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Abstract

:

Tobacco is a one of the most common addictive stimulants used by people around the world. The smoke generated during tobacco combustion is a toxic mixture of more than 5000 chemicals of which over 30 are known human carcinogens. While its negative effects on the human body are well understood, it remains a serious public health problem. One of the multiple effects of smoking is tobacco’s effect on the nervous system—its development and function. This review aims to summarize the progress made in research on the effects of tobacco on the nervous system both of the perinatal period and adults and both in animals and humans in 2015–2020. The 1245 results that corresponded to the keywords “tobacco, cigarette, nervous system, brain, morphology, function” were reviewed, of which 200 abstracts were considered significant. Most of those articles broadened the knowledge about the negative effects of smoking on the human nervous system. Tobacco has a significant negative impact on the development of nervous structures, neurotransmission and cognitive functions, and promotes the development of neurodegenerative diseases, insomnia and cerebrovascular diseases. The only exception is the protective effect of the dopaminergic system in Parkinson’s disease. In conclusion, in recent years much effort has been devoted to describing, revealing and uncovering new aspects of tobacco detrimental to human life. The nicotine contained in tobacco smoke affects the human body in a multidimensional way, including a serious impact on the broadly understood neurological health.
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1. Introduction


According to a WHO global report on trends of tobacco use, by the year of 2025 the prevalence of tobacco use will be 30% in males and 8% in females [1]. While Tobacco has been a subject of research for quite a long time (the oldest indexed scientific paper with key word Tobacco was published in 1807 [2],) there are some fields of its relation to health that still need to be discovered. The ETS was subject to numerous reviews; some of them were focused on cognition [3], some paid more attention to molecular mechanisms [4], or even neural circuits and receptors [5]. Moreover exposure to environmental tobacco smoke (ETS) is still a concerning problem. Smoking is a cause of a number of serious (and often preventable) diseases like cancers of the lungs, pancreas, esophagus, bladder and oral cavity, cardiovascular, respiratory system and gastrointestinal diseases, impaired fertility and overall acceleration of the aging process [6]. This is because tobacco smoke (both its gas phase and its particulate phase)—in addition to the main and harmless components, which are nitrogen, oxygen and carbon dioxide (and account for 85% of the weight of tobacco smoke) [7]—is a toxic, mutagenic and carcinogenic mixture of more than 5000 chemicals, of which over 30 are known human carcinogens [8]. These are, among others: Tobacco-specific nitrosamines (nitrosoanabasine (NAB), nitrosoanatabine (NAT), 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) and nitrosonornicotine (NNN). Other nitrosamines include 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL), 4-(methylnitrosamino)-4-(3-pyridyl)-1-butanol (isoNNAL) and 4-(methylnitrosamino)-4-3-pyridyl) butyric acid (iso-NNAC) [9]), phenol, cresol, β-naphthylamine, N-nitrosonornicotine, benzo-a-pyrene, nickel, arsenic, polonium 210, indole and carbazole, tar and polycyclic aromatic hydrocarbons [7]. These substances are the major causes of human cancer [10]. In addition, tobacco smoke contains a number of substances that are irritating and toxic to the ciliary epithelium of the respiratory system: Hydrogen cyanide, acetaldehyde, acrolein, ammonia, formaldehyde, nitrogen oxides, hydrazine and vinyl chloride [7]. Other forms of nicotine delivery, such as electronic cigarettes (ECs), which are alternative smokeless devices, are also not free from those substances. However, many studies show that they are still much safer in this regard, because the content of hazardous compounds is 9—450 times lower in EC vapour than in conventional cigarettes [11]. Of course, this does not mean that they do not affect the health of the smoker. It should not be forgotten that e-cigarette liquids also contain nicotine—this substance is highly addictive and, furthermore, can harm brain development (which continues until about age 25 years) [12].



The main aim of this study was to review recent discoveries about environmental tobacco exposure in the context of the nervous system from January 2015 to December 2020. The secondary aims of this study were to determine what impact maternal smoking during pregnancy has on the nervous system, how tobacco influences cognition and brain functions, what are new discoveries in the field of its relation to neurovascular diseases, what are the outcomes of mixing tobacco with other stimulants, what are radiological findings in tobacco users and whether there is any relation between grand-maternal smoking and offspring health.




2. Materials and Methods


2.1. Search Strategy


To prepare this manuscript, the search engine PubMed and google scholar were used from the beginning of 2015 (Figure 1). With the uses of keywords as fallows: Tobacco, cigarette, nervous system, brain, morphology, function, grandmother, smoking, pregnancy, father, development, paternal, prenatal. In addition to using singular key words, to find the most relevant records the authors used PubMed Advanced Search Builder as well. Used advanced queries were as follows: (((tobacco) AND (smoke)) AND (nervous)) AND (morphology); ((tobacco) OR (cigarette)) AND (((nervous system) OR (brain)) AND ((morphology) OR (function))). To find most relevant paper, two analysts (WH and AŻ) were working separately by screening the search engines.




2.2. Data Extraction


As a result, 1245 records were identified and screened separately by authors. Each of the analysts prepared their own list of records identified as relevant to the study. Then these record’s lists were double read by both of them and 200 abstracts were found to be relevant to the subject. Then full text manuscripts were acquired. Authors prepared a small database of full-text manuscripts and indexed them in the index table to organize work so that each article got their own ID (Primary Key) used for authors’ personal communication. Then all articles were read independently by both analysts. At this stage each abstract was, for practical purposes, initially assigned to one of the categories that were used to accelerate further work (like: Introduction, animal-based, human-based, etc.).




2.3. Qualitive Analysis and Synthesis


Each analyst worked independently and prepared their own list of relevant full-text manuscript. Both lists were compered and by discussion 75 publications were found to be the most relevant to the study and included in this review. Manuscripts were assessed for both the applicability to the aim of the review and recency of publication.





3. Results


In this review, the authors present results covering seven different areas of tobacco impact on human health and for four of them animal-based studies are discussed as well. The covered areas are nervous system development, neurotransmitters, cognition and brain functions, neurovascular diseases, stimulants, neuroradiology and grand-maternal and paternal smoking. The results describe tobacco influence from the earliest moments of life up to its impact to neurodegenerative diseases commonly encountered in late stages of it. The authors also present discoveries on various levels of organization from cytological through functional level to emotional and mental. The most important findings are listed in Table 1.



3.1. Nervous System Development, Embryology and Histology (Tobacco Impact on Formation and Differentiation of Neural Basic Structures)


Tobacco product use is a major public health problem all over the world—smoking is a recognized risk factor for many diseases, including morphological changes in a nervous system. There are currently about 1.1 billion daily smokers worldwide (according to WHO) [13]. This exposes more than one third of the adult population to passive smoking and causes about six million deaths every year (including 600,000 deaths from secondhand smoke). Tobacco smoke contains over 7000 chemicals, including more than 4500 toxins and about 70 carcinogens. Researchers suggest that tobacco toxins (including vinyl chloride—a risk factor for brain cancer, hydrogen cyanide, and arsenic) influence brain volume. Approximately 15% of cigarette smoke is absorbed by the smoker. 85% is released into the atmosphere. Cigarette smoke is more harmful to intensively developing organisms—babies, infants and developing fetuses—and that is why a prenatal exposure to tobacco smoke is particularly burdened with consequences: Increased risk of spontaneous abortion, low birth weight, sudden infant death syndrome (SIDS), neurodevelopmental, mental and cardiovascular diseases in children. Immature lungs and immune system increase the risk of developing acute and chronic diseases in the future. The studies conducted so far show that exposure to maternal smoking impairs the structural development of the fetus brain [14]. Morphological changes acquired in the prenatal stage cause cognitive decline, increased risk of dementia, difficulties with emotional regulation and impaired working memory in postnatal life.



