5- Ara(f), 1,4-Gal(p), and t-Glc(p), with proportions of 30.64, 24.49, 14.00, and 11.72%, respectively. We hypothesized that APS-H2O has a main-chain structure consisting of 1,3,5-Ara(f), 1,5- Ara(f), and 1,4-Gal(p).
TABLE 1 | Methylate analysis data of APS-H2O.
[image: Table 1]3.7 NMR spectrum analysis
Observing the 1H NMR spectrum of APS-H2O (Figure 4A), heterohead hydrogen signals of 5.17, 5.08, 5.05, 4.57, 4.54 ppm were found in the heterogeneous head region (4.3–5.5 ppm);13C NMR spectrum (Figure 4B), carbonyl carbon signal of glucuronic acid (173.88 ppm) was found within 150–220 ppm, attributed to Gal carbonyl carbon signal of C6 of glyoxalate. The heterocarbon signals were 107.44, 107.11, and 104.37 ppm, and the signal in the range of 55–66 ppm was the exocyclic methylene-CH2-proton signal of the residual sugar pyran or furan ring, which in combination with the composition of the residual sugar, was attributed to C6 of the Gal residual sugar at 61.13 ppm.
[image: Figure 4]FIGURE 4 | 1D and 2D NMR spectra of APS-H2O. (A) 1H NMR. (B) 13C NMR. (C) COSY. (D) HSQC. (E) HMBC. (F) NOESY.
In the HSQC spectrum (Figure 4D), the H/C correlation signals observed in the heterogeneous head region were indicative of specific monosaccharide compositions and methylated residual sugar types. These signals, with chemical shifts of 5.09/107.05, 5.04/107.44, 4.58/104.24, and 4.55/104.37 ppm, respectively, Based on the magnitude of the heterohead hydrogen intensity of the hydrogen spectra, the residual sugar corresponded to the probable residual sugar attributed to them in order α-1,3,5- Ara(f), α-1,5-Ara(f), β-1,4-Gal(p), β-t-Gal(p). After 5.04 ppm of isocaprotic hydrogen was attributed to isocaprotic hydrogen H1 in the α-1,5-Ara(f) residual sugar, the signal associated with it was found to be 4.15 ppm based on the 1H–1H COSY spectrogram (Figure 4C), confirming the position of H2 as 4.15 ppm, which, in combination with the HSQC spectrogram, confirms that the signal of H2/C2 is 4.15/76.59. Using this method, we continued to detect signals for H3/C3, H4/C4, and H5/C5 at 3.96/76.59, 3.82/66.30, and 4.22/82.27 ppm. Using the same methodology, the possible attributions of each position of the four main residual sugars, α-1,3,5-Ara(f)、α-1,5-Ara(f), β-1,4-Gal(p), and β-t-Gal(p) were determined (Table 2).
TABLE 2 | Chemical shift assignment of glycosidic linkages in APS-H2O and APS-0.4.
[image: Table 2]In the nuclear overhauser effect spectroscopy (NOESY) spectra (Figure 4F), in the region of heterocapital hydrogens of the residual sugar, α-1,5-Ara(f), three signals were found as: 5.04/4.15, 5.04/3.82, and 5.04/4.22, which identified the Ara residual sugar as a furan-type residual sugar and the presence of a 1→5 glycosidic bond linkage. Similarly, the correlation signal of residual sugar α-1,3,5-Ara(f) was identified as 5.09/4.22, confirming the presence of a 1,5 linkage to residual sugar α-1,5-Ara(f) with the presence of a glycosidic bond. The NOESY signals of 4.55/4.15 for the residual sugar β-t-Gal(p) confirmed the existence of a 1,3-linked glycosidic bond with the residual sugar α-1,3,5-Ara(f), which is presumed to be a constituent part of the side chain. In the heteronuclear multiple bond correlation (HMBC) spectra (Figure 4E), in the α-Ara(f) residual sugar, the isocaprotic hydrogen correlation signals were 5.04/76.59, 5.04/82.27, indicating that the heterohead hydrogen of this residual sugar is remotely correlated with C2 in the same ring as well as another C5 of the same residue, confirming the glycosidic bond connecting 1→5 of the α-1,5-Ara(f) residual sugar in NOESY. In the α-1,3,5-Ara(f) residue sugar, a correlation of 5.09/83.93 confirmed the glycosidic bond connecting this residue to the same residue 1→5 of the α-1,3,5-Ara(f) residue sugar; and a correlation of 5.09/82.27 confirmed the glycosidic bond connecting this residue to the same residue 1→5 of the α-1,5-Ara(f) residue sugar.
