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Impacts of cigarette smoking on blood circulation: do we need a new approach to blood donor selection?
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Abstract
Smoking is a major public health problem and is considered the leading cause of preventable death worldwide. Gas-phase smoke carries bioactive substances and toxic compounds, affecting human health and reducing life spans. The negative effects of smoking on red blood cell (RBC) quality include destroying RBCs and increasing carboxy hemoglobin (COHb). Smoking increases the concentrations of heavy metals such as cadmium (Cd) and lead (Pb) in the blood. Moreover, tobacco smoking has been found to be associated with heightened platelet (PLT)-dependent thrombin level which will induce a prothrombotic state. Smoking may affect the blood circulation of donors, and subsequently the blood components, and ultimately the recipients of transfusion. Nevertheless, there are no restrictions on smoking for volunteer blood donor screenings currently. We reviewed the articles about the influence of smoking on smokers' blood circulation as well as the impact of donated blood products on transfusion when these smokers act as blood donors. We aim to attract blood collection centers’ attention to strengthen the management of blood donors who smoke, avoiding their use in massive transfusion protocol and susceptible recipients, especially pediatric ones.
Jie Wang and Yuhan Wang are co-first authors.
Introduction
Currently, the number of deaths because of smoking is 7 million each year, of which 6 million are active smokers while around 0.9 million are passive smokers [1]. The death toll is expected to rise to 10 million by 2030 [2]. Gas-phase smoke carries bioactive substances such as carbon monoxide (CO), ammonia, ketones, formaldehyde, acetaldehyde, and acrolein, whereas particulate matter carries nicotine; heavy metals such as nickel, arsenic, cadmium (Cd), and lead (Pb); and other constituents such as benzopyrenes [3]. Most of these products are toxic, causing tissue damage secondary to oxidative stress and inflammation [4]. Given that humans are oronasal inhalers, the inhaled smoke travels through the respiratory as well as the digestive tract to enter blood circulation, affecting plasma, blood cells and tissues; causing oxidative damage [5]; affecting human health; and reducing life spans.
Although public efforts to discourage smoking have been successful in reducing smoking rates, consumption of other forms of nicotine is on the rise, in the form of e-cigarettes, an alternative that claims to be healthier and safer than traditional tobacco [6–8]. E-cigarettes, also known as vape pens, e-cigars or vaping devices, are electronic nicotine delivery systems that produce an aerosol mixture of flavored liquid and nicotine for the user to inhale [9]. It was reported that about one-quarter of U.S. youth and young adults have tried e-cigarettes [10, 11]. The main toxic constituents in e-cigarette liquids or vapors are carbonyl compounds, nicotine, and particulate matter [12]. According to one study, e-cigarettes emit chemicals at levels comparable to tobacco smoke [13]. Despite the full implementation of comprehensive tobacco prevention and control strategies, coupled with the U.S. Food and Drug Administration’s (FDA) regulation of tobacco products, the number of young users, especially high school students, of tobacco products remains high [14, 15]. They represent an important blood donor demographic [16].
Blood transfusion is the oldest and most common therapeutic modality for hemorrhage and anemia. As with other therapies, transfusion is associated with the risks of adverse effects, morbidity, and mortality for the recipients [17]. Serious adverse events such as multiple organ failure, renal dysfunction, and death can also occur [18]. Ensuring the safety of the blood supply is important in transfusion. To safeguard the quality of blood products, the FDA and the Association for the Advancement of Blood and Blood Products (AABB) have established requirements to determine whether the individuals are suitable donors [19, 20]. These requirements are designed to protect recipients and donors by excluding the donors who might pose risks to blood transfusion [16]. For example, doctors and clinics should identify and exclude people who are exposed to infectious diseases or drugs such as anticoagulants, chemotherapy, or potential teratogens [16] via a health history interview and a physical examination, as well as hematological and serological testing [21].
On July 27, 2021, the World Health Organization (WHO) launched its eighth report on the global tobacco epidemic. It noted that worldwide smoking prevalence among people older than 15 years stood at 17·5% in 2019 [22]. Despite the prevalence of tobacco use worldwide, smoking habits are not carefully investigated prior to blood donation and little literature was found reporting the impact of smoking on blood transfusion. The prevalence of smoking among blood donors and the effect of cigarette smoke exposure on the quality of donated blood lack in-depth exploration. The concerns regarding the lack of abstinence period for smokers in the existing blood donation guidelines before donating blood merit justified attention [23]. The aim of this review is to summarize the literature about the influence of smoking on smokers' blood circulation as well as the impact of donated blood products on transfusion when these smokers act as blood donors.