Similarly, maternal smoking during pregnancy was proved to affect the descendant’s gene expression. In one of the observational studies, in which 39 pregnant women were included after assessing their cotinine, the nicotine metabolite and the genes RELN, PLP1, MBP and BDNF, down-regulation was observed in samples collected from umbilical blood and, since those genes control brain growth, it might be stated that tobacco smoke can by one of the causes of impaired neurological development and that it impacts fetal brain programming [15]. Similarly in a very large study (9000 adults) perinatal smoke exposure was associated with a negative long-term effect on sensory cortices [14].



Animal-Based Studies


Not only does prenatal exposure to tobacco lead to some impairments in neurodevelopment but research carried on out on animals in which rats were exposed to tobacco in early postnatal period showed that about 800 proteins (37.5%) of the prefrontal cortex were significantly responsive to environmental tobacco smoke, 716 of which, mainly enriched in association with neurons and synapses, presented an increase in abundance. In contrast, the remaining 84 of proteins, largely mitochondrial associated, presented a decrease. Consequently, by using ion-mobility-enhanced data-independent mass spectrometry, the study revealed prefrontal cortex vulnerability to ETS during early neurodevelopment [16].





3.2. Neurotransmitters and Tobacco—Receptors, Neurotransmitters, Signalling Pathways


Acetylcholine receptors, which are in many cells of the human body, can be divided into nicotinic (nAChR) and muscarinic (mAChR). While the nicotinic one has an affinity to both the nicotine and the acetylcholine, a degree of it remains dependent on a receptor’s structure and varies from very high affinity to both substances in an α4β2 subtype, which is widely encountered in the central nervous system, to low nicotine affinity levels in receptors at neuromuscular junctions. In addition, Nicotine cannot be quickly eliminated from the synaptic cleft which, due to prolonged triggering of receptors, firstly stimulates and then leads to desensitisation of post synaptic neurons and consequently results in difficulty of transmitting signals [4,17]. Moreover, this desensitisation can be allosterically aggravated and prolonged due to the presence of menthol, widely used as a flavour additive in cigarettes [18]. It should be also considered that nACh receptors are present in cortical and limbic structures which relate to the addiction process (particularly cerebral cortex, amygdala, nucleus accumbens, hippocampus, ventral tegmental area (VTA)). In normal state, VTA neurons are controlled by cholinergic neurons from the pedunculopontine nucleus (PPN) and the lateral dorsal tegmental nucleus (LDTN). However, in the case of nicotine intoxication, the substance stimulates the nACh receptors and indirectly modulates LDTN cholinergic neurons. Therefore, nicotine by stimulating nACh receptors of the VTA’s dopaminergic neurons causes prolonged bursts that then release dopamine to the nucleus accumbens which, as a part of the reward system, is said to participate in translating motivation to action and consequently may be an important part for the disproportionate motivational drive related to nicotine and other drug abuse [5,19]. As well as that, a meta-analysis of molecular imaging studies on tobacco smoking and dopaminergic functions of brain revealed a lowered transporter for dopamine but unaffected D2 dopamine receptor availability in smokers. The authors suspect that these findings may either by for pathophysiological reasons, for some people are more susceptible to tobacco dependence, or a result of long-lasting exposition to nicotine [20].



Animal-Based Studies


In addition, an experiment on HIV-1 transgenic rat was conducted to study drug addiction in patients who were on active anti-retroviral therapy. Received data indicate that HIV-1 proteins might be responsible for alteration of subunits concerning the nACh receptors’ expression and may commit to susceptibility to nicotine and smoking [21]. Similarly, a research carried on four groups of rats (12–17 dams each) was conducted to revise the risk of neurodevelopmental disorders caused by maternal smoking during pregnancy. The study assessed the impact on brain regions including main Ach and 5HT projections with corresponding cell bodies. Therefore, to measure this activity, choline acetyltransferase (ChAT), concentration of presynaptic high-affinity choline transporters (HC3) and a4b2 nAChRs were evaluated. The study appears to be important because it assessed not only the nicotine itself but also the entire tobacco smoke extract (TSE), which makes correspond more closely to real-life situations. The authors revealed that the TSE adverse effects on neural development exceeded those typically attributed to nicotine itself present in mixture. Presynaptic activity (reduced HC3/ChAT ratio) was impaired more strongly because of TSE than nicotine alone. Moreover, greater difference was exposed for the impact to nACh receptors, opposed to the increase during exposition of only nicotine. In groups that were subjected to TSE, the receptor decreased, which was associated with an exacerbation of functional consequences of presynaptic deficit. Overall, the study indicated that “the complex mixture of compounds in tobacco smoke contributes significantly to developmental neurotoxicity over and above the effects of nicotine” [22]. These discoveries lead professor Slotkin to a second experiment to estimate the critical period in which TSE has the greatest impact on neural development. By administrating TSE in three distinct 10-day moments (premating, early gestation, late gestation) it was found that there was no “critical period” for effects of low-level tobacco smoke. While the sensitivity to TSE was somehow dependent to the developmental stage, the findings strongly supported the need to avoid smoke exposure both during pregnancy and prior to it [23].





3.3. Impact on Cognition, Higher-Order Brain Functions—Perception, Attention, Memory, (Nicotine Receptors in Hippocampus and Limbic Structure)


3.3.1. Impact on Cognition and Memory


Owing to the nACh receptor relationship with cognition there is an undoubted connection between nicotine and higher-order brain functionality. Tobacco’s influence on cognition can be divided into acute and chronic. At first, in acute smoking the nicotine is capable of improvement of hippocampus-dependent learning as well as memory and attention. However, secondly, in chronic smoking hippocampus-dependent learning is depressed once the nicotine tolerance is developed and even can be a risk factor for Alzheimer’s disease [3]. Moreover, one study on 628 inhabitants of the Haidian district of Beijing found that smokers had significantly lower immediate and delayed memory as well as whole cognitive scores on the RBANS total score, which is a repeatable battery for the assessment of the neuropsychological status composed of 12 subtests [24]. In addition, one study, carried out on a cohort of 720 mother–child pairs, assessed exposure to second-hand smoke (SHS) during pregnancy and then children neurodevelopment at 24 months old. To analyse the impact of tobacco, the mental developmental index (MDI) and psychomotor developmental index were measured and compared with urine cotinine level, which is a predominant metabolite of nicotine. The study excluded actively smoking mothers, focusing on environmental exposition. The study showed that cognitive development of infants decreased significantly with increasing maternal cotinine level [25]. Further research in this field aims to evaluate the influence of tobacco on brain functions. A cohort study carried out on 1739 mother–newborn pairs was conducted and aimed at measuring how prenatal exposure to alcohol and tobacco affects offspring neurological activity. Therefore, EEG examination was performed. Consequently, the infant whose parent were continuously exposed to higher doses of tobacco during gestation had significantly decreased right–central and right-parietal beta, and low gamma and gamma EEG power compared to groups with lower smoke doses. The authors claim that the outcomes of their study may suggest the abnormal maturation of cortical networks. Overall, the findings showed that any level of prenatal tobacco exposure has an association with new-born brain activity [26]. Additionally to this, a study measuring prenatal tobacco exposure on 239 children aged 8 uncovered an association between pregnancy-time cotinine, a nicotine metabolite, level and executive functions evaluated via the Behaviour Rating Inventory of Executive Function. The rating’s area associated with tobacco included initiation (ability to independently begin tasks), working memory (ability to retain critical information to complete a task) and organization (ability to organize work or storage spaces). Furthermore, the findings of this study supported that even exposure to low-dose second-hand tobacco during pregnancy may affect children’s development [27]. Nonetheless it should be also mentioned that one of the studies found no statistically significant effects of smoking on cognition [28]. In one review, several studies on nicotine impact concerning tobacco were discussed; in one of its subsections the authors discuss the difference of cognition after administration of nicotine between previously non-smokers and abstinent smokers. The authors conclude with the idea that nicotine has differential effects on cognition depending on smoking history and its withdrawal status [29]. Single studies of evoked potentials in smokers suggest bioelectric dysfunction at the cortical and subcortical levels. An analysis of motor-evoked potentials (MEP) using transcranial magnetic stimulation showed lower motor cortex activation (lower MEP amplitude) in tobacco smokers compared with control group [30]. Jawiński et al. analysed cortical auditory evoked potentials in smokers and revealed higher N1-P2 amplitudes in never-smokers compared to ex- and current smokers. Moreover, they observed pack years and number of cigarettes consumed per day to be inversely correlated with evoked potential amplitudes in current smokers [31]. Studies on the N200 component of event-related potentials (EPR) have shown a reduced amplitude in smokers compared to non-smokers. It seems that the N200 wave is an initial component of ERP and, in a way, is “ready” to perform a cognitive task. Its amplitude reduction suggests a subclinical disturbance of cognitive control and, consequently, may lead to cognitive impairment [32].



