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Background

Over 1.1 billion people smoke worldwide. The alkaloid nicotine is a prominent and addictive component of tobacco. In addition to tumors and cardiovascular disorders, tobacco consumption is associated with a variety of chronic-inflammatory diseases. Although neutrophilic granulocytes (neutrophils) play a role in the pathogenesis of many of these diseases, the impact of nicotine on neutrophils has not been systematically reviewed so far.





Objectives

The aim of this systematic review was to evaluate the direct influence of nicotine on human neutrophil functions, specifically on cell death/damage, apoptosis, chemotaxis, general motility, adhesion molecule expression, eicosanoid synthesis, cytokine/chemokine expression, formation of neutrophil extracellular traps (NETs), phagocytosis, generation of reactive oxygen species (ROS), net antimicrobial activity, and enzyme release.





Material and methods

This review was conducted according to the PRISMA guidelines. A literature search was performed in the databases NCBI Pubmed® and Web of Science™ in February 2023. Inclusion criteria comprised English written research articles, showing in vitro studies on the direct impact of nicotine on specified human neutrophil functions.





Results

Of the 532 originally identified articles, data from 34 articles were finally compiled after several evaluation steps. The considered studies highly varied in methodological aspects. While at high concentrations (>3 mmol/l) nicotine started to be cytotoxic to neutrophils, concentrations typically achieved in blood of smokers (in the nmol/l range) applied for long exposure times (24-72h) supported the survival of neutrophils. Smoking-relevant nicotine concentrations also increased the chemotaxis of neutrophils towards several chemoattractants, elevated their production of elastase, lipocalin-2, CXCL8, leukotriene B4 and prostaglandin E2, and reduced their integrin expression. Moreover, while nicotine impaired the neutrophil phagocytotic and anti-microbial activity, a range of studies demonstrated increased NET formation. However, conflicting effects were found on ROS generation, selectin expression and release of β-glucuronidase and myeloperoxidase.





Conclusion

Nicotine seems to support the presence in the tissue and the inflammatory and selected tissue-damaging activity of neutrophils and reduces their antimicrobial functions, suggesting a direct contribution of nicotine to the pathogenesis of chronic-inflammatory diseases via influencing the neutrophil biology.
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1 Introduction

Nicotine (3-(1-methyl-pyrrolidinyl)-pyridine) is a naturally occurring alkaloid, which is mainly produced by the nightshade family of plants, particularly the Nicotiana ssp. (tobacco plants). Stored in the leaves, it serves as a botanical insecticide for the tobacco plant (1, 2). Given their stimulating and addictive effect on humans, tobacco leaves have been consumed by humans for many centuries. Today they are used for smoking in cigarettes, cigars, pipes, hookahs, and e-cigarettes, in smokeless forms in mouth and oral tobacco, in pharmaceutical products for smoking cessation such as plasters and gums as well as in nicotine medication (3). Currently, there are over 17% tobacco users in the USA (4) and over 1.1 billion smokers worldwide (5). During tobacco consummation, nicotine can be absorbed buccally, in the upper airways, and in the lungs. The average nicotine blood levels found in smokers vary between ~0.1 - 500 nmol/l right after smoking (6–11). Local nicotine levels may exceed those found in the blood of smokers. In fact, much higher nicotine concentrations were found in the sputum of smokers (~30 µmol/l) (12) and in vapers (~45 µmol/l) (13). Chronic exposure to nicotine leads to its accumulation in the tissue (14, 15). As the main psychoactive component in tobacco and e-cigarettes, the pharmacological mode of action of nicotine on the central and the peripheral nervous system is well investigated (16). Nicotine acts as a ligand on the nicotinic acetylcholine receptors (nAChRs). The nAChRs are a group of pentameric cation channels, which consist of a varying combination of α2-7, α9-10 and β2-4 subunits (17). Apart from their localization in the brain and peripheral nervous system, they are found on several non-neuronal cells including neutrophilic granulocytes (in the following referred to as neutrophils) (18–20). In addition to its agonistic action on nAChRs, nicotine can be absorbed into the cells via a facilitative transporter or proton/organic cation antiporter (21).

Tobacco consumption is a well-known risk factor for the development and persistence of serious diseases such as cancers and cardiovascular disorders (22, 23). The association of nicotine with chronic-inflammatory diseases (CID) of the lung, the joints, and the skin, has been less researched (24–29). However, ~40% of patients with rheumatoid arthritis are current smokers and 65% of them reported they had previously smoked cigarettes (30). Furthermore, over 80% of patients with hidradenitis suppurativa (HS), a chronic inflammatory disease affecting intertriginous skin areas, are smokers or ex-smokers (31, 32). Other dermatological studies stated that over 70% of patients with palmoplantar pustulosis (PPP) were smokers (28) and 65% of psoriasis patients were current or ex-smokers and the disease severity of psoriasis is associated with smoking intensity (33). Cutaneous CIDs often concern already young adults (34), strongly impair the quality of life of those affected (35, 36) and cause considerable loss of national gross value added (37).

