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Strontium (Sr), a trace element with a long history and a significant presence in the Earth’s crust, plays a critical yet often overlooked role in various biological processes affecting human health. This comprehensive review explores the multifaceted implications of Sr, especially in the context of non-communicable diseases (NCDs) such as cardiovascular diseases, osteoporosis, hypertension, and diabetes mellitus. Sr is predominantly acquired through diet and water and has shown promise as a clinical marker for calcium absorption studies. It contributes to the mitigation of several NCDs by inhibiting oxidative stress, showcasing antioxidant properties, and suppressing inflammatory cytokines. The review delves deep into the mechanisms through which Sr interacts with human physiology, emphasizing its uptake, metabolism, and potential to prevent chronic conditions. Despite its apparent benefits in managing bone fractures, hypertension, and diabetes, current research on Sr’s role in human health is not exhaustive. The review underscores the need for more comprehensive studies to solidify Sr’s beneficial associations and address the gaps in understanding Sr intake and its optimal levels for human health.
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1 INTRODUCTION
Strontium (Sr), a trace element with a storied history and widespread presence on Earth, plays a significant yet often understated role in various geological and human biological processes (Piette et al., 1994). Predominantly located in the Earth’s crust, Sr has been a subject of scientific curiosity since its discovery in 1790 (Gad, 2014). Over time, its presence has been noted in various natural resources, including soil, minerals, and seawater as one of the essential trace elements in the human body at low concentrations of about 10.57–12.23 mg/L (Varo et al., 1982; Piette et al., 1994; Burger and Lichtscheidl, 2019). Sr is mostly deposited in human bones, 99% of strontium is precipitated in the femur, lumbar spine, and iliac bone, while the remaining 0.7% is found in extracellular fluid (Cai et al., 2021). Derived from a broad array of sources, Sr is mainly consumed through food and water (Marie et al., 2001). In clinical trials of intestinal, strontium offers the potential as a marker to test parameters for measuring calcium absorption (Sips et al., 1995; Sips et al., 1996). Studies have shown that overall discrimination is quite high for animals on a high-strontium diet (HARRISON et al., 2009). Empirical studies have established that strontium not only mitigates oxidative stress but also exhibits pronounced antioxidant capabilities. Additionally, it plays a crucial role in suppressing the release of pro-inflammatory cytokines, thereby exerting significant anti-inflammatory effects. (Zhu et al., 2016).
Sr’s relevance extends to the realm of non-communicable diseases (NCDs), which are the leading cause of morbidity worldwide and account for seven out of every ten global deaths (Bennett et al., 2018). The role of Sr in mitigating NCDs such as cardiovascular disease, osteoporosis (Dahl et al., 2001), hypertension (Barneo-Caragol et al., 2018a), diabetes (Hellman et al., 1997; Maehira et al., 2011) and a large number of population samples have demonstrated that strontium plays a, contributing role in the amelioration of all of the above diseases (Marie, 1996; Chen et al., 2020; Baheiraei et al., 2021; Xing et al., 2021; Wang et al., 2022). According to estimates from The Lancet, NCD-related deaths increased from 80.0% in 2002 to 88.5% in 2019, with major contributors being cardiovascular diseases (47.1%), cancer (24.1%), and diabetes (2.5%) being the major contributors. The burden of disease in China has been shifting from infectious to non-communicable diseases (Bennett et al., 2018). The prevalence of hypertension increased from 25.7% in 2007, to 31.5% in 2017 and the prevalence of diabetes is expected to escalate significantly, reaching a staggering 257 million cases by the year 2050 (Ong et al., 2023; Yip et al., 2023). The escalating prevalence of non-communicable diseases (NCDs) profoundly influences population health, national economic stability, and the efficacy of healthcare systems. Concurrently, the expansive research into Sr has revealed its substantial potential in alleviating the impact of these chronic conditions on global health. Historically, the study of Sr has traversed diverse fields, from geochemistry to biomedicine, reflecting its versatile nature and importance.
The world is currently grappling with an unprecedented crisis in micronutrient deficiencies, a condition often referred to as ‘hidden hunger’ which can coexist within the same population impacting over two billion people worldwide and acknowledging the global challenge of hidden hunger and the crucial role of micronutrients in human health (Black et al., 2013; Grebmer et al., 2014; Lowe, 2021). Acknowledging the global challenge of hidden hunger and the crucial role of micronutrients in human health. The onset of most non-communicable diseases (NCDs), including autoimmune, metabolic, cardiovascular diseases, and cancer, has been correlated with metals, metalloids, and the excess or deficiency of essential oligo-elements in the body. These elements are ubiquitous and the body is constantly exposed to them via their presence in soil, water, air, and food (López-Abente et al., 2018; Ali et al., 2019). This review aims to offer a comprehensive overview of the biological functions of Sr, pathways of intake, metabolism, and implications for various diseases, emphasizing its significance and potential in addressing pressing health concerns. The decision to focus on Sr stems from its emerging significance in NCDs of its mechanisms and effects. Through an exploration of the diverse roles and potential therapeutic advantages of Sr, this review aims to offer valuable insights into the potential of Sr for addressing nutrient deficiencies and NCDs, while making a meaningful contribution to the development of public health strategies and interventions (Figure 1).
[image: Figure 1]FIGURE 1 | This illustration depicts the assimilation of strontium from the environment into agricultural products via natural water sources and soil. Humans acquire essential strontium through the consumption of strontium-enriched animal and plant-based foods or by drinking natural mineral water containing strontium. Extensive research indicates the effectiveness of strontium in inhibiting the production of inflammatory factors and improving the management of non-communicable chronic diseases.
2 PRESENCE AND DISTRIBUTION OF STRONTIUM IN ENVIRONMENT
Sr is an alkali-earth metal element located in the fifth cycle, group IIA, between calcium and barium. Its physicochemical properties bear resemblance to those of calcium and barium, though it also possesses unique characteristics distinct from these elements. Sr metal is readily oxidized to form Sr oxide, which exhibits a pale-yellow color (Murray, 1993). The primary sources of Sr are Sr sulfate (SrSO4) and Sr carbonate (SrCO3). The natural Sr element is a mixture of four stable isotopes (Shand et al., 2009): 84Sr (0.56%), 86Sr (9.86%), 87Sr (7.02%) and 88Sr (82.56%). It is made up of the radioactive alkali metal rubidium (87Rb) decay, which has a half-life of 4.88 × 1010 year. The source of 87Sr comes from two pathways. One is associated during the original nucleosynthesis with 84Sr, 86Sr and 88Sr formed together, and the other one is given by 87Sr. Formation by the radioactive decay of Rb. Usually reported in geological surveys 87Sr/86Sr, to indicate the source of Sr in environmental samples, is used to identify sediment areas in marine and river environments (Bu et al., 2016; Ryan et al., 2018). The isotopes of Sr are radioactive, such as 90Sr, which was used as a tracer compound (Pathak, 2017; Pathak and Sharma, 2018). 90Sr first decays to yttrium (90Y) and is eventually converted to zirconium after completing its life cycle (90Zr) (BU et al., 2016). A medium content of Sr from 0.02%–0.03% in the earth’s crust, which the main source of Sr element way is water. The average concentration of strontium in freshwater globally is 0.5–1.5 mg/L. (Peter, 2000; United States, 2004). (Figure 2)
[image: Figure 2]FIGURE 2 | Multiple forms of strontium in the natural environment.
Sr is ubiquitous in the environment and spread throughout almost all rocks and soils. Its presence is greater than the presence of carbon or chlorine and slightly lower than sulfur or fluorine. The average concentration of stable Sr in the soil is about 240 ppm, but Sr in agricultural soils may exceed 600 ppm, such as in soil treated with phosphate fertilizer or limestone (Bohn et al., 1979). The release of Sr from the earth’s crust into the atmosphere is the result of natural processes, such as the entrainment of dust particles and the resuspension of the soil, which will lead to the release of Sr. Furthermore, many human activities will cause the release of Sr into the atmosphere, such as the grinding and processing of Sr compounds, burning coal, the application of phosphate fertilizers on land, and the use of pyrotechnic devices (Feng et al., 2016; Pathak et al., 2017). Translation with lower Sr content in natural water sources, such as rivers and wells, but they can vary greatly near dolomite-rich limestone deposits. Research was conducted on public drinking water samples collected from 314 cities across the country to assess the concentration and spatial distribution of strontium (Sr) in public drinking water. The Sr concentration ranged from 0.005 to 3.11 mg/L, with an average value of 0.360 mg/L. Significant regional variations were observed, with higher Sr concentrations generally found in the northern regions and lower concentrations in the southern areas (Peng et al., 2021).
Sr was not significant for the growth or reproduction of most plants while it is easily absorbed from the soil by the plants. Plant uptake of Sr occurs most in clay and sandy soils with low organic content, but the concentration of nutrient mineral elements (such as calcium) in the soil reduces the absorption of Sr by aboveground plants. Compared with root absorption, the leaves absorb very little Sr while the content of Sr in plants is very small (1 ppm–169 ppm, average 36 ppm dry weight) (Russell and Squire, 1958). Once absorbed in the plant, Sr is distributed to other parts of the plant, such as leaves or fruit. The distribution of Sr in plants is mainly in the leaves and fruits of translation. Therefore, Sr is a natural component of food (Qi et al., 2015). The extended survey showed that most foods had lower Sr, such as meat, poultry, potatoes, fruits, milk, and dairy products (fresh weight below 1 ppm), while cereals, root vegetables, and seafood had higher Sr (e.g., 3.7 ppm for bread, 3.6 ppm for fish, 1.6 ppm for green vegetables, and 1.3 ppm for cereals). The highest level can be found in the nuts (8.67 ppm) (Nabrzyski and Gajewska, 2002; Qi et al., 2015).
3 STRONTIUM DYNAMICS IN HUMAN PHYSIOLOGY: ABSORPTION, DISTRIBUTION, AND EXCRETION
3.1 Absorption dynamics
Sr’s physiological journey begins in the jejunum, where it is primarily absorbed. This absorption is facilitated by calcitriol and Ca ions through the epithelial Ca channel 2 (ECaC2) or TRPV6 transporter (Barneo-Caragol et al., 2018b). Sr absorption is influenced by various factors: its absorption decreases relative to increases in Sr dosage, the Ca concentration in food, and individual age. Conversely, Sr absorption can be facilitated by increased levels of vitamin D in the body and higher concentrations of lactose and carbohydrates in food. The absorption methods also exhibit some variations, with Sr absorbed from aqueous solutions being more prevalent (approximately twice as much) compared to Sr absorbed from solid food sources. High-Ca diets and the intake of alginates have been demonstrated to inhibit Sr absorption. Alginates, a type of carbohydrate extracted from seaweed, have been found to significantly reduce Sr absorption in both humans and animals, without adversely affecting Ca absorption (Carr et al., 1968).