Animal-Based Studies


One of the studies on adult mice exposed to a very low dose of tobacco smoke over a long period of time found the reduction of immature neurons in the hippocampal dentate gyrus and, as well as nicotine, the contribution of inflammatory mediators was suggested [33]. In a similar way, a study conducted on 24 rats shows that exposure to waterpipe tobacco smoke for 1 h twice daily during lactation leads to impaired long-term memory, associated with reduced level of brain-derived neurotrophic factor in hippocampus in the offspring of dam. In particular, the results of a memory test conducted after 24 h were impaired, but without significant impact on the short-term one. Authors suggest that this may be due to different pathways (molecular and synaptic) and moreover to the fact that hypothalamus is developed during the first two weeks of postnatal life in these animals [34]. In addition, a second study on approximately 28 rats exposed to waterpipe smoke for 60 min a day five days a week for four weeks by using the whole-body exposure apparatus was conducted. To evaluate spatial learning and memory the radial arm water maze test was performed (RAWM). Furthermore after four weeks of experiment hippocampus dissection was caried out and levels of oxidative stress enzymes were quantified. Waterpipe tobacco smoking (WTS) was not associated with impairment of learning but, on the contrary, it negatively affected short and long-term memory. Further research found that WTS caused reduction in activity of antioxidant enzymes [35]. These findings might be juxtaposed with the other research where Astaxanthin administration, which is a carotenoid present in many kinds of marine organisms, was found to reverse ETS-induced cognitive deficits in mice due to normalisation of oxidative stress markers and ceasing of inflammation. Furthermore, astaxanthin administration lead to an attenuation of p38 MAPK stress-activated kinase, which is associated with a neuronal apoptosis [36].





3.3.2. Neurodegenerative Diseases


Animal-Based Studies


Neurodegenerative diseases are a group of congenital or acquired progressive diseases of the nervous system. Their common pathological mechanism is the progressive reduction in the number of nervous cells. Consequently, before the first symptoms are developed, because of the loss of a significant number of neurons (or of damage to a specific part of the central nervous system), the process leading to their appearance begins much earlier and is asymptomatic for a long time. Ultimately, several symptoms of the neurological damage that occur affect motor and cognitive functions [37]. A study carried out on mice showed reductions in myelin staining intensity and narrowing of the corpus callosum caused by the inhibitory effect of tobacco smoke on the expression of genes needed for myelin synthesis and maintenance [38]. A particularly high impact on myelination disorders involves an exposure to environmental tobacco smoke in the early postnatal period (especially the first two weeks) [39].




Human-Based Studies


Tobacco use has been identified by accumulating evidence as an important modifiable risk factor for developing cognitive decline such as Alzheimer’s disease but the exact mechanisms of it remains unclear [40]. In particular, tobacco was associated with faster decline in a functional performance in mildly cognitive impaired participants, which is thought to be an Alzheimer’s disease prodromal state, along with steeper decline in entorhinal cortex volume. Similarly in other research, tobacco was correlated with memory impairment, hippocamp deterioration and brain glucose metabolism decrease. However, neither of those two found an association between CSF AD pathologies (Aβ42, t-tau and p-tau) and history of smoking [40,41]. In addition, due to tobacco’s effect on the loss of white and grey matter, the relative brain age of the smokers is older than non-smokers. It is thought that certain behavioural conditions are associated with accelerated atrophy in certain brain regions. Smokers have significantly smaller grey matter volume, lowered grey matter density and a greater rate of atrophy in regions that show morphological abnormalities in the early stages of Alzheimer’s disease (compared to non-smokers). It is still unclear how smoking and alcohol consumption is associated with brain structural aging, especially when the morphology of all the brain regions is considered [42]. Likewise, meta-analysis studies showed that smoking damages white matter structural integrity, which is a risk factor for Alzheimer’s disease. Apart from AD, tobacco was also found to be a risk factor for multiple sclerosis [43], along with reducing time to conversion to secondary progressive MS when smoking after diagnosis [44].





3.3.3. Protective Influence of Nicotine on Dopaminergic System in Parkinson’s Disease


Parkinson’s disease is the fastest growing neurodegenerative disease. The number of patients grew worldwide from 2.5 million in 1990 to 6.1 million in 2016 [45]. The aging of the population is the main reason for this significant increase, but among other things, it could be due to a decline in the popularity of smoking addiction. Despite the many adverse effects of smoking, there are many studies that show an inverse relationship between tobacco use and the development and death of Parkinson’s disease. Though there is compelling statistical evidence, the underlying biological basis for this relationship is still unknown. The first suggestion of a protective effect of smoking against the development of Parkinson’s disease was made by Dorn 60 years ago [46,47]. The studies were carried out on different groups and at different observation times, all leading to one conclusion that smoking (in various forms—cigarettes, pipes, cigars) reduces the risk of developing and dying from Parkinson’s disease, while current smokers have a lower risk than former. One such study was a longitudinal cohort study involving 34,439 males followed between 1951 and 2016. It was conducted by Mappin-Kasirer et al. This study reported a total of 25,379 deaths, including 283 with Parkinson’s disease as the leading cause of death. The death rates from Parkinson’s disease among current smokers at the beginning were 34.7% lower than those among non-smokers. Compared with non-smokers, current smokers at baseline or during follow-up had a 30% and 40% lower risk of Parkinson’s disease, respectively. Overall, this study found that current tobacco smoking, smoking amount and time elapsed since cessation were all associated with the risk of Parkinson’s disease [46].




3.3.4. Insomnia and Affective Disorders


Both stimulants and sleep disorders have a negative impact on health. Low sleep quality has been associated with substance use (including smoking) and reversed causation from insomnia to substance use (individuals with poor sleep quality have a stronger inclination for later substance use [48]), but the direct link remains unclear [49]. Interestingly, for smoking, studies have shown a moderate genetic correlation with insomnia [50].



Nicotinism causes a few sleep disorders. Compared to individuals who do not smoke cigarettes, smokers are more likely to experience sleep apnoea, sleep disordered breathing, insomnia and poor sleep quality (increased difficulty maintaining sleep, increased sleep latency, daytime sleepiness, shorter sleep duration), which are risk factors for many chronic diseases like obesity, cardiovascular diseases, diabetes and depression. These conditions are further exacerbated by tobacco use. Therefore, it is kind of a vicious circle—smoking can cause sleep disturbances, which in turn exacerbate other diseases caused by smoking which are serious non-communicable health problems worldwide [51].