In many of these diseases, neutrophils play important pathogenetic roles. For example, the neutrophils that are abundant in the dermis of skin lesions in HS release extracellular matrix-degrading enzymes that disrupt the physiological structure of the skin (38, 39) and are a source of mediators that support the cutaneous persistence and activation of further immune cells (40, 41). Furthermore, neutrophils form the so-called Munro’s abscesses in the (sub-)corneal layer of the psoriatic epidermis (42). In PPP neutrophils produce high levels of IL-19, a cytokine that supports the further recruitment of these cells into the skin, by triggering keratinocytes to express the chemokine CXCL6 (43). Further effector functions of neutrophils that contribute to inflammation and tissue damage in these skin diseases include reactive oxygen species (ROS) generation and formation of neutrophil extracellular traps (NET) (44).

The association of smoking with neutrophil-driven CID led to the question of whether nicotine exerts direct molecular and functional changes in neutrophils. We therefore performed a systematic review of available data on the direct influence of nicotine on primary human neutrophils.




2 Method

This systematic review was conducted according to the Preferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA; http://www.prisma-statement.org/). As there is no system for registration for the non-clinical systematic reviews, the review protocol can be obtained by contacting the corresponding author.

The question to be investigated was: Does nicotine exposure in in vitro conditions lead to changes in the following characteristics and functions of human neutrophil: cell death/damage, apoptosis, chemotaxis, general motility, adhesion molecule expression, eicosanoid synthesis, cytokine/chemokine expression, formation of neutrophil extracellular traps (NETs), phagocytosis, generation of reactive oxygen species (ROS), net antimicrobial activity, and enzyme release. This research question was constructed according to the PICOS framework (Table 1).


Table 1 | Research question presented base on the PICOS framework.





2.1 Literature search

The primary literature search was done using the databases Web of Science™ and NCBI Pubmed® in February 2023. TCB and KWi independently searched the two databases using the search term: nicotine AND (neutrophil* OR granulocyte* OR PMN). All research articles listed in these databases published or accepted for publication until January 31, 2023, were considered.




2.2 Eligibility criteria

All articles, in which the influence of nicotine on primary human neutrophils has been studied, were considered. The articles had to be published or accepted for publication and had to be written in English. Articles describing literature reviews, meta-analyses, clinical trials, cohort studies, case-control studies, case series, cross-sectional studies, or case-reports and meeting abstracts were a priori excluded. Research articles describing the investigation of nicotine effects on cell lines (e.g. HL-60) or on neutrophils derived from species other than humans were also excluded. After full-text reading, only articles studying the effects of nicotine on the neutrophil characteristics/functions listed in Table 1 were included.




2.3 Study selection

Using the previously determined criteria, TCB and KWi screened both the titles and abstracts of the articles. KWo independently made the decision to include or not articles for which there was no consensus in TCB’s and KWi’s selection. Selected articles were subjected to full-text reading by TCB. Articles that did not fulfil the criteria after full-text reading were excluded after discussion between TCB, KWo and RS. Final decision on inclusion of results was made after discussion between TCB and KWo.




2.4 Data extraction

TCB extracted the relevant data in a tabular format (investigated neutrophil function, assays used, investigated cells, cell purity, nicotine exposure time, nicotine compound/dosage form, tested concentration, effective concentration/IC50/EC50, level of significance and number of experiments). Authors were contacted for missing or contradictory published data.





3 Results

The article selection process is summarized in Figure 1. The literature research identified 532 articles in the two databases. 356 non-duplicate articles were subjected to title/abstract screening, of which 44 articles met the criteria for subsequent full-text reading. Ten articles were excluded after full-text reading, as they did not meet the inclusion criteria: In three of them non-human neutrophils were used and in further three the nicotine/epibatidine binding sites and/or the nicotine sensitivity of neutrophils were evaluated. The experiments of one article were based on a cell-free system. Another article described the investigation of neutrophils isolated from participants treated with nicotine-containing gum. Moreover, there was one article showing experiments that lacked untreated controls and one article that didn´t present the data. Thus, 34 articles were included for data extraction (13, 19, 45–76). We have not evaluated or assessed the data for their scientific plausibility. Therefore, no data were excluded because they did not appear scientifically plausible to us.