The main way to ingest Sr is through food and water. Sr is present in media as a salt or an ionized divalent cation. The Sr ion (dissociated) is toxicokinetic ally important because it is easily absorbed into systemic circulation when inhaled with particulates or ingested with water or foods (Melnyk et al., 2019). Drinking water and the urine levels of Sr have a significant negative correlation with hypertensive heart disease. There is a significant positive correlation between the sodium/Sr ratio in drinking water and the central nervous system vascular injury, arteriosclerosis, degenerative heart disease, and hypertensive heart disease while a significant negative correlation between urinary sodium/Sr ratio and systemic arteriosclerosis (Peng et al., 2021). The mechanism of action may be the competitive absorption of Sr with sodium in the intestine, thereby reducing sodium absorption and increasing sodium excretion in the body. Sr can reduce excessive sodium in the human body which has caused high blood pressure and cardiovascular disease, and inhibit the body’s absorption of sodium. In addition, it was found that the average concentration of Sr in drinking water in the longevity township was significantly higher than that of drinking water in the non-longevity township. There is an obvious regional longevity phenomenon in China, most of which are located in south China (Liu et al., 2018). Du et al. (2017), found that the concentration of Sr in drinking water in longevity areas of South China is between non-longevity areas of Southern China and North China. It can be inferred that the appropriate concentration of Sr in drinking water can play a more effective role in prolonging life.
The primary route of strontium into the body is through the gastrointestinal tract. The absorption of strontium in the gastrointestinal tract is age-dependent, ranging from approximately 90% in infants to around 10% in the elderly (Underwood, 1977). The absorption within a specific age group exhibits significant individual variations, linked to the functional state of the gastrointestinal tract (Likhtarev et al., 1975). Various mechanisms for strontium transport through the intestinal wall have been proposed. While some authors suggest passive diffusion (paracellular transport) as the exclusive absorption mechanism, others, including Papworth et al., (Corbett et al., 2014), propose two routes: carrier-mediated and diffusion-mediated. Generally, strontium is absorbed to a lesser extent than calcium, with a strontium/calcium absorption ratio of approximately at the end of the lactation period (Dumont et al., 1960; Karbach and Rummel, 1987; Milsom et al., 1987). These findings underscore the intricate dynamics of strontium absorption, influenced by age, individual variability, and various physiological conditions. Mechanistic insights into strontium transport, including both passive diffusion and proposed carrier-mediated routes, contribute to our understanding of strontium’s bioavailability (Patrick, 1967). Factors such as dietary composition, fasting, and physiological states like pregnancy and lactation play crucial roles, emphasizing the multifaceted nature of strontium absorption (Moore and Elder, 1965; Kostial et al., 1967). The research documented in this study was centered on juvenile rats, methodically evaluating two pivotal factors that are known to influence the differential absorption and retention of calcium and strontium. These factors are particularly the dietary levels of calcium and phosphorus, which are understood to play a significant role in modulating these processes (Author Anyonumus, 1969; Baheiraei et al., 2021). Additionally, alternative absorption routes via the lung and skin further enrich our comprehension of strontium’s complex uptake mechanisms (Sharma, 2020). The Sr content in human dietary intake, as well as the subsequent daily consumption, exhibits variability based on geographic locales and diverse food types (LV et al., 2011; LIU et al., 2018). The local environmental determinants, significantly influencing the Sr levels in potable water, also contribute considerably to Sr intake (Curzon et al., 1978; Fraga, 2005; Li et al., 2016). Insights derived from dietary surveys, food composition databases, and balance studies suggest that the daily Sr intake likely ranges from 1.4 to 5.7 mg. A comprehensive dietary investigation undertaken in the United Kingdom in 1994 estimated the dietary exposure to Sr at approximately 2–4 mg per day. Globally, it has been reported that the daily Sr intake averages around 1.5 mg (Pors Nielsen, 2004).
3.2 Distribution in the body
Once absorbed, about 99% of Sr is deposited in bone, connective tissue, and teeth, mirroring calcium’s distribution (Cai et al., 2021). Sr can substitute for calcium in the bone mineral matrix which is deposited in bone initially distributed on the bone surface of cortical or trabecular bone and exchanging relatively quickly with calcium (Ca) in plasma, or bone mass. Besides the bones, Sr is relatively abundant in the blood. In serum or plasma, Sr forms divalent cations combined with varying degrees of protein. Sr binds to proteins to the same extent as Ca in serum or plasma, and the binding rate may be between 20%–40% (Piette et al., 1994). The normal serum Sr content in adults with intact renal function ranges from 10 μg/L to 217 μg/L (Cabrera et al., 1999). It has been suggested that the positive effect of Sr on bone and tooth structure is mainly attributed to the interaction between Sr2+ and Ca2+ surrounding anions in the bone mineral structure (Marie et al., 2001). It has appeared that Sr displaces Ca to locally form Sr salts in bone structures, however increasing bone mineral density or protecting enamel from the dissolution in contact with the erosive environment during intake of food and beverages (Zhao et al., 2020). The way to increase Ca ion activity is measured electrochemically by adding Sr chloride to the aqueous suspension of the metastable Ca citrate tetrahydrate (Liu and Skibsted, 2022), and it has also been found to increase bone mineral density with Sr citrate intake (Siccardi et al., 2010). In North America, Sr citrate is approved as a food supplement and is sold in health food stores (Moise et al., 2012). A recent study reported that Sr citrate also prevented loss of enamel hardness under acidic conditions due to lower solubility and reduced solubility of the Ca/Sr mixed minerals (Zhao et al., 2020).
Sr is present in all organisms due to its relatively high concentration (about 400 ppm). The distribution and metabolism of Sr in the human body are similar to Ca. Both of them have “bone-seeking property,” the Sr in bone and blood constantly exchange with a dynamic balance (Panzavolta et al., 2018). The common daily Sr balance has been established as follows: intake with food/fluid—1.93 mg, secretion with urine—0.34 mg, excretion with feces—1.5 mg, secretion via sweat glands—0.02 mg and loss with hair—0.2 × 10−3 mg (Pors Nielsen, 2004; Filippini et al., 2020). Significant endogenous levels of strontium are present in human serum samples ranging from 19 to 96 ng/mL with a mean of 34.6 ± 15.2 ng/mL (SD) (Somarouthu et al., 2015).
3.3 Excretion and metabolic dynamics
The human body’s excretion pathways for different alkaline earth metals are diverse. Barium and radium are primarily excreted through feces, while Sr and Ca are mainly excreted through the kidneys, with minor amounts expelled via breast milk and feces. The renal tubular reabsorption rate for Sr is lower than that for Ca, resulting in Sr typically being excreted at a higher rate than Ca (Carr et al., 1968). The human body handles Sr in a manner similar to Ca; it is absorbed from the intestines, concentrates in the skeleton, and is primarily excreted through urine. Additionally, Sr can also be expelled in feces, breast milk, and sweat. Sr excreted in the feces comes from either unabsorbed orally ingested Sr or Sr actively excreted by the intestines, the latter being directly related to blood Sr concentrations. The Sr/Ca ratio is higher in urine than in the glomerular filtrate, indicating that these two elements are differentiated during the renal tubular reabsorption process in the kidneys. The daily urinary excretion in adults is estimated to be between 0.1 mg and 0.4 mg, with a total clearance rate varying between 9.4 and 11.7 mL/min. Sr can enter human breast milk and be transferred to newborns during breastfeeding. The average Sr concentration in the breast milk of healthy women is estimated to be approximately 74 mg/L.
4 POTENTIAL MECHANISMS OF STRONTIUM IN MODULATING INFLAMMATORY RESPONSES AND NON-COMMUNICABLE CHRONIC DISEASES
4.1 Interplay between inflammation and Non-Communicable Chronic diseases
Inflammation, the body’s natural defense against injury or infection, involves the activation of various immune cells, including macrophages, T cells, and B cells, accompanied by the production of cytokines (Hotamisligil, 2017). Contemporary research has illuminated a profound correlation between inflammatory responses and a spectrum of non-communicable chronic diseases (NCDs). This spectrum encompasses disorders ranging from arthritis, hypertension, metabolic syndrome, type 2 diabetes, cardiovascular diseases, obesity, cancer, and even pathologies related to sleep deprivation (Biondi-Zoccai et al., 2003; Medzhitov, 2008; Straub et al., 2010; Armstrong et al., 2013; López-Otín et al., 2013; Dregan et al., 2014; Besedovsky et al., 2019; Drummond et al., 2019; Schunk et al., 2021; Crea, 2022a; Crea, 2022b). A recurring theme in diseases that elicit inflammatory responses is the disruption of cellular and tissue homeostasis (Hotamisligil, 2006; Colaço and Moita, 2016). For instance, in hypertensive disorders, immune cells like cytotoxic T lymphocytes (CTLs), T helper cells (TH1), and B cells play pivotal roles in modulating cardiovascular dynamics (Drummond et al., 2019). CTLs, through the FASL-FAS system, induce apoptosis in target cells (Sanders and Wang, 2002), and their production of cytokines like interferon-gamma (IFNγ) and tumor necrosis factor (TNF) has been linked to hypertension and renal damage in mice models (Sriramula et al., 2008; Saleh et al., 2015). Obesity presents another illustrative example where lipid accumulation in adipocytes and hepatocytes triggers endoplasmic reticulum (ER) stress and inflammatory signaling, disrupting metabolic balance. The resulting unfolded protein response (UPR) intersects with inflammatory pathways such as NF-κB and oxidative stress networks (Hotamisligil, 2010). Metabolic syndrome, encompassing conditions such as insulin resistance and type 2 diabetes, is closely linked with chronic inflammation. This association is characterized by aberrant cytokine production, elevated levels of acute-phase reactants, and an increase in various other mediators. Additionally, there is an activation of a network of inflammatory signaling pathways, further illustrating the complex interplay between metabolic dysregulation and inflammation (Hotamisligil, 2005). Tumor necrosis factor-alpha (TNF-α), a key pro-inflammatory cytokine, is implicated in various signal transduction pathways. Its overexpression in the adipose tissue of obese mice is linked to obesity, diabetes, and chronic inflammation. Knockout mouse models lacking TNF-α function show improved insulin sensitivity and glucose homeostasis, highlighting TNF-α′s role in modulating insulin action in obesity (Hotamisligil et al., 1993; Uysal et al., 1997; Ventre et al., 1997). Furthermore, the widespread use of anti-TNF-α treatment in inflammatory diseases like rheumatoid arthritis has yielded definitive secondary outcomes. These outcomes support the role of TNF-α in systemic insulin sensitivity in humans, highlighting its significance in the pathophysiology of these conditions (Kiortsis et al., 2005; Gonzalez-Gay et al., 2006).
4.2 Strontium’s regulatory role in inflammatory responses and immune cell dynamics
Emerging evidence accentuates the critical role of metal elements in the structural integrity of inflammatory cells, catalytic processes, and signal transduction pathways (Hänsch and Mendel, 2009). Trace nutrients are deeply embedded in almost every aspect of human metabolism and cellular functionality (Wang et al., 2020). Historically, the physiological implications of these elements were initially characterized based on symptoms associated with their deficiency. These elements are indispensable as cofactors for enzymes, either as prosthetic groups or coenzymes, and are vital for the activation or mimicry of ion channels and secondary signaling pathways (Whitaker et al., 2021).