Taken together, based on the methylated structure combined with the NMR data, APS-H2O was determined to be an arabinogalactan glycan, and a possible structure of the repeating unit in APS-H2O was hypothesized, as displayed in Figure 6.
The 1H NMR spectrum of APS-0.4 (Figure 5A) showed that the isohead hydrogen signals were at 5.71, 5.24, 5.01, 4.85, 4.51, 4.35 ppm 13C NMR spectrum (Figure 5B), three carbonyl carbon signals for saccharide carbonyls were found in the range of 150–220 ppm: 175.38, 170.95, and 169.21 ppm, which indicated that APS-0.4 is acidic and has more acidic residual sugars. The carbon signals in the heterocarbon region were 106.93, 99.03, 96.00, and 92.25 ppm, and the H/C correlation signals in the heterocarbon region were 5.73/106.80, 5.27/91.95, 5.03/99.03, and 4.53/96.00 ppm in the heteronuclear single quantum coherence (HSQC) spectra (Figure 5D), which were assigned to the following residue sugars in the order of the composition of the monosaccharides and the heterocarbon intensities in the hydrogen spectra. The possible residual sugars corresponded to α-1,2-GalA(p), α-1,4-Gal(p), α-1,4-GalA(p), β-1,4-Rha(p) (Yao et al., 2021). Combined with the 1H–1H COSY spectra (Figure 5C), the possible attributes of each position of the four major residual sugars were determined, as shown in Table 2.
[image: Figure 5]FIGURE 5 | 1D and 2D NMR spectra of APS-0.4. (A) 1H NMR. (B) 13C NMR. (C) COSY. (D) HSQC. (E) HMBC. (F) NOESY.
In the NOESY spectra (Figure 5F), multiple signals were found in the heterogeneous hydrogen region of the major residual sugar, α-1,4-GalA(p): 5.03/3.67, 5.03/3.91, 5.03/4.20, 5.03/4.50, suggesting that this hemi lactic acid residue sugar has a 1→4 glycosidic linkage and a 1→2 glycosidic linkage with residual sugar α-1,2-GalA(p); a correlation signal at 5.73/4.19 confirms the existence of a 1→2 glycosidic linkage within residual sugar α-1,2-GalA(p) itself; and the presence of a NOESY at 5.27/4.50 for residual sugar α-1,4-Gal(p) confirmed the presence of a NOESY at 5.27/4.50 for residual sugar α-1,4-GalA(p). signal at 5.27/4.50 confirmed the existence of a 1→4 glycosidic linkage of residual sugar α-1,4-Gal(p), whereas the signal at 4.54/4.50 may be the existence of a 1→4 glycosidic linkage of residual sugar β-1,4-Rha(p) to α-1,4-GalA(p). In the HMBC spectra (Figure 5E), the presence of iso-capsule hydrogens in Gal residual sugar α-1,4-GalA(p) The correlation signal of 5.03/78.71 confirmed a 1→4 glycosidic bond to this residual sugar itself, corroborating the NOESY analysis; 5.03/78.29 is a 1→2 glycosidic bond linkage with residual sugar α-1,2-GalA(p).
Taken together, these analyses and literature studies indicate that APS-0.4 has GalA as the main chain (Cheng and Neiss, 2012), which may be pectinic in structure, suggesting a possible structure of the repeating unit in APS-0.4, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Predicted structure of APS-H2O (A) and APS-0.4 (B).
3.8 Evaluation of blood tonifying efficacy in vivo
3.8.1 Body weight gain (BWG), spleen index (SI), and thymus index (TI)
The effects of APS on body weight and splenic gland index in model mice are shown in Table 3. Compared with the NC group, body weight gain (BWG) value and the thymus index (TI), were significantly reduced (p < 0.01), and the spleen index (SI) was significantly increased (p < 0.01) in MOD group. Compared with the MOD group, BWG value of the APS-H group increased significantly (p < 0.01), TI of mice in the APS-M and APS-H groups, was significantly higher (p < 0.01), and SI of mice in the APS-M and APS-H groups was significantly lower (p < 0.01).
TABLE 3 | Effect of APS on ratio of BWG, SI and TI.
[image: Table 3]3.8.2 Blood routine test
The results of the routine blood tests are shown in Figure 7. Compared with the NC group, the levels of WBC, RBC, HGB, HCT, and PLT in the peripheral blood of mice in the MOD group were significantly lower (p < 0.01), indicating that the model of blood deficiency was successfully established. Compared with the MOD group, the content of RBC in the blood of mice in all administered groups was significantly higher (p < 0.01), and the levels of WBC, HGB, HCT, and PLT in the blood of mice in all drug groups except APS-L were significantly higher (p < 0.05, p < 0.01). These results indicated that APSs could effectively reverse blood deficiency induced by APH and CTX in mice.