3.4. Impact of Tobacco on Other Neurovascular Diseases (Stroke, Aneurysm, Atherosclerosis), Migraine + Nicotinism—Significant Increase in Risk of Severe Strokes


Smoking, both active and passive is a well-known health hazard and risk factor of all cardiovascular diseases. The risk of cardiovascular diseases depends on the number of cigarettes smoked, but it is not a linear relationship. Studies show that even smoking only one cigarette daily increases the risk of developing coronary artery disease and stroke [52]. The pathogenesis of this relationship is multifactorial, but recent clinical and experimental findings support the assumption that tobacco smoke exposure increases oxidative stress as a potential mechanism for initiating cardiovascular dysfunction: Cigarette smoke (both active and environmental) causes changes in the endothelium of blood vessels, increases oxidative stress, reduces nitric oxide (NO) production, increases insulin resistance and activates the sympathetic system, which affects the development of arterial hypertension and atherosclerosis, as well as atrial fibrillation and metabolic disorders such as obesity [53]. It should also be mentioned that in the short term, nicotine increases energy spending and reduces appetite and some research has revealed that smokers may have lower body weight than non-smokers; some other evidence states that people who smoke heavily tend to have heavier body weight than people who smoke less. This is explained by the association of smoking with other risky behaviors such as lesser physical activity or worse diet. Smoking in the long term may contribute to insulin resistance and increased risk of metabolic syndrome. In young adults increased probability for weight loss was described among occasional smokers [29,54]. As a consequence, cardiovascular diseases develop, e.g., stroke, acute coronary syndrome, coronary artery disease. The development of atherosclerosis affects all arterial vessels—coronary arteries, cerebral arteries, renal arteries, peripheral arteries and the aorta. Therefore, smoking is one of the most serious (but preventable at the same time) factors in the development of non-communicable diseases [55].



Exposure to cigarette smoke increases the hazard of rupture of atherosclerotic plaque, thereby promoting thrombus formation and leading to an acute coronary syndrome (including sudden cardiac death). Furthermore, smoking promotes coronary artery spasm. Moreover, studies show tobacco use is a relevant risk factor for stroke, cerebral aneurysms, subarachnoid haemorrhage (relative risk, 2.93; 95% confidence interval, 2.48–3.46) and cerebral infarction (relative risk, 1.92; 95% confidence interval, 1.71–2.16) in both sexes [52].



Smoking is a potent risk factor for abdominal aortic aneurysm. A meta-analysis showed a fivefold increase in the risk of an abdominal aortic aneurysm for current smokers and a doubling of the risk for former smokers as against individuals who have never smoked [52].



Avoidance of headache triggers plays an important aspect in the treatment of migraines. Meanwhile, tobacco awareness and avoidance are rarely emphasized as part of that treatment schedule. Taylor RF conducted a study that was aimed at examining the various types of tobacco products to which migraineurs are exposed and studying the mechanisms by which nicotine exposure causes headaches [56]. As the result, he states, that there are some conflicting data that support the validity of patient history of exposure to tobacco smoke as migraine headaches trigger but prospective controlled studies are needed. The exact pathomechanism is not yet known [56].




3.5. Nicotine and Other Drugs and Stimulants—Additive Effect


Combining stimulants is a very common phenomenon; therefore, the analysis and consideration of their coincidental impact are extremely important. Globally, cannabis and tobacco (not to mention combining tobacco with alcohol) are commonly mixed together and smoked jointly (a practice called “mulling”). There is still limited knowledge about impact of co-use on metabolic changes and neural tissue development, but this has been associated already with adverse effects on educational outcomes, impaired emotional and physical functioning, lower cognitive performance and increased risk of substance-use disorders and addiction [57]. Moreover, studies show that combining stimulants has a particular effect on reducing GMV: There is a negative relation between the number of substances used (e.g., alcohol, cocaine, tobacco, cannabis) and the volume of the specific brain area—dorsal medial prefrontal cortex—and those alterations are related to the number of substances used, while ventrolateral prefrontal cortex pathology is specifically associated with tobacco use [58,59]. Tobacco is sometimes mixed not only with alcohol but also with narcotics; in particular the effect of prenatal combining tobacco with marijuana was studied. The study indicated an indirect association between this combination and autonomic functioning during the second year of life [60]. Similarly, a connection between prenatal cannabis exposure (mostly combined with tobacco) and cortical thickness was suggested [61]. Nevertheless, consequences of recurrent nicotine and cannabis co-stimulation during adolescence still remain understudied [62].



Animal-Based Studies


Mixing tobacco and alcohol can multiply negative outcomes for the nervous system and such outcomes are supported by several studies. In the first animal-based study, different group of rats were exposed to alcohol, tobacco and both. The level of the hippocampus’ intracellular reactive oxygen species along with inflammatory parameters was significantly increased in the mixed group, but decreased the brain-derived neurotrophic factor, which plays a role in synaptic plasticity and neuronal survival [63]. Similar outcomes were also present in the outcomes of the second study, which found that combining alcohol and tobacco increased rats’ locomotive activity, and that combining nicotine and alcohol has an additional anxiolytic effect and leads to the growth of grooming behaviours [64].





3.6. Neuroradiological Examination


Evidence from the studies carried out so far using voxel-based morphometry (VBM) revealed that widespread brain regions are involved in chronic smoking and localization of gray matter abnormalities caused by tobacco smoke is heterogeneous. There are many researches linking tobacco use to changes in specific areas of the brain. Vňuková M et al. analyze studies which used VBM to show differences in gray matter volume (GMV) between smokers and non-smokers—smoking decreases GMV in most brain areas, but also some sex-specific dependencies were discovered: The thalamus and cerebellum were affected in both sexes, but reduction of GMV in the olfactory gyrus was found only in male smokers [65]. Similarly, in one study, GMV of bilateral anterior insula were negatively correlated with nicotine dependance [66]. Zhong J et al. carried out a meta-analysis comprising eleven studies with 686 chronic cigarette smokers and 1024 nonsmokers [67]. The findings were converging and reveal a characteristic neuroanatomical pattern in chronic smokers: The chronic smokers showed a considerable gray matter reduction in the bilateral prefrontal cortex and gray matter increase in the right lingual cortex. Furthermore, a correlation between the number of smoking years, cigarettes per day and abnormalities in gray matter structure was demonstrated. Salminen LE et al. analyzed available magnetic resonance imaging data from the UK Biobank (UKB), which is currently the largest prospective study of aging and collecting information about health, physical state and lifestyle for over 500,000 middle-aged people and other adults living in the United Kingdom. They examined white and gray matter volume and structure in subgroups of perinatal-exposed and unexposed to secondhand smoke individuals. The study revealed significant, system-specific effects of perinatal exposure to secondhand smoke on sensory brain structures later in life [14]. Similarly, in a magnetic resonance imaging study, nicotine potential of destruction to white matter and neurons was confirmed [68]. Moreover, nicotine deprivation in smokers was associated, in an MRI study, with lower brain activity in its areas responsible for attention contrary to areas involved with craving, which showed lower activity when nicotine was present [69].




3.7. Grandmothers and Paternal Tobocco Smoke and Its Impact on Childen’s Health


It is a truth universally acknowledged that smoking during pregnancy has a detrimental effect on offspring development and health. However, some interesting findings have been revealed by new studies concerning not only maternal smoking but also grand-maternal and paternal. One of the studies found a strong negative association between the paternal grandmother’s smoking during her pregnancy and her grandson’s chance of developing early onset myopia [70]. What is more, grandmothers smoking, while mothers of the offspring were in the womb, was associated with asthma and nasal allergies in their grandchildren and, what is even more interesting, fathers’ smoking before the 15 years age (in puberty) and maternal smoking during pregnancy was associated with higher risk of asthma without allergies in their offspring. The authors speculate that, while parental smoking has a detrimental effect on lung development, grandmothers smoking might be associated with epigenetics and dysregulation of immune development [71]. Similarly, another cohort study on a large-scale population associated grandmothers smoking with grandchildren asthma [72]. In addition similar results were found in a study covering a cohort of 1629 newborns that revealed association between paternal tobacco smoke and child’s asthma development at six years old; moreover, it was neither associated with total IgE levels nor with allergen sensitization. The authors suggest an IgE-independent mechanism [73].