Strontium, as an essential trace element, exerts a dynamic regulatory influence on immune cell dynamics, with profound implications for T cell behavior, cytokine production, and the NF-κB signaling pathway. Strontium’s assimilation by T cells, mirroring calcium’s pathway, significantly alters intracellular calcium concentrations, thereby impacting T cell responses. This modification in calcium signaling is crucial for the differentiation of T cells into regulatory T cells (Treg), fostering the production of anti-inflammatory cytokines such as TGF-β and IL-10. This mechanism plays a key role in mitigating excessive immune responses in autoimmune and chronic inflammatory diseases, predominantly through the activation of transcription factors like NFAT, essential for T cell differentiation and function (Zhang et al., 2016; Yuan et al., 2017). Furthermore, strontium can modulate the expression levels of key pro-inflammatory cytokines, including IL-1, IL-6, and TNF-α, central to the orchestration of inflammatory responses. These cytokines typically activate downstream pathways such as NF-κB, thereby amplifying the production of inflammatory mediators by immune cells (Dolgikh et al., 2016). The impact of strontium on the NF-κB signaling pathway is significant; by reducing pro-inflammatory cytokine production, strontium may attenuate NF-κB activation, consequently diminishing the expression of inflammatory mediators and mitigating inflammation (Marx et al., 2022). Additionally, strontium’s role in regulating RANKL, a critical factor in bone metabolic balance that promotes osteoclast formation and activation, is of particular interest. Strontium may modulate RANKL expression produced by T and B cells, indirectly influenced by the reduction of pro-inflammatory cytokine levels, thus impacting bone inflammation and resorption processes (You et al., 2022).
Emerging research underscores strontium’s potential in treating various inflammatory diseases, notably through the reduction of pivotal inflammatory cytokines such as TNF-α and IL-6, key players in both inflammatory and autoimmune pathologies (Fromigué et al., 2009; Buache et al., 2012; Liu et al., 2021). The enhancement of anti-inflammatory cytokine production, like interleukin-10 (IL-10), by strontium further indicates its capacity to regulate immune balance and suppressing inflammatory responses. Strontium’s utility in treating osteoporosis also warrants attention. Combined administration of Sr-Ca effectively reduced TNF-α expression in a large animal model of osteoporosis (Wirsig et al., 2022). Buache et al. (2012), discovered that Sr-substituted biphasic calcium phosphate (Sr-BCP) can reduce the production of inflammatory cytokines, such as TNF-α and IL-6, while concurrently slowing osteoclast genesis. Complementarily, Fromigué et al., 2009, demonstrated that strontium ranelate effectively prevents osteoblast apoptosis induced by serum deprivation or pro-inflammatory cytokines IL-1β and TNF-α. Additionally, the suppression of chondrocyte apoptosis and mitigation of inflammatory responses by strontium salts has been corroborated in transcriptomic research studies (Liu et al., 2021). In experimental research, strontium salts have demonstrated significant anti-inflammatory effects. Topal et al (2014), the study noted that oral administration of strontium chloride hexahydrate in a murine model of ulcerative colitis significantly inhibited serum TNF-α levels, with therapeutic effects comparable to prednisone (Hahn, 1999; Li et al., 2016). A clinical randomized controlled trial revealed a significant negative correlation between serum TNF-α levels and serum Sr levels in perimenopausal women with normal BMI (Cybulska et al., 2021).
In a NAFLD mouse model, strontium mitigated hippocampal damage induced by a high-fat diet (HFD), potentially through mechanisms involving endoplasmic reticulum stress (ERS) or inflammation-related signaling pathways. It inhibited HFD-induced inflammation and improved hippocampal synaptic plasticity in NAFLD mice by blocking the TLR4/p38 MAPK/ERK, and NF-κB pathways (Tan et al., 2023). These findings indicate that Sr2+ can attenuate the expression of lipopolysaccharide-stimulated pro-inflammatory cytokines such as TNF-α, IL-1β, IL-6, and IL-8 (Wei et al., 2018). Sr has been employed in the treatment of a range of inflammatory conditions, including interstitial cystitis, temporomandibular joint osteoarthritis, allergic rhinitis, and neuroinflammation (Korgali et al., 2014). Topically applied inorganic strontium salts have shown remarkable effectiveness in inhibiting irritation and inflammation. This is particularly evident in their application for gingival inflammation and irritant dermatitis, positioning these salts as a novel class of selective inhibitors. In experimentally induced irritant contact dermatitis, strontium salts have consistently demonstrated anti-inflammatory effects, corroborating their therapeutic potential in inflammatory skin conditions. (Celerier et al., 1995; Hahn, 1999; Li et al., 2009; Portugal-Cohen et al., 2009; Altuntas et al., 2017; Yu et al., 2022; Zheng et al., 2022). Further extending its dermatological applications, strontium- and selenium-enriched thermal waters have proven effective in managing inflammatory skin diseases (Celerier et al., 1995). The therapeutic and cosmetic properties of Dead Sea mud and water, enriched with strontium, have been highly valued for their anti-inflammatory effects (Portugal-Cohen et al., 2009). Double-blind trials have substantiated the superior anti-inflammatory effects of strontium salts, highlighting their potential in skincare products to alleviate symptoms of irritant contact dermatitis (Fatemi et al., 2016). In a rat model of allergic rhinitis, nasal administration of strontium chloride effectively alleviated allergic symptoms (Altuntas et al., 2017).
Strontium has been studied for its potential to influence macrophage behavior, particularly its capacity to promote anti-inflammatory cytokine production. Macrophages, crucial in regulating inflammation, have two primary activation states: M1 and M2. M1 macrophages, known as classically activated inflammatory macrophages, create a pro-inflammatory environment by secreting cytokines like TNF-α, IL1β, and IL-6. Conversely, M2 macrophages, or activated inflammatory macrophages, secrete anti-inflammatory cytokines such as IL-10 and arginase 1, aiding in tissue regeneration and remodeling (Chazaud, 2014; Wynn and Vannella, 2016). (Figure 3) Research on Sr suggests it may encourage the M2-type macrophage response, thereby supporting an anti-inflammatory microenvironment. Cai et al. found that strontium enhances regenerative macrophage phenotypic expression and IL-10 production while inhibiting TNF-α expression, modulating the immune response (Choi and Park, 2018). SrBGM-treated RAW cells (macrophages) favored the M2 phenotype and exhibited enhanced expression of platelet-derived growth factor-BB (PDGF-BB). Furthermore, the conditioned medium from SrBGM-treated RAW cells significantly enhanced the angiogenic capacity of human umbilical vein endothelial cells (HUVECs) (Zhao et al., 2018).
[image: Figure 3]FIGURE 3 | Strontium facilitates the regeneration of chondrocyte tissues and differentiation of human Bone Marrow Stromal Cells (hBMSCs) by promoting the secretion of anti-inflammatory cytokines such as IL-10 and arginase one from M2 macrophages.
4.3 Effects of strontium on osteoporosis
Investigations have pointed out that a low concentration of Sr was found in the femoral head, which is a common site for low-energy fractures (Burguera et al., 2002). Shorr and Carter, (1952), observed that the deposition of Ca in bones exceeded the total storage of Ca when a moderate dose of Sr lactate was given, in the absence of Sr. Subsequent research has demonstrated that Sr lactate can reduce bone pain in osteoporosis patients, with concurrent radiological signs of improvement. Reports indicate that Sr ranelate is capable of inhibiting bone resorption under certain circumstances, maintaining endogenous bone formation (Marie, 1996), augmenting vertebral bone mass without triggering mineralization defects (Grynpas et al., 1996), and enhancing osteoblast replication and bone formation in vitro (Omdahl and Deluca, 1973). Boivin et al. (1996), studied the biodistribution of Sr in monkeys following the administration of Sr ranelate via X-ray microanalysis. Changes in bone crystallinity were assessed using X-ray diffraction and Raman micro-spectroscopy. Sr enters the bone mineral of trabecular and cortical bones in a dose-dependent manner, predominantly into new bones, and mainly into trabecular bones. Upon drug withdrawal, the concentration of Sr in the bone rapidly decreases, distinguishing this drug, which is now developed as a medication, from bisphosphonates that remain permanently in the bone. No changes in lattice, crystallinity, or crystal structure were observed. In each crystal, less than one in ten Ca ions is replaced by a Sr ion. Long-term studies in rats confirmed significant increases in trabecular bone volume, mineralized bone volume, and osteoblast surfaces, with a decrease in osteoclast numbers, but bone thickness was not affected (Escanero and Córdova, 1991).
The synthetic activity of Sr in bone metabolism, especially in the context of osteoporosis treatment, has become a significant focus in recent research (Saidak and Marie, 2012). Studies have demonstrated that Sr influences bone turnover, marked by simultaneous increases in bone formation and bone resorption (Raisz, 2005; Seeman and Delmas, 2006; Mentaverri et al., 2012). Osteoporosis, predominantly affecting postmenopausal women, is characterized by low bone mass and heightened fragility, leading to an increased risk of fractures (Seeman and Delmas, 2006). This condition often results from estrogen deficiency, which disrupts the delicate balance between bone resorption and formation (Parfitt, 1984). Strontium ranelate, recognized for its efficacy in treating osteoporosis, is particularly recommended for severe cases in postmenopausal women and elderly men, serving as a second-choice medication. Its dual-action mechanism, which involves decreasing bone resorption while stimulating bone formation, enhances bone mineral density and reduces fracture risks (Fogelman and Blake, 2005; Deeks and Dhillon, 2010; Boivin et al., 2012). The standard dosage is 2 g daily, taken orally, and it is advised to be consumed apart from calcium-rich foods or supplements for better absorption. While undergoing strontium ranelate therapy, it's essential to ensure sufficient vitamin D and calcium intake for optimal bone health. The safety profile of strontium ranelate is generally favorable, but monitoring for adverse reactions such as nausea, diarrhea, headache, and dermatologic responses is vital (Fassbender et al., 2006). Regular assessments of bone mineral density are recommended to gauge the treatment’s effectiveness. Patients with a history of cardiovascular events should exercise caution when using strontium ranelate, as research indicates a significant proportion of osteoporosis patients on this medication have pre-existing cardiovascular risk factors (Yu et al., 2015). Therefore, individual patient factors, such as osteoporosis severity, comorbidities, and concurrent medications, are crucial considerations in strontium ranelate’s clinical application. In conclusion, strontium ranelate presents as a viable osteoporosis treatment, especially for postmenopausal women and elderly men, but its use requires careful evaluation and monitoring in consideration of the patient’s overall health and associated risks.
Furthermore, research has shown that strontium ranelate significantly reduces the incidence of hip and vertebral compression fractures in postmenopausal osteoporosis (Reginster et al., 2002; Meunier et al., 2004). The mechanism by which strontium ranelate treats osteoporosis involves enhancing endogenous osteoblast replication and bone formation, thus affecting bone remodeling (Canalis et al., 1996). Strontium ranelate acts as an osteoblast stimulant, activating the calcium-sensing receptor (CaSR), a G-protein-coupled receptor located in bone cells and associated with bone remodeling (Brown, 2003). While Sr ions have a lower affinity than Ca ions, they still function as agonists for the calcium-sensing receptor in bone. It has been confirmed that the calcium-sensing receptors in osteoblasts activated by Sr might exhibit different functionalities compared to other calcium-sensing receptors (Quarles, 1997).
