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Abstract: Propylene glycol alginate sodium sulfate (PSS) is the first oral heparinoid marine drug, derived from 
brown algal alginic acid and marketed in 1986. Its core pharmacology, including anticoagulation, lipid-lowering, 
microcirculation improvement, and neuroprotection, makes it an affordable oral option for chronic ischemic 
cardiovascular and cerebrovascular diseases. Pharmacological studies have also revealed anti-inflammatory, anti-
fibrotic, anti-metastatic, and FGF/FGFR-activating effects. Notably, these activities can be independently 
modulated by molecular weight and M/G ratio, enabling activity-specific structural optimization, guiding the 
development of safer derivatives. This review summarizes PSS’s R&D, mechanisms, clinical applications, and 
safety, aiming to inform precision medication strategies and inspire similar drug development. 

Keywords: propylene glycol alginate sodium sulfate; oral heparinoid; cardiovascular and cerebrovascular 
diseases; pharmacological mechanism; sulfated polysaccharide 
 

1. Introduction 

Cardiovascular and cerebrovascular diseases remain the leading causes of death and long-term disability 
worldwide. According to the most recent global reports, cardiovascular diseases alone account for approximately 
17.9 million deaths annually [1], constituting a persistent and urgent global health crisis. Concurrently, stroke 
remains the second-leading cause of death and a primary contributor to chronic disability, measured in years lived 
with disability and disability-adjusted life years [2]. For patients requiring long-term or even lifelong oral 
anticoagulation, including those with ischemic stroke, coronary heart disease, or atrial fibrillation requiring 
thromboprophylaxis, the accessibility, adherence, and safety profile of oral anticoagulants are therefore of 
paramount importance. 

Unfractionated heparin, a classic anticoagulant, has been in clinical use for over eighty years; however, its 
lack of oral bioavailability and the need for parenteral administration limit its use in long-term outpatient 
prevention. Low-molecular-weight heparin (LMWH) offers improved pharmacokinetics but still requires 
injection. Direct oral anticoagulants (DOACs), introduced around 2010, target single coagulation factors (e.g., 
thrombin or factor Xa) and have transformed anticoagulation therapy by enabling oral administration. 
Nevertheless, DOACs have notable limitations: they are contraindicated in patients with mechanical heart valves 
or antiphospholipid syndrome; their dosing depends on renal function; they interact with multiple drugs (e.g., 
rifampin, phenytoin, azole antifungals); they carry a residual risk of gastrointestinal bleeding; and their high cost 
restricts widespread use, particularly in low- and middle-income countries [3]. PSS addresses a different clinical 
need. Rather than replacing DOACs in guideline-directed anticoagulation, its multi-target profile, encompassing 
anticoagulation, lipid-lowering, and microcirculation improvement, is suited to comprehensive cardiovascular risk 
management, particularly in settings where cost and accessibility are primary considerations. Currently, PSS is not 
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included in international anticoagulation guidelines (e.g., ACCP, ESC), and its clinical evidence is predominantly 
derived from studies conducted in China. Chinese researchers had, however, begun exploring this alternative 
pathway decades before the introduction of DOACs, searching for orally active anticoagulant molecules from 
marine biological resources. 

The marine environment endows marine polysaccharides (e.g., alginate, carrageenan, chitosan) with unique 
chemical structures and biological activities. Compared with mammalian-derived heparin, marine polysaccharides 
are free from contamination risks associated with mammalian-sourced materials, are sustainably sourced, and have 
a low production cost. The strategy of preparing heparin functional analogues by sulfation modification using 
marine-derived alginate as a raw material is structurally rational: sulfate groups on the polysaccharide backbone 
can mimic the binding domains of heparin for antithrombin III (AT-III) and heparin cofactor II (HC-II). This 
approach has drawn sustained international attention for years [4]. 

Propylene glycol alginate sodium sulfate (PSS) stands as a successful precedent of this strategy. PSS is an 
orally active heparinoid substance chemically modified from alginic acid extracted from marine brown algae. 
Approved for trial production in 1985 and launched in 1986, it is the world’s first oral heparinoid drug [5–8], 
providing a highly accessible therapeutic option for the prevention and treatment of cardiovascular and 
cerebrovascular diseases. Unlike DOACs that act on a single target, PSS exhibits multiple pharmacological activities, 
including anticoagulation, antithrombosis, lipid-lowering, hemorheology improvement, microcirculation 
enhancement, and neuroprotection, making it well-suited for the complex, multi-pathological nature of ischemic 
cardiovascular and cerebrovascular diseases. 

