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I. INTRODUCTION 

A. Statement of the Problem 

Periodontal disease is a chronic inflammatory process that may lead to 

osseous and connective tissue destruction and tooth loss. Smoking is known to 

exacerbate the progression of periodontal disease and diminish the effectiveness of 

surgical and non-surgical periodontal treatment. Smoking could lead to increased 

periodontal destruction through impairment of the normal host ability to neutralize 

infection and alterations that result in destruction of the surrounding healthy tissue. Many 

of the numerous components of cigarette smoke, such as cadmium, nicotine, and cotinine 

( a metabolite of nicotine), may contribute to this phenomenon. 

Monocytes are peripheral blood cells that secrete inflammatory mediators such as 

cytokines that mediate and potentiate inflammation. Interleukin-I beta (IL-lP) and tumor 

necrosis factor-alpha (TNF-a) are examples of cytokines that_· are r_eleased· by monocytes 

in response to stimulation by bacterial lipopolysaccharide, oxidative stress, and other 

inflammatory stimuli. Alteration in cytokines_ secreted by monocytes in response to such 

stresses may be an underlying factor Jn the progression of inflammatory diseases such as _ 

periodontal disease. Cadmium, nicotine, and cotinine may . alter the activation of 

monocytes and thus modify the normal inflammatory process. 

1 
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The transcription factor nuclear factor kappa B (NFKB) is a key intermediary in 

the inflammatory process. When activated, NFKB moves from its inactive form in the 

cytoplasm into the nucleus of the cell and binds to specific DNA sequences. This binding 

. can lead to gene transcription and subsequent secretion of inflammatory proteins by 

monocytes. Thus, NFKB · activ:ation can · be assessed by · measuring the nuclear 

translocation _of NFKB, its binding to pNA, and the amount of protein _product (for 

example, TNF-a) secreted by the cells. 

The effect of components of tobacco smoke on NFKB activation in monocytes is 

not known. The purpose of the current project was to assess the effects of three 

components of tobacco smoke (Cd2
+, nicotine, and cotinine) on NFKB activation and 

subsequent TNF-a. secretion from human monocytes. Identification of tobacco · smoke 

components responsible for an .altered monocytic inflammatory response could lead to 

more effective periodontal treatment for smokers. 

B. Review of Related Literature 

Periodontal disease and inflammation 

Approximately 80% of adults in the United States have some form of periodontal 

disease, ranging from mild gingivitis to severe periodontitis (Ridgeway, 2000). This 

disease is an inflammatory process that may ultimately result in the destruction of the 

supporting structures of the teeth. The prim~ etiology of periodontal disease is a 
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putatively periodontopathic bacterial plaque that :induces a chronic inflammatory reaction 

within the gingival and alveolar tissues (Arnim, 1985). Through the production of 

inflainmatory-mediators such as IL-1~:and TNF-a (Lo et al., 1999), conn_~ctive tissue 

attachment is disrupted and alveolar bone is r~sorbed, leading to pocketing of the gingiva 

around the teeth, tooth mobility and eventually tooth loss. 

, Bacterial plaque, the primary etiologic · agent of -··periodontal disease, is a 

combination of numerous bacterial species and their by-products. Proper oral hygiene 

disrupts the plaque colonies to prevent the maturation of plaque into a pathogenic flora. 

Complete removal or disruption of the plaque may be limited by calculus (mineralized 

plaque), faulty dental restorations, increased pocket depths adjacent to the tooth, a 

patient's manual dexterity, and many other factors. Without proper oral hygiene, the 

bacterial flora matures from a predominantly Gram-positive, aerobic flora to one that is 

predominantly Gram-negative and anaerobic. Therefore, the bacterial flora found in a 

healthy periodontium differs significantly from that of a diseased periodontium (Arnim, 

1985; Listgarten, 1976; Socransky, 1992). 

Gram-negative bacteria possess an outer membrane that is composed, in part, of 

lipopolysaccharide (LPS). LPS, also known as endotoxin, is a potent inducer of the 

human inflammatory response. Lipid A, one of the major components of LPS, has been 

shown to be the toxic factor in gram-negative sepsis and can activate the classical 

complement pathway of the immune response. The polysaccharide component of LPS 

triggers the alternate complement pathway (Daly et al., 1980). Via this activation of the 
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inflammatory response, LPS induces monocytes and macrophages to produce TNF-a and 

IL-1 J3 (Dinarello, 1987; Beutler, 1985). 

Elevated levels of TNF-a and IL-1 J3 are found in gingival tissues extracted from 

sites with periodontal destruction (Stashenko, 1991 ). Among other functions, IL-1 J3 

increases the production of osteoclasts and activates them to resorb bone (Pfeilschifter, 

1988). TNF-a also stimulates the proliferation of osteoclast precursors and acts on 

mature osteoclasts to stimulate bone resorption (Mundy, 1989). IL-1(3 and TNF-a appear 

to work synergistically to produce the bone destruction found in periodontal disease 

(Stashenko, 1987). 

Smoking and periodontal disease 

An estimated 61 million people in the United States are tobacco smokers (Centers 

for Disease Control website). Tobacco smoking has been noted to be a risk factor for 

increased prevalence and severity of periodontal disease (Qandil et al., 1997; Bergstrom, 

1989). Although smokers tend to have less inflammation and less plaque accumulation as 

compared to ·nonsmokers (Feldman et al., 1983; Bergstrom 1989), they have a five-fold 

greater risk of developing adult pe~odontitis (Dunford et al., 1991) and they have 

significantly greater reduction of periodontal bone height (Bergstrom et al., 2000). 

Smoking also complicates ·the -treatment of periodontal disease._ ·' Following periodontal 
' . . •t • 

treatment, smokers exhibit less reduction in probing depths, less gain in clinical 

attachment levels, and less gain in bone height than nonsmokers with comparable disease 

severity arid treatment modality (Kahldahl et al., 1996; Preber and Bergstrom, 1990). 
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Periodontal patients, whether smokers or nonsmokers, have similar bacterial flora, 

indicating that smoking does not alter the bacterial etiology of periodontal disease 

(Stoltenberg,-1993). However, smoking may exacerbate periodontal disease by causing 

constriction of blood vessels and reduction in crevicular fluid flow, leading to an increase 

in the susceptibility of the host to bacterial growth. This· vasoconstriction also masks the 

early signs of periodontal problems by decreasing inflammation, redness and swelling 

{Turnbull, 1995). The effect of cigarette smoking therefore appears to be associated with 

an altered host response to infection (Seymour, 1991 ). 

Tobacco smoke components 

Cigarette smoke has both gaseous and pa~iculate phases. Inhaled smoke delivers 

chemicals to the bloodstream of the smoker and deposits chemicals an~ particles in the 

smoker's· mo_uth, ·bronchial airway passages and in the lungs. Tobacco smoke contains 

over 4000 components, many of which are toxic or carcinogenic to humans~ Three of the 

most commonly studied constituents are discussed here. 

Nicotine 

Nicotine (C10H14N2) is a naturally occurring organic liquid alkaloid comprised of 

carbon, hydrogen, nitrogen and sometimes oxygen in oxidized forms. Blood levels of 

nicotine in smokers have been found to range from 0.14 to 0.3 µM (Lunell, 2000) and can 

concentrate in the saliva to levels approaching 8 µM (Lindell et al., 1993). Other studies 
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have reporte~ a possible uptake of 24.9 mg of nicotine per day per package of_ cigarettes 

(Andersson et al., 1997). 

· In the brain, nic"otine activates the dopamine reward system and increases certain 

neurotransmitters and hormones including norepinephrine, epinephrine, endorphins, and · 

adrenocorticotropic hormone (ACTH)/cortisol. The b·iochemical effects of nicotine are 

complex and widespread, mainly because of its interaction with the nicotinic 

acetylcholine receptors of the sympathetic · nervous system. Nicotine acetylcholine 

receptors are classic ionotropic channels comprised of five subunits. Upon ligand 

binding, the ion channel opens to allow Ca2+ and Na+ influx and K+ efflux. In neuronal 

tissues, this interaction is critical for membrane depolarization and conduction of nerve 

impulses. However, recent reports ofnicotinic receptors in the epithelial lining of the oral 

and respiratory mucosa, as well as in alveolar macrophages and mononuclear blood cells, 

have lead researchers to hypothesize that some of the cardiovascular and respiratory 

effects of smoking may be due to nicotine effects (Macklin et al., 1998; Conti-Fine et al., 

2000, Nguyen et al., 2000). 