Smoking destroys red blood cells and increases nicotine and carboxy hemoglobin levels
The main effect of smoking on the RBCs of smokers is the destruction of membranes [24–26]. Particles of micron and nanometer size, heavy metals, radioactive substances, free radicals, and peroxides present in inhaled cigarette smoke damage cell membrane surfaces by pitting and etching [26]. The targets are proteins such as collagen, elastin, and the lipids found plentifully on the surfaces of red cells. This surface damage allows toxins such as benzene, nicotine, CO, and hydrogen peroxide to enter the RBCs [27]. Chronic cigarette smoking (more than one pack per day and COHb > 3%) alters RBC membrane deformability [28]. The fatty acid analysis of the individual phospholipids showed a preponderance towards saturated fatty acids in smokers who smoked tobacco in any form, equivalent to 10–40 cigarettes per day or a total of 2–15 pack years, suggesting tighter membranes, which finally affect the signal transduction mechanism and cell response [29]. Consequently, the RBC membranes become deformed, with pointed extensions, swellings, fissures, crater-like structures, and losses of the discoid shape [24]. In addition, the exposure to toxins and peroxidants causes hemolysis as well as loss of membrane stability [30]. As a result, the RBCs of smokers are more fragile, which contributes to the decrease in RBC count and Hb [31], causing numerous diseases associated with anemia in smokers [32]. Meanwhile, the O2-carrying capacity of the RBCs is reduced [1]. Transfusion of RBCs from smokers whose average consumption were at least 20 cigarettes per day will lead to impaired oxygen delivery, detracting from the main purpose of the blood transfusion [33].
The sustained production of reactive free radicals from the tar and gas phases of cigarette smoke causes oxidant stress on circulating RBCs [21, 34]. Mature RBCs are unable to resynthesize antioxidants due to their continuous exposure to xenobiotics from cigarette smoking. As a consequence, RBCs from smokers may have a higher risk of storage lesion than those from non-smokers [33]. Moreover, studies have revealed that 50% of the RBCs from smokers had lower uric acid levels, making these bags more susceptible to storage lesions [35]. However, whether the RBC lesions affect the safety and effectiveness of blood transfusions remains controversial [25, 36–38].
Nicotine is a toxic and addictive substance in tobacco. Cotinine is the main metabolite of nicotine, which has a much longer half-life in vivo than nicotine (about 16 h for cotinine and 1–2 h for nicotine [39]). In a pilot study, patients who received cotinine-positive RBC units showed a significantly reduced hemoglobin (Hb) increment (median + 0.4 g/dL, IQR 0–1.3 g/dL) compared with those who received cotinine-negative RBC units (median + 1.4 g/dL, IQR 1.1–1.9 g/dL) (p = 0.014) [40]. Furthermore, for red blood cells donated by smokers are more vulnerable to radiation damage, recipients of gamma-irradiated RBC units from smokers were more likely to require additional transfusions compared to recipients of RBC units from nonsmokers [41].
Cigarette smoking is a major source of CO in blood products, and COHb levels are significantly higher in RBC units donated by smokers than in those donated by non-smokers [42]. A study found that among 410 blood donors, about 6% had increased CO levels due to smoking [16, 43]. Another study has shown that smoking among donors leads to higher levels of COHb in blood circulation as well as in blood products [44]. Given that the hematocrit (Hct) in the bags is higher than in donor’s blood in non-additive solution, COHb level is higher in smokers’ donated units [43]. As CO has more than 210 times the affinity of Hb with oxygen (O2) [21], carboxy hemoglobin (COHb) is produced in large amount, causing the hematoporphyrin in Hb to break up and rush into the plasma stream. Ultimately, the normal lifespan of RBCs is reduced from 120 days to 80–85 days due to smoking [26]. Meanwhile, Hb affinity to CO reduces the O2-carrying capacity of tissues, leaving less O2 available for delivery to the tissues, causing hypoxia and acidosis [45].