Focusing on the application of PSS in cardiovascular and cerebrovascular diseases, this article systematically 
reviews its research and development history, pharmacological mechanisms, clinical applications, and safety 
profile. A central theme of this review is the concept of “one backbone, multiple functions, independent 
modulation,” which we propose as a conceptual framework for understanding how distinct pharmacological 
activities can be independently tuned on a single polysaccharide scaffold, thereby informing precision medication 
strategies and the design of next-generation marine-derived carbohydrate drugs. 

2. Discovery and Development History 

2.1. Research Background and Historical Evolution 

The discovery of PSS originated from the exploration of comprehensive utilization of brown algae resources 
in China. During the 1970s and 1980s, the research team led by Huashi Guan focused on the structural modification 
and bioactivity screening of alginic acid in the process of researching the utilization of processing by-products 
from brown algae. Drawing on the structural basis of heparin’s anticoagulant activity—the specific interaction 
between sulfated polysaccharide chains and antithrombin III (AT-III)—the team implemented systematic chemical 
modifications to alginic acid [5]. 

In August 1985, the Shandong Provincial Science and Technology Commission organized a technical 
appraisal of PSS, and the Shandong Provincial Health Department simultaneously organized a new drug 
evaluation. Trial production was approved in November of the same year, and in April 1986, it was put into 
national clinical use, becoming the first approved marine drug in China. In 1990, the Shandong Provincial Health 
Department converted the PSS quality standard to an official drug standard, which was upgraded to a ministerial 
standard in 1995, documented in Ref. [9]. 

The historical status of PSS has been clearly defined in the international academic community: the world’s 
first approved oral heparinoid drug, the first modern marine drug in China, and the first marine carbohydrate-based 
drug approved for marketing in China [4–7]. 

2.2. Chemical Structure and Physicochemical Properties 

The chemical nature of PSS is the sodium salt of propylene glycol alginate sulfate (as shown in Figure 1). It 
is a polyanionic compound derived from alginic acid extracted from brown algae (such as Laminaria japonica). 
The basic preparation process involves first degrading it to obtain low-molecular-weight alginic acid, followed by 
the introduction of propylene glycol ester groups and sulfate ester groups through chemical modification. Its basic 
sugar chain backbone consists of β-D-(1,4)-mannuronic acid (M) and α-L-(1,4)-guluronic acid (G). The relative 
molecular weight of the PSS active pharmaceutical ingredient is generally 10,000–20,000 Da, with a distribution 
width <1.80, and the ratio of mannuronic acid to guluronic acid (M/G ratio) is approximately 7:3 [8]. 

Compared with heparin, the degree of sulfation of PSS is lower: heparin’s sulfation degree can reach 
approximately 40% (based on sulfate content), whereas the quality standard for PSS specifies an organic sulfur 
content of 9.0–13.0% in the dried product [10]. In aqueous solution, PSS exhibits typical polyanionic electrolyte 
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behavior. The molecular chain carries both sulfate groups (strongly acidic, fully dissociated at physiological pH) 
and carboxylic acid groups (weakly acidic, partially dissociated), resulting in a high-density negative charge 
distribution along the polysaccharide chain [8]. 

 

Figure 1. Structure of PSS. 

3. Clinical Applications 

3.1. Indication Areas 

The ministerial standard of the Chinese Ministry of Health describes propylene glycol alginate sodium sulfate 
as: a heparinoid drug with effects including reducing blood viscosity, anticoagulation, lowering blood lipids, and 
improving microcirculation. It is used for the prevention and treatment of ischemic cardiovascular and 
cerebrovascular diseases and hyperlipidemia. The formulations include injections and oral tablets. The injection 
acts rapidly with complete bioavailability and is suitable for inpatient treatment scenarios requiring rapid 
anticoagulation, such as acute cerebral infarction and myocardial infarction. The oral tablet is convenient to 
administer, with a half-life of approximately 4–6 h, and is suitable for the long-term prevention and rehabilitation 
management of ischemic cardiovascular and cerebrovascular diseases. In clinical practice, intravenous 
administration is often used for patients in the acute phase, transitioning to long-term maintenance with oral 
formulations once the condition stabilizes [4,8,11]. 