Figure 1 | Flow diagram showing the article selection process.



The results grouped according to the twelve biological functions are displayed in Tables 2–13. The investigated neutrophil function, assays used, nicotine exposure time, tested nicotine concentration, effective nicotine concentration and IC50/EC50 (if specified), level of significance, and number of experiments are presented. As far as specified by the authors, examined neutrophils were obtained from healthy non-smokers and their purity was above 90%, except for one study with an indicated purity of ~80% (48). The used compound was either (-)-nicotine or nicotine bitartrate.


Table 2 | Influence of nicotine on general cell death/damage.




Table 3 | Influence of nicotine on apoptosis.




Table 4 | Influence of nicotine on chemotaxis.





Table 5 | Influence of nicotine on general motility.




Table 6 | Influence of nicotine on adhesion molecule expression.




Table 7 | Influence of nicotine on eicosanoid synthesis.




Table 8 | Influence of nicotine on cytokine/chemokine expression.




Table 9 | Influence of nicotine on NET formation.




Table 10 | Influence of nicotine on phagocytosis.




Table 11 | Influence of nicotine on ROS generation.





Table 12 | Influence of nicotine on antimicrobial activity.




Table 13 | Influence of nicotine on degrading enzyme release.






3.1 General cell death/damage

General cell death/damage of nicotine-exposed neutrophils has been studied in eleven research articles (13, 48, 51, 62, 64, 65, 68, 72–74, 76). The results are displayed in Table 2. At the first glance, the results appear contradictory, but closer inspection revealed that the influence on general cell death/damage was dependent on the nicotine concentration and exposure time. Six articles revealed that high concentrations (>3 mmol/l) of nicotine, already when given for a very short time (down to 10 min), lead to increased cell death/damage of neutrophils (13, 48, 65, 68, 73, 76). Four research articles demonstrated that exposure to nicotine at concentrations of 0.0005 – 1.5 mmol/l for 15 – 120 min didn´t interfere with general cell death/damage (48, 64, 72, 74). Interestingly, two research articles showed that low nicotine concentrations (shown for 0.000001 - 0.01 mmol/l) given for long exposure times (≥ 24h) led to reduced general cell death/damage, i.e., supported the neutrophil survival (51, 62). Aoshiba et al. and Xu et al. raised the hypothesis that activation of non-cholinergic receptor and prevention of Akt dephosphorylation are involved in the reduced cell death of neutrophils exposed to low doses of nicotine (51, 62).




3.2 Apoptosis

As described above, neutrophils have a limited physiological life expectancy. Apoptosis is a finely regulated programmed cell death that does not lead to inflammation or damage of neighboring cells. Thus, alteration of this process can result in inflammation and impaired tissue homeostasis (77). Three research articles investigated the effect of nicotine on neutrophil apoptosis and the results are summarized in Table 3. Aoshiba et al. found that the reduction of general cell death/damage due to long-term exposure to low nicotine concentrations goes along with a reduced apoptosis rate as assessed using (i) acridine orange/ethidium bromide staining, (ii) electron microscopy showing chromatin aggregation, nuclear prominence and cytoplasmic vacuolation, and (iii) DNA fragmentation (62). Yoshida et al. suggested a lacking impact of even very high concentrations of nicotine on apoptosis; however, this was based on a non-indicated number of performed experiments and a low-quality visualization of DNA fragmentation (59). At cell-toxic nicotine concentrations, Mariggio et al. reported an increase in neutrophil apoptosis, evident by increased DNA fragmentation (58). In line, the authors detected an increased Fas protein expression in the exposed neutrophils (58). Tyagi et al. reported a decrease in Fas mRNA expression in adherent neutrophils after an extended low-dose nicotine exposure (12 h) (46). Fas is a cell death receptor that induces apoptosis after binding of Fas ligand (78).

As the above described results indicate, concentrations >3 mmol/l significantly affect cell viability and are considered to be cytotoxic. Therefore, the effects of nicotine in concentrations below 3 mmol/l were discussed in the subsequent part of the manuscript.