Nicotine stimulates the nicotinic receptors and in turn increases alertness, 

quickens the heart rate, and raises the blood pressure. Over time, the body adapts to the 

extra stimulation by modifying the number of receptors and by decreasing production of 

endogenous chemicals that would naturally stimulate these receptors. Increasing evidence 

suggests that chronic nicotine exposure leads to inhibition of the cellular and humoral 

immune responses, indicating that nicotine is a major immunosuppressive component in 

cigarette smoke (Sugano et al., 1998) .. Some of the effects of nicotine include inhibition 
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of neutrophil apoptosis (Aoshiba et al., 1996), inhibition of LPS~induced IL-1, IL-"8, and 
·, . . ' . . ' 

PGE2 expression (Sugano _'.: et · ·~1. ;. · _ 1998), and itiliibition · of . periodontal fibroblast 

attachment and chemotaxis (Giannopoulou et al., 1999). The mechanisms controlling 

these inhibitory effects are not known. 

Cotinine 

Nicotine is transformed by oxidation into another bioactive substance called 

cotinine, primarily via t~e p450 hydroxylase system of the liver. Cotinine is the major 

metabolite of nicotine resulting from the oxidation of approximately 90% of the nicotine 

absorbed. Exposure to nicotine can he measured by analyzing the cotinine levels in the 

blood, saliva, or urine. Because nicotine is a highly specific marker for tobacco smoke, 

serum cotinine levels track exposure to tobacco smoke and its toxic constituents. With ~ 

half-life of 16 hours, cotinine remains intact in the body longer than nicotine, which has a 

half-life of only 3 hours. Cotinine can therefore exert its effects on a more chronic basis 

than nicotine. 

Serum cotinine levels, which range from 0.28 to 5.68 µM, depending on the study 

(Benkirane et al., 1991; Gonzalez et al., 19.96; Schramm et al., 1992), ?an be measured as 

a biochemical marker of smoking status and correlated with the severity of periodontal 

disease (Gonzalez et al., 1996). Cotinine itself may increase the severity of periodontal 

disease by synergistically enhancing the effects of toxins ·fr.om periodontal pathogens 

(Sayers et al., 1999). Studies suggest that nicotine metabolites such as cotinine may be 

responsible for some of the neurophannacological ·effects attributed to nicotine (Crooks 
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and Dwoskin, 1997). It is not unreasonable to assume that some of the cellular and 

subcellular effects created by nicotine may also be caused by its metabolites such as 

cotinine. 

Cadmium 

Cadmium is another component of tobacco smoke and is a confirmed human 

carcinogen (Shaham et al., 1996). In the United States, the average daily dietary intake of 

cadmium is about 30 µg, but only about 1-3 µg per day is absorbed into the body. 

However, cadmium exposure from smoking cigarettes is a more serious health concern. 

Smokers greatly increase their daily intake of cadmium compared with nonsmokers; each 

cigarette may contain from J to 2 µg of cadmium, and 40-60% of the cadmium in the 

inhaled smoke. can pass through the lungs into the body. Thus a person smoking 20 

cigarettes per day could intake nearly 20 µg of additional cadmium daily. 

Most of the cadmium that enters the body goes to the kidney and liver and can 

remain there for many years, while a small portion is excreted slowly in urine and feces. 

Blood levels of cadmium in smokers are about 0.01 µM (dell'Omo et al., 1999). The 

body can slowly excret~ cadmium, but excessive cadmium intake can overload the ability 

of the liver and kidney to modify and excrete the metal and the accumulations may have 

deleterious effects (Cohan et al., 1996). Thus, tissue levels of cadmium may_be higher

than serum blood levels (dell'Omo et al., 1999). Like cotinine, the tissue load of 

cadmium persists even after removal of the primary source (Levy et al., 1986) and can be 
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used as a biological marker for tobacco smoke exposure (Schere and• Barkenmeyer, 

1983). 

In vitro, cadmium ions are among the inost toxic of any metal (Yamamoto et al., 

1999). They have been shown to be rapidly taken up by fibroblasts (Wataha et al., 1993) 

and alter protein synthesis, DNA synthesis, and mitochondrial function at relatively low 

levels (Wataha et al., 1991). Cadmium ions have also been shown to affect monocytes 

(Wataha et al., 1995; Castranova et al.~. 1980) and have recently been shown to modulate 

cellular signal transduction (Misra et at, 2002). Cadmium has been shown to reduce the 

production: of· certain cytokines (Funkhouser et al., 1994), while stimulating the 

production of others (Marth et al., 2000). 

Role of monocytes/macrophag~s in-inflammation 

The increased susceptibility of smokers to periodontal disease may reflect a 

cigarette-induced impairment of the immune system. Among the various immune cells, 

macrophages play a central role in conferring a first line of defense against invading 

pathogens (Auger and Ross, 1992) and orchestrating many aspects of the immune 

response. Inflammatory mediators secreted by activated macrophages play a crucial role 

in the protective function of the immune system against exogenous stimuli (Sugano et al., 

1998). Macrophages are found in the connective tissue of the periodontium where they 

may be activated by bacterial cell wall components such as lipopolysaccharide (LPS). 

Once activated, these macrophages produce inflammatory cytokines, which are chemical 

mediators that signal other cells to mount an attack on invading antigens. Although the 



foreign organisms often are effectively stopped, these cytokines also produqe damaging 

effects on the host which may completely destroy the periodontium over the long term 

(Genco and Slots, 1984; Van Dyke et al., 1993). Thus, ironically, much of the ultimate 

tissue destruction in periodontal disease is a consequence of host-derived biochemicals 

rather than foreign bacteria. 

Nuclear factor kappa B-a key regulator of inflammation in monocytes 

Monocytes produce cytokines, _ specifically IL-lP and TNF-a. Production 

depends, in part, on the activation of the transcription factor nuclear factor kappa B 

(NFKB) for genetic transcription. NFKB is found in essentially all eukaryotic cell types 

and is involved in the regulation of many genes associated with tissue damage and the 

host response to infection. NFKB is normally sequestered in the cytoplasm .of quiescent 

cells as an inactive dimer of proteins bound to an inhibitor protein, IKB (Figure 1 ). IKB 

inhibits the nuclear translocation of NFKB by sterically hindering the binding of 

karyopherins to the nuclear localization signal of NFKB (Karin and Ben-Neriah, 2000). 

Degradation of IKB is necessary for activation of NFKB; the final function of NFKB 

depends on its movement into the nucleus of the cell where it can bind to the DNA. 

Potent activators of NFKB, such as IL-lP, TNF-a, and LPS, can induce rapid 

degradation of IKB within minutes. -Cytokines in particular can bind to extracellular 

receptors in cell membranes; -leading_. to NFKB activation and transport into the nucleus. 

LPS binds to a. cell membrane receptor known as CD-14 and, in conjunction with the 

transmembrane TOLL receptor, ultimately causes the phosphorylation of IKB (Karin and 



Figure 1. Summary ofthe NF!d3 pathway in THP-1 _monocytes. 

Various activation stimuli cause l!d3 kinase (IKK) to phosphorylate l!d3, which is an 
inhibitor of NF!d3 in the cytoplasm. Once phosphorylated, the I Td3 is targeted for 
polyubiquitination and subsequent degradation via the 26S proteasome. The freed 
NF!d3 then rapidly translocates to the nucleus of the cell where it binds specific 
enhancer sequences in the DNA and activates transcription of multiple genes. NF!d3 
also stimulates the transcription and translation of I Td3, which ultimately is reunited 
with NF!d3 and limits the stimulatory cycle. 
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Ben-Neriah, 2000). Through interaction with cell surface receptors, these stimuli can 

induce the recruitment of signaling proteins to their cytoplasmic domains. Although the 

specific-pathways for allNFKB-activating stimuli are not thoroughly defined, these signal 

cascades ultimately activate IKB kinase (IKK) by phosphorylation. 

Activa~ion of IKK then causes the phosphorylation of IKB. Once phosphorylated, 

IKB is immediately re,cognized by a ubiquitin-activating enzyme, which then results in 

the polyubiquitirtation of IKB. This modification targets IKB for rapid degradation by the 
. . 

26S proteasome (Karin and Ben-Neriah, . 2000). The IKB family includes several 

members, but the most imp'ortant regulators in mammatian cells are IKBa, IKBP, and 

·. IKBE. Only these proteins contain the N-termina.1 regulatory regions that are required for 

their stimulus-induced degradation. Once IKB is removed from the NFKB dimer, the 

nuclear localization signal is revealed and NFKB is transported into the nucleus. The 

activated NFKB dimer in any cell is composed of two of five possible subtypes: p50, p52, 

p65, RelB, and cRel. The best-characterized dimer involved in inflammatory response 

pathways is p50-p65. After translocation to the nucleus, the NFKB dimer binds to specific 

enhancer sequences in target gene promoters and stimulates the transcription of the 

mRNA for, among other things, IL-lp and TNF-a. These mRNAs are then translated 

into proteins and exported out of the cell to produce their intended effects (Barnes and 

Karin, 1997). 