4. Discussion


In recent years, much effort has been put into describing, revealing and uncovering new detrimental aspects of tobacco to human life. Both animal and human-based studies have contributed equally to progress in this area of knowledge. In animal-based studies, particular attention has been paid to molecular and prenatal aspects of studies and the most important conclusion that can be derived from them is that tobacco appears to be more harmful than nicotine itself, whereas human-based studies focused on higher-order brain functions, concluding that tobacco can significantly contribute to many neurodegenerative diseases with the interesting exception of Parkinson’s diseases. Presented studies are not nearly the tip of the iceberg in those fields. It seems that not only the morphology but even the function of the brain is impaired by tobacco. According to NS development, particularly interesting discoveries covered the mother’s smoking and child’s memory impairment [14] and (from animal studies) early post-natal exposition to tobacco [16]. These two fields relate to each other due to the fact that one can be a consequence of the other. Typically, if a mother does not cease smoking during pregnancy, it would be rather unlikely for her to cease later and this could possibly lead to an accumulation of detrimental effects. However, further studies are required in these fields, especially transcription from animal studies to human-based ones. Subsequently, in the neurotransmitters subsection, we presented cytological and molecular level findings in the area of tobacco influence. In this field, particular attention should be paid to the dualistic nicotine [4,17] impact on synaptic cleft the first triggering signal transmission but in a longer period of time there is an impairment of transmission due to desensitization that is an important basis for further research and helps to understand tobacco’s impact on neurodegenerative diseases described in the following paragraphs. Moreover some animal-based studies described in this subsection bring interesting results about more harmful effect of whole tobacco compared to nicotine itself [22]. According to cognition and higher-order subsection, it is important to distinguish both the acute and chronic tobacco influence. While in the acute sort, nicotine is capable of memory improvement, in longer periods of time it can contribute to Alzheimer’s diseases and impair memory [3,24,25,40]. Some animal studies support the protective role of Astaxanthin to tobacco smoke and its impact on normalization of oxidative stress markers. This could be an interesting way of reversing detrimental effect of ETS. However, further research is needed, especially human-based research [35,36]. Particularly interesting results were found concerning tobacco’s relation to Parkinson’s disease and an inverse relationship between tobacco use and development of diseases [45,46,47]. In addition, some absorbing research studied nicotine’s contribution to sleep disorders, especially sleep disorder breathing, insomnia and poor sleep quality [51]. One of the most interesting findings was in the area of grand-maternal smoking. The presented results described an implication between grandmother’s smoking and grandchildren’ asthma and allergies so that smoking contributes to diseases beyond one generation [71,72,73].



Strengths and Limitations


The authors made every effort to find and screen as many records as possible and attempted to discuss the subject at length. During the preparation of this manuscript, the authors tried to adopt and follow in a simplified way some of the systemic review’s principles [74]; in particular:




	
The manuscript was prepared by a team not a single person.



	
Record screening, evaluation of eligibility and data extraction were done by two people working independently at each stage and then synthesized.



	
The review was based on independent assessments and the authors declared no conflict of interest.








However, it has to be stated clearly that this study is not a systemic review and has never aimed to be one. Due to a lack of resources, the authors could not cover every single aspect of tobacco’s influence on the nervous system and focused only on the main areas predefined in the process of the manuscript’s development. It also has to be mentioned that the article presents some of the animal-based studies and this type of study cannot by directly compared to human beings without further research.





5. Conclusions


To summarize, we would like to emphasize that current studies appear to show that tobacco can be more harmful than pure nicotine itself, and exposure to it, particularly in early stages of development, is certainly undesirable. Tobacco contributes particularly to neurodegenerative diseases, impacts cognition and relates to the grey matter volume of the brain. For future perspectives, it appears to be particularly of interest to better control the effects of tobacco and consider smoking as a major public health problem. The authors believe that particular emphasis should be put on childbirth schools and early school education so the future parents will be aware of tobacco smoke exposure’s varied detrimental effects on many aspects of fetal development as early as possible.







Author Contributions


Writing—original draft preparation, W.H., A.Ż.; writing—review and editing, M.W.-P., P.G.; supervision, R.P., P.G. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



World Health Organization. WHO Global Report on Trends in Prevalence of Tobacco Use 2000–2025, 3rd ed.; World Health Organization: Geneva, Switzerland, 2019. [Google Scholar]

	



Blair, W. An Obstruction of the Œsophagus Removed by a Tobacco Glyster, on the Third Day after the Accident. Lond. Med Phys. J. 1807, 17, 20. [Google Scholar]

	



Campos, M.W.; Serebrisky, D.; Castaldelli-Maia, J.M. Smoking and Cognition. Curr. Drug Abus. Rev. 2016, 9, 76–79. [Google Scholar] [CrossRef]

	



Alkam, T.; Nabeshima, T. Molecular mechanisms for nicotine intoxication. Neurochem. Int. 2019, 125, 117–126. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, C.; Zhou, C.-Y.; Jiang, J.-H.; Yin, C. Neural circuits and nicotinic acetylcholine receptors mediate the cholinergic regulation of midbrain dopaminergic neurons and nicotine dependence. Acta Pharmacol. Sin. 2020, 41, 1–9. [Google Scholar] [CrossRef]

	



National Center for Chronic Disease Prevention and Health Promotion (US) Office on Smoking and Health. The Health Consequences of Smoking—50 Years of Progress: A Report of the Surgeon General; Centers for Disease Control and Prevention USA: Atlanta, GA, USA, 2014. [Google Scholar]

	



Talhout, R.; Schulz, T.; Florek, E.; Van Benthem, J.; Wester, P.; Opperhuizen, A. Hazardous Compounds in Tobacco Smoke. Int. J. Environ. Res. Public Health 2011, 8, 613–628. [Google Scholar] [CrossRef]

	



National Toxicology Program, U.S.; Department of Health and Human Services, Public Health Service. Report on Carcinogens, 14th Editon. 2016. Available online: https://ntp.niehs.nih.gov/go/roc14 (accessed on 3 June 2021).

	



Jankowski, M.; Brożek, G.M.; Lawson, J.; Skoczyński, S.; Majek, P.; Zejda, J.E. New ideas, old problems? Heated tobacco products–A systematic review. Int. J. Occup. Med. Environ. Heal. 2019, 32, 595–634. [Google Scholar] [CrossRef] [PubMed]

	



Moldoveanu, S.C.; Zhu, J.; Qian, N. Analysis of Traces of Tobacco-Specific Nitrosamines (TSNAs) in USP Grade Nicotine, E-Liquids, and Particulate Phase Generated by the Electronic Smoking Devices. Contrib. Tob. Res. 2017, 27, 86–96. [Google Scholar] [CrossRef]

	



Goniewicz, M.L.; Knysak, J.; Gawron, M.; Kosmider, L.; Sobczak, A.; Kurek, J.; Prokopowicz, A.; Jablonska-Czapla, M.; Rosik-Dulewska, C.; Havel, C.; et al. Levels of selected carcinogens and toxicants in vapour from electronic cigarettes. Tob. Control. 2013, 23, 133–139. [Google Scholar] [CrossRef] [PubMed]

	



Cornelius, M.E.; Wang, T.W.; Jamal, A.; Loretan, C.G.; Neff, L.J. Tobacco Product Use Among Adults—United States, 2019. MMWR. Morb. Mortal. Wkly. Rep. 2020, 69, 1736–1742. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization. Leading Cause of Death, Illness and Impoverishment. Available online: https://www.who.int/news-room/fact-sheets/detail/tobacco (accessed on 20 August 2020).