3.3 Chemotaxis

Under physiological conditions, neutrophils circulate in the blood. When tissue damage or inflammation occurs locally, specific mediators are released that attract neutrophils to the site of damage/inflammation in a process so-called chemotaxis (79). These chemotactic mediators can be produced by different cells (e.g. mast cells, macrophages, fibroblasts) or arise in defined processes (e.g., release from damaged cells, complement activation) and have different chemical properties. We identified eight research articles dealing with the influence of nicotine on chemotaxis (56, 62, 64, 68, 72, 73, 75, 76). The results are displayed in Table 4. While high nicotine concentrations reduced the movement of the cells towards chemoattractants such as n-formylmethionyl-leucyl-phenylalanine (fMLP) and complement products (isolated complement factor 5 fragments or fragments generated in activated serum (ZAS)), concentrations ≤ 0.031 mmol/l mostly had an increasing effect (62, 68, 73). Notably, nicotine itself was suggested to act as a chemoattractant for neutrophils, as the movement of neutrophils towards 0.6 mmol/l nicotine was enhanced in the study by Nowak et al. (68). Nicotine studies, in which no gradient of chemoattractant was methodically built up, are dealt with in the chapter ‘General motility’.




3.4 General motility

Neutrophils patrol the blood and are able to enter the tissue rapidly upon a signal. For the movement through the endothelia, neutrophils form pseudopods, in which actin contributes to the change in shape (80). Six research articles investigated aspects of general motile function of neutrophils (56, 65, 66, 68, 72, 73). The results are displayed in Table 5. Aoshiba et al. studied the time of neutrophils to pass through micropore membrane (66). They revealed that nicotine itself at rather high concentrations had no influence. Furthermore, nicotine did not influence the delay in the filtration time induced by superoxide (O2-) and fMLP. In contrast, the increase in motility of neutrophils exposed to model oxidants such as chloramine T and hydrogene peroxide (H2O2) was found to be counteracted by nicotine in this study. Other studies investigating the spontaneous migration of neutrophils gave contrasting results (56, 68, 73). Ryder et al. studied the relative cellular content of filamentous actin (F-actin), the authors consider as an early indicator of the neutrophil movement. They found an increase in F-actin when the cells were exposed to nicotine and a synergistic action of nicotine with a hexapeptide agonist for the formyl peptide receptor in this respect (65).

Generally, the assessment of the directed (chemotaxis, see above) and undirected movement of neutrophils may be difficult during nicotine exposure if we assume that nicotine itself may be chemoattractive for these cells (68).




3.5 Adhesion molecule expression

Adhesion molecules play an essential role in the exit of neutrophils from blood vessels (diapedesis) and in their migration to the site of damage/inflammation in the tissue (81). Prominent neutrophil adhesion molecules come from the group of selectins (CD62L, P-selectin glycoprotein ligand 1) and integrins (as heterodimeric complexes, containing CD18 and either CD11a, CD11b or CD11c). Selectins on neutrophils bind to their ligands on endothelial cells and mediate initial attachment and subsequent rolling, which is followed by a more stable binding, mediated by integrins. CD11b/CD18 and CD11c/CD18 also enable neutrophils to migrate through the tissue and phagocytose bacteria opsonized with complement products. Three research articles examined the influence of nicotine on the expression of neutrophil’s adhesion molecules using flow cytometry (19, 57, 60) and the results are displayed in Table 6. Ryder et al. reported no regulation of CD62L, while Speer et al. and Vulkelic et al. found CD62L to be downregulated after nicotine exposure alone or in combination with C5a stimulation of the neutrophils. The same three articles investigated possible changes in the integrin expression and found no alteration of the CD18 expression. CD11a was downregulated at 0.001 mmol/l nicotine and completely lost when higher nicotine concentration (0.01 mmol/l) were used. CD11b expression was found to be progressively diminished following nicotine exposure either alone or with C5a as a co-stimulus (19, 57, 60).




3.6 Eicosanoid synthesis

Eicosanoids [e.g., leukotriene (LT), prostaglandin (PG)] are organic chemical compounds that are formed from polyunsaturated fatty acids (82). They can act in an autocrine and paracrine manner and influence various functions of target cells (e.g., chemotaxis of neutrophils). The search retrieved three publications in which the possible impact of nicotine on the eicosanoid synthesis of stimulated neutrophils was investigated (53, 64, 67). The results are displayed in Table 7. Seow et al., who used short-term exposure to higher concentrations, and Loke et al., who used lower concentrations and longer exposure times, reported that nicotine led to an increase in LTB4 synthesis in calcium ionophore A23187-stimulated neutrophils (53, 64). On the other hand, Saareks et al. reported a dose-dependent decrease in LTB4 synthesis in A23187-stimulated neutrophils (67). Two of these publications described that PGE2 production was increased by nicotine in calcium ionophore A23187- or concanavalin A-stimulated neutrophils (64, 67).




