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Spinal cord injury (SCI) is currently a highly disabling disease, which poses serious harm to patients and their families. Due to the fact that primary SCI is caused by direct external force, current research on SCI mainly focuses on the treatment and prevention of secondary SCI. Oxidative stress is one of the important pathogenic mechanisms of SCI, and intervention of oxidative stress may be a potential treatment option for SCI. Teriparatide is a drug that regulates bone metabolism, and recent studies have found that it has the ability to counteract oxidative stress and is closely related to SCI. This article summarizes the main pathological mechanisms of oxidative stress in SCI, as well as the relationship between them with teriparatide, and explores the therapeutic potential of teriparatide in SCI.
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Introduction

Spinal cord injury (SCI) refers to the varying degrees of damage to the spinal cord caused by various etiologies. It can be classified into primary injury and secondary injury. Primary injury refers to the initial acute trauma that causes damage to the neural fibers. Secondary injury, on the other hand, occurs as a result of a series of cascading reactions, such as oxidative stress, inflammatory response, neurotoxicity caused by Ca2+ and glutamate, which further deepen the extent of damage and expand the affected area (1). Among these reactions, oxidative stress is one of the important factors in the pathogenesis of secondary SCI (2). Currently, SCI is a challenging health problem worldwide. It has been reported that there are approximately 17,500 new cases of SCI in the United States annually, with the majority of patients experiencing severe clinical symptoms and complications, imposing significant physical, mental, and economic burdens on both the patients and their families (3). Due to the incomplete understanding of its pathogenesis, the treatment options for SCI are limited. Currently, early methylprednisolone combined with surgical intervention is the main approach (4). As the primary injury caused by direct trauma is unavoidable, there is an urgent clinical need for an effective treatment specifically targeting secondary injury.

Teriparatide is a synthetically produced analog of the parathyroid hormone (PTH), also known as recombinant human PTH 1-34. It consists of the first 34 amino acid residues of the PTH molecule. Teriparatide is the first bone metabolism drug authorized by the U.S. Food and Drug Administration for the treatment of osteoporosis (5, 6). It not only has the function of regulating bone metabolism, but also can play a role in regulating oxidative stress (7). Study have shown that therapeutic doses of teriparatide can significantly reduce the production of reactive oxygen species (ROS) within the osteocytes of patients with osteoporosis, effectively inhibiting oxidative stress responses (7). Currently, this effect is also being investigated in the field of neuroscience (8), and it has promising experimental results. However, the evidence linking PTH and SCI mainly comes from scattered case reports (9–11), and the exact role of PTH in the SCI process remains unclear. This article aims to review the oxidative stress-related mechanisms following SCI and the connection with PTH, as well as to explore the potential therapeutic role of teriparatide in SCI (Figure 1).
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FIGURE 1
 The relationship between Teriparatide and ROS. ROS, Reactive oxygen species; IP3R, inositol 1,4,5-trisphosphate receptors; MAPK, mitogen-activated protein kinase; Nrf2, Nuclear factor erythroid 2-related factor 2; HO-1, Heme Oxygenase-1; SOD2, Superoxide Dismutase 2; Trf1, Transferrin 1; NADH, Nicotinamide adenine dinucleotide; ATP, Adenosine Triphosphate; ARE, Antioxidant response elements; NF-κB, Nuclear factor kappa-B; IκB, inhibitor of NF-κB; IκK, activate IκB kinase; HDAC3, histone deacetylase 3; CBP, Cyclic-AMP response element-binding protein; P56, subunit of NF-κB; IL-6, Interleukin-6; TNF-α, Tumor necrosis factor-α; Ang-1, Angiopoietin-1; PUFA, Polyunsaturated fatty acids.