Transfusion of RBC containing higher COHb content may be insignificant for most adults as COHb will be diluted in the total blood circulation [21, 40]. However, a recipient who requires larger volumes of blood, as through massive transfusion protocol (MTP), during major surgery, or in newborns may be adversely affected [46–50]. A case reported COHb levels reached 3.7% from a newborn due to the transfusion of a single RBC pack from a smoker containing 7.2% COHb during a cardiopulmonary bypass circuit. As a result, the patient developed acute hypoxia. Luckily, the potential risk of impaired O2 delivery was successfully reversed by administration of 100 percent inspired O2 [45, 46]. In view of this, the research team concluded that only those RBCs with COHb levels of < 1.5% are acceptable for pediatric cardiac surgery [45].
In short, donor smoking has detrimental consequences on RBC units, which will influence the safety and efficacy of transfusion.

Smoking increase cadmium and lead concentrations in blood
Smoking is considered a source of toxic elements [51, 52]. Cd and Pb concentrations are significantly higher in blood from smokers compared to non-smokers. Cd is not detected in blood from non-smokers, but it reaches the value between 1 and 2 μg/L in blood from smokers [53]. Cd, which is considered a human carcinogen (Group 1) [54], enters the bloodstream through absorption from environmental sources and is stored in tissues, where it remains for up to 10–35 years [54, 55]. Pb is classified as possibly carcinogenic (Group 2B) in humans by the International Agency for Research on Cancer (IARC) [56]. In adults, almost 100% of Pb is excreted from the body within a few weeks once it is absorbed. During the same period, however, only about 30% of Pb leaves a child's body, accumulating instead in the bones, where it remains for decades [57]. In children, Pb is associated with impairments to physical development, learning, and memory [58, 59]. Even when blood concentrations are below 100 μg/l, Pb can also cause cognitive, behavioral, and psychological disorders and induce irreversible neurological impairment [60]. In 2012, the US Centers for Disease Control proposed that there were no safe levels of Pb for children [61].
Many of the toxic substances presented in cigarettes transfer into the blood, subsequently to blood components, and ultimately to transfusion recipients [62, 63]. In all non-smokers’ blood, Pb levels are below the limit (ranging from 4 to 43 µg/l), whereas 5 of the 36 blood samples from smokers have Pb levels higher than 50 µg/l (ranging from 51 to 72 µg/l) [53]. Transfusion of blood components has been recognized as a major source of Pb exposure in pediatric recipients [64, 65]. Given that children's detoxification mechanisms are still immature, it is recommended that they avoid unnecessary exposure to toxic elements, such as blood transfusions from smokers. RBCs from one donor are divided into pediatric packs, and the same child can receive RBCs from a single donor in different transfusions [66]. Therefore, by having multiple transfusions from the same smoker, the pediatric patient can receive potentially toxic elements [53].
In sum, toxic elements levels are higher in blood components from smokers. Avoiding the use of smokers’ blood on children contribute to the improvement of pediatric blood transfusion safety.

Impacts of smoking on platelet dependent thrombogenesis
Literature that covers the effects of smoking on PLT components and transfused recipients are countable so far. Besides, the effects of smoking on PLT function are controversial. Studies have indicated that smoking enhanced PLT activity, but the most significant influence existed only briefly [67, 68]. Chronic smoking (more than 10 cigarettes per day for at least 7 years) results in increased PLT count [69, 70], PLT adhesiveness, and aggregation [71–74]. Smokers are prone to develop hyperlipidemia and hypercholesterolemia [75], which causes an increased cholesterol phospholipid ratio (C/P) of membrane and decreased PLT membrane fluidity [71]. The PLT from a smoker showed changes to the smoothness of the membrane by electron microscopy, such as bulbous swellings and open canalicular pores, contributing to reduced fluidity of the PLT membrane [76]. Consequently, the PLT aggregation and secretion were enhanced [71, 77].
PLT activation and enhanced PLT aggregation cause thrombin stimulation and fibrin formation [71, 78, 79]. In 2001, Hioki et al. [80] found the PLT-dependent thrombin level was significantly higher in healthy male smokers than in non-smokers at baseline, although the smokers had abstained from smoking for at least 12 h. Besides, chronic smokers had a heightened PLT binding to fibrinogen and PLT-dependent thrombin generation levels even after abstaining from smoking for 4–6 h [81, 82]. In an ex vivo observation, decreased fiber thickness and increased fibrin fiber density from postsmoking samples were seen as against to presmoking and non-smoking samples using an electron microscope [83].