4.4 Association between strontium and type 2 diabetes mellitus
Tremendous studies have demonstrated Sr treatment could alleviate oxidative damage (Yalin et al., 2012). There’s a negative correlation between the level of Sr in the blood and lipid peroxidation and oxidative stress (Barneo-Caragol et al., 2018a), with Sr offering protection at the chromosomal level (Bai et al., 2016). Sr may play a part in anti-oxidation and lipid metabolism (Yalin et al., 2012; Bai et al., 2016; Barneo-Caragol et al., 2018c), and it is associated with the development of T2DM (Maehira et al., 2011; SAidak et al., 2012; Vidal et al., 2013). Therefore, Sr could potentially be a promoting factor in the treatment of diabetes. However, there is still a lack of evidence to support this claim from animal studies to humans. Calcium, as a fundamental element, plays a critical role in biological functions and is associated with diabetes (Becerra-Tomás et al., 2014; Lorenzo et al., 2014; Rooney et al., 2016). Based on the similar chemical and biological properties of Sr and Ca, it has been suggested that they might have synergistic or competitive effects (Pors Nielsen, 2004). The ratio of Ca to Sr (Ca/Sr) could indicate to some extent the balance between Ca and Sr. In healthy populations, the Ca/Sr in bones is similar to that in serum, typically ranging from 1000:1 to 2000:1 (Wongdee et al., 2017). The balance between Sr and Ca mainly depends on intestinal absorption and bone turnover. Whether this balance would be disrupted under diabetic conditions remains unknown. Surveys have shown an inverse relationship between plasma Sr and T2DM and impaired glucose regulation (IGR). This association is independent of sociodemographic factors, lifestyle, disease conditions, and multiple plasma minerals. As plasma Sr increases, the odds of T2DM decrease significantly, then reach a plateau. The concentration of Sr in plasma is also inversely related to IGR, but this relationship is somewhat weakened.
Contrary to previous studies, the research results on the relationship between Sr and T2DM have been conflicting (Hansen et al., 2017; Li et al., 2017; Simić et al., 2017). A domestic study showed an increase in plasma Sr levels in patients with T2DM (Li et al., 2017). However, two Norwegian studies showed no difference in blood Sr levels between patients with T2DM and the control group (Hansen et al., 2017; Simić et al., 2017). This discrepancy may be related to the Sr concentration reported in the Norwegian studies, which was much lower (about 18–19 mg/L) compared to our results and other studies. The cause of this discrepancy could be due to population heterogeneity or dietary differences.
Additionally, skalnaya et al., 2018, and colleagues found an inverse relationship between serum Sr levels and insulin resistance in 80 women with pre-diabetes. Given the limited sample size of these studies, and that potential confounding factors were not fully considered in the analyses, these results should be interpreted with caution.
Over the past decade, extensive research has been conducted on the effects of Sr on bones. However, little is known about the biological mechanisms of Sr in the development of diabetes (Hellman et al., 1997; Maehira et al., 2011). In vitro studies show that Sr has potential anti-diabetic effects. Experimental evidence suggests that in an osteoporotic rat model (Yalin et al., 2012), treatment with Sr ranelate can lower the level of lipid peroxidation index (MDA), and increase the activity of superoxide dismutase, glutathione peroxidase, and catalase. Sr exhibits anti-diabetic effects by regulating the expression of relevant genes in the pancreas, reducing blood sugar levels, and improving tolerance to insulin, leptin, and adiponectin. Additionally, Sr has analgesic effects, involving reducing inflammatory cytokines (TNF-alpha and interleukin-1b) via an opiate-dependent mechanism (De Melo Nunes et al., 2015). While Sr has been shown to have anti-inflammatory effects through an opioid-like mechanism, it's unclear whether it plays a role in blood sugar control via opioid signaling pathways. Evidence from animal studies suggests that Sr might be involved in anti-adipogenesis, possibly by activating peroxisome proliferate-activated receptors in adipocytes. Lipid metabolism disorder, inflammation, and oxidative stress are key pathogenic mechanisms for insulin resistance and the development of diabetes (Savage et al., 2007; Zheng et al., 2018). Therefore, Sr’s potential antioxidant, anti-inflammatory, and anti-adipogenic effects may offer protective benefits against diabetes.
The epidemiological evidence of Sr’s impact on lipid parameters and oxidative stress is limited and mainly comes from small sample-size studies (Barneo-Caragol et al., 2018b). We evaluated the relationship between plasma Sr and lipid peroxidation and lipid parameters in NGT (Normal Glucose Tolerance), IGR (Impaired Glucose Regulation), and T2DM. An inverse relationship was observed between plasma Sr and total cholesterol, low-density lipoprotein cholesterol (LDL-C), and lipid peroxidation index (MDA). However, contrary to previous studies, there was no significant correlation between Sr and total cholesterol, low-density lipoprotein cholesterol (LDL-C), and the lipid peroxidation index (MDA). Also, the relationship between Sr and fasting blood glucose, fasting insulin, or HOMA (Homeostatic Model Assessment) was not significant. This suggests that while Sr could potentially have impacts on cholesterol levels and lipid peroxidation, its relationship with these markers and blood sugar regulation might be complex and is not fully understood at this time. Further research with larger sample sizes and more diverse populations would be needed to clarify these relationships and to understand the potential role of Sr in metabolic health and disease. Sr and Ca have long been considered to behave similarly and to have a synergistic effect due to their similar chemical properties. However, Sr has been shown to interact with Ca channels and to regulate intracellular Ca levels through calcium-sensing receptors (Fernández et al., 2013). Previous research has shown a positive correlation between serum calcium levels and the risk of T2DM, with the relationship between serum calcium and T2DM risk dependent on estimates of either total serum calcium or albumin-corrected serum calcium. This suggests that alterations in calcium homeostasis might be involved in the development of T2DM. The interaction between Sr and Ca, therefore, could potentially have an impact on T2DM risk as well, although further research is needed to fully understand these relationships. The exact mechanism of how Sr influences Ca metabolism and how this might relate to diabetes risk is still not fully clear (Becerra-Tomás et al., 2014; Lorenzo et al., 2014; Rooney et al., 2016).
4.5 Association between strontium and hypertension
Pregnancy-induced hypertension (PIH), including gestational hypertension (GH) and preeclampsia (PE), is considered one of the main causes of morbidity and mortality in pregnant and perinatal women (Helewa et al., 1997; Savitz et al., 2014; Mol et al., 2016). It has detrimental effects on the future lives of these mothers and children (Ananth and Basso, 2010; Bakker et al., 2011; Veerbeek et al., 2015; Alsnes et al., 2017). Pregnant women with PIH are at a higher risk of complications such as cardiovascular diseases (Veerbeek et al., 2015; Leon et al., 2019), while infants born to women with PIH may be at risk of adverse birth outcomes such as preterm birth (Clausson et al., 1998; Bakker et al., 2011). Increasing evidence supports the idea that oxidative stress, especially placental oxidative stress, is a major factor leading to PIH (Hilali et al., 2013; Kintiraki et al., 2015; Lin et al., 2016; Mol et al., 2016). A study conducted by Tang and colleagues (Tang et al., 2021) surveyed 5432 pregnant women and found a significant correlation between increased risk of gestational hypertension and lower levels of urinary Sr. The correlation between strontium (Sr) levels and the prevention of gestational hypertension appears to be particularly significant in pregnant women under the age of 35. This suggests that Sr may be significantly effective in reducing the likelihood of high blood pressure development. Trace elements are vital components of the body’s antioxidant defense system (Mbofung et al., 1986; Evans and Halliwell, 2001). Sr, one of these trace elements, exhibits particular biological effects in the human antioxidant defense system. It naturally exists in the environment and is effectively absorbed into the human body through the soil-plant-food chain. The elimination of Sr largely depends on age (Pors Nielsen, 2004). Sr is primarily excreted from the kidneys, and its presence in urine can reflect internal exposure levels (Dahl et al., 2001). Previous research points out that Sr can reduce oxidative stress by elevating the levels of superoxide dismutase (SOD) and catalase (CAT), which are two enzymes that clear free oxygen radicals in the body (El-Megharbel et al., 2015).
Studies suggest that Sr is linked to the pathophysiology of Pregnancy-induced hypertension (PIH) (Barneo-Caragol et al., 2018a; Barneo-Caragol et al., 2018b). An observational study revealed elevated serum Sr concentrations and oxidative status in a small portion of preeclampsia (PE) patients. Researchers such as Barneo-Caragol argue that the increase in serum Sr levels may restore the balance between bodily defense and oxidative damage, suggesting a potentially beneficial role for Sr in oxidative damage. Moreover, studies indicate that maternal age is associated with the metabolism of Sr (Dietl and Farthmann, 2015; Shagina et al., 2015). However, there is currently insufficient evidence to support the relationship between Sr levels and PIH under varying maternal ages.
4.6 Association between strontium and cardiovascular disease
The role of Sr in cardiovascular health has been illustrated by numerous studies (Corbett et al., 2014). Dawson et al. (1978), showed that Sr is related to cardiovascular construction and function, Sr reduces mortality from cardiovascular diseases, abnormal sodium/Sr ratio is associated with a variety of cardiovascular diseases, drinking water sodium/Sr ratio and urinary sodium/Sr ratio are significantly positively and negatively correlated with atherosclerosis, and the mechanism of action may be that Sr is competitively absorbed with sodium in the intestine, and the presence of Sr reduces the absorption of sodium in the body and increases sodium excretion in the body. Tang et al., 2021, studied 5432 pregnant women and found that increased risk of gestational hypertension was significantly associated with lower urinary Sr levels, and this correlation was more pronounced in younger pregnant women under 35 years of age, suggesting that Sr plays an important role in preventing the development of gestational hypertension.
5 HEALTH EFFECTS OF STRONTIUM OVERDOSE AND DEFICIENCY
Sr has a lower toxicity than Ca. However, in experimental animals, high levels of Sr in the diet can induce skeletal changes akin to rachitic lesions, especially in conditions of low Ca intake (Bartley and Reber, 1961; COLVIN et al., 1972). This phenomenon is caused by a combination of impaired intestinal absorption of Ca and a decrease in 1,25-dihydroxycholecalciferol produced by the kidneys. The direct impact of Sr on intestinal Ca absorption may be due to shared absorption pathways between these two metals, with both active and passive transport mechanisms favoring Ca absorption. This competitive inhibition has been confirmed in isolated intestinal slices and perfused intestines. It has been shown that calcium-binding proteins bind Sr to a lesser extent than Ca (Schrooten et al., 1998), and Sr inhibits renal 1-hydroxylase, impairing the production of 1,25-(OH)2 Vitamin D3 (Omdahl and Deluca, 1973). Reports indicate that in chickens, Vitamin D3 and its 24-hydroxy derivative lost their anti-rachitic activity under high dietary Sr concentrations, but 1,25-dihydroxy vitamin D retained its ability to induce the synthesis of calcium-binding proteins in intestinal epithelial cells and stimulated bone mineralization to some extent (Bauman et al., 1988). High-calcium and high-Sr diets in pregnant mice reduced the content of calcium-binding proteins in maternal intestines and placenta, which could eventually lead to the hypomineralization of the fetal skeleton (Bruns et al., 1982). Animal studies suggest that young animals are more sensitive to excessive Sr than older animals, and inadequate intake of Ca and Vitamin D can increase the detrimental effects on the skeleton.