The relationship between SCI with oxidative stress

Oxidative stress refers to the imbalance between oxidation and antioxidant systems in the body, leading to the overproduction of ROS, reactive nitrogen species, and other excessive free radicals that exert toxic effects (12). Free radicals derived from O2 include O2−, OH−, and others, collectively referred to as ROS (13). Free radicals are normal byproducts of mitochondrial oxidative metabolism in the human body. During mitochondrial oxidative respiration, molecules with unpaired electrons, namely free radicals, are formed. The unpaired electrons make free radicals unstable and prone to react with other molecules, such as proteins, lipids, and DNA (14, 15).

Oxidative stress is one of the important aspects of the secondary pathological process of SCI (16). Excessive free radicals are produced due to ischemia and hypoxia during SCI, and the body’s own antioxidants are depleted within days or even hours after SCI (17). The generated antioxidants are insufficient to counteract the oxidative stress caused by SCI, and the excess oxidants cause irreversible damage to nerve cells (12, 15). This leads to nerve cell death and tissue damage (18). Increasing evidence suggests that reducing the production of ROS after SCI can effectively protect nerve cells from the effects of oxidative stress, mitigate the pathological process of spinal cord damage, promote neuronal repair and axonal regeneration (19, 20).

The intracellular homeostasis is disrupted after SCI, characterized by increased excitotoxicity of glutamate, elevated levels of free iron, and increased membrane permeability of Ca2+ (21). The elevated intracellular Ca2+ levels activate the nicotinamide adenine dinucleotide, which promotes ATP production while also increasing the production of ROS (22, 23). Excessive ROS can increase the permeability of Ca2+ membranes, leading to an increased influx of Ca2+, which causes a decrease in membrane potential. This activates the mitochondrial autophagy signaling pathway, inducing mitochondrial autophagy and further releasing excessive ROS, forming a vicious cycle (24). Recent study by Han et al. (25) have demonstrated that enhancing mitochondrial transport after SCI helps remove damaged mitochondria and replenish injured axons with normal mitochondria, thereby restoring local mitochondrial integrity and enhancing local ATP supply to meet the energy metabolic demands of axonal regeneration. This activates the intrinsic “growth program” in the central nervous system, promoting axonal regeneration and functional recovery after injury. Additionally, Ca2+ overload can enhance the activity of protein kinases and phospholipases, inducing protein degradation and lipid oxidation damage (26).

Due to the high content of polyunsaturated fatty acids in the spinal cord, oxygen free radicals can promote the generation of peroxidation intermediates such as 4-hydroxynonenal and malondialdehyde during SCI, leading to lipid oxidation degradation and disruption of the lipid bilayer structure of cell membranes (27, 28). The oxidative phospholipid markers in the core region of spinal cord lesions are significantly increased, it exacerbates the pathological process of SCI (29). The ROS scavengers can reduce lipid peroxidation induced by SCI, mitigate tissue damage, and improve neurological function (30). Moreover, the internal environment after SCI is in an acidic state, mechanical forces cause blood vessel rupture and bleeding, erythrocyte rupture, consequently free iron is increased (31). Neurons take up iron through transferrin and transferrin receptor-mediated iron uptake, leading to intracellular iron overload (32). Ferrous ions can participate in the aforementioned lipid peroxidation through Fenton reaction, generating a large amount of ROS, thereby causing secondary lipid peroxidation and further exacerbating oxidative stress (33). ROS can also react with C-H, S-H, N-H, or O-H in proteins, mediating the cleavage of peptide chains and modification of amino acid side chains, leading to protein misfolding, altered protein function, and increased susceptibility to hydrolysis and degradation (34). Experimental study (35) have shown that after SCI, proteins in the spinal cord are easily oxidized by oxidants to form advanced oxidation protein products. It can induce the expression of ROS through nicotinamide adenine dinucleotide phosphate oxidase, and excessive ROS can activate mitogen-activated protein kinase (MAPK) and nuclear factor kappa-B (NF-κB), inducing neuronal apoptosis.