	



Salminen, L.E.; Wilcox, R.R.; Zhu, A.H.; Riedel, B.C.; Ching, C.R.K.; Rashid, F.; Thomopoulos, S.I.; Saremi, A.; Harrison, M.B.; Ragothaman, A.; et al. Altered Cortical Brain Structure and Increased Risk for Disease Seen Decades After Perinatal Exposure to Maternal Smoking: A Study of 9000 Adults in the UK Biobank. Cereb. Cortex 2019, 29, 5217–5233. [Google Scholar] [CrossRef] [PubMed]

	



Salihu, H.M.; Paothong, A.; Das, R.; King, L.M.; Pradhan, A.; Riggs, B.; Naik, E.; Siegel, E.M.; Whiteman, V.E. Evidence of altered brain regulatory gene expression in tobacco-exposed fetuses. J. Peérinat. Med. 2017, 45, 1045–1053. [Google Scholar] [CrossRef]

	



Lewis, L.S.C.; Muldoon, P.P.; Pilaka, P.P.; Ottens, A.K. Frontal Cortex Proteome Perturbation after Juvenile Rat Secondhand Smoke Exposure. Proteomics 2018, 18, e1800268. [Google Scholar] [CrossRef] [PubMed]

	



Dani, J.A. Neuronal Nicotinic Acetylcholine Receptor Structure and Function and Response to Nicotine. Int. Rev. Neurobiol. 2015, 124, 3–19. [Google Scholar] [CrossRef] [PubMed]

	



Ton, H.T.; Smart, A.E.; Aguilar, B.L.; Olson, T.T.; Kellar, K.J.; Ahern, G.P. Menthol Enhances the Desensitization of Human α3β4 Nicotinic Acetylcholine Receptors. Mol. Pharmacol. 2015, 88, 256–264. [Google Scholar] [CrossRef] [PubMed]

	



Subramaniyan, M.; Dani, J.A. Dopaminergic and cholinergic learning mechanisms in nicotine addiction. Ann. N. Y. Acad. Sci. 2015, 1349, 46–63. [Google Scholar] [CrossRef]

	



Ashok, A.H.; Mizuno, Y.; Howes, O.D. Tobacco smoking and dopaminergic function in humans: A meta-analysis of molecular imaging studies. Psychopharmacology 2019, 236, 1119–1129. [Google Scholar] [CrossRef]

	



Cao, J.; Nesil, T.; Wang, S.; Chang, S.L.; Tanseli, N. Expression profile of nicotinic acetylcholine receptor subunits in the brain of HIV-1 transgenic rats given chronic nicotine treatment. J. NeuroVirol. 2016, 22, 626–633. [Google Scholar] [CrossRef]

	



Slotkin, T.A.; Skavicus, S.; Card, J.; Stadler, A.; Levin, E.D.; Seidler, F.J. Developmental Neurotoxicity of Tobacco Smoke Directed Toward Cholinergic and Serotonergic Systems: More Than Just Nicotine. Toxicol. Sci. 2015, 147, 178–189. [Google Scholar] [CrossRef]

	



Slotkin, T.A.; Stadler, A.; Skavicus, S.; Card, J.; Ruff, J.; Levin, E.D.; Seidler, F.J. Is There a Critical Period for the Developmental Neurotoxicity of Low-Level Tobacco Smoke Exposure? Toxicol. Sci. 2017, 155, 75–84. [Google Scholar] [CrossRef]

	



Xia, H.; Du, X.; Yin, G.; Zhang, Y.; Li, X.; Cai, J.; Huang, X.; Ning, Y.; Soares, J.C.; Wu, F.; et al. Effects of smoking on cognition and BDNF levels in a male Chinese population: Relationship with BDNF Val66Met polymorphism. Sci. Rep. 2019, 9, 217. [Google Scholar] [CrossRef] [PubMed]

	



Lee, M.; Ha, M.; Hong, Y.-C.; Park, H.; Kim, Y.; Kim, E.-J.; Kim, Y.; Ha, E. Exposure to prenatal secondhand smoke and early neurodevelopment: Mothers and Children’s Environmental Health (MOCEH) study. Environ. Heal. 2019, 18, 22. [Google Scholar] [CrossRef] [PubMed]

	



Shuffrey, L.C.; Myers, M.M.; Isler, J.R.; Lucchini, M.; Sania, A.; Pini, N.; Nugent, J.D.; Condon, C.; Ochoa, T.; Brink, L.; et al. Association Between Prenatal Exposure to Alcohol and Tobacco and Neonatal Brain Activity. JAMA Netw. Open 2020, 3, e204714. [Google Scholar] [CrossRef] [PubMed]

	



Oh, K.; Xu, Y.; Terrizzi, B.F.; Lanphear, B.; Chen, A.; Kalkbrenner, A.E.; Yolton, K. Associations Between Early Low-Level Tobacco Smoke Exposure and Executive Function at Age 8 Years. J. Pediatr. 2020, 221, 174–180. [Google Scholar] [CrossRef]

	



Ringin, E.; Cropley, V.; Zalesky, A.; Bruggemann, J.; Sundram, S.; Weickert, C.S.; Weickert, T.W.; Bousman, C.A.; Pantelis, C.; Van Rheenen, T.E. The impact of smoking status on cognition and brain morphology in schizophrenia spectrum disorders. Psychol. Med. 2021, 14, 1–19. [Google Scholar] [CrossRef] [PubMed]

	



Valentine, G. Cognitive Effects of Nicotine: Recent Progress. Curr. Neuropharmacol. 2018, 16, 403–414. [Google Scholar] [CrossRef]

	



Zandonai, T.; Pizzolato, F.; Tam, E.; Bruseghini, P.; Chiamulera, C.; Cesari, P. The Effects of Nicotine on Cortical Excitability After Exercise. J. Clin. Psychopharmacol. 2020, 40, 495–498. [Google Scholar] [CrossRef]

	



Jawinski, P.; Mauche, N.; Ulke, C.; Huang, J.; Spada, J.; Enzenbach, C.; Sander, C.; Hegerl, U.; Hensch, T. Tobacco use is associated with reduced amplitude and intensity dependence of the cortical auditory evoked N1-P2 component. Psychopharmacology 2016, 233, 2173–2183. [Google Scholar] [CrossRef] [PubMed]

	



Piasecki, T.M.; Fleming, K.A.; Trela, C.J.; Bartholow, B.D. P3 event-related potential reactivity to smoking cues: Relations with craving, tobacco dependence, and alcohol sensitivity in young adult smokers. Psychol. Addict. Behav. 2017, 31, 61–72. [Google Scholar] [CrossRef] [PubMed]

	



Csabai, D.; Cseko, K.; Szaiff, L.; Varga, Z.; Miseta, A.; Helyes, Z.; Czéh, B. Low intensity, long term exposure to tobacco smoke inhibits hippocampal neurogenesis in adult mice. Behav. Brain Res. 2016, 302, 44–52. [Google Scholar] [CrossRef] [PubMed]

	



Al-Sawalha, N.A.; Alzoubi, K.H.; Khabour, O.F.; Alyacoub, W.; Almahmood, Y. Effect of waterpipe tobacco smoke exposure during lactation on learning and memory of offspring rats: Role of oxidative stress. Life Sci. 2019, 227, 58–63. [Google Scholar] [CrossRef] [PubMed]