Several methods may be used to assess NFKB activation in cells. Measurement of 

NFKB-DNA binding using the electrophoretic mobility shift assay (EMSA) is one way to 
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measure NFKB activation. EMSAs have been used by others to assess NFKB functional 

disruption (Frankenberger et al., 1994) by a number of agents, including metal ions such 

as Cd2
\ Cr2

+, Hg2
+, and Zn2

+ (Shumilla: et al., 1998; Yang et al.,)995). Although EMSA 

can assess NFKB-D~A binding, it cannot determine whether binding leads to 

transcription or. translation of genes or their products. Thus, to fully un4erstand the 

functional consequences of NFKB activation, the gene products of NFKB must be 

assessed as well. 

C. Hypothesis and Specific Aims 

Clinicians have noted for years that smoking tobacco causes changes in the oral 

environment. Periodontal disease often is exacerbated by smoking and healing after 

treatment often is delayed. Smokers with periodontal disease also are more likely to have 

recurrent or refractory disease. Tobacco smoking may cause some alteration in the host 

response by altering the inflammatory reaction. This alteration may result in a deficiency 

in the extent or duration of the host's protective response or it may cause an overreaction 

. to the insult on the system. Components of tobacco smoke may increase the susceptibility 

of smokers to periodontal disease by disrupting the function of transcription factors such 

as NFKB, although it is not known to what extent this type of disruption occurs. Previous 

research has established that metals such as-those found-as components of tobacco smoke 

can be toxic (Wataha et al., 1991), can alter cytokine release (Koropatnick and Zalups, 

1997), and can alter NFKB activation (Lewis et al., 2002). The effects of other 
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components of tobacco smoke such as nicotine and cotinine on NFKB activation are not 

known, but are suspect given the clinical effects of smoking on periodontal health. 

Our hypothesis, therefore, was that the components of tobacco smoke alter 

monocytic NFKB signaling and cytokine secretion dependent on NFKB activation. To test 

this hypothesis, the following three specific aims were pursued: 

(1) Determine the.cytotoxic concentrations of cadmium and nicotine (components of 

tobacco smoke). 

(2) Determine if cadmium, nicotine, or cotinine alter NFKB-DNA binding at 

sublethal levels after short or long-term exposures and with or without cellular 

activation by LPS. 

(3) Determine if cadmium, nicotine, or cotinine alter secretion of TNF-a., a cytokine 

controlled, in part, by NFKB and critical to periodontal inflammation. 



II. MATERIALS AND METHODS 

Cell culture and experimental treatment 

Human THP-1 monocytes (ATCC T~ 63) were selected as a model for 

peripheral blood monocytes (PBM) · in the current experiments based on their similarity in 

cellular response to PBM under in vitro (Heil et al., 2002) and in vivo conditions (Lee et 

al.,· 1997). THP-1 cells were also selected over PBM because of their availability in large 

numbers required for EMSA experiments, their relative reproducibility from experiment 

to experiment, the lack of individual donor variability seen with PBM, and the general 

absence of adherence of the cells to polystyrene. Previous reports indicated that PBMs 

adhere to polystyrene enough to resist centrifugation, but not enough to · resist washing 

(Heil et al., 2002). This property w~uld have made manipulation of PBMs difficult in 

some assays in the current experiments. 

THP-1 cells were maint~ined in RPMI 1640 (Gibco/BRL). containing 10% fetal 

bovine serum (FBS; HyClone), penicillin (1_00 U/mL), streptomycin (100 µWmL), 1 % L

glutamine, and 1 % P-mercaptoethanol (BME; Sigma). For assays of mitochondrial 

activity, cells were plated at a density of 50,000 ~ells per 1 00µL in. 96-well round-bottom 
. . ' ., 

tissue culture plates. For nuclear e~tract preparations, stock cells w~re pelleted at 1000 x 

g for 5 minutes, media removed, and cells resuspended in the same media preparation 

without BME. Cells were then re-plated at a density of 1.5 x 106 cells in 15 mL of 

15 
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medium in 75 cm2 sterile polystyrene flasks- and cultured for 72 hours in a humidified 

chamber at 37°C, 95% air and 5% CO2• After 72 hours, cells were counted and nicotine 

(3-(1-methyl .. 2.:pyrrolidinyl)-pyridine ); · _.Sigma), ·cotinine {l-methyl-5-(3-pyridyl)-2-

pyrrolidinone; Sigma), or cadmium (C_d2+; ~s Cd<?h, Sigma) were added. Cells were 

cultured in the presence of these tobacco smoke components for either 2 hours (short 
\ . . . 

term) or 7 days (long term). Long tenp. cultures were centrifuged, counted, and reseeded 

at 72 hours with the same treatment condition. After pretreatment with tobacco smoke 

components, 10 µg/mL E. coli lipopolysaccharide {LPS; Sigma) was added and cells 

were cultured for either an additional 30 minutes prior: to harvest of nuclear proteins for 

EMSA or an additional 4 hours for harvest of tissue culture supernatant for quantification 

of secreted TNF-a.. 

Assay for mitochondrial succinate dehydrogenase (SDH) activity 

The MTT assay was used as described by Wataha et al. (1992) to assess 

cytotoxicity of specific tobacco smoke components (i.e. Cd2
+ and nicotine). Cells were 

exposed to 3 concentrations of nicotine or Cd2
+ for 24 hours in six replicate wells of 96-

well round-bottom plates. Following the treatment period, the plates were centrifuged at 

1000 x g for 5 minutes and the medium was gently removed from the wells. The medium 

was replaced with 100 µL MTT formazan solution (1 % 1-[4,5-dimethylthiazol-2-yl]-3,5-

diphenylformazan in a solution of 0.05 M Tris, 0.5 mM MgCh, 2.5 mM CoCh, and 0.25 

M disodium succinate; Sigma), centrifuged for 2 minutes at 1000 x g, and the plate 
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returned to the J7°C incubator for 30 minutes.- -Cells were then fixed in situ with the 

addition of 100 µL Tris/formalin (0.2-M Tris-:-HCl, pH 7.2, 4% formalin), centrifuged for 

5 minutes at 2500 x g, washed with dH20, and solubilized · in 100 µL 

dimethylsulfoxide/NaO~ (6.25% 0.lN NaOH in dimethylsulfoxide). with gentle mixing 
\ . ... . 

until a homogenous color was obtained. Supernatant containing the colored formazan 

product (75 µL) was transferred to a flat-bottom 96-well plate and quantified by 

spectrophotometric analysis at 560 nm (Molecular Devices VERSAmax microplate 

reader). Results were expressed as percentage of control (no tobacco smoke component 

treatment; defined as 100%) and compared statistically using one-way ANOV A and 

Tukey multiple comparison post-tests ( a = 0.05). 

Nuclear protein isolation 

Nuclear proteins.were isolated from cells treated with tobacco smoke components 

as previously described (Frankenberger et al., 1994; Haas et al., 1990; Dignam et al., 

1983). After 2-hour or 7-day treatment with tobacco smoke components (nicotine, 

cotinine, Cd2
+, or combinations), cells were scraped from flasks, counted, pelleted by 

centrifugation at 2000 rpm for 10 minutes, and washed. twice in ice-cold PBS. Cell 

pellets were resuspended in 5 volumes of Buffer A (10 mM Hepes, pH 7.9, 10 mM KCl, 

1.5 mM MgCh, 0.5 mM dithiothreitol [DTT], 0.5 mM phenylmethylsulfonylfluoride 

[PMSF]) and held on ice for 10 minutes to -allow cellular swelling. The cells were 

disrupted by treatment with four 10-second cycles of ultrasound (Sonifer Cell Disruptor, 
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Heat Systems-Ultrasonics, Inc., Plainview, NY) then transferred to 15 mL Corex tubes. 

Cell lysis was verified by mi9roscopic examination. The nuclei were then p_elleted by 

centrifugation at 25,000 x g for 10 minutes at 4 C. Nuclei were' resuspended in 100 µ1 

Buffer C, a high salt buffer (20 mM Hepes, pH 7.9, 0.42 M NaCl, 1.5 mM MgCh, 0.5 

mM PMSF, 25% glycerol), and agitated on ice for 40 minutes. Nuclear membranes were 

pelleted by centrifugation at 25,000 x g for 30 minutes at 4 C. Supematants were 

collected and diluted with an equal volume of buffer D (20 mM Hepes, pH 7.9, 20% 

glycerol, 0.1 M KCl, 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF, i % NP-40), divided 

into small aliquots, flash frozen in liquid nitrogen and stored at - 70° C until use. 

Electrophoretic mobility shift analysis·(EMSA) 

DNA-protei~ complex'es· were detected using an electrophoretic mobility shift 

assay (EMSA). The EMSA used non-denaturing• polyacrylamide gel el~ctrophoresis to 

detect nuclear proteins complexed with radiolabeled DNA consensus sequences specific · 

. for the transcription factor of interest (i.e. NFKB) (Frankenberger, 1994; Haas, 1990; 

Dignam, 1984). Complexes·of small DNA segments ·(oligomicleotides) and proteins in 

aqueous solution were separated according to molecular size by electrophoresis through a 

thin, buffered acrylamide gel (Figure 2). The DNA-protein sample was loaded ·on one 

end of the gel and connected to a negative electrode. A positive electrode was connected 

at the other end of the gel and a voltage was applied to create an electric potential through 

the gel. Because DNA has a negative charge, it m~ved through the gel toward the 

positive electrode at a r~te that is inversely proportional to the log of its molecular weight.. 