During PSS’s 40 years of clinical application, its indications have covered multiple fields including 
cardiovascular diseases, cerebrovascular diseases, peripheral vascular diseases, hyperlipidemia and hyperviscosity, 
renal diseases, diabetes and its complications, and dermatological conditions, as summarized in Table 1. Among 
these, ischemic cardiovascular and cerebrovascular diseases (cerebral infarction, cerebral thrombosis, coronary heart 
disease, angina pectoris) and hyperlipidemia are the mainstays of PSS clinical application. Its efficacy has been 
extensively validated over 40 years of clinical application and controlled studies: In a clinical study of 282 patients 
with ischemic cerebrovascular disease, the total effective rate of PSS for acute cerebral infarction was 93.2%, with a 
marked efficacy rate of 62.9%, both significantly superior to the control group; favorable results were also achieved 
in patients during the convalescent and sequelae stages of cerebral infarction, as well as in transient ischemic attacks 
[12]. Regarding hyperlipidemia and hyperviscosity, significant decreases in triglycerides, total cholesterol, and low-
density lipoprotein cholesterol levels were observed after PSS injection. The lipid-lowering mechanism is associated 
with its anionic polyelectrolyte nature, inhibition of HMG-CoA reductase, and improvement of hemorheology [8]. 
The dual action of PSS in reducing lipids and improving microcirculation confers distinct clinical value in the patient 
population receiving comprehensive management for cardiovascular and cerebrovascular diseases. 

Table 1. Overview of Clinical Applications of PSS. 

Category Clinical Applications 

Cardiovascular diseases Coronary heart disease [13,14], Cor pulmonale [15–17], Angina pectoris [18–20], Heart 
failure [21], Hypertension [22,23] 

Cerebrovascular diseases Cerebral thrombosis [24], Cerebral infarction [25–29], Transient ischemic attack [30], 
Otogenic vertigo [31,32], Migraine [33], Pseudobulbar palsy [34] 

Peripheral vascular 
diseases Lower extremity deep venous thrombosis [35] 

Hyperlipidemia & 
Hyperviscosity 

Hyperlipidemia [36–38], Hyperviscosity [39,40], Hyperviscosity in pediatric Henoch-
Schönlein purpura [41], Atherosclerosis [42,43] 

Hematological diseases Prevention of disseminated intravascular coagulation during chemotherapy for leukemia [44] 
Renal diseases Nephrotic syndrome [45,46], Diabetic nephropathy [47] 
Diabetes mellitus and its 
complications Type 2 diabetes [37,48,49], Diabetic foot [50], Diabetic peripheral neuropathy [51,52] 

Others Hepatitis [53], Pneumonia [54], Sudden deafness [55,56]  
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Taken together, the clinical applications of PSS are anchored in its three core pharmacological effects: 
anticoagulation, lipid-lowering, and microcirculation improvement. In ischemic cardiovascular and cerebrovascular 
diseases, these effects act synergistically on thrombosis, atherosclerosis, and microvascular perfusion, providing a 
coherent rationale for the use of PSS as a comprehensive management agent. For other conditions listed in Table 1, 
including nephrotic syndrome, diabetic complications, cor pulmonale, and sudden deafness, PSS addresses secondary 
hypercoagulability, dyslipidemia, or microcirculatory disturbance rather than the primary etiology, and is therefore 
used as an adjuvant therapy, aiming to alleviate clinical symptoms, improve target organ function, or mitigate the 
pathophysiological conditions that promote disease progression (specific combination regimens are detailed in 
Section 3.2). Clinical evidence for several additional conditions, such as xanthelasma palpebrarum [57–59], psoriasis 
[60], neonatal cold injury syndrome [61], restless legs syndrome [62], and cold erythema multiforme [63], remains 
limited to small case series or individual reports. Overall, the core value of PSS lies in the prevention and treatment 
of ischemic cardiovascular and cerebrovascular diseases and hypercoagulability-related disorders, while the 
expanded indications await validation through higher-quality clinical research. 