	



Alzoubi, K.H.; Khabour, O.F.; Alharahshah, E.A.; Alhashimi, F.H.; Shihadeh, A.; Eissenberg, T. The Effect of Waterpipe Tobacco Smoke Exposure on Learning and Memory Functions in the Rat Model. J. Mol. Neurosci. 2015, 57, 249–256. [Google Scholar] [CrossRef] [PubMed]

	



Yang, X.; Guo, A.-L.; Pang, Y.-P.; Cheng, X.-J.; Xu, T.; Li, X.-R.; Liu, J.; Zhang, Y.-Y.; Liu, Y. Astaxanthin Attenuates Environmental Tobacco Smoke-Induced Cognitive Deficits: A Critical Role of p38 MAPK. Mar. Drugs 2019, 17, 24. [Google Scholar] [CrossRef]

	



Deochand, C.; Tong, M.; Agarwal, A.R.; Cadenas, E.; De La Monte, S.M. Tobacco Smoke Exposure Impairs Brain Insulin/IGF Signaling: Potential Co-Factor Role in Neurodegeneration. J. Alzheimer Dis. 2015, 50, 373–386. [Google Scholar] [CrossRef] [PubMed]

	



Yu, R.; Deochand, C.; Krotow, A.; Leão, R.; Tong, M.; Agarwal, A.R.; Cadenas, E.; De La Monte, S.M. Tobacco Smoke-Induced Brain White Matter Myelin Dysfunction: Potential Co-Factor Role of Smoking in Neurodegeneration. J. Alzheimer Dis. 2016, 50, 133–148. [Google Scholar] [CrossRef]

	



Torres, L.H.; Annoni, R.; Balestrin, N.T.; Coleto, P.L.; Duro, S.O.; Garcia, R.C.T.; Pacheco-Neto, M.; Mauad, T.; Camarini, R.; Britto, L.R.G.; et al. Environmental tobacco smoke in the early postnatal period induces impairment in brain myelination. Arch. Toxicol. 2014, 89, 2051–2058. [Google Scholar] [CrossRef] [PubMed]

	



Wu, P.; Li, W.; Cai, X.; Yan, H.; Chen, M. Associations of cigarette smoking with memory decline and neurodegeneration among cognitively normal older individuals. Neurosci. Lett. 2020, 714, 134563. [Google Scholar] [CrossRef]

	



Chen, M.; Hu, C.; Dong, H.; Yan, H.; Wu, P.; Initiative, A.D.N. A history of cigarette smoking is associated with faster functional decline and reduction of entorhinal cortex volume in mild cognitive impairment. Aging 2021, 13, 6205–6213. [Google Scholar] [CrossRef] [PubMed]

	



Ning, K.; Zhao, L.; Matloff, W.; Sun, F.; Toga, A.W. Association of relative brain age with tobacco smoking, alcohol consumption, and genetic variants. Sci. Rep. 2020, 10, 10. [Google Scholar] [CrossRef]

	



Lavery, A.M.; Collins, B.N.; Waldman, A.T.; Hart, C.N.; Bar-Or, A.; Marrie, R.A.; Arnold, D.; O’Mahony, J.; Banwell, B. The contribution of secondhand tobacco smoke exposure to pediatric multiple sclerosis risk. Mult. Scler. J. 2018, 25, 515–522. [Google Scholar] [CrossRef] [PubMed]

	



Ramanujam, R.; Hedström, A.-K.; Manouchehrinia, A.; Alfredsson, L.; Olsson, T.; Bottai, M.; Hillert, J. Effect of Smoking Cessation on Multiple Sclerosis Prognosis. JAMA Neurol. 2015, 72, 1117–1123. [Google Scholar] [CrossRef]

	



Hopfner, F.; Höglinger, G.; Kuhlenbäumer, G.; Pottegård, A.; Wod, M.; Christensen, K.; Tanner, C.M.; Deuschl, G. β-adrenoreceptors and the risk of Parkinson’s disease. Lancet Neurol. 2020, 19, 247–254. [Google Scholar] [CrossRef]

	



Cheng, Y.; Wang, Y.-J. Tobacco smoking and the reduced risk of Parkinson disease. Neurology 2020, 94, 860–861. [Google Scholar] [CrossRef] [PubMed]

	



Dorn, H.F. Tobacco Consumption and Mortality from Cancer and Other Diseases. Public Heal. Rep. 1959, 74, 581–593. [Google Scholar] [CrossRef]

	



Hasler, B.P.; Kirisci, L.; Clark, D.B. Restless Sleep and Variable Sleep Timing During Late Childhood Accelerate the Onset of Alcohol and Other Drug Involvement. J. Stud. Alcohol Drugs 2016, 77, 649–655. [Google Scholar] [CrossRef]

	



Pasman, J.A.; Smit, D.J.; Kingma, L.; Vink, J.M.; Treur, J.L.; Verweij, K.J. Causal relationships between substance use and insomnia. Drug Alcohol Depend. 2020, 214, 108151. [Google Scholar] [CrossRef] [PubMed]

	



Gibson, M.; Munafò, M.R.; E Taylor, A.; Treur, J.L. Evidence for Genetic Correlations and Bidirectional, Causal Effects Between Smoking and Sleep Behaviors. Nicotine Tob. Res. 2019, 21, 731–738. [Google Scholar] [CrossRef]

	



Purani, H.; Friedrichsen, S.; Allen, A.M. Sleep quality in cigarette smokers: Associations with smoking-related outcomes and exercise. Addict. Behav. 2019, 90, 71–76. [Google Scholar] [CrossRef]

	



Kondo, T.; Nakano, Y.; Adachi, S.; Murohara, T. Effects of Tobacco Smoking on Cardiovascular Disease. Circ. J. 2019, 83, 1980–1985. [Google Scholar] [CrossRef]

	



Ambrose, A.J.; Barua, R.S. The pathophysiology of cigarette smoking and cardiovascular disease: An update. J. Am. Coll. Cardiol. 2004, 43, 1731–1737. [Google Scholar] [CrossRef] [PubMed]

	



Chiolero, A.; Faeh, D.; Paccaud, F.; Cornuz, J. Consequences of smoking for body weight, body fat distribution, and insulin resistance. Am. J. Clin. Nutr. 2008, 87, 801–809. [Google Scholar] [CrossRef]

	



Digiacomo, S.I.; Jazayeri, M.-A.; Barua, R.S.; Ambrose, J.A. Environmental Tobacco Smoke and Cardiovascular Disease. Int. J. Environ. Res. Public Heal. 2018, 16, 96. [Google Scholar] [CrossRef]

	



Taylor, F.R. Tobacco, Nicotine, and Headache. Headache J. Head Face Pain 2015, 55, 1028–1044. [Google Scholar] [CrossRef] [PubMed]

	



Courtney, K.E.; Baca, R.; Doran, N.; Jacobson, A.; Liu, T.T.; Jacobus, J. The effects of nicotine and cannabis co-use during adolescence and young adulthood on white matter cerebral blood flow estimates. Psychopharmacology 2020, 237, 3615–3624. [Google Scholar] [CrossRef] [PubMed]

	



Kaag, A.; Schulte, M.; Jansen, J.; Van Wingen, G.; Homberg, J.; Brink, W.V.D.; Wiers, R.; Schmaal, L.; Goudriaan, A.; Reneman, L. The relation between gray matter volume and the use of alcohol, tobacco, cocaine and cannabis in male polysubstance users. Drug Alcohol Depend. 2018, 187, 186–194. [Google Scholar] [CrossRef] [PubMed]

	