[image: Figure 7]FIGURE 7 | Effects of APS on blood routine in BDS mice.
3.8.3 Analysis of EPO, G-CSF, IL-3, and TNF-α in mice serum
The effect of APS on the serum levels of EPO, G-CSF, IL-3, and TNF-α cytokines in the model mice illustrated in Figure 8, show significantly lower levels of EPO, G-CSF, and IL-3 (p < 0.01) and significantly higher level of TNF-α (p < 0.01) in mice in the MOD than in the NC group. IL-3 levels and EPO and G-CSF blood levels were significantly higher (p < 0.05, p < 0.01) in the NC group compared with the MOD group, and TNF-α was significantly lower (p < 0.05, p < 0.01). This indicated that angelica polysaccharides could dose-dependently promote the levels of hematopoietic factors (EPO, G-CSF, IL-3) and immunomodulatory factors (TNF-α) to be restored to near normal levels.
[image: Figure 8]FIGURE 8 | Changes of EPO, G-CSF, IL-3, and TNF-α indexes in BDS mice.
In this study, APH and CTX were used as inducers to establish a blood-deficient mouse model. After modeling, the mice showed unkempt coat, dull eyes, pale ears and tails, depressed spirit, lethargy, and a significant decrease in the levels of WBC, RBC, HGB, HCT, and PLT in the peripheral blood, which are clinical manifestations of blood deficiency and anemia. Body weight, splenoglandular indices, and the number of peripheral blood cells of the mice were restored to the normal levels after treatment with APS, indicating that APS could effectively reverse blood deficiency syndrome of mice induced by the combination of APH and CTX.
A series of hematopoietic growth factors and co-factors (e.g., G-CSF, M-CSF, EPO, IL-3, IL-6) are involved in the regulation of blood cell formation (Quesenberry, 1986). EPO is an endogenous glycoprotein that stimulates the production of erythrocytes, which promotes the proliferation of erythroid progenitor cells into mature erythrocytes and regulates hematopoiesis in the bone marrow (Zhao et al., 2009). G-CSF and M-CSF enhance the production of hematopoietic progenitors in the bone marrow (Ma et al., 2011). Previous studies have shown that G-CSF and EPO have good synergistic effects on the treatment of anemia (Jadersten et al., 2005). IL-3 is mainly produced by activated CD4+ T cells, which plays a very important role in hematopoiesis and immunoregulation, and promotes the differentiation and proliferation of hematopoietic cells, stimulates the growth of a variety of myeloid cells, and thus regulates hematopoiesis (Zhu et al., 2015). TNF-α, a multi-effective pro-inflammatory cytokine and immunomodulatory factor. Inhibits the division of bone marrow stem cells and thus inhibits hematopoiesis, negatively regulating the hematopoietic system (Zhang et al., 2012). Wang J et al. showed that steam-processed Polygonatum sibiricum (SPS) could elevate the levels of hematopoietic cytokines EPO, G-CSF, TNF-α, and IL-6, and regulate key molecules in the JAK1-STAT1 signaling pathway in blood-deficient mice, thus exerting the effects of blood replenishment and immune regulation (Wang et al., 2022). Freeze-dried powder of P. noto ginseng steamed chicken soup (FPSC) can promote the phosphorylation process of JAK2 and STAT5 by activating the JAK2-STAT5 signaling pathway, and then restore the normal secretion of hemostatic regulators, such as EPO, IL-3 and TNF-α levels (Chen et al., 2023). The results of this study showed that after APS administration, the serum levels of EPO, G-CSF, and IL-3 were significantly increased and the serum levels of TNF-α were significantly decreased in mice compared to the MOD group. APS could dose-dependently promote the hematopoietic (EPO, G-CSF, and IL-3) and immunomodulatory (TNF-α) factors in mice of a hemodepletion model to return to normal levels. This suggests that APS may play a role in blood replenishment by enhancing immune function and regulating hematopoietic cytokines.