Figure 2. Diagram of principies of the electrophoretic mobility shift assay (EMSA) 
used to, detect NFKB in nuclear protein preparations. 

Nuclear· proteins from treated cells are incubated with KB enhancer DNA, which is 
one target of the NFKB dimmer. The KB enhancer is prelabelsed with 32P to make it 
detectable via autoradiography or phosphorimaging on the gel. If the KB enhancer 
DNA is not bound to a nuclear protein, its small size allows it to migrate to the 
bottom of the gel. If, however, the NFKB protein is present in the nuclear fraction, it 
will bind the KB enhancer and increase its size, which will cause it to shift to the 
midrange of the gel (the electrophoretic mobility "shift"). To confirm the presence of 
the NFKB protein, an antibody to the NFKB protein can be added. If it binds the 
NFKB protein, the antibody-NFKB complex is still larger and its migration rate will 
be further retarded producing a "supershift" to an even higher position on the gel. 
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In a given period of time, smaller fragments of uncomplexed DNA moved farther than 

larger DNA-protein complexes. After electrophore~is, the gel was dried and 

autoradiography used to show the location of the DNA fragments (Enderle et al., 2000). 

NFKB consensus sequence oligomer (NFKBcso) and antibodies against p50, p52, 

p65 and cRel were purchased from Santa Cruz Biotechnology. NFKBcso was end

labeled with y32P-ATP (ICN) and T4 kinase (Promega). The NFKBcso was denatured by 

boiling for 4 minutes then cooled on ice. NFK13cso (150 ng), lOx T4 kinase bµffer (2.5 

µL), water (13.0 µL), T4 polynucleotide kinase (1.0 µL), and y32P-ATP (150 µCi) were 

combined and incubated at 37°C for 1 hour, then EDTA (0.2 M; 4.0 µL) and water (46.0 

µL) were added. The sample mixture was passed through an equilibrated Sephadex G-50 

column (NICK, Pharmacia Biotech) to remove unincorporated. radiolabel. 

Approximately 75 µL of the whole sample was added to the column followed by 400 µL 

I • 

Tris-EDTA buffer (TE buffer; 10 mM Tris, pH 7.5; 1 mM EDTA) to elute the· first 
' . ' 

fraction. Adding 400 µL more TE buffer to the column eluted fraction· 2 containing the 

labeled oligonucleotide. Two more fractions were collected by the same procedure. 

Radioactivity of each fraction was determined by a liquid scintillation counter (Beckman 

LS 6500 multi-purpose scintillation counter). 

A bandshift kit (Pharmacia Biotech) was used to prepare DNA-protein 

complexes. Prior to incubation, 100 µL of core mix was prepared (1 Ox binding buffer, 

37.8 µL; 50% glycerol, 37.8 µL; 1 µg/µL poly dldC, 18.9 µL; 50 µM DTT, 3.8 µL; 200 

mM EDTA, 1.9 µL). Nuclear proteins (250,000 cell equivalents per condition) were 
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combined with 5 µL core mix (25% of total volume of sample) and then mixed with 

20,000 counts per minute ( cpm) of labeled oligomer in a volume of 2 µL. DNA/protein 

complexes were allowed to form for 20 minutes at room temperature, then 2 µL loading 

dye (0.2% bromophenol blue; 250 mM Tris-HCl, pH 7.5; 0.2% xylene cyanol; 40% 

glycerol) was added. The DNA/ protein comple~es were loaded onto 5% polyacrylamide 

gels and electrophoresed at a constant current of 30 mA in Tris-glycine buffer (0.025 M 

Tris, pH 8.3; 0.192 M glycine) for approximately 2 hours. 

Following electrophoresis, each gel was transferred to filter paper and dried on a 

gel dryer (BIORAD model 583 gel dryer) under·vacuum at 80° C. The dried gel was 

then exposed to double emulsion scientific imaging film (Kodak) for 48-72 hours at -70° 

C in a light-tight cassette with Lightening Plus (Kodak) enhancing screens. Complexes 

were visualized by autoradiography. 

For competition assays, 40 ng of unlabeled NF-kB or Oct-1 (Pharmacia) 

consensus sequence were added to the binding reaction 20 minutes prior to addition of 

32P-labeled oligomer. Supershift assays were performed by the addition of 2-4 µL of 

anti-p50, -p52, -p65 or cRel antibody to the nuclear extract 20 minutes prior to addition 

· of 32P-labeled oligomer (described previously). 

Data analysis 

After radiography, dried gels were placed in cassettes with phosphor screens and 

left for 24-48 hr. · Phosphor screens were analyzed on a Storm Phosphorimager 
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(Molecular Dynamics) using ImageQuant (Molecular Dynamics) software for 

quantitative analysis of DNA-protein complex formation. Each sample band was 

normalized by comparison to a:· predetermined nonspecific band in an effort to control for 

loading error on the gels. Results were analyzed as a fold response compared to the 

negative (no LPS added) control. ANOVA with Tukey pairwise multiple comparison 

intervals (a = 0.05) were used to compare experimental conditions. There were two 

complete replicates of each EMSA experiment. 

TNF-aELISA 

Secreted TNF-a was quantified from cell-culture media using an enzyme-linked 

immunosorbent assay (ELISA; R & D Systems). This assay employed the quantitative 

sandwich enzyme imm~oassay technique. Buffers and diluents were used as provided 

by the manufacturer. A monoclonal antibody specific for TNF-a was precoated onto a 

microplate. Standards and samples (200 µL) were pipetted into the antibody-coated 96-

well plate and incubated for 2 hours, during which time any TNF-a present was bound by 

the immobilized antibody. After washing away any unbound substances, a horseradish 

peroxidase-linked polyclonal antibody specific for TNF-a was added to the wells for 1 

hour. Following a wash to remove any unbound antibody-enzyme reagent, a substrate 

solution containing tetramethylbenzidine chromagen was added to the wells for 20 

minutes and color developed in proportion to the amount of TNF-a bound in the initial 
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step. The color development was stopped with 2.0 N sulfuric acid and the intensity of the 

color was measured at a wavelength of 540 nm. 

Results were quantified in pg/mL using a standard curve of recombinant TNF-a 

protein standards and results were expressed as percentage of +LPS control ( defined as 

100%) and compared statistically using one-way ANOV A and Tukey pairwise multiple 

comparison post-tests _(a = 0.05). There ·were two complete .replicates for each 

experimental condition. 



III.RESULTS 

Effects of Cd2
+ and nicotine on cellular· mitochondrial SDH activity 

At 1 µMand 10 µM cadmium ion (Cd2+) concentrations, no significant decrease 

in SDH activity was noted when compared to the untreated control samples (0 µM) 

(Figure 3). SDH activity decreased to approximately 20% of the untreated control with a 

100 µM cadmium ion concentration. The approximate TC50 of Cd2
+ was 40 µM, 

determined graphically_ from Figure 3. 

At 50 µMand 500 µM nicotine concentrations, no significant decrease in SDH 

activity was noted when compared to the untreated control samples. SDH activity 

decreased to approximately 45% of the untreated control with 5000 µM nicotine 

concentration and the approximate TC5o of nicotine was 4000 µM (Figure 3). The 

toxicity of Cd2
+ to SDH activity was therefore about 100 times greater than that of· 

nicotine (based on TC5o values). 

The experimental concentrations for the NFKB-DNA binding experiments and 

TNF-a secretion experiments were chosen based on the results in Figure 3 and literature 

values of blood concentrations for Cd2
+ and nicotine. For Cd2

+, JµM and 10 µM 

concentrations were ·selected for 2-hour exposures· and 1 µM concentration .was selected 

for 7-day exposure. These concentrations··were chosen to be below the cytotoxic level 

(Figure 3). For nicotine, 1 µM and 10 µM concentrations were selected for 2-hour 

24 



Figure 3. Effect ofCd2+ and nicotine on mitochondrial succinic dehydrogertase (SDH) 

activitv in THP-1 monocytes. 

THP-1 monocytes were exposed to cadmium ions or nicotine for 24 h, after which the 

mitochondrial succinic dehydrogenase (SDH) activity of[he monocytes was measured 

using the MIT assay. SDHactivity was expressed as a percentage of controls with no 

cadmium or nicotine. Different letters indicate statistical differences among 

concentration_s (ANOVA, Tukeypost-test, a= 0.05). Error bars indicate one standard 

deviation of the mean (n = 6). 
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pretreatment and 1 µM concentration was selected for 7-day pretreatment. These nicotine 

concentrations were substantially below TC5o levels (Figure 3) but were more relevant to 

blood levels of nicotine found in smokers (see introduction). 