3.2. Areas of Clinical Combination Therapy 

As an anticoagulant with well-documented lipid-lowering and microcirculation-improving effects, PSS has 
been used clinically for decades and is often combined with other medications to exert synergistic effects. In the 
field of cardiovascular and cerebrovascular diseases, the combination of PSS with aspirin provides complementary 
advantages and synergistic enhancement, used for the prevention and treatment of ischemic cardiovascular and 
cerebrovascular diseases and recurrent cerebral infarction [25,32,64,65]. PSS combined with clopidogrel 
synergistically enhances the antithrombotic effect without the adverse reaction of thrombocytopenia [65]. PSS 
combined with Shexiang Baoxin Wan, Isoket, Lunan Xinkang, Danhong, etc., effectively improves myocardial blood 
supply and reduces angina attacks, and can be used to treat unstable angina pectoris [19,20,66,67]. In the management 
of hyperlipidemia, PSS combined with bezafibrate effectively improves blood lipid profiles [49,68]; combination 
with ahylysantinfarctase results in a more significant reduction in β-lipoprotein and triglyceride levels [69]; 
combination with simvastatin lowers concentrations of total cholesterol, triglycerides, and low-density lipoprotein 
cholesterol while increasing high-density lipoprotein cholesterol concentration, significantly improving the 
hypercoagulable state [36]. In hypertension management, PSS combined with captopril or felodipine is safe and 
effective in lowering blood pressure and improving hemorheological characteristics [22]; combination with 
nifedipine as an adjuvant treatment for elderly hypertension has also achieved satisfactory results [23]. Additionally, 
PSS combined with Astragalus, captopril, dopamine, etc., can be used to treat cor pulmonale [70–76]. These 
combination therapy regimens fully demonstrate the clinical value of PSS as a multi-target drug for 
anticoagulation, lipid regulation, and microcirculation improvement in the comprehensive management of 
cardiovascular and cerebrovascular diseases. 

In addition to the aforementioned core cardiovascular and cerebrovascular indications, PSS has also been 
used in multiple fields such as nephrotic syndrome, type 2 diabetes, diabetic complications, sudden deafness, and 
migraine (Table 2) [4,6,8,70]. 

Table 2. Drugs Combined with PSS and Their Clinical Indications. 

Clinical Indications Drugs 

Pulmonary heart disease Astragalus [71], Captopril [72,73], Dopamine [74], Hydroxyethyl starch [75], Compound 
Danshen Injection [76] 

Hepatitis B Ribavirin [77], Lentinan [77], Compound Danshen Injection [78], Anisodamine [78] 
Hyperviscosity & 
Hyperlipidemia & 
Hypercoagulable state 

Mailuoning [79,80], Xinnaoshutong [81], Oryzanol [82], Mannose Ester [83], Lovastatin [84] 

Diabetes mellitus and its 
complications 

Bezafibrate [49], Mecobalamin [51], Oryzanol [82], Lovastatin [84], Aspirin [85], Vitamin E 
[85], Yiqi Huoxue Prescription [86] 

Nephrotic syndrome Compound Danshen Injection [87], Heparin [88], Astragalus [89], Dipyridamole [46], 
Captopril [90,91], Potenline [92] 

Sudden Deafness Alprostadil [55], Dihydroergotoxine mesylate [56] 
Vertigo Cinepazide maleate [31,32], Betahistine [93], Dipyridamole [94] 
Migraine Nimodipine [33] 

Angina Shexiang Baoxin Pills [19], Danhong [20], Isoket (Isosorbide dinitrate) [66], Isosorbide 
Mononitrate [67] 

Pneumonia Scopolamine [54], Naloxone [95], Mannose Ester [96] 
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Collectively, these regimens highlight the versatile role of PSS as a multi-target adjunctive therapy in 
cardiovascular and cerebrovascular diseases, contributing to synergistic effects across anticoagulation, lipid 
regulation, and microcirculation improvement. 