Nuclear factor E2-related factor 2 (Nrf2)/Antioxidant Response Element (ARE) is an endogenous antioxidant defense mechanism of the body. It not only regulates oxidative stress but also participates in the regulation of inflammatory signaling pathways such as NF-κB and MAPK (36). Under normal physiological conditions, Nrf2 can form a dimer with Kelch-like ECH-associated protein 1 (Keap1) in the cytoplasm, resulting in the inhibition of Nrf2 activity (37). The Nrf2/ARE signaling pathway plays an important neuroprotective role in the early stage of SCI (38). After being activated by ROS, the Nrf2-Keap1 dimer dissociates, leading to Nrf2 phosphorylation and translocation into the cell nucleus, inducing the expression of a series of antioxidant enzyme genes such as heme oxygenase-1 (HO-1), NAD(P) H quinone oxidoreductase 1 (NQO1), and superoxide dismutase (SOD), directly or indirectly clearing free radicals, thus reducing or eliminating ROS, reducing cell oxidative stress (39). When the Keap1 gene is knocked out (40), Nrf2 is persistently activated in SCI astrocytes, which can increase the expression of NQO1, inhibit oxidative stress responses, reduce the damage to myelin and myelin-associated proteins, effectively protect neurons, and improve neurological functions. Study have shown (41) that upregulating Nrf2 expression and promoting HO-1 generation with polysaccharides effectively inhibits ROS production, suppresses oxidative stress response after SCI, and reduces neuronal apoptosis. This phenomenon can be reversed when siRNA silences Nrf2 expression.

Under physiological conditions, Nrf2 and nuclear factor kappa-B (NF-κB) signaling pathways are mutually coordinated to maintain cellular homeostasis (42). Under pathological conditions, oxidative stress can mediate the occurrence of inflammatory reactions, and excessive ROS can activate IκB kinase (IκK), inducing phosphorylation of its inhibitor IκB and leading to proteasomal degradation of IκB protein. This results in nuclear translocation of NF-κB and activation of downstream genes such as IL-6 and TNF-α (43). Nrf2 can inhibit the degradation of IκB-α, thereby blocking NF-κB nuclear translocation and the transcription of pro-inflammatory genes (42). Conversely, NF-κB can enhance the recruitment of histone deacetylase 3 to the antioxidant response element region, leading to inhibition of Nrf2 activity and hindrance of ARE gene transcription, thereby suppressing antioxidant responses (44). P65 is a subunit of NF-κB, and ARE is the gene binding site of Nrf2. p65 has the ability to inhibit the expression of ARE genes (45), and on the other hand, the p65 subunit can also bind with the CREB binding protein (CBP), a transcriptional co-activator of Nrf2, to jointly compete for the CH1-KIX domain of CBP, thereby inhibiting the Nrf2 signaling pathway (46). Research has found (47) that during SCI, experimental drug intervention can upregulate the expression of Nrf2 and inhibit the release of NF-κB-related mediators. When Nrf2 is suppressed, the expression of NF-κB-related factors increases, revealing that Nrf2 can be involved in regulating the NF-κB signaling pathway after SCI, thereby reducing neuronal death. Li et al. (48) found that inhibiting the expression of HO-1 can increase in NF-κB-related factors. Based on these findings, it is possible that Nrf2 and NF-κB may interact and influence each other in the oxidative stress response following SCI.



The correlation between PTH and SCI

Vaziri et al. (49) first reported the association between PTH and SCI. By examining various laboratory parameters in the serum of 40 SCI patients, they found a decrease in PTH levels after SCI, and significantly lower PTH levels in the SCI group compared to the control group, suggesting a potential correlation between PTH and SCI. Subsequently, Mechanick et al. (9) divided SCI patients into complete paralysis and incomplete paralysis groups according to the ASIA classification. They found a more pronounced decrease in PTH levels in the complete paralysis group, leading the authors to speculate that the severity of neural damage is related to the reduction of PTH. In recent years, Ouyang et al. (50) conducted further clinical research on the relationship between PTH and SCI, revealing a decrease in peripheral blood PTH levels in SCI patients and a significant correlation with the severity of SCI.