LPS induction of NFKB activation in THP-1 monocytes 

EMSA analysis of nuclear extracts from THP-1 monocytes without LPS 

stimulation (Figure 4, Lane 1) · revealed a faint band at the position expected for the 

· NFKB-KB complex and indicated slight constitutive NFKB-KB binding in unstimulated 

cells. When LPS was added for 30 minutes (Figure 4, Lane 2), a dark band was noted in 

the NFKB-KB position, indicating larger quantities of NFKB bound to the KB DNA 

sequence compared to the -LPS condition. 

Lane 3 was equivalent to Lane 2 ( + LPS) with the addition of an excess 

concentration of unlabeled DNA consensus sequence for the transcription factor OCT-1, 

which is unrelated to NFKB. The band at the NFKB-KB position noted did not appear 

significantly lighter than in Lane 2, indicating that NFKB-KB complex formation was not 

competitively inhibited by the unrelated DNA sequence. Lane 4 contained both the 

radiolabeled KB DNA sequence and an excess of unlabeled KB DNA. The resulting 

EMSA band was significantly lighter than the positive control in Lane 2, indicating that 

the unlabeled KB DNA competed with the labeled KB DNA for the NFKB dimer. 

In the final four lanes of Figure 4 (Lanes 5-8) nuclear proteins were pre-incubated 

with antibodies to each of the possible subtypes ofNFKB: p65, p50, p52, and cRel. The 



Figure 4. Electrophoretic mobility shift assay (EMSA) of THP-1 nuclear protein 
fraction incubated with the 32 P Kl3 enhancer DNA target. control experiment. 

Nuclear proteins wee incubated with 20,000 cpm 32P Kl3 enhancer DNA and DNA
protein complexes were separated from unbound DNA via 5% PAGE. The gel was 
dried and complexes were visualized by autoradiography. Specificity of complex 
formation was verified by competition assays and antibody supershifts as de~cribed in 
the materials and methods. Lane 1: nuclear proteins from cells not exposed to LPS. 
Lane 2: nuclear proteins from cells exposed to LPS. Lanes 3-4: conditions of Lane 2 
with the addition of excess OCT-I DNA enhancer (Lane 3) or unlabeled (cold) NFK13 
enhancer (Lane 4). Lan(!S 5-8: Conditions of Lane 2 with the addition of antibodies to 
pA% (Lane 5), p50 (Lane 6), p52 (Lane 7), or cRel (Lane 8). 
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lanes with antibodies added for p65 and p50 {Lanes 5, 6) showed a significant "super 

shift" of the NFKB band to a higher molecular weight position. Lanes 7 and 8 showed no 

shift. 

A range of concentrations of LPS was added to THP-1 monocytes for 30 minutes 

to establish the best LPS concentration for the . remaining experiments. Each 

concentration (1 µg/mL, 10 µg/mL, and 50 µg/mL) caused an approximately 2.5-fold 

increase in NFKB-DNA binding versus the -LPS controls (Figure 5). All conditions with 

LPS were significantly greater compared to the -LPS condition but were not significantly 

different from each other (a = 0.05, ANOVA, Tukey). Thus, 10 µg/mL of LPS was 

selected for all other experiments, as it was mid-range among these concentrations. 

Effect of single tobacco smoke components (Cd2
+, nicotine, cotinine) on NFKB-DNA 

complex formation_ 

. Cadmium 

As expected, when LPS was added to THP-1 cells, NFKB-DNA binding was· 

increased by approximately 2.5 times over the -LPS samples (Figure 6). This result 

quantitatively supported previous qualitative results in Figure 4 and confirmed qualitative 

results in Figure 5. Without the addition of LPS, exposure of THP-1 cells to Cd2
+ 

concentrations ofup to 10 µM did not significantly alter constitutive NFKB-DNA binding 

(Figure 6). When THP-1 cells were stimulated with LPS, 1 µM Cd2
+ significantly ( a = 



Figure 5. NFKB-DNA binding in THP-1 monocytes after exposure to different 

lipopolvsaccharide (LPS) concentrations. 

THP-1 nuclear proteins were subjected to EMSA using a radiolabeled KB enhancer DNA 

fragment ( see Fig. 2). NFKB-DNA binding was quantified using phosphor image 

analysis and expressed as a fold increase of-LPS controls. Monocytes were exposed to 

LPS of 1, 10, or 50 µglmlfor 30 min. Different capital letters indicate statistical 

differences among the groups (ANOVA, Tukey, a=: 0.05). Error bars indicate one 

standard deviation of the mean (n = 2). 
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. Figure 6. Effect ofa 2 h (top) or 7 d (bottom) exposure ofTHP-1 monocvtes to ccf+ on 

NFKB-DNA bindin~ with and without LPS. 

THP-1 monocytes were first exposed to ccf+ for 2 h (top graph) or 7 days (bottom graph) 

at the concentrations indicated (µM). Then 10 µglmL of lipopolysaccharide (LPS) was 

added for 30 min ( as indicated) and nuclear proteins were subjected to EMSA and 

phosphor image analysis. -LPS and +LPS groups were statistically compared 

independently by AN OVA and Tukey analysis ( a = 0.05 ). Identical letters indicate no 

significant differences among these groups. Error bars indicate one standard deviation 

of the mean (n = 2). 
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0.05) lowered NFKB-DNA binding by approximately 20%. However, exposure to 10 µM 

Cd2
+ did not significa~tly· alter NFKB-DNA interactio_n as cqmpared to the +LPS control. 

In the 7-day experiments (Figure 6), the 10 µM concentration of Cd2+ was not 

studied. Exposure to the 1 µM concentration of Cd2
+ did not statistically affect NFKB

DNA binding with or without LPS exposure. However, the large variation in these 

experiments made statistical power low to detect changes and there was some indication 

of greater NFKB-DNA binding in both the -LPS and +LPS conditions. 

Nicotine 

In short-term (2-hour) experiments, no statistical change in NFKB-DNA binding 

was noted at concentrations of up to 10 µM of nicotine with no LPS stimulation (Figure 

7). When LPS was added, NFKB-DNA binding was slightly increased with 1 µM 

nicotine and slightly decreased with 10 µM nicotine, but neither difference was 

statistically significant. Large variation in these results made detection of changes 

difficult. 

The 7-day exposure experiments revealed no statistical change in constitutive 

NFKB-DNA binding as a result of 1 µM nicotine pretreatment (Figure 7). When 

stimulated with LPS, 1 µM nicotine significantly (a = 0.05) decreased NFKB-DNA 

binding by approximately 20% compared to +LPS controls.- The 10 µM concentration of 

nicotine was not studied. 



Figure 7. E@ct ofa 2 h (top) or 7 d (bottom) exposure ofTHP-1 monocvtes to nicotine 

on NFKB-DNA binding with and without LPS. 

THP-1 monocytes were.first exposed to nicotine for 2 h (top graph) or 7 days (bottom 

graph) for the concentrations indicated (µM)_. Then 10 µglmL of lipopolysaccharide 

(LPS) was added for 30 min ( as indicated) and nuclear proteins were subjected to EMSA. 

and phosphor image analysis. -LPS and +LPS groups were statistically compared 

independently by AN OVA and Tukey analysis ( a = 0.05 ). Identical letters indicate no 

significant differences among these groups. Error bars indicate one standard deviation 

of the mean (n = 2). 
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Cotinine 

For two-hour exposures without LPS, THP-1 pretreatment with both 1 and 10 µM 

cotinine caused an increasing trend in constitutive NFKB-DNA binding which was 

statistically significant (a= 0.05) at 10 µM (Figure 8). At 100 µM cotinine exposure, the 

levels of NFKB-DNA binding returned to control levels. Stimulation with LPS caused 

the expected increase in binding (approximately 2.5 fold) compared to -LPS control, but 

no cotinine data was available for the.+LPS condition (data lost). 

In 7-day exposures without LPS, 1 µM cotinine caused a slight (~15%) but 

statistically significant (a = 0.05) decrease in constitutive NFKB-DNA binding (Figure 

8). With the addition of LPS, the 1 µM cotinine exposure also caused a similar 

significant (a = 0.05) decrease in NF~-:PNA binding (~15%), relative to the +LPS 

controls. 

Effect of combinations of Cd2
+, nicotine, and cotinine on NFKB-DNA binding 

In 2-hour exposures of THP-1 cells to a combin_~tion of 10 µM Cd2
+ and 1 µM 

cotinine without LPS, a significant increase (a = 0.05) in constitutive NFKB-DNA 

binding that approached the +LPS levels (Figure 9) was observed. With the addition of 

LPS to the cadmium-cotinine combination, the NFKB-DNA binding was significantly 

decreased (a = 0.05) by approximately 25% relative to +LPS controls, but there was a 

large variation in the results. The 7-day exposure of THP-1 cells to a combination of 1 

µM Cd2
+ and 1 µM nicotine or 1 µM cotinine did not alter constitutive levels ofNFKB-



Figure 8. Effect ofa 2 h (top) or 7 d (bottom) exposure ofTHP-1 monocytes to cotinine 

on NFKB-DNA binding with and without LPS. 