3.3. Medication Safety 

The incidence of adverse reactions to PSS injection is approximately 5–23% [5]. Bleeding tendency is the 
most concerning anticoagulation-related adverse reaction, manifesting as gingival bleeding, skin ecchymosis, 
epistaxis, and in severe cases, gastrointestinal bleeding [10,97]. Allergic reactions mainly present as skin rash and 
pruritus, and can lead to anaphylactic shock in severe cases [5]. Other adverse reactions include occasional 
gastrointestinal symptoms such as nausea, vomiting, and diarrhea, and transient, reversible elevation of liver 
transaminases [5,98]. Excessively rapid intravenous infusion can cause dizziness, headache, and palpitations, 
necessitating strict control of the drip rate. Additionally, PSS has documented incompatibility with several drugs 
(e.g., lomefloxacin, amikacin sulfate, ciprofloxacin, levofloxacin), resulting in visible precipitation upon co-
administration through the same intravenous line [99–103]. Flushing the infusion line with normal saline or 5% 
glucose before and after PSS administration is recommended. 

In contrast, the oral formulation of PSS demonstrates a substantially more favorable safety profile. In a pooled 
analysis of 24,089 cases reported up to 2019, the total adverse event reporting rate was 1.29%, with 303 cases 
related to intravenous infusion and only 7 cases to oral administration [5]. This pronounced difference likely 
reflects lower peak plasma concentrations via the oral route. Mild gastrointestinal symptoms may occur. Regular 
monitoring of liver function is advisable for long-term oral users as a precautionary measure. Across both 
formulations, PSS is not recommended for patients with a history of bleeding disorders or severe hepatic and renal 
insufficiency. From a pharmacovigilance perspective, several gaps merit attention: the safety data derive primarily 
from spontaneous reporting and small-scale studies rather than prospective registries; drug–drug interactions with 
antiplatelet agents and other anticoagulants have not been systematically evaluated; and the mechanistic basis of 
PSS-induced bleeding, whether due to anticoagulant activity or off-target effects on platelets and vascular integrity, 
warrants further investigation [97]. 

4. Pharmacological Research 

The multiple clinical effects of PSS, including anticoagulation, lipid-lowering, microcirculation improvement, 
and neuroprotection, as well as adverse reactions such as bleeding and allergies, can find their pharmacological and 
structure-activity explanations at the molecular level. 

4.1. Pharmacokinetic Profile 

The oral bioavailability of PSS stems from its structural modification: the propylene glycol ester group 
introduced at the C-6 carboxyl group of alginic acid reduces the overall hydrophilicity of the molecule, improves 
transmembrane performance, and makes oral administration feasible [8]. After intravenous administration, PSS is 
rapidly distributed widely to tissues such as the liver and kidneys and eliminated relatively quickly. Approximately 
40% is excreted within 3 h post-dose, about 70% within 12 h, and about 80% within 72 h. After oral administration, 
the plasma protein binding rate of PSS is extremely high (up to 98% at 24 h), the elimination half-life is 
approximately 4–6 h, and it is mainly excreted via the renal route [11,104]. 

4.2. Anticoagulant and Antithrombotic Effects 

Anticoagulation and antithrombosis are the core pharmacological actions of PSS, with an anticoagulant 
potency approximately 1/3 to 1/2 that of heparin, which has been fully validated in long-term clinical practice. 
Mechanistic studies reveal that, unlike heparin, which acts primarily through AT-III, PSS exerts anticoagulant 
effects through both AT-III-dependent and HC-II-mediated pathways [104]. Research at the methodological level 
further confirms this difference: traditional potency assays using heparin as a standard are not entirely suitable for 
PSS because its anticoagulant activity curve is not parallel to that of heparin [105]. Fragments of different 
molecular weights prepared through precise fractionation show significant differences in anticoagulant activity, 
confirming the dependence of anticoagulant activity on specific structural domains such as molecular weight and 
degree of sulfation [104–107]. This multi-target, structure-dependent anticoagulant mode provides a crucial 
molecular basis for understanding the balance between its therapeutic efficacy and bleeding risk. 
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4.3. Lipid-Lowering Effect 

Numerous clinical and animal experiments consistently confirm that PSS can comprehensively regulate the 
blood lipid profile, including reducing serum total cholesterol, triglycerides, and low-density lipoprotein 
cholesterol, and increasing high-density lipoprotein cholesterol levels [4,8,108,109]. Its lipid-lowering mechanism 
is multi-faceted: First, as an anionic polyelectrolyte, PSS can interact electrostatically with the surface of 
lipoprotein particles, endowing lipid droplets with a negative charge, hindering their adhesion to vascular 
endothelium, and accelerating hepatic uptake and clearance of lipids [110]. Second, PSS’s effects on reducing 
blood viscosity and improving hemorheology also promote lipid metabolic transport from a hemodynamic 
perspective [8]. These mechanisms collectively form the pharmacological basis for its anti-atherosclerotic effect. 