3.9 Analysis of blood-supplementing efficacy in vitro
Currently, bioactivity assays are applied in many fields, such as quality evaluation and control of TCM, and evaluation of drug effectiveness or toxicity. Gao et al. established a bioefficacy assay for the antithrombin activity of blood vitality and vessel capsules for quality evaluation and control, by choosing agarose-fibrinogen platelet assay (Gao et al., 2020). Cao et al. established a method to quantitatively determine the anti-platelet aggregation activity of Xiaojin Wan by using the maximum platelet aggregation rate as the evaluation index, and found that Dilong, Wulingyi and Mupeizi might be the key Chinese medicines exerting blood-activating effects in the formula of Xiaojin Wan (Cao et al., 2020). Song et al. used the antagonistic effect of fibrinogen as an evaluation index, and established a bioefficacy assay of rhubarb to evaluate the differences in the efficacy of raw rhubarb, ripe rhubarb and charcoal of rhubarb in activating blood circulation and removing blood stasis (Song et al., 2014).
Drug studies should fulfill safety requirements before exploring drug efficacy. Therefore, the effective concentrations of different angelica polysaccharides were first investigated, and the subsequent effective concentrations were determined to be 64–0.5 μg/mL. The potency AS of the standard hemin solution was set to 1000 U/mg, and the predicted potency of the test product was 1000 U/mg. The standard group was set to have three dose groups of ds1, ds2, and ds3 in the low, medium, and high dosage groups (0.13, 0.26, 0.52 U/mL, respectively). The experimental group was set up with three groups, dt1, dt2, and dt3 (0.01, 0.02, 0.04 U/mL, respectively) of low, medium, and high doses, respectively. Referring to the (3-3) randomized design in the quantitative response parallel line assay of the statistical method for bioassays (General Principle 1431), the measured potency of the test compound was calculated using Formula 1.
The results of in vitro tonic potency determination are shown in Figure 9, and the order of tonic effect of each Angelica polysaccharide was as follows: APS-H2O > APS-0.1>APS-0.2>APS-0.3>APS-0.4. Each polysaccharide showed that the higher the polarity of the eluent from the DEAE column, the lower the content of Gal and Ara, and the weaker the tonic effect, i.e., the tonic effect of the neutral Angelica polysaccharides was superior to that of the acidic angelica. The effect of neutral Angelica polysaccharide was better than that of acidic angelica polysaccharide.
[image: Figure 9]FIGURE 9 | In vitro blood supplementation potency of APS-H2O, APS-0.1, APS-0.2, APS-0.3 and APS-0.4.
4 DISCUSSION
This study reveals that APS regulates the proliferation and differentiation of blood cells and promotes the recovery of hematopoietic function in blood-deficient mice by promoting the production of EPO, G-CSF, and IL-3. The reduction of TNF-α content in serum exerted a blood replenishing effect by enhancing the immune function of the body and regulating the hematopoietic function of the bone marrow. There is a strong link between inflammation and BDS. Inflammation affects blood circulation by interfering with the immune system and gut barrier function, and controlling inflammation is important in the prevention and treatment of BDS (Liang et al., 2024). Bioefficacy can better reflect the overall activity and clinical efficacy of TCMs, and a high level of efficacy can be directly quantified using the bioefficacy assay of TCMs. To elucidate the most potent tonifying polysaccharide, we employed our previously developed bioefficacy assay for Angelica sinensis tablets to assess the hemopoietic effects of five distinct polysaccharides derived from Angelica sinensis. Hematopoietic effects were listed in the following order: APS-H2O > APS-0.1 > APS-0.2 > APS-0.3 > APS-0.4.
After determining the ranking of the hematopoietic effects of the five APSs, we further analyzed the structure of APS-H2O and APS-0.4, to explore possible conformational relationships. In recent years, some scholars have also investigated the polysaccharides with strong hematopoietic activity and their possible structures. Lee et al. (Lee et al., 2012). Isolated four fractions (F1, F2, F3, and F4) from Angelica sinensis by anion-exchange DEAE-Sepharose CL-6B columns, of which F2 had the strongest hematopoietic activity, with the monosaccharide compositions of: Ara (51.82%), Gal (29.96%), GalA (14.80%), Glc (4.78%) and fructose (1.65%). The current study found that the most hematopoietically active APS-H2O also contained large amounts of Ara and Gal, which is consistent with Lee et al. Li et al. (Li et al., 2020) isolated and purified a galactose glucan GLP-1 from Ganoderma lucidum, with a monosaccharide composition of Glc:Gal:Man:Fuc = 63.5:26.2:4.9:5.4, which was mainly composed of →6)-β-d-Glcp-(1→, →6) -α-d-Galp-(1→, and →3)-β-d-Glcp-(1→ residues. GLP-1 can increase serum IgA levels, showing a better promotion of hematopoiesis. In this study, we found that APS-H2O had the strongest in vitro hematopoietic activity, with a monosaccharide composition of Man, Rha, GalA, Glc, Gal, Ara of 0.23:1.00:1.22:0.39:4.83:6.21 Based on the monosaccharide composition, methylation analysis, and nuclear magnetic resonance (NMR) analysis, we hypothesized that APS-H2O is an arabinogalactan glycan, with a backbone composed of α −1,3,5-Ara(f), α-1,5- Ara(f), β-1,4-Gal(p) and β-1,4-Gal(p)A, and the two branched chains, β-t-Gal(p) and α-t-Glc(p) connected to α-1,3,5-Ara(f) on the main chain in a (1→3) linkage.