THP-1 monocytes were.first exposed to cotininefor 2 h (top graph) or 7 days (bottom 

graph)for the concentrations indicated ( µ.M). Note that in the top graph, no cotinine was 

used with LPS. Then 10 µglmL of lipopolysaccharide ( LP S) was added for 30 min ( as 

indicated) and nuc!ear proteins were subjecte4- to EMSA and phosphor image analysis. 

-LPS and +LPS groups were statistically compared independently by ANOVA and Tukey 

analysis ( a = 0.05 ). Identical letters indicate no significant differences among these 

groups. Error bars indicate one standard deviation of the mean (n = 2). 
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Figure 9. Effect ofa 2 h (top) or 7 d (bottom) exposure ofTHP-1 monocytes to 

combinations of Cd2+ , nicotine. and cotinine on NFKB-DNA binding with and without 

LPS. 

THP-1 monocytes were first exposed to combinations of IO µM Cd2+ and 1 µM cotinine 

for 2 h (top graph) or ccf+-cotinine (both 1 µM) or Cd2+ - nicotine (both- I µM)for 7 

days (bottom graph)for the concentrations tndicated. Then JO µglmL of 

lipopolysaccharide (LPS) was added for 30 min (as indicated) and nuclear proteins were 

subjected to EMSA and phosphor image analysis. -LPS and +LPS groups were 

. statistically compared independently by ANO VA and Tukey analysis ( a = 0.05 ). 

· identical letters indicate no significant differences among these groups. Error bars 

indicate one standard deviation of the mean (n = 2). 



---0 
-= 3 ---------------- 35 C 

8 2 h 
u, 2.5 
a. . 
..J 

I 

0. 2 
-0 
0 
~1.5 
g' A ·--0 1 

X 

B 

y 

~ 0 Cd-Cot O Cd-Cot 
-LPS ----t> +LPS ----[> 

·...-.. Condition e 
~ 3----------------+--c 
0 
(,) 

f 2.5 
..J 

I 

o 2 
-0 
0 
e.1.5 
a, 
C 

7d 

A 
A 

A 

~ 0.5 :::.·::.:.·:,.··•:·:·.·.·,.:,.···.·.· ... ·,.·:·:,.':·.·i-'._···:_'.: .•. ::'.·_··. < q ~J,'k n 
~ 0 L--.l;i;i;,~i..-.&...~~....r...-.i=~-

X X 

u. z Cd-Nie Cd-Cot 
-LPS ----[> +LPS ---~t> 

0 Cd-Nie Cd-Cot 0 

Condition 



36 

DNA binding (Figure 9). This latter result was in contrast to exposure to cotinine alone 

(Figure .8), which decreased NFKB-DNA binding. When LPS was added after 

.pretreatment with the combinations~ 'no significant difference was noted from +LPS 

controls, also in contrast to individuai effects of nicotine and cotinine (Figures 7, 8) but 

similar to Cd2
+ alone (Figure 6). 

Effect of Cd2
+, nicotine, cotinine, and combinations on secretion of TNF-a 

. THP-1 cells secreted rto detectable constitutive TNF-a without LPS exposure, but 

secreted significant amounts of TNF-a after stimulation with 10 µg/mL LPS for 4 · hours 

(Figure 10). Cd2
+, nicotine, or cotinine alone at 1 µM did not elicit detectable TNF-a 

secretion from THP-1 cells when exposed for 7 days. Likewise, combinations of Cd2
+ and 

nicotine (1 µM each) or Cd2+ and cotinine (1 µM each) exposed for 7 days did not exhibit 

detectable changes_in TNF-a secretion. 

After a 2-hour exposure to Cd2+ ~lone and an additional 4-hour exposure to LPS, 

1 µMand 10 µM Cd2
+ caused a significant decrease (a= 0.05) in TNF-a secretion, up to 

40% at 10 µM (Figure 11 ). Nicotine at 1 µM and 10 µM did not alter LPS-induced 

secretion of TNF-a. A small (~10%) but significant decrease (a = 0.05) in TNF-a 

secretion was noted with 1 µM cotinine, but 10 µM caused no significant change. 

· After exposure of THP-1 cells to 7 days of 1 µM Cd2
+ and 6 hours of LPS, no 

change in LPS-induced TNF-a secretion was noted (Figure 11). However, cotinine and 

nicotine at 1 µM caused a statistically significant increase (20-30%; a= 0.05) in LPS-



Figure 10. Eifect of 2 h or 7 day exposure of Ccf+. nicotine. cotinine and combinations 

on TNF-a secretion from THP-1 monocytes without LPS. 

THP-1 monocytes were exposed to ccf+, nicotine, or cotinine cit the concentrations 

indicated ( combiriations used the same concentrations as listed for the single 

components) for 7 days, after which the cell-culture supernatant was analyzed for the 

presence ofTNF-a using an ELISA kit. No LPS was added to any culture other than-a· 

positive control ( + LPS) and all results were expressed as a percentage of this positive 

control. Error bars indicate one standard deviation of the mean (n = 2). 
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Figure 11. Effect of2 h (top) or 7 day (bottom) exposure ofCcf+, nicotine •. cotinine and 

combinations on TNF-a secretion from THP-1 monocvtes after LPS stimulation. 

THP-1 monocytes were first exposed to Ccf+, nicotine, or cotinine for 2 h (top graph) or 

7 ~ays (bottom graph). Then lipopolysaccharide (LPS) was added at JO µglmlfor the 

next 4 h (top graph) or last 6 h (bottom graph) prior to harvesting the supernatants. 

Supernatants were as~ayed for TNF-a using an ELISA kit, and results were expressed as 

a pe_rcentage of the +LPS positive controls. In the top graph, three independent 

statistical comparisons were made/or +LPS vs. Cd (ABC), +LPS vs. nicotine (a) and 

+LPS vs. cotinine (XY). Different letters indicate statistical_ differences (A.NOVA,. Tukey, 

a = 0.05 ). In the bottom graph Cd2
+, cotirdne, and nicotine were independently · 

compared to the +LPS condition (ANOVA, Tukey, a= 0.05). +LPS also was compared 

with both the Cd-nicotine and Cd-cotinine conditions. Asterisks indicate that the 

condition was statistically different from the + LP S control. Error bars for both graphs 

indicate one standard deviation of the mean (n = 2). 
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induced TNF-a secretion.. Combinations of Cd2+ and nicotine or Cd2+ and cotinine caused 

no significant changes compared to +LPS controls. 

Summary of Results 

Tables 1 and 2 summarize the effects of tobacco smoke components on NFKB

DNA binding and TNF-a secretion in THP-1 cells. 



Table 1. Summary of data from EMSA and TNF a ELISA on the effect of single 
tobacco smoke components on THP-1 cells. 
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Table 2. Summary of data from EMSA and TNFaELISA on the effect of combinations 
of tobacco smoke components on THP-1 cells. 
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Iy. DISCUS~~ON 

NFKB characterization and quantification by EMSA 

EMSA was successful in characterizing NFKB activation in THP-1 nuclear 

proteins (Figure 4). Without LPS exposure, a·low level ofconstitutive NFKB was found 

in the nuclear proteins, which was consistent with previous work in T~P-1 cells 

(Frankenberger et al., 1994). Using antibodies to the NFKB subtypes to super-shift 

activated NFKB-DNA binding complexes, it also was confirmed that the NFKB dimer 

that was active in the current system was p65-p50. The p52 and cRel subtypes were not 

involved in NFKB-DNA binding in the pathway of LPS · activation. These subtypes, 

h_owever, may have been present but inactive in the THP-1 cell cytoplasm and may be 

used by other activation pathways. The current system also was characterized using an 

unrelated DNA binding sequence (OCT-1) or unlabeled KB DNA. The results verified the 

specificity for KB binding of the EMSA and nonspecific binding did not interfere 

significantly with this system (Figure 4). All of these results support the integrity of the 

EMSA used in the current study. 

The activation of ~FKB in THP-1 cells was successfully achieved with 10 µg/mL 

E. colt LPS for 30 minute exposures (Figure 4, · 5). This concentration was adequate to 

42 
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elevate the NFKB bipding by 2-2.5 times over the constitutive level (figure 5). The short 

exposure ~i;1pe (30 minutes) confirmed the rapid. nature of NFKB activation, which is a 

hallmark of NFKB ~ignaling (Karin, 2000). Although 1-50 µg/mL LPS gave equivalent 

· levels of activation (Figure 5), the 10 µg/mL concentration was chosen because it was 

mid-range. However, a lower concentration might have allowed a greater capacity to 

detect activation over LPS levels alone by the tobacco smoke components. In future 

experiments, a series of lower concentrations of LPS could be tested until a lower NFKB 

activation level is achieved to ensure that the NFKB activation was not maximized by 

LPS alone. 