4.4. Improvement of Hemorheology and Microcirculation 

The anticoagulant and lipid-lowering effects of PSS synergistically improve the macroscopic and 
microscopic flow properties of blood. Clinical observations confirm that PSS can effectively accelerate 
microvascular blood flow velocity and disaggregate erythrocyte aggregation, thereby improving microcirculatory 
perfusion in the nail fold, kidneys, and nervous tissues [8]. In a rat model of diabetic cardiomyopathy, the use of 
PSS-loaded PLGA nanoparticles further revealed the molecular pathways by which it improves coronary 
microcirculation: this formulation significantly increased myocardial microvessel density and improved their 
structural integrity. The mechanisms were respectively attributed to the alleviation of microvascular dysfunction 
by inhibiting the NF-κB signaling pathway, and the improvement of mitochondrial function and inhibition of 
oxidative stress by regulating the Sirt1/HIF-1α pathway [111–113]. These findings expand the understanding of 
PSS’s cardiovascular and cerebrovascular protective effects at the microvascular level. 

4.5. Neuroprotective Effects 

In ischemic brain injury, PSS exhibits multifaceted direct neuroprotective effects, distinct from the indirect 
benefits derived from its anticoagulant action. In vitro, PSS significantly protects against neuronal cell damage 
induced by oxygen-glucose deprivation or sodium nitroprusside. The core mechanisms involve antioxidation 
(reducing malondialdehyde, increasing superoxide dismutase activity), inhibiting intracellular calcium overload, 
and reducing apoptosis by inhibiting caspase-3 activity [114,115]. In cell-free systems, PSS has been demonstrated 
to possess the chemical activity of directly scavenging peroxyl radicals, providing a molecular basis for the 
aforementioned cytoprotective effects [116]. In in vivo cerebral ischemia-reperfusion models, PSS inhibits the 
pathological increase in intracellular calcium concentration in damaged neurons, downregulates the expression of the 
pro-apoptotic protein p53 and the transcription factor NF-κB, ameliorates disturbances in the metabolism of sodium, 
calcium ions, and monoamine neurotransmitters in brain tissue, and enhances ion pump ATPase activity [117–119]. 
Furthermore, in a chick embryo dorsal root ganglion culture model, PSS dose-dependently promotes neurite 
outgrowth, suggesting potential neurotrophic or pro-regenerative capacity [120]. These interrelated antioxidative, 
anti-apoptotic, and neural microenvironment-modulating effects constitute the core pharmacological basis for its 
neuroprotection in the treatment of ischemic stroke. 

4.6. Anti-Fibrotic Effect 

Fibrosis is a common pathological outcome in various chronic diseases, including those of the heart and liver. 
PSS exhibits anti-fibrotic activity across multiple organs, with its core mechanism primarily involving the 
inhibition of the TGF-β1/Smad2/3 signaling pathway. In the myocardium, a PSS nano-formulation downregulates 
fibrinogen-like protein 2 expression, alleviating myocardial fibrosis and improving left ventricular function in rats 
with diabetic cardiomyopathy [121]. In the liver, PSS inhibits the TGF-β1/Smad2/3 and JAK2/STAT3 signaling 
pathways, reducing liver inflammation and inhibiting hepatic stellate cell activation, thereby delaying the 
progression of liver fibrosis [122]. Notably, in the field of atrial fibrosis, studies using PSS derivatives with 
different M/G ratios have confirmed that this activity can be significantly optimized by specific structural 
parameters, laying an important foundation for subsequent precision design [123]. 