Wetherill, R.R.; Jagannathan, M.K.; Hager, B.N.; Childress, A.R.; Rao, H.; Franklin, T.R. Cannabis, Cigarettes, and Their Co-Occurring Use: Disentangling Differences in Gray Matter Volume. Int. J. Neuropsychopharmacol. 2015, 18, pyv061. [Google Scholar] [CrossRef]

	



Schuetze, P.; Zhao, J.; Eiden, R.D.; Shisler, S.; Huestis, M.A. Prenatal exposure to tobacco and marijuana and child autonomic regulation and reactivity: An analysis of indirect pathways via maternal psychopathology and parenting. Dev. Psychobiol. 2019, 61, 1022–1034. [Google Scholar] [CrossRef] [PubMed]

	



El Marroun, H.; Tiemeier, H.; Franken, I.H.; Jaddoe, V.W.; van der Lugt, A.; Verhulst, F.C.; Lahey, B.B.; White, T. Prenatal Cannabis and Tobacco Exposure in Relation to Brain Morphology: A Prospective Neuroimaging Study in Young Children. Biol. Psychiatry 2016, 79, 971–979. [Google Scholar] [CrossRef] [PubMed]

	



Mejia, M.H.; Wade, N.E.; Baca, R.; Diaz, V.G.; Jacobus, J. The Influence of Cannabis and Nicotine Co-use on Neuromaturation: A Systematic Review of Adolescent and Young Adult Studies. Biol. Psychiatry 2021, 89, 162–171. [Google Scholar] [CrossRef] [PubMed]

	



Quinteiros, D.A.; Hansen, A.W.; Bellaver, B.; Bobermin, L.D.; Pulcinelli, R.R.; Bandiera, S.; Caletti, G.; Bitencourt, P.E.R.; Quincozes-Santos, A.; Gomez, R. Combined Exposure to Alcohol and Tobacco Smoke Changes Oxidative, Inflammatory, and Neurotrophic Parameters in Different Areas of the Brains of Rats. ACS Chem. Neurosci. 2019, 10, 1336–1346. [Google Scholar] [CrossRef] [PubMed]

	



Bandiera, S.; Caletti, G.; Giustina, C.L.; Hansen, A.W.; Deniz, B.F.; Confortim, H.D.; Pulcinelli, R.R.; Nin, M.S.; Silva, L.O.; Gomez, R. Changes in behavioral and neuronal parameters by alcohol, cigarette, or their combined use in rats. Behav. Pharmacol. 2019, 30, 490–499. [Google Scholar] [CrossRef] [PubMed]

	



Vňuková, M.; Ptáček, R.; Raboch, J.; Stefano, G.B. Decreased Central Nervous System Grey Matter Volume (GMV) in Smokers Affects Cognitive Abilities: A Systematic Review. Med Sci. Monit. 2017, 23, 1907–1915. [Google Scholar] [CrossRef] [PubMed]

	



Wang, C.; Huang, P.; Shen, Z.; Qian, W.; Li, K.; Luo, X.; Zeng, Q.; Guo, T.; Yu, H.; Yang, Y.; et al. Gray matter volumes of insular subregions are not correlated with smoking cessation outcomes but negatively correlated with nicotine dependence severity in chronic smokers. Neurosci. Lett. 2019, 696, 7–12. [Google Scholar] [CrossRef] [PubMed]

	



Zhong, J.; Shi, H.; Shen, Y.; Dai, Z.; Zhu, Y.; Ma, H.; Sheng, L. Voxelwise meta-analysis of gray matter anomalies in chronic cigarette smokers. Behav. Brain Res. 2016, 311, 39–45. [Google Scholar] [CrossRef]

	



Huang, H.; Zhang, Y.; Cheng, J.; Wang, W.; Wen, M. Evaluating the Changes of White Matter Microstructures in Tobacco Addicts Based on Diffusion Tensor Imaging. Med Sci. Monit. 2020, 26, e919105. [Google Scholar] [CrossRef]

	



Liberman, K.; Van Schuerbeek, P.; Herremans, S.; Meysman, M.; De Mey, J.; Buls, N. The effect of nicotine patches on craving in the brain. Medicine 2018, 97, e12415. [Google Scholar] [CrossRef] [PubMed]

	



Williams, C.; Suderman, M.; Guggenheim, J.A.; Ellis, G.; Gregory, S.; Iles-Caven, Y.; Northstone, K.; Golding, J.; Pembrey, M. Grandmothers’ smoking in pregnancy is associated with a reduced prevalence of early-onset myopia. Sci. Rep. 2019, 9, 15413. [Google Scholar] [CrossRef]

	



Accordini, S.; Calciano, L.; Johannessen, A.; Portas, L.; Benediktsdóttir, B.; Bertelsen, R.; Bråbäck, L.; Carsin, A.-E.; Dharmage, S.C.; Dratva, J.; et al. A three-generation study on the association of tobacco smoking with asthma. Int. J. Epidemiol. 2018, 47, 1106–1117. [Google Scholar] [CrossRef] [PubMed]

	



Magnus, M.C.; Håberg, S.E.; Øystein, K.; Nafstad, P.; London, S.J.; Nystad, W. Grandmother’s smoking when pregnant with the mother and asthma in the grandchild: The Norwegian Mother and Child Cohort Study. Thorax 2015, 70, 237–243. [Google Scholar] [CrossRef]

	



Wu, C.-C.; Hsu, T.-Y.; Chang, J.-C.; Ou, C.-Y.; Kuo, H.-C.; Liu, C.-A.; Wang, C.-L.; Chuang, H.; Chen, C.-P.; Yang, K.D. Paternal Tobacco Smoke Correlated to Offspring Asthma and Prenatal Epigenetic Programming. Front. Genet. 2019, 10, 471. [Google Scholar] [CrossRef]

	



Cochrane Training. Available online: https://training.cochrane.org/handbook/current/chapter-01 (accessed on 3 June 2021).








[image: Brainsci 11 00797 g001 550] 





Figure 1. The process of data collection. 






Figure 1. The process of data collection.



[image: Brainsci 11 00797 g001]







[image: Table] 





Table 1. Most important findings of this review.
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	Subsection
	Human Based
	Animal Based





	3.1 NS development
	Perinatal: Maternal smoking impairs brain development and sensory cortices
	Postnatal: 800 proteins of prefrontal cortex responses to tobacco



	3.2 Neurotransmitters
	Lowered transporter for dopamine and unaffected D2 receptor in smokers
	HIV-1 proteins may commit to susceptibility for nicotine and smoking; tobacco has more adverse effect than pure nicotine



	3.3 cognition and brain functions
	Perinatal: Smoking impairs infant postnatal development; Postnatal: Chronic smoking impairs memory; impact to cognition depends on prior smoking history; ETS contributes to Alzheimer disease and multiple sclerosis and sleep disorders; Tobacco alleviate Parkinson’s disease symptoms
	Postnatal: Smoking during lactations impairs offspring memory; ETS impairs myelination of NS; Tobacco causes reduction in antioxidant enzymes



	3.4 Neurovascular diseases
	Risk depends on number of cigarettes smoked but its not linear; tobacco increases oxidative stress
	-



	3.5 Tobacco and stimulants
	Mixing impairs emotional and physical functioning, reduce grey matter volume (GMV);
	Mixing contributes to oxidative stress in hippocampus and decreases brain-derived neurotrophic factor



	3.6 Neuroradiology
	Postnatal: Smoking reduces GMV; nicotine contributes to destruction of white matter and neurons; nicotine deprivation is associates with lower activity in attention brain areas; Perinatal: effect on sensory brain structures
	-



	3.7 Paternal and grand-maternal smoking
	Perinatal: Grandmothers and paternal smoking associated with offspring’s asthma
	-
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