3.7 Cytokine/chemokine expression

Neutrophils can express a variety of pro-/anti-inflammatory cytokines and chemokines, including IL-1β, IL-10, tumor-necrosis factor (TNF)-α, lipocalin (LCN)-2, and BAFF, usually upon stimulation (41, 83, 84). We identified three research articles that investigated the potential effect of nicotine on neutrophil cytokine/chemokine expression (46, 48, 56). The results are displayed in Table 8. Iho et al. reported an elevated CXCL8 secretion by neutrophils following nicotine exposure, with an EC50 of 1.9 mmol/l (56). This would suggest that in addition to nicotine’s effect on chemotaxis towards chemoattractants present in the infected/inflamed tissue, this alkaloid also triggers the neutrophils to produce its own attractant. No influence was found on the secretion of interferon(IFN)-γ, IL-1β, tumor-necrosis factor (TNF)-α, and interleukin(IL)-10 in a study that used a single moderate concentration (0.1 mmol/l) of nicotine and a short exposure time (4h). In the same study, the secretion of IFN-γ and IL-1β induced by the 220kDa lectin of Entamoeba histolytica (L220) was even abrogated in the presence of nicotine (48). A decreased production of IL-1β, which acts on almost any cell type (85), would result in dampened non-specific inflammation. Applying extended exposure times (12-24h), Tyagi et al. found elevated STAT3-dependent release of LCN2 when the cells were exposed to only 0.001 mmol/l nicotine. LCN2, produced in large quantities in the skin of PPP and HS patients, is involved in the induction of inflammatory pain and supports the tissue infiltration of neutrophils, thereby mediating a positive feedback loop (40, 86). The authors further reported a nicotine-induced shift of non-adherent to adherent neutrophils, which was associated with a decreased CCL3 and an increased CCL2 expression respectively. A shift to CCL2 would result in the attraction of a broader spectrum of immune cells. CCR2, the receptor through which CCL2 acts, is expressed by numerous immune cell types, including monocytes, T cells, NK cells, basophils, mast cells and dendritic cells (87, 88).




3.8 NET formation

Neutrophils can release large, web-like structures called neutrophil extracellular traps (NETs) which consist of decompensated chromatin loaded with cytosolic and granular proteins and often let to the death of the cells (89). Four studies were found that deal with the effect of nicotine on the NET formation (45, 47, 49, 50). The results are displayed in Table 9. NET formation was detected by DNA stains (45, 47, 49, 50) and released DNA-MPO complexes (49). Three research articles demonstrated that nicotine on its own induces NETs (45, 49, 50) at a wide range of concentrations (as low as 0.01 mmol/l (50) or 0.0012 mmol/l (45) and up to cytotoxic concentrations (49)), using exposure times of 4 to 10 h. Lee et al. further demonstrated that TNF-α pretreatment and costimulation with immune complexes of citrullinated histone 2B increased the effect of nicotine on NET formation (49). The absence of a nicotine effect on constitutive and phorbol 12-myristate 13-acetate (PMA)- or hypochlorous acid (HOCl)-stimulated NET formation in neutrophils demonstrated by White et al. let us suggest that the exposure time of 30 min chosen in this study was too short (47). In fact, in a real-time fluorescence video, Lee et al. demonstrated that formation of NETs started at around 1h in nicotine-exposed neutrophils (49).




3.9 Phagocytosis

Neutrophils engulf prokaryotic and eukaryotic pathogens in a phagosome formed by the plasma membrane and then kill them through various mechanisms after granular vesicles fuse with the phagosome. The production of superoxides, which activate myeloperoxidase (MPO) to produce hypochlorite, and several effector proteins are involved in pathogen killing (90). Four articles described investigations into the influence of nicotine on the phagocytic activity of neutrophils, using microspheres, bacteria and immune globuline-opsonized sheep erythrocytes (IgG-opsonized-SRBC) (19, 63–65). Three of these articles reported an impaired phagocytic function when nicotine concentrations in the non-cytotoxic range (see above) were used (19, 64, 65). The results are displayed in Table 10. The reduced C5a-costimulated internalization of IgG-opsonized-SRBC suggests an inhibiting influence of nicotine on the Fc-γ receptor-mediated phagocytosis by neutrophils (19).




3.10 ROS formation

Neutrophils have the potential to generate a variety of ROS, including O2- and H2O2. ROS are necessary for the killing of ingested microorganisms within the phagolysosome. However, their release into the tissue can induce tissue destruction (91). The literature search retrieved fifteen articles investigating nicotine-induced changes in the ROS release by neutrophils (19, 45, 50, 52, 54–56, 62–64, 70–74). The results are displayed in Table 11. Measurements were done extracellularly with and without the cells present. Time and duration of nicotine addition, as well as the assay for ROS measurement greatly varied. The results published are contradictory. No clear effect was seen, even when the studies were stratified by nicotine concentration, nicotine exposure time, costimulation or assessed ROS species.