The quantification of the EMSA -results by the Sto~ phosphorimager was 

successful but presented many difficulties. At 2-2.5 times the unactivated levels, LPS 

induction of NFKB activation was evident (Figures 5-9) and was consistent from 

experiment to experiment. However, the procedure was technique-sensitive, time 

consuming, and difficult for a novice to master. Discrepancies between loading of each 

lane of the gel were noted in numerous instances. Comparing each NFKB-DNA band to a 

nonspecific . band within the same lane compensated these loading differences to some 

degree. However, in the current study, this adjustment was large (60-70%). in some 

experiments and may have amplified errors or distorted trends. Normalization to the no 

LPS control as a means of mitigating experiment-to-experiment variation, variation in the 

THP-1 cell cultures, and other sources of systematic error, appeared to be useful. 

Statistical analysis was difficult and did not provide adequate power to see trends 

and differences in the current study. The replicate number (n = 2) was small and the 
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variation between some replicates was greater than 50% ( e.g. Figure 9). These problems 

compromised the ability to see statistical differences. In future experiments, more 

replications should be used. The combination of better researcher technique and larger 

sample size would provide greater statistic_al power to see trends and statistical 

differences among groups. 

Toxicity of Cd2
+ and nicotine 

In the current study, the MTT assay (measuring mitochondrial SDH activity) was 

successful in assessing cytotoxicity of ~admium · an_d nicotine. ·The TC50 of Cd2
+ was 

approximately 40 -µM, which was 100 times less than the 4000. µM , TC50 for nicotine 

(Figure_ 3). Previous studies have confirmed the high cytotoxicity of cadmium. For 

example, Yamamoto et al. (1999) measured the.toxicity of 43 metals and found cadmium 

_to be the most toxic .. Using piating,_efficiency tests, the TC50 of Cd2
+ was 1.4 µM for 

MC3T3-El osteoblast-like cells.and 2.5 µM for L929 fibroblasts. klother study using the 

MTT assay showed the TC50 for Cd2
+ to be 3.6 µMon B~LB/c fibroblasts (Wataha et al., 

1991). Because monocytes have been reported to be less sensitive to metal ions than 

other cell types (Wataha et al., 1993) a TC50 of 40 µM seems reasonable when compared 

to the TCso values for fibroblasts and osteoblasts. 

Previous studies also have shown the relatively low cytotoxicity of nicotine. 

Peacock et al. (1993)found that low concentrations had a stimulatory effect on human 

gingival fibroblasts (HGF) while higher concentrations (0.025 to 0.4 µM) appeared to 

have no significant effect on HGF reproduction determined by MTT assay. Alpar et al. 
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(1998) measured the toxic effects of nicotine concentrations ranging from 0.48 mM to 62 

mM on HGF. Growth of the fibroblasts was decreased by nicotine concentrations higher 

than 7.8 mM and the toxic effects became irreversible in the range between 10.5 and 15.5 

mM (Alpar et al., 1998). Other studies have suggested that at concentrations ranging 
__,, 

from 0.001 % to 0.075%, nicotine significantly inhibited HGF proliferation as measured 

by the incorporatio~ of [3H]-thymidine into the DNA {Tipton and Dabbous, 1995). 

A 24-hour time of exposure often is used as a standard for cytotoxicity tests and 

was used to assess cytotoxicity in the current study. However, that exposure time may 

not have been relevant to the 2-hour or 7-day exposures in the current study. The 

duration of exposure to metals and organic molecules often affects the subsequent 

cellular response (Wataha et al., 1992;. Lefebvre et al., 1999) and substances often are 

more toxic as the duration of exposure increase·s. -Therefore, prior to further study, 2-hour 

and 7-day toxicity concentrations should be'· defined for cadmium, nicotine and cotinine, 

then used as a basis for testing NFKB-DNA binding or TNF-a secretion. With these 

. . 
adjustments, the experimental results may be more definitive and may correlate more 

closely to peak levels during smoking and steady state levels clinically observed after 

<• 

smoking. In the present study, the cotinine cytotoxicity concentrations used were 

extrapolated from the nicotine toxicity data based on the physiologic conversion of 90% 

of nicotine to cotinine. Although cotinine is an oxidation product of nicotine, cotinine 

may be more or less toxic than its parent compound. 
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Tobacco smoke components as modulators of NFKB-DNA binding 

Used alone, the tobacco smoke components had varied effects on NFKB-DNA 

binding; no distinct patterns were observed except for cotinine. Cd2
+ exposure had no 

effect on constitutive levels of nuclear NFKB. However, with LPS activation, 

pretreatment with Cd2
+ for 2 hours caused a decrease in NFKB-DNA binding with 1 µM 

Cd2
+ but no significant change with 10 µM Cd2

+ exposure (Figure 6). Intuitively, one 

would predict that 10 µM Cd2
+ exposure should have decreased NFKB-DNA binding 

further. However, Misra et al. (2002) saw similar effects on mouse peritoneal 

macrophages. Exposure to 1 µM Cd2+ had a significant proliferative effect as determined 

by [3H]-thymidine uptake, while 10 µM Cd2
+ had no effect. After a 7-day Cd2

+ exposure, 

no effects on NFKB activation were-noted with or without LPS. 

Like Cd2
+, nicotine pretreatment had no effect on constitutive le;vels of NFKB. 

With LPS exposure, NFKB activation appeared to be increased after 1 µM nicotine 

pretreatment for 2 hours, but decreas·ed with 10 µM nicotine exposure, although these 

trends were not statistically significant (Figure 7). A significant decrease in NFKB 

activation was observ_ed follow_ing a 7-day exposure to 1 µM nicotine. 

In contrast to these varied ~ffects for Cd2
+ and nicotine, cotinine-treated 

monocytes responded with a clear increasing tre~d in_NFKB-DNA binding with the 2-

hour exposure ·w:ithoµfLPS activation (Figure 8). Thus, cotinine served as an apparent 
. .( ' ' . 

' . . . 

activator of NFKB. The 1 µM and 10 µM cotini~e~treated samples showed a clear dose 

dependent increase in NFKB-DNA binding· that dropped significantly with 100 µM, 

possibly from cytotoxicity of the cotinine. Conversely, after 7 da~s of 1 µM cotinine 
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. exposure, a statistically significant decrease in nuclear NFKB was noted with or without 

LPS, although the~e decreases were only 15-20%. Therefore, over time, cotinine was 

changing from an NFKB activator to an NFKB suppressor. This result could be due to 

activation of NFKB by cotinine alone causing an increase in inflammatory products that 

serve to down-regulate subsequent NFKB signaling. For example, some prostaglandins 

and interleukins increased by NFKB inhibit IKK and dampen NFKB activation. 

Alternatively, this resµlt may be caused by a decrease iri nicotinic receptors due to 

prolonged exposure. Thus, the results for all tobacco smoke components tested showed 

that the dose and time of exposure played a major role in how components affected 

NFKB-DNA binding. Further study of different concentrations and time points is 

warranted, adjusting for 2 hour and 7 day TC50 values as discussed previously, to try to 

identify trends and possible mechanisms. 

Alterations in NFKB signaling by metal ions have been previously reported. 

Wagner et al .. (1998) reported that cobalt and nickel ions both activate translocation of 

NFKB to the nucleus and enhance DNA binding. The findings of the current study are 

also supported by other reports (Yang et al., 1996; Shumilla et al., 1999) using exposure 

of isolated nuclear protein to metals, such as gold and cadmium, that resulted in 

alterations in NFKB-DNA binding. Surprisingly, Misra found that Cd2
+ stimulated cell 

proliferation and several signal transducers such as Ca2
+ (Misra et al, 2002), which was 

contrary to the neutral or suppressive effects seen in. the current study. The evaluation of 

the eff~cts of metals· and organics in intact cells in the current study (vs. exposures to 

nuclear proteins) seems more relevant to the clinical situation. 
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When cadmium, cotinine, and nicotine were used in combination, the results were 

complex and difficult to interpret with any global summary. Furthermore, the statistical 

power was not adequate to determine clear trends. The 2-hour exposure without LPS 

(Figure 9) showed evidence of synergism between cadmium and cotinine. Exposure to 

the Cd2+-cotinine combination· resulted in a g~eater increase in constitutive NFK13-DNA 

binding than either component alone (Figure 6, 8). 

The exposure to a cadmium-nicotine combination for 7 days without LPS 

stimulation (Figure 9) appeared to negate the effects of each component individually. 

Cd2+ alone increased NFK13-DNA binding while niGotine alone decreased it, but together 

there was no net effect. However, statistical uncertainty made interpretation difficult. 

With the addition of LPS, the Cd2+ -nicotine combination showed the same additive 

pattern as the -LPS samples (Figure 9). When the combination of Cd2+ and cotinine was 

used with no LPS (Figure 9) there was no significant difference compared with controls. 