Ozgür et al. (1996), published an observational study on the importance of Sr for human nutrition. They found that in two regions of Turkey where the soil content of Sr greatly varied, there was a high prevalence of rickets. In Region 1, where Sr content was above 350 ppm, the prevalence of rickets was 31.5%; in Region 2, where Sr content was below 350 ppm, the prevalence of rickets was 19.5%. Therefore, high concentrations of Sr in the soil may induce rickets, although lack of sunlight and dietary deficiencies may also be contributing factors. Verberckmoes et al. (2003), demonstrated the direct impact of high-dose Sr on bone in vitro, finding evidence of insufficient formation of hydroxyapatite under high and medium doses of Sr, which may resemble the situation of osteoporosis in dialysis patients. Although the prevalence of osteoporosis has decreased in recent years, there are indeed less than 5% of dialysis patients suffering from osteoporosis. It is well known that the concentration of Sr in bone is elevated, and the Sr/Ca ratio in bone is high, which may be due to the high concentration of Sr in dialysis fluid (Cohen-Solal et al., 2002). However, patients with end-stage renal failure who have not yet undergone dialysis have normal bone Sr levels, but the prevalence of osteoporosis is still high (Spasovski et al., 2003).
It has been found that the ingestion of toxic doses of Sr leads to defective bone mineralization, similar to rickets/osteoma Acia, and the effect is more pronounced in animals consuming a low-calcium diet (Omdahl and Deluca, 1971; Morohashi et al., 1994). This may be related to Sr’s impact on parathyroid hormone and vitamin D3 levels, as well as Sr’s direct integration into bone.
6 CONCLUSION AND FUTURE DIRECTIONS
Current research on Sr effect in human health, while enlightening, reveals a landscape replete with unanswered questions and unexplored avenues. The existing body of work, primarily observational and experimental, underscores the potential of Sr in mitigating various non-communicable diseases, yet it falls short of establishing definitive causal relationships. Notably, the intricacies of Sr metabolism, its optimal dietary levels, and long-term health implications remain inadequately understood.
The road ahead demands a concerted effort to expand robust epidemiological data and conduct controlled clinical trials. There is a critical need to quantify the dietary intake of Sr accurately and establish reference values, considering the variability across different populations and dietary habits. Future studies should aim to unravel the mechanistic pathways of Sr at the molecular level, providing insights into its therapeutic potential and safety profile. Furthermore, understanding the interaction of Sr with other trace elements and nutrients, and how these relationships influence overall health, will be vital. Such comprehensive research efforts will not only illuminate the nuanced role of Sr in human health but also guide dietary recommendations and potential therapeutic applications, paving the way for preventive and treatment strategies for chronic diseases.
This review culminates in a nuanced understanding of strontium’s multifaceted role in human health. The evidence presented herein highlights the significant potential of Sr in influencing various health outcomes, particularly in the context of chronic diseases. However, the journey to fully comprehend and harness Sr’s benefits is far from complete. Such endeavors will not only solidify our understanding of the role of health and disease but also inform public health policies and clinical practices. In conclusion, while the current evidence is promising, it serves as a springboard for future research, crucial for unlocking the full potential of Sr in enhancing human health.
AUTHOR CONTRIBUTIONS
XR: Writing–original draft, Conceptualization, Data curation, Resources, Visualization, Formal Analysis, Investigation, Methodology, Validation. LY: Investigation, Resources, Writing–review and editing, Data curation. GS: Data curation, Investigation, Writing–review and editing, Methodology, Validation. KW: Methodology, Writing–review and editing, Validation. ZX: Software, Visualization, Writing–review and editing. WZ: Software, Writing–review and editing. YG: Writing–review and editing, Conceptualization, Funding acquisition, Investigation, Supervision, Formal Analysis, Data curation, Methodology, Project administration.
FUNDING
The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was funded by the Agricultural Science and Technology Innovation Program (CAAS-ASTIP-2022-IFND).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Ali, H., Khan, E., and Ilahi, I. J. J. O. C. (2019). Environmental chemistry and ecotoxicology of hazardous heavy metals: environmental persistence, toxicity, and bioaccumulation. J. Chem. 2019, 1–14. doi:10.1155/2019/6730305
 Alsnes, I. V., Vatten, L. J., Fraser, A., Bjørngaard, J. H., Rich-Edwards, J., Romundstad, P. R., et al. (2017). Hypertension in pregnancy and offspring cardiovascular risk in young adulthood. Hypertension 69 (4), 591–598. doi:10.1161/hypertensionaha.116.08414
 Altuntas, E. E., Turgut, N. H., Durmuş, K., Doǧan, Ö., and Akyol, M. (2017). Strontium chloride hexahydrate as a candidate molecule for long-term treatment of allergic rhinitis. Indian J. Med. Res. 146 (1), 121. doi:10.4103/ijmr.ijmr_894_15
 Ananth, C. V., and Basso, O. (2010). Impact of pregnancy-induced hypertension on stillbirth and neonatal mortality. Epidemiology 21 (1), 118–123. doi:10.1097/ede.0b013e3181c297af
 Armstrong, A. W., Harskamp, C. T., and Armstrong, E. J. (2013). Psoriasis and the risk of diabetes mellitus: a systematic review and meta-analysis. JAMA Dermatol. 149 (1), 84–91. doi:10.1001/2013.jamadermatol.406
 Author Anyonumus (1969). Calcium, phosphorus, and strontium metabolism in infants. Nutr. Rev. 27 (9), 254–256. doi:10.1111/j.1753-4887.1969.tb06451.x
 Baheiraei, N., Eyni, H., Bakhshi, B., Najafloo, R., and Rabiee, N. (2021). Effects of strontium ions with potential antibacterial activity on in vivo bone regeneration. Sci. Rep. 11 (1), 8745. doi:10.1038/s41598-021-88058-1
 Bai, Y., Feng, W., Wang, S., Zhang, X., Zhang, W., He, M., et al. (2016). Essential metals zinc, selenium, and strontium protect against chromosome damage caused by polycyclic aromatic hydrocarbons exposure. Environ. Sci. Technol. 50 (2), 951–960. doi:10.1021/acs.est.5b03945
 Bakker, R., Steegers, E. A. P., Hofman, A., and Jaddoe, V. W. V. (2011). Blood pressure in different gestational trimesters, fetal growth, and the risk of adverse birth outcomes: the generation R study. Am. J. Epidemiol. 174 (7), 797–806. doi:10.1093/aje/kwr151
 Barneo-Caragol, C., MartíNEZ-Morillo, E., RodríGUEZ-GonzáLEZ, S., Lequerica-Fernández, P., Vega-Naredo, I., and Álvarez Menéndez, F. V. (2018a). Strontium and oxidative stress in normal pregnancy. J. trace Elem. Med. Biol. organ Soc. Minerals Trace Elem. (GMS) 45, 57–63. doi:10.1016/j.jtemb.2017.09.021
 Barneo-Caragol, C., Martinez-Morillo, E., Rodriguez-Gonzalez, S., Lequerica-Fernández, P., Vega-Naredo, I., and Álvarez Menéndez, F. V. (2018b). Strontium and its role in preeclampsia. J. trace Elem. Med. Biol. organ Soc. Minerals Trace Elem. (GMS) 47, 37–44. doi:10.1016/j.jtemb.2018.01.003
 Barneo-Caragol, C., MartíNEZ-Morillo, E., RodríGUEZ-GonzáLEZ, S., Lequerica-Fernández, P., Vega-Naredo, I., and Álvarez Menéndez, F. V. (2018c). Strontium and oxidative stress in normal pregnancy. J. Trace Elem. Med. Biol. 45, 57–63. doi:10.1016/j.jtemb.2017.09.021
 Bartley, J. C., and Reber, E. F. (1961). Toxic effects of stable strontium in young pigs. J. Nutr. 75 (1), 21–28. doi:10.1093/jn/75.1.21
 Bauman, V. K., Valinietse, M., and Babarykin, D. A. (1988). Effect of strontium on the anti-rickets activity of vitamin D3 and its hydroxy analogs. Vopr. Med. Khimii 34 (4), 26–32.
 Becerra-TomáS, N., Estruch, R., Bulló, M., Casas, R., Díaz-López, A., Basora, J., et al. (2014). Increased serum calcium levels and risk of type 2 diabetes in individuals at high cardiovascular risk. Diabetes Care 37 (11), 3084–3091. doi:10.2337/dc14-0898
 Bennett, J. E., Stevens, G. A., Mathers, C. D., Bonita, R., Rehm, J., Kruk, M. E., et al. (2018). NCD Countdown 2030: worldwide trends in non-communicable disease mortality and progress towards Sustainable Development Goal target 3.4. Lancet 392 (10152), 1072–1088. doi:10.1016/s0140-6736(18)31992-5
 Besedovsky, L., Lange, T., and Haack, M. (2019). The sleep-immune crosstalk in health and disease. Physiol. Rev. 99 (3), 1325–1380. doi:10.1152/physrev.00010.2018
 Biondi-Zoccai, G. G. L., Abbate, A., Liuzzo, G., and Biasucci, L. M. (2003). Atherothrombosis, inflammation, and diabetes. J. Am. Coll. Cardiol. 41 (7), 1071–1077. doi:10.1016/s0735-1097(03)00088-3
 Black, R. E., Victora, C. G., Walker, S. P., Bhutta, Z. A., Christian, P., de Onis, M., et al. (2013). Maternal and child undernutrition and overweight in low-income and middle-income countries. Lancet 382 (9890), 427–451. doi:10.1016/s0140-6736(13)60937-x
 Bohn, H. L., Mcneal, B. L., and O'Connor, G. A. (1979). Soil chemistry. Wiley 149 (3), 329. doi:10.2307/1307553
 Boivin, G., Deloffre, P., Perrat, B., Panczer, G., Boudeulle, M., Mauras, Y., et al. (1996). Strontium distribution and interactions with bone mineral in monkey iliac bone after strontium salt (S 12911) administration. J. Bone Mineral Res. 11 (9), 1302–1311. doi:10.1002/jbmr.5650110915
 Boivin, G., Doublier, A., and Farlay, D. (2012). Strontium ranelate – a promising therapeutic principle in osteoporosis. J. Trace Elem. Med. Biol. 26 (2), 153–156. doi:10.1016/j.jtemb.2012.03.013
 Brown, E. M. (2003). Is the calcium receptor a molecular target for the actions of strontium on bone?Osteoporos. Int. 14 (3), 25–34. doi:10.1007/s00198-002-1343-6
 Bruns, M. E., Wallshein, V., and Bruns, D. E. (1982). Regulation of calcium-binding protein in mouse placenta and intestine. Am. J. Physiology-Endocrinology Metabolism 242 (1), E47–E52. doi:10.1152/ajpendo.1982.242.1.e47
 Buache, E., Velard, F., Bauden, E., Guillaume, C., Jallot, E., Nedelec, J., et al. (2012). Effect of strontium-substituted biphasic calcium phosphate on inflammatory mediators production by human monocytes. Acta Biomater. 8 (8), 3113–3119. doi:10.1016/j.actbio.2012.04.045
 Burger, A., and Lichtscheidl, I. (2019). Strontium in the environment: review about reactions of plants towards stable and radioactive strontium isotopes. Sci. Total Environ. 653, 1458–1512. doi:10.1016/j.scitotenv.2018.10.312
 Burguera, M., Burguera, J. L., Di Bernardo, M. L., et al. (2002). Age and sex-related calcium and strontium concentrations in different types of human bones. Trace Elem. electrolytes 19 (3), 143–151. 
 Bu, W., Zheng, J., Liu, X., Long, K., Hu, S., and Uchida, S. (2016). Mass spectrometry for the determination of fission products 135Cs, 137Cs and 90Sr: a review of methodology and applications. Spectrochim. Acta Part B At. Spectrosc. 119, 65–75. doi:10.1016/j.sab.2016.03.008
 Cabrera, W. E., Schrooten, I., De Broe, M. E., and D'Haese, P. C. (1999). Strontium and bone. J. bone mineral Res. official J. Am. Soc. Bone Mineral Res. 14 (5), 661–668. doi:10.1359/jbmr.1999.14.5.661
 Cai, Z., Li, Y., Song, W., He, Y., Li, H., and Liu, X. (2021). Anti-inflammatory and prochondrogenic in situ-Formed injectable hydrogel crosslinked by strontium-doped bioglass for cartilage regeneration. ACS Appl. Mater. interfaces 13 (50), 59772–59786. doi:10.1021/acsami.1c20565
 Canalis, E., Hott, M., Deloffre, P., et al. (1996). The divalent strontium salt S12911 enhances bone cell replication and bone formation in vitro. Bone 18 (6), 517–523. doi:10.1016/8756-3282(96)00080-4
 Carr, T. E. F., Harrison, G. E., Humphreys, E. R., and Sutton, A. (1968). Reduction in the absorption and retention of dietary strontium in man by alginate. Int. J. Radiat. Biol. Relat. Stud. Phys. Chem. Med. 14 (3), 225–233. doi:10.1080/09553006814551031