The relationship between blood tonic activity, hepatoprotective effects, and polysaccharide antioxidant activity is strongly correlated. In the case of blood deficiency, blood viscosity is higher than normal, blood flow is slow, and microcirculation perfusion is insufficient, leading to ischemia and hypoxia of body tissues and cells and generation of a large number of free radicals. Therefore, blood tonicity and activation of blood are important means of antioxidant activity and scavenging free radicals. Tao (Zhou, 2018) found that SASP had stronger antioxidant effects than JASP-1A, presumably related to the high Ara content in SASP. Capek P et al. showed that the antioxidant activity of sage polysaccharides enriched with L-Ara and D-Gal was stronger (Capek et al., 2009). Li et al. obtained a total of four polysaccharide fractions from burdock roots, all of which showed high antioxidant capacity, with the neutral polysaccharide ALP-1 having the strongest antioxidant capacity (Li et al., 2021). The Ara content may affect the hepatoprotective effects of ASJP, ASTUP, ASTP, and ASYP, with ASTP having the highest Ara content and the strongest hepatoprotective effect (Hua et al., 2014). Combined with the results of this study, it was hypothesized that Ara content may affect the blood-tonic effect of Angelica polysaccharides, and the specific conformational relationship needs to be further investigated.
While APS-0.4 showed weak tonic activity, the analysis revealed that APS-0.4 contained GalA as the main chain, which may be a pectin structure. Previous studies have found that acidic polysaccharides isolated from Angelica sinensis have good antitumor activity. Cao et al. (Cao et al., 2010). obtained three acidic polysaccharides from Angelica sinensis, and APS-3b and APS-3c showed strong antitumor and immunomodulatory activities in vivo, which may be related to their different structural features. Zhang et al. (Zhang et al., 2016). obtained an acidic heteropolysaccharide from Angelica sinensis consisting of GlcA, Glc, Ara, and Gal. An acidic heteropolysaccharide consisting of GlcA, Glc, Ara and Gal with a main frame structure consisting of (1→3)-linked Galp, (1→6)-linked Galp and 2-OMe-(1→6)-linked Galp could effectively inhibit the proliferation of tumor cells. In this study, we hypothesized that the main chain structure of APS-0.4 consists of: α-1,4-GalA, α-1,2-GalA, α-1,4-Gal, and β-1,4-Rha. Pectin has several structural domains, that is, polygalacturonic acid, rhamnogalacturonic acid-I, rhamnogalacturonic acid-II, and xylose-galacturonic acid, and the ratio of the structural domains and branching of the side chains determines the differences in the structure of pectin polysaccharides (Mohnen, 2008). However, in this study, only the main chain structure of APS-0.4 was analyzed. Further analysis of APS-0.4 glycosidic bond conformation and connecting sites, as well as the structure of its side chains, is required to study its activities, such as controlling blood glucose, blood lipids, and antitumor activity.
5 CONCLUSION
In summary, this study demonstrated that APS could elevate levels of positive regulators of hematopoietic system (EPO, G-CSF, IL-3) and reduce levels of negative regulator of hematopoietic system (TNF-α) in the serum of mice, and promote the hematopoiesis of organisms by regulating the levels of positive and negative cytokines. The results of tonic potency assay in vitro revealed that APS-H2O exhibited the strongest tonic activity. Moreover, it is noteworthy that the hematopoietic effects of the neutral APS were stronger than those of the acidic APS. According to the structural characterization results, APS-H2O is an arabinogalactan glycan with a main chain consisting of α-1,3,5-Ara(f), α-1,5- Ara(f), β-1,4-Gal(p), and β-1,4-Gal(p)A. The two branched chains, β-t-Gal(p) and α-t-Glc(p), are connected to the main chain with a (1→3) linkage to the α-1,3,5-Ara(f) connection. In conclusion, APS-H2O has significant hematopoietic and myeloprotective effects, and good potential as a drug and nutraceutical for restoring hematopoietic function.
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