3.11 Antimicrobial activity

Neutrophils have diverse mechanisms to exhibit antimicrobial properties. These include phagocytosis, ROS formation, cytokine release, exosome release and degranulation as well as NET formation (90). One single study examining changes in net antimicrobial activity of nicotine-exposed neutrophils was identified (63) and the results are summarized in Table 12. The authors assessed the bacteria colony formation of lysed neutrophils, which were previously exposed to Actinobacillus actiomycetemcomitans, Fusobacterium nucleatum, and Actinomyces naeslundii under anaerobic and aerobic conditions, to demonstrate that nicotine inhibited the neutrophil killing of the bacteria under aerobic conditions. We critically note the experimental setting, with either neutrophils that may be damaged under anaerobe conditions or obligate anaerobe bacteria like Fusobacteria that may be damaged of under aerobe conditions, the low number of performed experiments in this study (63) and the lack of independent studies confirming these findings.




3.12 Degrading enzyme release

The arsenal of degrading enzymes found in different types of neutrophilic granules is crucial for the effectiveness of neutrophils against microorganisms. On the other hand, when released, these enzymes might induce tissue destruction. Nine research articles investigated the effect of nicotine on the release of enzymes from the neutrophils, including hydrolases, peroxidases, and proteases (13, 45, 53, 61, 64, 69, 72, 73, 76). The results are displayed in Table 13.



3.12.1 β-Glucuronidase

β-glucuronidase splits glycosaminoglycans and is located in the primary granules of neutrophils. β-glucuronidase has been found to be released during bacterial infections (92, 93). The influence of non-cytotoxic concentrations of nicotine on the release of β-glucuronidase by neutrophils was investigated in two research articles. The results are contradictory as Seow et al. found an increased release (64), while Sasagawa et al. reported no influence on β-glucuronidase release (but an increase induced by cytotoxic nicotine concentrations) (72). Furthermore, Sasagawa et al. showed that nicotine reduced the β-glucuronidase release in neutrophils stimulated with fMLP and cytochalasin B (CB) (72).




3.12.2 Lysozyme

Lysozyme hydrolytically splits sugar chains of the peptidoglycan skeleton of bacterial cell wall which leads to the lysis of the bacteria (94). Two research articles investigated the effect of nicotine on the release of lysozyme from neutrophils (64, 73), showing that concentrations previously identified as non-cytotoxic (see above) had no effect, while higher concentrations had contradictory effects.




3.12.3 Myeloperoxidase

MPO catalyzes the reaction of H2O2 with chloride to generate HOCl within the phagosome. This process leads to the killing of the ingested microorganisms (95, 96). Two studies identified that nicotine had no effect on the release of myeloperoxidase from unstimulated or CB-stimulated neutrophils (72, 73). The same authors reported that nicotine exposure of neutrophils stimulated with both fMLP- and CB decreased the MPO release (72, 73). Loke et al. found that neutrophils pre-treated with very low nicotine concentrations released high levels of MPO when stimulated with calcium ionophore A23187 in the absence and presence of co-pretreatment with cotinine, the predominant metabolite of nicotine (53).




3.12.4 Elastase

Elastase is an antimicrobial protease present in the azurophil granule (96). Five studies investigated the effect of nicotine on neutrophil elastase release (13, 61, 64, 69, 73). Increased release of elastase by unstimulated neutrophils was mainly found when nicotine concentrations in the cytotoxic range were used (73).






4 Discussion

This systematic review aimed to analyze the direct impact of nicotine on human neutrophils. Apart from the questions of how chronic nicotine consumption affects immune defense mechanisms, the impact of nicotine on human neutrophils is of high relevance given the importance of smoking for many neutrophil-driven chronic inflammatory diseases such as HS and PPP. Thirty-four research articles were identified that demonstrated analyses of the influence of nicotine on the following neutrophil functions: cell death/damage, apoptosis, chemotaxis, general motility, adhesion molecule expression, eicosanoid synthesis, cytokine/chemokine expression, formation of NETs, phagocytosis, generation of ROS, net antimicrobial activity, and degrading enzyme release.

The research articles that were the basis for this evaluation were mainly conducted in the context of periodontitis, lung injury/metastasis, arthritis, or were in general relation to smoking. Publication years varied from 1977 to 2022. The nicotine concentrations used in the retrieved studies greatly varied, namely between 0.0000005 mmol/l (= 0.5 nmol/l) (67) and 20 mmol/l (49). Effects on neutrophils were actually observed in this broad range of concentrations. The relevance of testing very high concentrations is however limited by two aspects: First, the peak levels reported in individuals were ~0.1 - 500 nmol/l in the blood of smokers (6–11) and ~45 µmol/l in the sputum of vapers (13) and ~30 µmol/l in the sputum of smokers (12). Second, the results compiled in this systematic review suggest that nicotine concentrations above ~3 mmol/l can be considered to be cytotoxic.