 Celerier, P., Litoux, P., Dreno, B., and Richard, A. (1995). Modulatory effects of selenium and strontium salts on keratinocyte-derived inflammatory cytokines. Arch. Dermatol Res. 287 (7), 680–682. doi:10.1007/bf00371742
 Chazaud, B. (2014). Macrophages: supportive cells for tissue repair and regeneration. Immunobiology 219 (3), 172–178. doi:10.1016/j.imbio.2013.09.001
 Chen, L., Guo, Q., Wang, Q., Luo, C., Chen, S., Wen, S., et al. (2020). Association between plasma strontium, a bone-seeking element, and type 2 diabetes mellitus. Clin. Nutr. 39 (7), 2151–2157. doi:10.1016/j.clnu.2019.08.033
 Choi, S.-M., and Park, J.-W. (2018). Multifunctional effects of a modification of SLA titanium implant surface with strontium-containing nanostructures on immunoinflammatory and osteogenic cell function. J. Biomed. Mater Res. A 106 (12), 3009–3020. doi:10.1002/jbm.a.36490
 Clausson, B., Cnattingius, S., and Axelsson, O. (1998). Preterm and term births of small for gestational age infants: a population-based study of risk factors among nulliparous women. BJOG Int. J. Obstetrics Gynaecol. 105 (9), 1011–1017. doi:10.1111/j.1471-0528.1998.tb10266.x
 Cohen-Solal, M. E., Augry, F., Mauras, Y., Morieux, C., Allain, P., and de Vernejoul, M. (2002). Fluoride and strontium accumulation in bone does not correlate with osteoid tissue in dialysis patients. Nephrol. Dial. Transplant. 17 (3), 449–454. doi:10.1093/ndt/17.3.449
 ColaçO, H. G., and Moita, L. F. (2016). Initiation of innate immune responses by surveillance of homeostasis perturbations. FEBS J. 283 (13), 2448–2457. doi:10.1111/febs.13730
 Colvin, L. B., Creger, C. R., Ferguson, T. M., and Crookshank, H. (1972). Experimental epiphyseal cartilage anomalies by dietary strontium,. Poult. Sci. 51 (2), 576–581. doi:10.3382/ps.0510576
 Corbett, A. J., Eckle, S. B., Birkinshaw, R. W., Liu, L., Patel, O., Mahony, J., et al. (2014). T-cell activation by transitory neo-antigens derived from distinct microbial pathways. Nature 509 (7500), 361–365. doi:10.1038/nature13160
 Crea, F. (2022a). New therapeutic targets to reduce inflammation-associated cardiovascular risk: the CCL2–CCR2 axis, LOX-1, and IRF5. Eur. Heart J. 43 (19), 1777–1781. doi:10.1093/eurheartj/ehac233
 Crea, F. (2022b). New therapeutic targets to reduce inflammation-associated cardiovascular risk: the CCL2-CCR2 axis, LOX-1, and IRF5. Eur. Heart J. 43 (19), 1777–1781. doi:10.1093/eurheartj/ehac233
 Curzon, M. E., Spector, P. C., and Iker, H. P. (1978). An association between strontium in drinking water supplies and low caries prevalence in man. Archives oral Biol. 23 (4), 317–321. doi:10.1016/0003-9969(78)90025-0
 Cybulska, A. M., Rachubińska, K., Szkup, M., Schneider-Matyka, D., Baranowska-Bosiacka, I., Chlubek, D., et al. (2021). Serum levels of proinflammatory cytokines and selected bioelements in perimenopausal women with regard to body mass index. Aging 13 (23), 25025–25037. doi:10.18632/aging.203754
 Dahl, S. G., Allain, P., Marie, P. J., Mauras, Y., Boivin, G., Ammann, P., et al. (2001). Incorporation and distribution of strontium in bone. Bone 28 (4), 446–453. doi:10.1016/s8756-3282(01)00419-7
 Dawson, E. B., Frey, M. J., Moore, T. D., and McGanity, W. J. (1978). Relationship of metal metabolism to vascular disease mortality rates in Texas. Am. J. Clin. Nutr. 31 (7), 1188–1197. doi:10.1093/ajcn/31.7.1188
 Deeks, E. D., and Dhillon, S. (2010). Strontium ranelate: a review of its use in the treatment of postmenopausal osteoporosis. Strontium Ranelate. Drugs 70 (6), 733–759. doi:10.2165/10481900-000000000-00000
 De Melo Nunes, R., Martins, M. R., Da Silva Junior, F. S., de Melo Leite, A. C. R., Girão, V. C. C., de Queiroz Cunha, F., et al. (2015). Strontium ranelate analgesia in arthritis models is associated to decreased cytokine release and opioid-dependent mechanisms. Inflamm. Res. 64 (10), 781–787. doi:10.1007/s00011-015-0860-7
 Dietl, A., and Farthmann, J. (2015). Gestational hypertension and advanced maternal age. Lancet 386 (10004), 1627–1628. doi:10.1016/s0140-6736(15)00532-2
 Dolgikh, O. V., Zaitseva, N. V., and Dianova, D. G. (2016). Regulation of apoptotic signal by strontium in immunocytes. Biochem. Mosc. Suppl. Ser. A Membr. Cell Biol. 10 (2), 158–161. doi:10.1134/s1990747816010049
 Dregan, A., Charlton, J., Chowienczyk, P., and Gulliford, M. C. (2014). Chronic inflammatory disorders and risk of type 2 diabetes mellitus, coronary heart disease, and stroke: a population-based cohort study. Circulation 130 (10), 837–844. doi:10.1161/circulationaha.114.009990
 Drummond, G. R., Vinh, A., Guzik, T. J., and Sobey, C. G. (2019). Immune mechanisms of hypertension. Nat. Rev. Immunol. 19 (8), 517–532. doi:10.1038/s41577-019-0160-5
 Dumont, P. A., Curran, P. F., and Solomon, A. K. (1960). Calcium and strontium in rat small intestine. Their fluxes and their effect on Na flux. J. general physiology 43 (6), 1119–1136. doi:10.1085/jgp.43.6.1119
 Du, Y., Luo, K., and Hussain, R. (2017). Comparative study of physico-chemical parameters of drinking water from some longevity and non-longevity areas of China. J. Water Health 15 (3), 462–473. doi:10.2166/wh.2017.183
 El-Megharbel, S. M., Hamza, R. Z., and Refat, M. S. (2015). Synthesis, spectroscopic and thermal studies of Mg(II), Ca(II), Sr(II) and Ba(II) diclofenac sodium complexes as anti-inflammatory drug and their protective effects on renal functions impairment and oxidative stress. Spectrochimica Acta Part A Mol. Biomol. Spectrosc. 135, 915–928. doi:10.1016/j.saa.2014.07.101
 Escanero, J. F., and CóRDOVA, A. (1991). Effects of glucagon on serum calcium, magnesium and strontium levels in rats. Min. Electrolyte Metab. 17 (3), 190–193.
 Evans, P., and Halliwell, B. (2001). Micronutrients: oxidant/antioxidant status. Br. J. Nutr. 85 (S2), S67–S74. doi:10.1079/bjn2000296
 Fassbender, W. J., Stumpf, U. C., and JockenhöVEL, F. (2006). Pharmacotherapy of osteoporosis: evidence-based clinical practice. Med. Klin. (Munich) 101 (Suppl. 1), 173–177.
 Fatemi, S., Jafarian-Dehkordi, A., Hajhashemi, V., Asilian-Mahabadi, A., and Nasr-Esfahani, M. (2016). A comparison of the effect of certain inorganic salts on suppression acute skin irritation by human biometric assay: a randomized, double-blind clinical trial. J. Res. Med. Sci. official J. Isfahan Univ. Med. Sci. 21, 102. doi:10.4103/1735-1995.193174
 Feng, J., Yu, H., Su, X., Liu, S., Li, Y., Pan, Y., et al. (2016). Chemical composition and source apportionment of PM2.5 during Chinese Spring Festival at Xinxiang, a heavily polluted city in North China: fireworks and health risks. Atmos. Res. 182, 176–188. doi:10.1016/j.atmosres.2016.07.028
 FernáNDEZ, J. M., Molinuevo, M. S., Sedlinsky, C., Schurman, L., Cortizo, A. M., and McCarthy, A. D. (2013). Strontium ranelate prevents the deleterious action of advanced glycation endproducts on osteoblastic cells via calcium channel activation. Eur. J. Pharmacol. 706 (1), 41–47. doi:10.1016/j.ejphar.2013.02.042
 Filippini, T., Tancredi, S., Malagoli, C., Malavolti, M., Bargellini, A., Vescovi, L., et al. (2020). Dietary estimated intake of trace elements: risk assessment in an Italian population. Expo. Health 12 (4), 641–655. doi:10.1007/s12403-019-00324-w
 Fogelman, I., and Blake, G. M. (2005). Strontium ranelate for the treatment of osteoporosis. BMJ Clin. Res. ed 330 (7505), 1400–1401. doi:10.1136/bmj.330.7505.1400
 Fraga, C. (2005). Relevance, essentiality and toxicity of trace elements in human health. Mol. Asp. Med. 26 (4-5), 235–244. doi:10.1016/j.mam.2005.07.013
 Fromigué, O., Haÿ, E., Barbara, A., Petrel, C., Traiffort, E., Ruat, M., et al. (2009). Calcium sensing receptor-dependent and receptor-independent activation of osteoblast replication and survival by strontium ranelate. J. Cell. Mol. Med. 13 (8b), 2189–2199. doi:10.1111/j.1582-4934.2009.00673.x
 Gad, S. C. (2014). Strontium [M]//WEXLER P. Encyclopedia of toxicology. Third Edition. Oxford: Academic Press, 405–406.
 Gonzalez-Gay, M. A., De Matias, J. M., Gonzalez-Juanatey, C., Garcia-Porrua, C., Sanchez-Andrade, A., Martin, J., et al. (2006). Anti-tumor necrosis factor-alpha blockade improves insulin resistance in patients with rheumatoid arthritis. Clin. Exp. rheumatology 24 (1), 83–86.
 Grebmer, K., Saltzman, A., Birol, E., et al. (2014). Global Hunger Index: the challenge of hidden hunger. 
 Grynpas, M. D., Hamilton, E., Cheung, R., Tsouderos, Y., Deloffre, P., Hott, M., et al. (1996). Strontium increases vertebral bone volume in rats at a low dose that does not induce detectable mineralization defect. Bone 18 (3), 253–259. doi:10.1016/8756-3282(95)00484-x
 Hahn, G. S. (1999). Strontium is a potent and selective inhibitor of sensory irritation. Dermatologic Surg. official Publ. Am. Soc. Dermatologic Surg. 25 (9), 689–694. doi:10.1046/j.1524-4725.1999.99099.x
 HäNSCH, R., and Mendel, R. R. (2009). Physiological functions of mineral micronutrients (Cu, Zn, Mn, Fe, Ni, Mo, B, Cl). Curr. Opin. Plant Biol. 12 (3), 259–266. doi:10.1016/j.pbi.2009.05.006
 Hansen, A. F., Simić, A., Åsvold, B. O., Romundstad, P. R., Midthjell, K., Syversen, T., et al. (2017). Trace elements in early phase type 2 diabetes mellitus—a population-based study. The HUNT study in Norway. J. Trace Elem. Med. Biol. 40, 46–53. doi:10.1016/j.jtemb.2016.12.008
 Harrison, G. E., Kostial-Simonović, K., and Howells, G. R. (2009). The turnover of calcium and strontium in the skeletons of growing rats on high-strontium diets. Int. J. Radiat. Biol. Relat. Stud. Phys. Chem. Med. 4 (6), 623–636. doi:10.1080/09553006214550441
 Helewa, M. E., Burrows, R. F., Smith, J., Williams, K., Brain, P., and Rabkin, S. W. (1997). Report of the Canadian Hypertension Society Consensus Conference: 1. Definitions, evaluation and classification of hypertensive disorders in pregnancy. Can. Med. Assoc. J. 157 (6), 715–725.
 Hellman, B., Gylfe, E., Bergsten, P., Grapengiesser, E., Berts, A., Liu, Y. J., et al. (1997). Oscillatory signaling and insulin release in human pancreaticβ -cells exposed to Strontium1. Endocrinology 138 (8), 3161–3165. doi:10.1210/endo.138.8.5296
 Hilali, N., Kocyigit, A., Demir, M., Camuzcuoglu, A., Incebiyik, A., Camuzcuoglu, H., et al. (2013). DNA damage and oxidative stress in patients with mild preeclampsia and offspring. Eur. J. Obstetrics Gynecol. Reproductive Biol. 170 (2), 377–380. doi:10.1016/j.ejogrb.2013.07.031
 Hotamisligil, G. S. (2006). Inflammation and metabolic disorders. Nature 444 (7121), 860–867. doi:10.1038/nature05485
 Hotamisligil, G. S. (2010). Endoplasmic reticulum stress and the inflammatory basis of metabolic disease. Cell 140 (6), 900–917. doi:10.1016/j.cell.2010.02.034
 Hotamisligil, G. S. (2017). Inflammation, metaflammation and immunometabolic disorders. Nature 542 (7640), 177–185. doi:10.1038/nature21363
 Hotamisligil, G. S., Shargill, N. S., and Spiegelman, B. M. (1993). Adipose expression of tumor necrosis factor-α: direct role in obesity-linked insulin resistance. Science 259 (5091), 87–91. doi:10.1126/science.7678183
 Hotamisligil, K. E. W. A. G. S. (2005). Inflammation, stress, and diabetes. J. Clin. investigation 115 (5), 1111–1119. doi:10.1172/jci200525102
 Karbach, U., and Rummel, W. (1987). Strontium transport in the rat colon. Naunyn-Schmiedeberg's archives Pharmacol. 335 (1), 91–96. doi:10.1007/bf00165042
 Kintiraki, E., Papakatsika, S., Kotronis, G., Goulis, D., and Kotsis, V. (2015). Pregnancy-Induced hypertension. Hormones 14 (2), 211–223. doi:10.14310/horm.2002.1582
 Kiortsis, D. N., Mavridis, A. K., Vasakos, S., et al. (2005). Effects of infliximab treatment on insulin resistance in patients with rheumatoid arthritis and ankylosing spondylitis. Ann. rheumatic Dis. 64 (5), 765–766. doi:10.1136/ard.2004.026534
 Korgali, E., Dundar, G., Coskun, K. A., Akyol, M., Tutar, Y., Ayan, S., et al. (2014). Effect of strontium chloride on experimental bladder inflammation in rat. Int. Sch. Res. Notices 2014, 1–6. doi:10.1155/2014/369292
 Kostial, K., Simonovic, I., and Pisonic, M. (1967). Effect of calcium and phosphates on gastrointestinal absorption of strontium and calcium in newborn rats. Nature 215 (5106), 1181–1182. doi:10.1038/2151181a0
 Leon, L. J., Mccarthy, F. P., Direk, K., Gonzalez-Izquierdo, A., Prieto-Merino, D., Casas, J. P., et al. (2019). Preeclampsia and cardiovascular disease in a large UK pregnancy cohort of linked electronic health records. Circulation 140 (13), 1050–1060. doi:10.1161/circulationaha.118.038080