4.7. Anti-Inflammatory Effect 

The inflammatory response is a common pathophysiological basis for atherosclerosis, atrial fibrillation, and 
ischemic stroke [124–126]. Recent studies have revealed the multi-target regulatory characteristics of PSS on 
multiple inflammatory signaling pathways. In an acute pancreatitis model, PSS alleviates caerulein-induced 
pancreatic injury by upregulating the MEK/ERK pathway [127]; in a liver injury model, PSS alleviates 
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concanavalin A-induced immune liver injury by activating the PI3K/Akt pathway, while also attenuating hepatic 
ischemia-reperfusion injury by inhibiting the JNK, ERK, and P38 MAPK pathways [128,129]. Furthermore, in an 
LPS-induced acute lung injury model, PSS inhibits the NF-κB signaling pathway, reducing the release of pro-
inflammatory cytokines and neutrophil recruitment [130]. This coordinated regulation of multiple key pathways, 
including MEK/ERK, PI3K/Akt, MAPK, and NF-κB, under different disease contexts, particularly its property of 
simultaneously inhibiting inflammation and fibrotic processes [122,123], closely aligns with the need for multi-
target intervention in the chronic management of cardiovascular and cerebrovascular diseases. 

4.8. Other Pharmacological Actions 

In addition to the above pharmacological actions closely related to cardiovascular and cerebrovascular 
systems, PSS has also accumulated preclinical evidence in anti-tumor metastasis and FGF/FGFR signaling 
regulation. Regarding anti-tumor metastasis, PSS exhibits significant inhibitory activity against both P- and L-
selectins, with weaker blockade of E-selectin; fractions with high G content and high molecular weight show 
superior activity [131]. Subsequent research further confirmed that PSS inhibits the infiltration of regulatory T 
cells (Tregs) into tumors by blocking P-selectin, increasing the proportion of CD8⁺ T cells and Granzyme B⁺ CD8⁺ 
T cells, significantly inhibiting lung metastasis and prolonging overall survival [132]. In terms of FGF/FGFR 
signaling regulation, PSS selectively binds FGF2 with high affinity (KD = 2.73 × 10⁻8 M, comparable to heparin), 
inhibits FGF2-mediated angiogenesis and tumor cell invasion in vitro, and downregulates the expression and 
activity of MMP-2 and MMP-9 [107]. Regarding antiviral activity, PSS and its derivative polyguluronic acid 
sulfate (PGS) exhibit significant inhibitory activity against the SARS-CoV-2 main protease 3CLpro (IC50 of 1.42 μM 
and 1.20 μM, respectively) [133]. These findings expand the pharmacological spectrum of PSS from anti-tumor 
and antiviral dimensions. The molecular mechanisms, pharmacological effects, and clinical indications of PSS are 
summarized in Figure 2. 

 

Figure 2. Pharmacological network of PSS. The left panel depicts the principal molecular mechanisms. The 
middle panel summarizes the resultant pharmacological effects. The right panel maps these effects to their major 
clinical indications, primarily ischemic cardiovascular and cerebrovascular diseases and hyperlipidemia. 

4.9. Structure-Activity Relationship and the “Independent Modulation” Feature 

Collectively, the pharmacological activities described above exemplify a “one backbone, multiple functions, 
independent modulation” framework. Anticoagulation and antithrombosis are core, while lipid-lowering, 
microcirculation improvement, neuroprotection, and anti-fibrosis complement and enhance its comprehensive 
therapeutic effects. 

From the perspective of structure-activity relationships (SAR), the dependence patterns of various activity 
dimensions on the structural parameters of PSS show significant differences. In the dimension of molecular weight, 
anticoagulant activity is positively correlated with molecular weight, reflecting the requirement for a minimal 
chain length to form a stable ternary complex bridging AT-III and the target serine protease; oligosaccharide 
fractions almost completely lose anticoagulant activity [107], whereas FP-6k retains antithrombotic activity with 
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reduced bleeding risk [105], indicating that the molecular weight threshold for anticoagulation can be decoupled 
from bleeding risk. In the dimension of the M/G ratio, fractions with a low M/G ratio (high G content) have 
stronger anticoagulant activity but also higher bleeding risk [10,97]. Meanwhile, the high G content derivative 
PGGS shows optimal activity in anti-atrial fibrosis [123]; the same structural parameter may have opposite effects 
on different activities. In FGF/FGFR signaling, the anticoagulant potency of PSS is only 1/3 to 1/2 that of heparin, 
whereas its anti-FGF2 activity is comparable to or even stronger than that of heparin [134]. Oligosaccharide 
fractions, while losing anticoagulant activity, can still retain or even enhance FGF/FGFR activation activity [107], 
further confirming that the structural basis of these two activities can be differentiated. 