The results of our study are summarized in Figure 2 (for references see Tables 1–13).




Figure 2 | Summarized results of the systematic review. Except for general cell death/damage and apoptosis, the effects of sub-toxic nicotine concentrations on neutrophils are shown.



Smoking-relevant concentrations applied at longer exposure times (24–72h), supported the neutrophil survival and neutrophil abundance in the tissue. Several studies also demonstrated a strengthening effect of smoking-relevant nicotine concentrations on the neutrophil chemotaxis towards e.g. N-formylated tripeptides known to be released by bacteria in the tissue, and a relative increase of the cellular content of filamentous actin, an early indicator of the neutrophil movement that is generated via interconversion of globular actin (97). Interestingly, nicotine also seems to induce the production of chemokines in neutrophils including CXCL8, a ligand of the chemokine receptors CXCR1 and CXCR2 expressed by neutrophils, therefore inducing a positive feedback loop in the attraction of neutrophils to the tissue. As an underlying mechanism, the authors proposed an indirect effect via enhanced peroxinitrit anion (ONOO-) levels, which induced IκB degradation with subsequent activation of NFκB (56).

Apart from the chemotactic attraction, the recruitment of neutrophils from the circulation into the tissue requires their interaction with the activated endothelium of local venules. The current literature did not allow a statement about the influence of nicotine on the neutrophil expression of CD62L. The expression of other neutrophil adhesion molecules such as the integrin α-subunits CD11a and CD11b seems to be negatively influenced by nicotine, while the neutrophil expression of CD18, the β-subunit that forms complexes with these α-subunits, does not seem to be altered by nicotine. As mentioned at the beginning of the paragraph on adhesion molecules, P-selectin glycoprotein ligand 1 is an important adhesion molecule of neutrophils. However, the influence of nicotine on of P-selectin glycoprotein ligand 1 expression has not been investigated in the past and should be targeted in future studies.

Arrived in the tissue, neutrophils play an important role in the early antimicrobial defense. Base on the current literature, the net antimicrobial defense, assessed by the death of several bacteria species after neutrophil encounter, seems to be reduced by nicotine. This might be relevant for infectious diseases as well as for those neutrophil-driven CIDs which are associated with propagation of bacteria in the inflamed tissue, such as HS (98).

The phagocytic uptake of extracellular microbes is the prerequisite for their intracellular killing by the neutrophils. Surprisingly, nicotine impaired the phagocytic uptake of several (opsonized and non-opsonized) particles and bacteria leading to possibly reduced clearance of bacteria. Moreover, due to the highly heterogeneous results found for ROS generation by nicotine-treated neutrophils, no conclusion can be drawn as to whether or not nicotine affects ROS production. We noticed a great variation in the experimental setup among the respective studies, which is known to have a significant impact on the results (99, 100).

Another way neutrophils kill bacteria is the generation of NETs, which consist of decompensated chromatin loaded with cytosolic and granular proteins including antimicrobial proteins (89). The elevation of NET formation by nicotine-exposed neutrophils found in our review also draws the attention back to the CIDs. For instance, NET formation has recently been discovered in the skin lesions of HS patients, where it may support the formation of autoreactive antibodies (101).

Neutrophils are known to support the inflammation by the release of soluble mediators including cytokines/chemokines (102). Surprisingly, the impact of nicotine on cytokine/chemokine release has hardly been studied. The only findings in our review concern CXCL8 (see above) and LCN2, on which nicotine had an inducing influence. However, these results have not been confirmed independently so far. LCN2 also plays a role in HS, where it is released by neutrophils of HS skin lesions (86). Blood LCN2 levels in HS were shown to reflect disease activity (86). LCN2 supports the function and tissue infiltration of neutrophils; in addition, it has direct antimicrobial activity and plays a role in the metabolic control and the induction of inflammatory pain (103), aspects that are all relevant to HS disease (98, 104, 105). Therefore, besides TNF-α (86), nicotine seems to contribute to the elevated LCN2 levels found in HS patients (106).

Interestingly, the only study dealing with the possible impact of nicotine on the production of classical pro- (TNF-α, IL-1β, IFN-γ) and anti-inflammatory (IL-10) cytokines by resting neutrophils did not detect any influence (48). However, in the specific context of infection with parasitic Entamoeba species, nicotine was shown to inhibit the L220-induced IL-1β secretion by neutrophils (48).