 Li, X. T., Yu, P. F., Gao, Y., Guo, W. H., Wang, J., Liu, X., et al. (2017). Association between plasma metal levels and diabetes risk: a case-control study in China. Biomed. Environ. Sci. 30 (7), 482–491. doi:10.3967/bes2017.064
 Likhtarev, I. A., Dobroskok, I. A., Ilyin, L. A., Krasnoschekova, G. P., Likhtareva, T. M., Smirnov, B. I., et al. (1975). A study of certain characteristics of strontium metabolism in a homogeneous group of human subjects. Health Phys. 28 (1), 49–60. doi:10.1097/00004032-197501000-00008
 Lin, L. T., Tsui, K. H., Cheng, J. T., Huang, W. C., Liou, W. S., et al. (2016). Increased risk of intracranial hemorrhage in patients with pregnancy-induced hypertension: a nationwide population-based retrospective cohort study. . Med. Baltim. 95 (20), e3732. doi:10.1097/md.0000000000003732
 Liu, X. C., and Skibsted, L. H. (2022). Strontium increasing calcium accessibility from calcium citrate. Food Chem. 367, 130674. doi:10.1016/j.foodchem.2021.130674
 Liu, Y., Yuan, Y., and Luo, K. (2018). Regional distribution of longevity population and elements in drinking water in jiangjin district, chongqing city, China. Biol. Trace Elem. Res. 184 (2), 287–299. doi:10.1007/s12011-017-1159-z
 Liu, Z., Mo, X., Ma, F., Li, S., Wu, G., Tang, B., et al. (2021). Synthesis of carboxymethyl chitosan-strontium complex and its therapeutic effects on relieving osteoarthritis. Carbohydr. Polym. 261, 117869. doi:10.1016/j.carbpol.2021.117869
 Li, X., Liu, Z., Yao, Y., Liu, Y. m., Guo, D. m., Ju, W., et al. (2016). Comparison of the mineral elements in drinking water between Mengshan longevity district and Jinan city. Trace Elem. Electrolytes 33 (3), 116–119. doi:10.5414/tex01425
 Li, Z., Lu, W. W., Chiu, P. K. Y., Lam, R. W., Xu, B., Cheung, K. M., et al. (2009). Strontium–calcium coadministration stimulates bone matrix osteogenic factor expression and new bone formation in a large animal model. J. Orthop. Res. 27 (6), 758–762. doi:10.1002/jor.20818
 LóPEZ-Abente, G., Locutura-RupéREZ, J., FernáNDEZ-Navarro, P., Martín-Méndez, I., Bel-Lan, A., and Núñez, O. (2018). Compositional analysis of topsoil metals and its associations with cancer mortality using spatial misaligned data. Environ. Geochem Health 40, 283–294. doi:10.1007/s10653-016-9904-3
 LóPEZ-OtíN, C., Blasco, M. A., Partridge, L., Serrano, M., and Kroemer, G. (2013). The hallmarks of aging. . Cell 153 (6), 1194–1217. doi:10.1016/j.cell.2013.05.039
 Lorenzo, C., Hanley, A. J., Rewers, M. J., and Haffner, S. M. (2014). Calcium and phosphate concentrations and future development of type 2 diabetes: the Insulin Resistance Atherosclerosis Study. Diabetologia 57 (7), 1366–1374. doi:10.1007/s00125-014-3241-9
 Lowe, N. M. (2021). The global challenge of hidden hunger: perspectives from the field. Proc. Nutr. Soc. 80 (3), 283–289. doi:10.1017/s0029665121000902
 Lv, J., Wang, W., Krafft, T., Li, Y., Zhang, F., and Yuan, F. (2011). Effects of several environmental factors on longevity and health of the human population of zhongxiang, hubei, China. Biol. Trace Elem. Res. 143 (2), 702–716. doi:10.1007/s12011-010-8914-8
 Maehira, F., Ishimine, N., Miyagi, I., Eguchi, Y., Shimada, K., Kawaguchi, D., et al. (2011). Anti-diabetic effects including diabetic nephropathy of anti-osteoporotic trace minerals on diabetic mice. . Nutr. 27 (4), 488–495. doi:10.1016/j.nut.2010.04.007
 Marie, P. J. (1996). Effects of strontium on bone tissue and bone cells NèVE J, CHAPPUIS P, LAMAND M. Therapeutic uses of trace elements. Boston, MA: Springer US, 277–282.
 Marie, P. J., Ammann, P., Boivin, G., and Rey, C. (2001). Mechanisms of action and therapeutic potential of strontium in bone. Calcif. tissue Int. 69 (3), 121–129. doi:10.1007/s002230010055
 Marx, D., Papini, M., and Towler, M. (2022). In vitro immunomodulatory effects of novel strontium and zinc-containing GPCs. Bio-medical Mater. Eng. 33 (5), 377–391. doi:10.3233/bme-211346
 Mbofung, C. M. F., Atinmo, T., and Omololu, A. (1986). Neonatal, maternal, and intrapartum factors and their relationship to cord-and maternal-plasma trace-element concentration. Biol. Trace Elem. Res. 9 (4), 209–219. doi:10.1007/bf02988820
 Medzhitov, R. (2008). Origin and physiological roles of inflammation. Nature 454 (7203), 428–435. doi:10.1038/nature07201
 Melnyk, L. J., Donohue, M. J., Pham, M., et al. (2019). Absorption of strontium by foods prepared in drinking water. J. Trace Elem. Med. Biol. 53, 22–26. doi:10.1016/j.jtemb.2019.01.001
 Mentaverri, R., Brazier, M., Kamel, S., and Fardellone, P. (2012). Potential anti-catabolic and anabolic properties of strontium ranelate. Curr. Mol. Pharmacol. 5 (2), 189–194. doi:10.2174/1874-470211205020189
 Meunier, P. J., Roux, C., Seeman, E., Ortolani, S., Badurski, J. E., Spector, T. D., et al. (2004). The effects of strontium ranelate on the risk of vertebral fracture in women with postmenopausal osteoporosis. N. Engl. J. Med. 350 (5), 459–468. doi:10.1056/nejmoa022436
 Milsom, S., Ibbertson, K., Hannan, S., Shaw, D., and Pybus, J. (1987). Simple test of intestinal calcium absorption measured by stable strontium. Br. Med. J. Clin. Res. ed 295 (6592), 231–234. doi:10.1136/bmj.295.6592.231
 Moise, H., Adachi, J. D., Chettle, D. R., and Pejović-Milić, A. (2012). Monitoring bone strontium levels of an osteoporotic subject due to self-administration of strontium citrate with a novel diagnostic tool, in vivo XRF: a case study. Bone 51 (1), 93–97. doi:10.1016/j.bone.2012.04.008
 Mol, B. W. J., Roberts, C. T., Thangaratinam, S., Magee, L. A., de Groot, C. J. M., and Hofmeyr, G. J. (2016). Pre-eclampsia. Lancet 387 (10022), 999–1011. doi:10.1016/s0140-6736(15)00070-7
 Moore, W., and Elder, R. L. (1965). Effect of alginic acid on the movement of strontium-85 and calcium-45 across surviving ileal segments. Nature 206 (4986), 841–842. doi:10.1038/206841a0
 Morohashi, T., Sano, T., and Yamada, S. (1994). Effects of strontium on calcium metabolism in rats I. A distinction between the pharmacological and toxic doses. Jpn. J. Pharmacol. 64 (3), 155–162. doi:10.1016/s0021-5198(19)35850-0
 Murray, T. (1993). Elementary Scots. The discovery of strontium. Scott. Med. J. 38 (6), 188–189. doi:10.1177/003693309303800611
 Nabrzyski, M., and Gajewska, R. (2002). Content of strontium, lithium and calcium in selected milk products and in some marine smoked fish. Die Nahr. 46 (3), 204–208. doi:10.1002/1521-3803(20020501)46:3<204::aid-food204>3.0.co;2-8
 Omdahl, J. L., and Deluca, H. F. (1971). Strontium induced rickets: metabolic basis. Science 174 (4012), 949–951. doi:10.1126/science.174.4012.949
 Omdahl, J. L., and Deluca, H. F. (1973). Regulation of vitamin D metabolism and function. Physiol. Rev. 53 (2), 327–372. doi:10.1152/physrev.1973.53.2.327
 Ong, K. L., Stafford, L. K., Mclaughlin, S. A., Boyko, E. J., Vollset, S. E., Smith, A. E., et al. (2023). Global, regional, and national burden of diabetes from 1990 to 2021, with projections of prevalence to 2050: a systematic analysis for the Global Burden of Disease Study 2021. Lancet 402, 203–234. doi:10.1016/s0140-6736(23)01301-6
 OzgüR, S., SüMER, H., and KoçOĞLU, G. (1996). Rickets and soil strontium. Archives Dis. Child. 75 (6), 524–526. doi:10.1136/adc.75.6.524
 Panzavolta, S., Torricelli, P., Casolari, S., Parrilli, A., Fini, M., and Bigi, A. (2018). Strontium-substituted hydroxyapatite-gelatin biomimetic scaffolds modulate bone cell response. Macromol. Biosci. 18 (7), e1800096. doi:10.1002/mabi.201800096
 Parfitt, A. M. (1984). Age-related structural changes in trabecular and cortical bone: cellular mechanisms and biomechanical consequences. Calcif. Tissue Int. 36 (1), S123–S128. doi:10.1007/bf02406145
 Pathak, P. (2017). An assessment of strontium sorption onto bentonite buffer material in waste repository. Environ. Sci. Pollut. Res. 24 (9), 8825–8836. doi:10.1007/s11356-017-8536-1
 Pathak, P., and Sharma, S. (2018). Sorption isotherms, kinetics, and thermodynamics of contaminants in Indian soils. J. Environ. Eng. 144 (10), 04018109. doi:10.1061/(asce)ee.1943-7870.0001454
 Pathak, P., Srivastava, R. R., and Ojasvi, A. (2017). Assessment of legislation and practices for the sustainable management of waste electrical and electronic equipment in India. Renew. Sustain. Energy Rev. 78, 220–232. doi:10.1016/j.rser.2017.04.062
 Patrick, G. (1967). Inhibition of strontium and calcium uptake by rat duodenal slices: comparison of polyuronides and related substances. Nature 216 (5117), 815–816. doi:10.1038/216815a0
 Peng, H., Yao, F., Xiong, S., Wu, Z., and Niu, G. (2021). Strontium in public drinking water and associated public health risks in Chinese cities. Environ. Sci. Pollut. Res. 28 (18), 23048–23059. doi:10.1007/s11356-021-12378-y
 Peter, M. (2000). Strontium and strontium compounds. Ullmann's Encyclopedia of Industrial Chemistry. 
 Piette, M., Desmet, B., and Dams, R. (1994). Determination of strontium in human whole blood by ICP-AES. Sci. Total Environ. 141 (1), 269–273. doi:10.1016/0048-9697(94)90033-7
 Pors Nielsen, S. (2004). The biological role of strontium. Bone 35 (3), 583–588. doi:10.1016/j.bone.2004.04.026
 Portugal-Cohen, M., Soroka, Y., Ma’Or, Z., Oron, M., Zioni, T., Brégégère, F. M., et al. (2009). Protective effects of a cream containing Dead Sea minerals against UVB-induced stress in human skin. Exp. Dermatol 18 (9), 781–788. doi:10.1111/j.1600-0625.2009.00865.x
 Qi, L., Qin, X., Li, F. M., Siddique, K. H., Brandl, H., Xu, J., et al. (2015). Uptake and distribution of stable strontium in 26 cultivars of three crop species: oats, wheat, and barley for their potential use in phytoremediation. Int. J. phytoremediation 17 (1-6), 264–271. doi:10.1080/15226514.2014.898016
 Quarles, L. D. (1997). Cation sensing receptors in bone: a novel paradigm for regulating bone remodeling?J. Bone Mineral Res. 12 (12), 1971–1974. doi:10.1359/jbmr.1997.12.12.1971
 Raisz, L. G. (2005). Pathogenesis of osteoporosis: concepts, conflicts, and prospects. J. Clin. Investigation 115 (12), 3318–3325. doi:10.1172/jci27071
 Reginster, J.-Y., Sawicki, A., Devogelaer, J.-P., et al. (2002). Strontium ranelate reduces the risk of hip fracture in women with postmenopausal osteoporosis. Osteoporos. Int. 13, S14. 
 Rooney, M. R., Pankow, J. S., Sibley, S. D., Selvin, E., Reis, J. P., Michos, E. D., et al. (2016). Serum calcium and incident type 2 diabetes: the Atherosclerosis Risk in Communities (ARIC) study. Am. J. Clin. Nutr. 104 (4), 1023–1029. doi:10.3945/ajcn.115.130021
 Russell, R. S., and Squire, H. M. (1958). The absorption and distribution of strontium in plants: I. Preliminary studies in water culture. J. Exp. Bot. 9 (2), 262–276. doi:10.1093/jxb/9.2.262
 Ryan, S. E., Snoeck, C., Crowley, Q. G., and Babechuk, M. G. (2018). 87Sr/86Sr and trace element mapping of geosphere-hydrosphere-biosphere interactions: a case study in Ireland. Appl. Geochem. 92, 209–224. doi:10.1016/j.apgeochem.2018.01.007
 Saidak, Z., Haÿ, E., Marty, C., Barbara, A., and Marie, P. J. (2012). Strontium ranelate rebalances bone marrow adipogenesis and osteoblastogenesis in senescent osteopenic mice through NFATc/Maf and Wnt signaling. Aging Cell 11 (3), 467–474. doi:10.1111/j.1474-9726.2012.00804.x
 Saidak, Z., and Marie, P. J. (2012). Strontium signaling: molecular mechanisms and therapeutic implications in osteoporosis. Pharmacol. Ther. 136 (2), 216–226. doi:10.1016/j.pharmthera.2012.07.009
 Saleh, M. A. M. W. G., Wu, J., Norlander, A. E., Funt, S. A., Thabet, S. R., et al. (2015). Lymphocyte adaptor protein LNK deficiency exacerbates hypertension and end-organ inflammation. J. Clin. investigation 125 (3), 1189–1202. doi:10.1172/jci76327
 Sanders, P. W., and Wang, P.-X. (2002). Activation of the Fas/Fas ligand pathway in hypertensive renal disease in Dahl/Rapp rats. BMC Nephrol. 3 (1), 1. doi:10.1186/1471-2369-3-1
 Savage, D. B., Petersen, K. F., and Shulman, G. I. (2007). Disordered lipid metabolism and the pathogenesis of insulin resistance. Physiol. Rev. 87 (2), 507–520. doi:10.1152/physrev.00024.2006
 Savitz, D. A., Danilack, V. A., Engel, S. M., Elston, B., and Lipkind, H. S. (2014). Descriptive epidemiology of chronic hypertension, gestational hypertension, and preeclampsia in New York state, 1995–2004. Maternal Child Health J. 18 (4), 829–838. doi:10.1007/s10995-013-1307-9
 Schrooten, I., Cabrera, W., Goodman, W. G., Dauwe, S., Lamberts, L. V., Marynissen, R., et al. (1998). Strontium causes osteomalacia in chronic renal failure rats. Kidney Int. 54 (2), 448–456. doi:10.1046/j.1523-1755.1998.00035.x