Cotinine alone de~reased NFK13-DNA binding by about 10% and Cd2+ alone had no 

effect. Therefore, there may have been some antagonism of the cotinine-alone effect by 

Cd2+. With the addition of LPS, the same additive effect was noted: the increase in 

NFK13-DNA binding by Cd2+ was balanced by the cotinine decrease, yielding no net 

effect together. 

From a mechanistic perspective, cadmium could have affected NFK13-DNA 

binding in many ways, but" the displacement of Zn2+ in the zinc finger motif of NFK13 

subtypes is at least one plausible mechanism. Cd2+ is known to be a strong binder to 

organic groups (Skoog and West, 1977). Because NFK13 requires Zn2+ for DNA binding, 
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probably in a zinc-finger motif (Karin, 2000), Cd2+ could replace Zn2+, thus altering the 

ability ofNFKB to bind DNA and function normally. This supposition is not completely 

supported, however, by the present study. The 10 µM concentration of cadmium had less 

effe,ct on NFKB-DN A binding than the 1 µM concentration (Figure 6), which is the 

opposite effect expected if Cd2+ is replacing Zn2+ in the zinc-binding domain of the NFKB 

molecule. 

The .. mechanism of nicotine action also ha~ many facets that -could. involve NFKB 

signaling. For example, the binding of nicotine to non-neuronal acetylcholine receptors 

could have altered NFKB activation, perhaps by alteration of IKK activation. Nicotinic 

receptors are mostly ion channels so they may affect Cd2+ transport and accumulation 

rate within the cell. 

Correlation ofNFKB-DNA binding with TNF-a secretion 

The initial supposition in this study was that changes in TNF-a secretion would 

reflect alterations in NFKB-DNA binding in a proportional manner. However, the present 

study found poor correlation between these two processes. For example, short-term 

exposure to 1 µM Cd2+ with LPS decreased both DNA binding (Figure 6) and TNF-a 

secretion (Figure 11), but 10 µM Cd2 +treatment resulted in even greater suppression of 

TNF-a secretion without the coordinate decrease in DNA binding. Changes in DNA 

binding by short-term pretreatment with cotinine or nicotine were not manifest, up or 

down, by TNF-a level -(Figures 7, 8, 11). Therefore, other factors may have affected 

TNF-a. secretion. Modulation of other transcription factors, disruption of the 
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transcription, disruption of translation, or alterations in secretion may have played a role, 
. . 

amon:g many other possibilities. In light of the current results at 2 hours, the initial 

hypothesis that TNF-a secretion could be correlated with NFKB-DNA binding seems 

narve. 

At 7 days, there also was no. clear relationship between TNF-a secretion and 

NFKB-DNA binding. Cotinine exposure resulted in a 20% decrease in LPS-stimulated 

DNA binding (Figure.8), but a 30% increase in TNF-a secretion (Figure 11). The results 

for nicotine were similar (Figures 7, 11 ). This lack of correlation is a further indication 

of a system with complex controls. Furthermore, after 7 days, there was ample 

opportunity for cells to adjust to the tobacco smoke components. For example, after 7 

days, expression of intracellular metallothioneins could have complicated or disguised 

any direct link between NFKB-DNA binding and TNF-a secretion by altering Cd 2
+ 

concentrations or cellular access. Other cellular mechanisms, such as adjustment of 

glutathione levels or the expression of heat shock proteins, may have been employed to 

cope with cytotoxic stress. These compensatory mechanisms probably played less of a 

role at 2 hours. 

THP-1 monocyte model 

The THP-1 cell model offered several advantages iri.. the· current study. With these 

cells, LPS activated NFKB as expected (Figures 4, 5) (Muller et al., 1993; Frankenberger 

et al., 1994; Guha and Mackman, 2001 ). The activation was reproducible in multiple 

experiments (Figures 6-9) when comparing the positive and negative LPS controls. Also, 
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the THP-1 cell line gave adequate cell numbers for all of the experiments without being 

subject to individual variation between multiple human subjects required to harvest a 

sufficient number of PBMs. Finally, the THP-1 cells also have exhibited a favorable 

secretory profile in vitro (Heil et al., 2001) and in vivo (Lee et al., 1997) that is similar to 

peripheral blood monocytes under conditions of exposure to metals and organic 

compounds. 

Although THP-1 cells provided a usable system for the current study, they are not 

a perfect model. THP-1 is a cancer cell line (ATCC TIB 63), which has the ability to 

continue to divide. This ongoing division is in direct contrast to peripheral blood 

monocytes (PBMs ), the primary cell line that THP-1 cells are used to imitate; PBMs are 

terminal cells and do not divide. The THP-1 cell properties of secretion and pathway 

activation ~lso have a tendency to drift in culture. They may begin to lose their 

properties, over-respond, or under-respond after multiple subcultures. In the current 

study, this drift was hopefully limited by feeding the cells every three to four days and 

not using a culture line for more than eight or nine weeks. THP-ls were held in 

monocyte status in culture by the presence :of BME in the niedia. This reducing agent· 

apparently prevents oxidation and thus differentiation of the cells. 1n· the current study . 

the BME was withdrawn prior to experimental treatment to limit the artificial reducing 

effects and allow any oxidative effects of the tobacco smoke components to occur. 

However, the effect and effe~tiveness of BME removal is not ~own, especially in terms 

of clinical relevance, and its effects in the current study are not known. Finally, the issue 

of relevant clinical receptors on THP-1 cells is unknown. The presence of specific CD-
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14 (LPS) and Toll receptors has been well characterized on THP-1 cells. Acetylcholine 

receptors have been described for other macrophages and endothelial cells, but not 

specifically on THP-1 cells. 

Future studies should verify effects seen in the THP-1 system in PBMs, 

preferably pooled from multiple individuals to limit individual variability. Further 

characterization of THP-1 cells also may be beneficial, particularly in discerning the 

effects of tobacco smoke components on cell function if the cells are allowed to 

differentiate from monocytes to macrophages in culture. 

Clinical relevance of current studies 

Although the current study was .inconclusive in many facets due to technical 

difficulties, the model seemed reasonable, especially for future studies. The 2-hour time 

cpurse may be useful to evaluate periods of transient elevated tobacco smoke component 

serum concentration during periods of active smoking. The 7-day time course may be 

useful to evaluate more steady-state, · 1ong-term levels of tobacco smoke components in 

serum and concentration in tissues. 

Regarding NFKB-DNA binding, the cotinine results were the most definitive and 

perhaps the most clinically relevant (Figure 8). Because cotinine is a longer-lived 

metabolite of nicotine, it is perhaps more likely to have effects in the periodontal 

environment. However, the current study found that the suppression of NFKB-DNA 

binding after 7 days was not great-only 10-15% (Figure 8). The clinical effect of this 

degree ofNFKB-DNA binding suppression is not known.· 
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From a monocytic secretory standpoint, the short-term cadmium effects were 

most inhibitory and perh~ps the most clinically relevant. Cadmium .c·ould, at some level, 

be helpful in limiting the damage caused by the'. host inflam111atory response or, in another 

sense, may retard the host's ability to respond to injury. Future studies should focus on 

secretion of other cytokines, such as IL-1 p, or other NFKB enhancers besides KB that are 

relevant to the inflammatory process in periodontal disease. -

Acutely, Cd2
+ acted as an immunosuppressor by decreasing the induced NF1<B

DNA binding and TNF-a secretion. The effect, however, was lost with time. ·cotinine 

and nicotine effects also changed with time. Cotinine initially activated NFKB, but over 

time decreased both constitutive and induced NFKB, acting as an immunosuppressor. 

The decrease in inflammation, and wound healing and increase in TNF-a secretion could 

contribute to periodontal disease. 

Thus any definitive clinical conclusions were not established based on the results 

of the current study. Although several technical problems were encountered, the viability 

of the model and the information obtained seemed to warrant further study. 



V.SUMMARY 

Within the limitations of the current study, the following conclusions were drawn: 

1. Short-term cadmium decreased NFKB induction and TNF-a secretion suggesting 

an immunosuppressive effect acutely which is lost with increased exposure time. 

2. Nicotine had no acute effects on NFKB activation or TNF-a secretion but 

suppressed NFKB activation after prolonged exposure and enhanced TNF-a. 

secretion. 

3. Cotinine activated NFKB in the short term, therefore ·may be· considered pro

inflammatory; over time it may' serve to down-regulate NFKB response via NFKB 

self-limiting mechanisms. 

4. LPS-induced TNF-a sec_retion was increased by long-term exposure to nicotine 

and cotinine in spite of decreased NFKB activation, in~icating a more complex 

regulation of TNF-a than hypothesized. 

5. Combinations of cadmium-nicotine or cadmium-cotinine had complex effects on 

NFKB-DNA binding. Any clear trends were obscured by "statistical problems. 

Evidence of possible synergism, antagonism, and additive effects were noted, but 

could not be confirmed. 

6. The THP-1 model was useful in characterizing NFKB signaling. 
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