Activated neutrophils are also important producers of the eicosanoids such as the arachidonic acid metabolites LTB4 and PGE2 (107, 108). Several studies found that nicotine elevated the production of LTB4 by activated neutrophils. LTB4 acts as a strong chemoattractant for neutrophils and is upregulated in HS lesions (109). In HS skin inflammation, PGE2 and LTB4 might also contribute to the pain suffered by those affected (110).

Degrading enzymes found in different types of neutrophilic granules are crucial for the antimicrobial activity of these cells but are also associated with tissue damage in infection and inflammatory settings. The release of only a small range of degrading enzymes have been investigated so far (β-glucuronidase, lysozyme, myeloperoxidase, and elastase), and results only for elastase, showing a nicotine-induced increase, appear to be reliable. Elastase activity is known to play a role in the inflamed tissue in CIDs such as psoriasis, where its activity correlated with disease severity and was diminished after successful treatment (111). The increased elastase activity may also be linked to the nicotine-induced NET formation (112). Further studies are needed to shed light on this interesting connection. Overall, there is little evidence for a general nicotine-induced increase in the tissue-destroying effect of neutrophils.

In the last decade, it has become clear that neutrophils change their expression over their life cycle and in pathological conditions (113). Since in CIDs neutrophils can spend a long time in the inflamed tissue (38, 114, 115), it would be desirable if future studies examined the influence of nicotine on neutrophils at different ages. The neutrophils considered for this systematic review were, as far as stated, from healthy non-smokers. Only two studies, by Srivastava et al. and Murphy et al., investigated the differences in nicotine-induced effect on neutrophils of smokers vs. non-smokers (61, 70). It would be desirable to examine the influence of nicotine on different populations of neutrophils, neutrophils with different activation status, and neutrophils from donors of different ages in future studies. In addition, we see a need for a subsequent systematic review that searches and compiles facts about the influence of nicotine on the production of neutrophil-attracting chemokines by tissue cells and immune cells other than neutrophils. One aspect that has not been investigated in detail in previous studies is the question of whether neutrophils from patients with CIDs react differently to nicotine compared to neutrophils from healthy donors. It is conceivable that the permanent subclinical inflammation that predominates in patients with CIDs (33, 35, 116, 117) alters the activity of neutrophils toward nicotine. This aspect should also be taken into account in future studies.

In conclusion, our systematic literature review only allows a few conclusions regarding the influence of nicotine on the survival and function of neutrophils. Applied at smoking-relevant concentrations, nicotine seems to increase the survival and the chemotaxis of neutrophils towards selected chemoattractants, to elevate their elastase release and their production of mediators with chemoattracting activity (CXCL8, lipocalin-2, LTB4). At the same time, it impairs the phagocytotic and intracellular killing of bacteria by these cells while supporting their NET formation. These aspects are highly relevant to some neutrophil-driven CIDs as described above. In HS, for example, nicotine may support the abundance of neutrophils in the skin, the propagation of bacteria in the presence of those neutrophils, their tissue-degrading activity and the autoimmunity supported by the NET formation. In addition, there are evidences that nicotine induces other HS-relevant effects including epidermal hyperplasia (118) that, however, may be due to nicotine effects on cell types other than neutrophils.

This systematic review has several limitations. The literature search retrieved a multitude of publications with insufficient presentation of the applied methodology necessary for result interpretation. A quality assessment of specific statements on the impact of nicotine on neutrophil function could not be carried out because there is no validated standard for the quality assessment of experimental studies. Moreover, variations in culture conditions among studies could greatly influence neutrophil functions (119). The number of manuscripts investigating specific nicotine effects varied to a great extent (from 1 to 15). Fifteen research articles investigated the impact of nicotine on ROS generation; nevertheless, the contradictory results did not allow any conclusions to be drawn. On the other hand, other aspects (e.g. cytokine/chemokine production and net antimicrobial activity) were only represented by individual studies. In addition, there were large differences in the number of different experimental series dealing with specific nicotine effects and the number of independent experiments carried out per experimental series. To enable the reader to make their own assessment, we have listed all experiment series on a specific nicotine effect individually in each table, and indicated the number of independent experiments performed per series and the level of significance. Finally, the results might be influenced by the general publication bias. In fact, experimental studies with negative results (no effect detected) are less likely to be published (120). As far as it was possible, we displayed all data on the preselected neutrophil biological functions on which no influence of nicotine was discovered.

Hopefully, future studies will reliably help to clarify existing contradictions but also verify the results of individual studies. Moreover, it would be interesting to study the interaction of nicotine with other tobacco components in terms of the neutrophil function.
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