 Schunk, S. J., Kleber, M. E., MäRZ, W., Pang, S., Zewinger, S., Triem, S., et al. (2021). Genetically determined NLRP3 inflammasome activation associates with systemic inflammation and cardiovascular mortality. Eur. Heart J. 42 (18), 1742–1756. doi:10.1093/eurheartj/ehab107
 Seeman, E., and Delmas, P. D. (2006). Bone quality — the material and structural basis of bone strength and fragility. N. Engl. J. Med. 354 (21), 2250–2261. doi:10.1056/nejmra053077
 Shagina, N. B., Fell, T. P., Tolstykh, E. I., Harrison, J. D., and Degteva, M. O. (2015). Strontium biokinetic model for the pregnant woman and fetus: application to Techa River studies. J. Radiological Prot. 35 (3), 659–676. doi:10.1088/0952-4746/35/3/659
 Shand, P., Darbyshire, D. P. F., Love, A. J., and Edmunds, W. (2009). Sr isotopes in natural waters: applications to source characterisation and water–rock interaction in contrasting landscapes. Appl. Geochem. 24 (4), 574–586. doi:10.1016/j.apgeochem.2008.12.011
 Sharma, S. (2020). Uptake, transport, and remediation of strontium [M]//PATHAK P, GUPTA D K. Strontium contamination in the environment. Cham: Springer International Publishing, 99–119.
 Shorr, E., and Carter, A. C. (1952). The usefulness of strontium as an adjuvant to calcium in the remineralization of the skeleton in man. Bull. Hosp. Jt. Dis. 13, 59–66.
 Siccardi, A. J., Padgett-Vasquez, S., Garris, H. W., Nagy, T. R., D'Abramo, L. R., and Watts, S. A. (2010). Dietary strontium increases bone mineral density in intact zebrafish (Danio rerio): a potential model system for bone research. . Zebrafish 7 (3), 267–273. doi:10.1089/zeb.2010.0654
 Simić, A., Hansen, A. F., Åsvold, B. O., Romundstad, P. R., Midthjell, K., Syversen, T., et al. (2017). Trace element status in patients with type 2 diabetes in Norway: the HUNT3 Survey. J. Trace Elem. Med. Biol. 41, 91–98. doi:10.1016/j.jtemb.2017.03.001
 Sips, A. J., Van Der Vijgh, W. J., Barto, R., and Netelenbos, J. C. (1995). Intestinal strontium absorption: from bioavailability to validation of a simple test representative for intestinal calcium absorption. Clin. Chem. 41 (10), 1446–1450. doi:10.1093/clinchem/41.10.1446
 Sips, A. J., Van Der Vijgh, W. J., Barto, R., and Netelenbos, J. C. (1996). Intestinal absorption of strontium chloride in healthy volunteers: pharmacokinetics and reproducibility. Br. J. Clin. Pharmacol. 41 (6), 543–549. doi:10.1046/j.1365-2125.1996.33411.x
 Skalnaya, M. G., Skalny, A. V., Serebryansky, E. P., Yurasov, V. V., Skalnaya, A. A., and Tinkov, A. A. (2018). ICP-DRC-MS analysis of serum essential and toxic element levels in postmenopausal prediabetic women in relation to glycemic control markers. J. Trace Elem. Med. Biol. 50, 430–434. doi:10.1016/j.jtemb.2017.09.008
 Somarouthu, S., Ohh, J., Shaked, J., Cunico, R. L., Yakatan, G., Corritori, S., et al. (2015). Quantitative bioanalysis of strontium in human serum by inductively coupled plasma-mass spectrometry. Future Sci. 1, FSO76. doi:10.4155/fso.15.76
 Spasovski, G. B., Bervoets, A. R. J., Behets, G. J. S., Ivanovski, N., Sikole, A., Dams, G., et al. (2003). Spectrum of renal bone disease in end-stage renal failure patients not yet on dialysis. Nephrol. Dial. Transplant. 18 (6), 1159–1166. doi:10.1093/ndt/gfg116
 Sriramula, S., Haque, M., Majid, D. S. A., and Francis, J. (2008). Involvement of tumor necrosis factor-α in angiotensin II–mediated effects on salt appetite, hypertension, and cardiac hypertrophy. Hypertension 51 (5), 1345–1351. doi:10.1161/hypertensionaha.107.102152
 Straub, R. H., Cutolo, M., Buttgereit, F., and Pongratz, G. (2010). Energy regulation and neuroendocrine–immune control in chronic inflammatory diseases. J. Intern. Med. 267 (6), 543–560. doi:10.1111/j.1365-2796.2010.02218.x
 Tang, Y., Xia, W., Xu, S. Q., Liu, H. x., and Li, Y. y. (2021). Association of urinary strontium levels with pregnancy-induced hypertension. Curr. Med. Sci. 41 (3), 535–541. doi:10.1007/s11596-021-2366-6
 Tan, P., Yang, J., Yi, F., Mei, L., Wang, Y., Zhao, C., et al. (2023). Strontium attenuates LPS-induced inflammation via TLR4/MyD88/NF-κB pathway in bovine ruminal epithelial cells. Biol. Trace Elem. Res. doi:10.1007/s12011-023-03992-7
 Topal, F., Yonem, O., Tuzcu, N., Ataseven, H., and Akyol, M. (2014). Strontium chloride: can it Be a new treatment option for ulcerative colitis?BioMed Res. Int. 2014, 1–5. doi:10.1155/2014/530687
 Underwood, E. J. (1977). Trace elements in human and animal nutrition. 
 United States, A. (2004). Toxicological profile for strontium. 
 Uysal, K. T., Wiesbrock, S. M., Marino, M. W., and Hotamisligil, G. S. (1997). Protection from obesity-induced insulin resistance in mice lacking TNF-α function. Nature 389 (6651), 610–614. doi:10.1038/39335
 Varo, P., Saari, E., Paaso, A., and Koivistoinen, P. (1982). Strontium in Finnish foods. Int. J. Vitam. Nutr. Res. Int. Zeitschrift fur Vitamin- und Ernahrungsforschung J. Int. de vitaminologie de Nutr. 52 (3), 342–350.
 Veerbeek, J. H. W., Hermes, W., Breimer, A. Y., van Rijn, B. B., Koenen, S. V., Mol, B. W., et al. (2015). Cardiovascular disease risk factors after early-onset preeclampsia, late-onset preeclampsia, and pregnancy-induced hypertension. Hypertension 65 (3), 600–606. doi:10.1161/hypertensionaha.114.04850
 Ventre, J., Doebber, T., Wu, M., MacNaul, K., Stevens, K., Pasparakis, M., et al. (1997). Targeted disruption of the tumor necrosis factor-α gene: metabolic consequences in obese and nonobese mice. Diabetes 46 (9), 1526–1531. doi:10.2337/diab.46.9.1526
 Verberckmoes, S. C., De Broe, M. E., and D'Haese, P. C. (2003). Dose-dependent effects of strontium on osteoblast function and mineralization. Kidney Int. 64 (2), 534–543. doi:10.1046/j.1523-1755.2003.00123.x
 Vidal, C., Gunaratnam, K., Tong, J., and Duque, G. (2013). Biochemical changes induced by strontium ranelate in differentiating adipocytes. Biochimie 95 (4), 793–798. doi:10.1016/j.biochi.2012.11.008
 Wang, C., Zhang, R., Wei, X., Lv, M., and Jiang, Z. (2020). Metalloimmunology: the metal ion-controlled immunity. Adv. Immunol. 145, 187–241. doi:10.1016/bs.ai.2019.11.007
 Wang, S., Sun, J., Gu, L., Wang, Y., Du, C., Wang, H., et al. (2022). Association of urinary strontium with cardiovascular disease among the us adults: a cross-sectional analysis of the national health and nutrition examination survey. Biol. Trace Elem. Res. 201 (8), 3583–3591. doi:10.1007/s12011-022-03451-9
 Wei, L., Jiang, Y., Zhou, W., Liu, S., Liu, Y., Rausch-Fan, X., et al. (2018). Strontium ion attenuates lipopolysaccharide-stimulated proinflammatory cytokine expression and lipopolysaccharide-inhibited early osteogenic differentiation of human periodontal ligament cells. J. Periodontal Res. 53 (6), 999–1008. doi:10.1111/jre.12599
 Whitaker, R., Hernaez-Estrada, B., Hernandez, R. M., Santos-Vizcaino, E., and Spiller, K. L. (2021). Immunomodulatory biomaterials for tissue repair. Chem. Rev. 121 (18), 11305–11335. doi:10.1021/acs.chemrev.0c00895
 Wirsig, K., Kilian, D., Von Witzleben, M., Gelinsky, M., and Bernhardt, A. (2022). Impact of Sr2+ and hypoxia on 3D triple cultures of primary human osteoblasts, osteocytes and osteoclasts. Eur. J. Cell Biol. 101 (3), 151256. doi:10.1016/j.ejcb.2022.151256
 Wongdee, K., Krishnamra, N., and Charoenphandhu, N. (2017). Derangement of calcium metabolism in diabetes mellitus: negative outcome from the synergy between impaired bone turnover and intestinal calcium absorption. J. Physiological Sci. 67 (1), 71–81. doi:10.1007/s12576-016-0487-7
 Wynn, T. A., and Vannella, K. M. (2016). Macrophages in tissue repair, regeneration, and fibrosis. Immunity 44 (3), 450–462. doi:10.1016/j.immuni.2016.02.015
 Xing, M., Jiang, Y., Bi, W., Gao, L., Zhou, Y. L., Rao, S. L., et al. (2021). Strontium ions protect hearts against myocardial ischemia/reperfusion injury. Sci. Adv. 7 (3), eabe0726. doi:10.1126/sciadv.abe0726
 Yalin, S., Sagir, O., Comelekoglu, U., Berköz, M., and Eroglu, P. (2012). Strontium ranelate treatment improves oxidative damage in osteoporotic rat model. Pharmacol. Rep. 64 (2), 396–402. doi:10.1016/s1734-1140(12)70780-6
 Yip, W., Fu, H., Jian, W., Liu, J., Pan, J., Xu, D., et al. (2023). Universal health coverage in China part 1: progress and gaps. Lancet Public Health 8 (12), e1025–e1034. doi:10.1016/s2468-2667(23)00254-2
 You, J., Zhang, Y., and Zhou, Y. (2022). Strontium functionalized in biomaterials for bone tissue engineering: a prominent role in osteoimmunomodulation. Front. Bioeng. Biotechnol. 10, 928799. doi:10.3389/fbioe.2022.928799
 Yuan, X., Cao, H., Wang, J., Tang, K., Li, B., Zhao, Y., et al. (2017). Immunomodulatory effects of calcium and strontium Co-doped titanium oxides on osteogenesis. Front. Immunol. 8, 1196. doi:10.3389/fimmu.2017.01196
 Yu, H., Liu, Y., Yang, X., He, J., Zhong, Q., and Guo, X. (2022). The anti‑inflammation effect of strontium ranelate on rat chondrocytes with or without IL‑1β in vitro. Exp. Ther. Med. 23 (3), 208–210. doi:10.3892/etm.2022.11131
 Yu, J., Tang, J., Li, Z., Modi, A., Sajjan, S., O'Regan, C., et al. (2015). History of cardiovascular events and cardiovascular risk factors among patients initiating strontium ranelate for treatment of osteoporosis. Int. J. Women's Health 7 (null), 913–918. doi:10.2147/ijwh.s88627
 Zhang, W., Zhao, F., Huang, D., Fu, X., Li, X., and Chen, X. (2016). Strontium-substituted submicrometer bioactive glasses modulate macrophage responses for improved bone regeneration. ACS Appl. Mater. interfaces 8 (45), 30747–30758. doi:10.1021/acsami.6b10378
 Zhao, F., Lei, B., Li, X., Mo, Y., Wang, R., Chen, D., et al. (2018). Promoting in vivo early angiogenesis with sub-micrometer strontium-contained bioactive microspheres through modulating macrophage phenotypes. Biomaterials 178, 36–47. doi:10.1016/j.biomaterials.2018.06.004
 Zhao, R., Chen, S., Zhao, W., Yang, L., Yuan, B., Ioan, V. S., et al. (2020). A bioceramic scaffold composed of strontium-doped three-dimensional hydroxyapatite whiskers for enhanced bone regeneration in osteoporotic defects. Theranostics 10 (4), 1572–1589. doi:10.7150/thno.40103
 Zheng, Y., Ley, S. H., and Hu, F. B. (2018). Global aetiology and epidemiology of type 2 diabetes mellitus and its complications. Nat. Rev. Endocrinol. 14 (2), 88–98. doi:10.1038/nrendo.2017.151
 Zheng, Z., Hu, L., Ge, Y., Qi, J., Sun, Q., Li, Z., et al. (2022). Surface modification of poly(ether ether ketone) by simple chemical grafting of strontium chondroitin sulfate to improve its anti-inflammation, angiogenesis, osteogenic properties. Adv. Healthc. Mater. 11 (13), e2200398. doi:10.1002/adhm.202200398
 Zhu, S., Hu, X., Tao, Y., Ping, Z., Wang, L., Shi, J., et al. (2016). Strontium inhibits titanium particle-induced osteoclast activation and chronic inflammation via suppression of NF-κB pathway. Sci. Rep. 6 (1), 36251. doi:10.1038/srep36251
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Ru, Yang, Shen, Wang, Xu, Bian, Zhu and Guo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fchem-12-1367395-g003.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Microelement strontium and human health: comprehensive analysis of the role in inflammation and non-communicable diseases (NCDs)		1 Introduction

		2 Presence and distribution of strontium in environment

		3 Strontium dynamics in human physiology: Absorption, distribution, and excretion		3.1 Absorption dynamics

		3.2 Distribution in the body

		3.3 Excretion and metabolic dynamics





		4 Potential mechanisms of strontium in modulating inflammatory responses and Non-Communicable Chronic diseases		4.1 Interplay between inflammation and Non-Communicable Chronic diseases

		4.2 Strontium’s regulatory role in inflammatory responses and immune cell dynamics

		4.3 Effects of strontium on osteoporosis

		4.4 Association between strontium and type 2 diabetes mellitus

		4.5 Association between strontium and hypertension

		4.6 Association between strontium and cardiovascular disease





		5 Health effects of strontium Overdose and deficiency

		6 Conclusion and future directions

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Chemistry

Microelement strontium and
human health: comprehensive
analysis of the role in
inflammation and non-
communicable diseases (NCDs)





OPS/images/fchem-12-1367395-g001.gif





OPS/images/fchem-12-1367395-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Chemistry