As cigarette smoke gas phase contain toxicants [3], internal environment is affected by these toxins, disrupting homeostasis. Oxidative stress induced by reactive oxygen species (ROS) and inflammation-derived oxidants modulates PLT function and change the coagulation system [71]. Furthermore, increased nicotine and cotinine levels caused by smoking induce a prothrombotic state in smokers by increasing PLT-dependent thrombogenesis [80], which could progress to coronary artery thrombosis.
To sum up, smoking produces a prothrombotic phenotype, that is, enhanced PLT aggregability and subsequent alterations in the clotting cascade, which are pathophysiological events of cardiovascular diseases in smokers themselves [78, 79].
Although smoking changes hemostatic systems, its detrimental effects on packed plateletpheresis products and recipients are indefinite [84, 85]. Therefore, there is no need to exclude smokers from PLT donations [84]. The clinical impact of smoking on platelet transfusion warrants further research.

The management of smokers in blood donation
The advent of “vein to vein” databases linking information from blood collection facilities and transfusion services to patient outcomes is a growing subject of study [86]. Health concerns in blood donors may affect the quality of donated blood products [87]. According to the WHO, safe and adequate blood should be an integral part of every country’s national health care policy [88]. Despite efforts to improve safety, transfusion is associated with risks of adverse events, morbidity, and mortality for recipients [17, 88]. The impact of cigarette exposure on the quality of donated blood components, as well as transfusions’ efficacy in recipients, have not been extensively explored. The data on effects of smoking in blood components and storage lesions are ambiguous.
The time interval between smoking and blood donation seems to be a particularly important factor related to the CO concentration in the blood [43]. Some authors indicated that cigarette abstinence for at least 24 h before blood donation could have a positive effect [89]. In 2018, Boehm et al. [21] found that abstaining from smoking for 12 h was enough to reduce COHb levels and consuming less than 20 cigarettes a day was associated with lower cotinine levels. Unfortunately, implementing smoking restrictions as prerequisites for blood donation seems impracticable, as such advocacy may decrease blood donation from tobacco-dependent individuals.
However, smokers are less likely to donate because smoking could potentially predict comorbidity and loss of eligibility [90]. Blood donation is associated with better health outcomes in donors because of the Healthy Donor Effect (HDE), referring to the fact that donors are a selected “healthier” subset of the general population, subject to both donor selection procedures and self-selection [91–93]. A study in the Netherlands reported that active whole blood and plasma donors were significantly less likely to be current smokers than the general population (17.1% of blood donors were current smokers as opposed to 27.3% of the general population, odds ratio 0.55, 95% confidence interval 0.49–0.62) [94]. A study found that 5.9% of whole blood donors in the Hospital de Clinicas de Porto Alegre Blood Bank were smokers, which was a lower percentage than in the general population of Porto Alegre (14.2%) [21]. Another retrospective cohort study reported that the rate of smoking in RBC donors was 6.4% in California, lower than the smoking rate in the United States (15.5%) [41]. An investigative study from Vanderbilt University Medical Center found that 19% of tested RBC units contained detectable concentrations of nicotine or its metabolites, consistent with national trends in tobacco use (15.5%) [16]. Another investigation in Norway reported a lower prevalence of smoking in PLT donors (5% of donors were smokers as opposed to 13% of the general population) [95].
In summary, smoking is not routinely captured in donor questionnaires before donation. Besides, the frequency, timing, quantity and form of tobacco use among donors vary, making it challenging to assess the effects of blood donors’ smoking on blood components and transfusion recipient outcomes. Therefore, blood components donated by smokers should not be rejected but be subject to additional monitoring [21]. The following three-step strategy may help improve the blood quality and transfusion safety. The first step would be to record the smoking behaviors of blood donors through questionnaires. Secondly, measure cotinine level and COHb content routinely through spectroscopy-based technologies [40, 41]. Thirdly, attach conspicuous labeling of blood components from smokers, avoiding their use in MTP and susceptible recipients, especially pediatric ones [53].

Conclusion
Smoking has adverse effects on people’s blood circulation. Given the worldwide prevalence of smoking and its potential hazards to blood recipients, improving the management of smokers is one of the pressing tasks to guarantee transfusion safety. Since smoking abstinence among donors is impractical, enhance the monitoring of smokers’ donations seems implementable.
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