Similar phenomena have also been observed in animal models. Rouleau et al. (10) found that the levels of PTH in the serum of mice with SCI remained low throughout the entire animal experiment, with the most significant decrease occurring within 1 week after injury. This suggests that PTH synthesis and metabolism are related to the immune system after SCI. Del et al. (11) also found that PTH gradually decreased over time in mice with SCI, further demonstrating that PTH is one of the pathological and physiological factors affecting SCI. Subsequent studies (51, 52) have focused more on studying the effects of PTH on bone structure and bone density after SCI, as well as research related to osteoporosis and fracture healing involving PTH replacement therapies such as teriparatide (Table 1). However, they have not further explored whether it can promote the repair of neurological function after SCI. Recent study (8) have found that teriparatide can activate the Nrf2 pathway by inducing the production of angiogenin 1, which in turn increases the expression of its downstream antioxidant proteins HO-1 and SOD2, inhibit oxidative stress and improve nerve function. However, the exact mechanism of action has not been further studied by the authors. Therefore, in the early stages of SCI, teriparatide may exert its pharmacological effects by targeting neuronal cells.



TABLE 1 Correlation between PTH and spinal cord injury.
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The role of teriparatide in oxidative stress

The effects of PTH vary in different tissues. In endothelial cells, PTH acts on surface receptors to generate IP3, leading to an increase in intracellular Ca2+ concentration. Excessive calcium uptake by mitochondria subsequently increases the production of ROS, thereby inducing oxidative stress responses, which result in endothelial cell dysfunction (53). Research has discovered that PTH can activate DNA repair proteins (nuclear antigens) and FOXO transcription factor 3a, downregulate DNA damage protein 153, thereby enabling cells to avoid DNA damage caused by oxidative stress (54). Additionally, in osteoporosis induced by dexamethasone, dexamethasone can lead to an increase in ROS within bone cells. Concurrent use of teriparatide intervention while stimulating bone cells with dexamethasone can reduce the production of intracellular ROS, mitigate the harmful effects of dexamethasone on bone cells, promote the proliferation of bone cells, and prevent the occurrence of osteoporosis (7). Ardura (55) found that PTH analogs can increase the phosphorylation of Extracellular regulated protein kinases and Protein kinase B, regulate MAPK phosphatase-1 to activate MAPK dephosphorylation, enhance expression of peroxidase genes, reduce ROS production, suppress oxidative stress response, and decrease cell apoptosis (Figure 2).
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FIGURE 2
 Parathyroid hormone (PTH) can not only promote bone formation and subchondral bone formation, but also act on ischemic cerebral infarction and reduce brain tissue injury. PTH may be involved in the pathological development of cardiovascular disease and spinal cord injury. The participation of PTH may be related to oxidative stress response in the above effects.


Parathyroid hormone-related peptide (PTHrP) is a highly bioactive small molecule peptide that, in some respects, possesses superior functions to PTH (1–34). Its structure and mechanism of action are not entirely identical to those of PTH (1–34) (56). Study (57) have shown that PTHrp can reduce ROS production in mesenchymal stem cells and stimulate cartilage formation. Wang et al. (58) discovered that PTHrP can attenuate the differentiation of osteoclast-like cells. Even under an oxidative stress environment, PTHrP is capable of protecting mesenchymal stem cells and human umbilical vein endothelial cells by reducing the production of ROS and mitochondrial damage, thereby promoting proliferation, migration, and angiogenesis. Therefore, PTH and its analogs play a role in regulating oxidative stress (Table 2).



TABLE 2 Relationship between PTH and oxidative stress in disease.
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Summary and perspective

In summary, SCI is associated with oxidative stress mediated by the Nrf2 and NF-κB cascades. As an Nrf2 activator, teriparatide may be used to treat SCI by targeting this pathway. However, current research on teriparatide in SCI mainly focuses on bone metabolism, and there are no reports on its effects on neurological function. Therefore, further validation is needed to determine whether teriparatide affects the pathological mechanisms of SCI through the Nrf2 signaling pathway.
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