The core implication is that activities carried on the PSS backbone can be independently modulated through 
differential combinations of molecular weight, M/G ratio, and degree of sulfation. An M/G ratio > 1.5, a Mw of 
approximately 9 kDa, and a DS of 9.0–13.0% represent the critical quality control window for balancing efficacy 
and safety [10]. FP-6k and PGGS represent two precision optimization strategies based on SAR [104,123]. A 
systematic summary of SAR is provided in Supplementary Table S1. A remaining translational challenge is the 
inherent heterogeneity of alginate-derived polysaccharides, which can cause batch-to-batch variability in 
molecular weight distribution, M/G ratio, and sulfation pattern. Advanced analytical methods (e.g., high-resolution 
SEC-MALLS, NMR-based M/G determination) and bioactivity-based quality control assays are needed to narrow 
this variability and ensure the consistency required for precise SAR-driven development. 

5. Conclusions and Future Perspectives 

As the world’s first approved oral heparinoid marine drug, PSS holds a significant historical position in the 
field of cardiovascular and cerebrovascular disease prevention and treatment. Currently, the long-term 
management of cardiovascular and cerebrovascular diseases faces three core challenges: inadequate accessibility 
and compliance of oral anticoagulants; bleeding risk as the major safety bottleneck; and the inherent limitation of 
single-target therapy in addressing the multiple pathological processes that characterize these diseases, including 
thrombosis, fibrosis, inflammation, and microcirculatory disturbance. The R&D experience of PSS precisely offers 
referable coping strategies for these challenges. 

First, PSS, using alginic acid as a raw material, has a relatively simple preparation process and low production 
cost, providing an economical and accessible oral anticoagulation option for primary care settings and long-term 
out-of-hospital management. Second, structure-activity relationship studies have revealed that the anticoagulant 
activity of PSS can be differentially modulated from its anti-fibrotic and FGF/FGFR activation activities via 
structural parameters such as molecular weight and M/G ratio, offering a clear structural optimization pathway for 
developing next-generation PSS derivatives with reduced bleeding risk (e.g., FP-6k). Third, the multi-target 
property of PSS, which simultaneously modulates multiple pathological processes including coagulation, blood 
lipids, microcirculation, and inflammation, aligns with the contemporary shift in cardiovascular and 
cerebrovascular disease management from “single-target therapy” to “comprehensive management”. However, 
realizing the full potential of this multi-target approach will require addressing several interconnected challenges: 
elevating the clinical evidence for expanded indications from observational studies to international multicenter 
randomized controlled trials; overcoming the inherent heterogeneity of alginate-derived polysaccharides through 
advanced analytical methods and bioactivity-based quality control; and elucidating the precise molecular 
mechanisms by which specific structural features differentially modulate distinct biological activities. This 
knowledge will help convert current empirical SAR correlations into a more predictive design framework. 

Looking forward from the perspective of precision medication for cardiovascular and cerebrovascular 
diseases, the development of PSS derivatives based on SAR is expected to achieve “disease- and subtype-specific 
medication”—atrial fibrillation patients using PGGS-like molecules possessing both anticoagulant and anti-
fibrotic activities, stroke patients using PSS fragments with both neuroprotective and anticoagulant activities, and 
patients with chronic coronary heart disease requiring long-term prevention using structural fragments with a lower 
bleeding risk. This strategy represents the developmental direction of polysaccharide drugs from “empirical 
medication” towards “precision design”. The nearly four-decade history of PSS research and development 
demonstrates that establishing a multi-dimensional quality control system, elucidating the fine regulatory network 
of SAR, and advancing the transition from empirical medication to precision design are crucial foundations for 
maximizing its clinical value. PSS has not only played a significant historical role in the prevention and treatment 
of cardiovascular and cerebrovascular diseases, but its R&D pathway from natural polysaccharide to precision 
design also offers a valuable reference for the modern development of carbohydrate-based drugs. 

Supplementary Materials: The additional data and information can be downloaded at: https://media.sciltp.com/articles/others/ 
2611120919575323/IJDDP-2026000018-SI.pdf. Table S1: Structure–activity relationship summary of PSS. 

https://media.sciltp.com/articles/others/2611121212011763/IJDDP-2026000018-SI.pdf
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