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RAHULA. DATAR 

I 
:· 
i· 

The Effects of Dental Resin Polymerization Initiators on Cell Lipid 
Metabolism 
(Under the direction of G.S. Schuster) 

Benzoyl peroxide and camphorquinone, initiators of heat and light polymerized dental 

resins, are considered cytotoxic ~d the mech~ism of cytotoxicity suggested is lipid 
I 

I 

peroxidation-induced membrane damage. The mechanism of such damage is not clear. 

! 

The objectives of our current study were ~) To study the effects of the various 
. . I 

concentrations of initiators benzoyl peroxi~e and camphorquinone on cell lipid 
I 

metabolism, 2) To study the effects of peroxiJation-inducing concentrations of benzoyl 
I 
I 

, peroxide on turnover of major lipids, 3) To stqdy the effects of the materials on the lipid 
I 

second messenger ceramide and on apoptotic r~sponses in cells. 
I 

Methods. Lipid metabolism i.e. synthesis as /well as turnover, was measured using 14C 
. I 

acetate in HCP and THP-1 cells. The lipid~ were extracted using the Bligh & Dyer 

method of lipid ~xtraction and separated Jsing one and two-dimensional thin-layer 
I 

chromatography. The lipid peroxidation was ~easured using thio-barbituric acid reactive 
. i 

substance (T -BARS) produced in response /to benzoyl peroxide combined with ferric 
. I 

chloride and camphorquinone with, or withoLt activation with light, when combined with 

an enhancer dimethylaminoethyl ethyl methacrylate (DMAEMA). Ceraniides were 

detected by extracting neutral lipids using chloroform/methanol extraction and separated 

by high performance thin-layered chromatjgraphy (HPTLC). DNA fragmentation assay 
) 

was used to detect apoptosis. 



Results. Benzoyl peroxide and ,camphorquinone /at minimally inhibitory concentrations 

induced similar changes in neutral "lipids such ~ increased triglycerides and decreased : . I . . . . 
cholesterol synthesis. Sphingomyelin changes 'o/ere specific to HCP cells exposed to 

camphorquinone. The changes were mostly rtlat~d to altered synthesis rather than 

turnover. The· changes were also cell-type specific. Toxic concentrations induced 

peroxidation as measured by T -BARS in a time and dose dependent manner only in HCP 

cells while THP-1 showed different responses. Major lipid profiles were unaltered at 

peroxidation-inducing concentrations. Sub-toxic concentrations of benzoyl peroxide 
: 

induced ceramide elevation at 24 hours, after ~n initial inhibition at 10 minutes, in both 

cell types. DNA fragmentation was, however,.' evident only in THP-1 cells at sub-toxic 

concentration. 

Conclusion. Both initiators, benzoyl peroxide and camphorquinone, induced changes in 

neutral lipids. Their mechanism of peroxidation-inducing membrane damage was not 

dependent on the quantitative alteration in major polar.lipids. Benzoyl peroxide induced 

changes in ceramides in both HCP and THP-1 cells. Induction of apoptosis was clearly 

seen only in THP-1 cells in response to benzoyl peroxide while HCP cells lacked this 

response. 

INDEX WORDS: Benzoyl Peroxide, Camphorquinone, Initiators, Lipid Peroxidation 
Ceramide, Apoptosis 
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INTRODUCTION 

BACKGROUND 

Resins are used in dentistry for the restoration of tooth structure, replacement of 

missing teeth, as bases for complete dentures, as well as for denture reline and repair. The 

rationale behind such uses is restoration of patients' chewing efficiency as well as 

conservation of remaining· masticatory apparatus. There are physical, chemical, and 

biological criteria that must be considered when using these biomaterials as restorations 

for maintaining and enhancing patients' chewing function. Important physical properties 

include the strength of the material, the modulus, artd the hardness, all of which are 

important for the material to withstand the masticatory load. Chemical properties, such as 

the material's chemical composition and solubility, dictate its stability in the oral 

environment. 

Until the 1960s, the biological properties of dental materials were examined 

primarily for this ability to cause toxicity, particularly acute toxicity. Several clinical 

studies done in the 1950s through the 1970s examined allergic responses such as 

erythema, vesiculation, burning mouth, skin rash and even bronchospasm (Giunta et al, 

1 
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197 4, Weaver et al, 1980, Bergman et al, 1977) in patients using resin-based materials. 

There also have been reports of sensitivity or allergic reactions such as dermatitis or even 

parasthesia of the finger tips in dental personnel working with restorative resins (Fisher et 

al, 1956). Other studies reported patients who demonstrated ·positive patch tests to bis

glycidyl methacrylate (BIS-GMA), triethyle~eglycol dimethacrylate (TEGDMA) and 

hydroxyethyl· methacrylate (HEMA), all of which are common components of resin

based restorations. There also have been reports of patients suffering from oral lesions, 

eye and skin allergic reactions as well as bronchoconstriction (Bergman et al 1977, Fisher 

et al, 1956). Such reports contributed to increased awareness of the ability of different 

dental materials to interact with oral and other body tissues. 

Dixon and Rickert, in 1933, made an attempt to develop uniform biological tests 

for all materials by implanting materials, such as standard-sized pieces of gold, amalgam 

and silicate in uniform-sized pockets within skeletal muscle tissue in rats. The need for 

standardized methods of biological testing and for sequential testing of materials to 

reduce the number of compounds that would be need to be tested clinically was 

recognized by a committee of American Dental Association (ADA) that approved 

Document No. 41 "Recommended Standard Practices for Biological Evaluation ofDental 

Materials" in 1972 (Craig, 1996). Recently several multinational working groups, 

including scientists from American National Standards Institute (ANSI) and International 

Standard Organization (ISO) were formed to develop international standards for 

biomedical materials and devices and thus there was an attempt to standardize the 

biological testing in an effort to determine a material's biocompatibility. 



3 

Biocompatibility, a term used to imply biological safety of materials, has been 

defined as the capability of a material to function in a specific application with an 

appropriate biological response (Schuster, 1996) and is regarded as an important· 

biological property of dental materials. Certain criteria have been established that must be 

met for a material to be considered biocompatible. They are as follows: . 

• The material should not iiJ,voke any adverse response from oral or other 

tissues 

• It should not be carcinogenic 

• Components should not diffuse into the oral cavity or be absorbed into 

systemic circulation. 

Since the early 1990s, in vitro studies have been undertaken to address these 

concerns for various components of dental restorative resins (Hanks et al, 1991; Jontell et 

al, 1995; Geurtsen eta/, 1999). Although the mechanisms responsible for the material

related cytotoxic or immune reactions are unknown:, different cellular targets have been 

identified. For instance, components from denture base resins have been shown to inhibit 

mitochondrial dehydrogenase activity, inhibit protein, DNA and RNA synthesis, and also 

alter lipid ·metabolism in the cells with which they come in contact (Barron et al, 1993; 

Lefevbre et a/, 1994; Schuster et al~ 1995). There have been additional studies that have 

examined other important biological considerations associated with the response of the 

materials, such :as the site and duration of use, effects of the host environment, "including 

the microbial flora, and their products, corrosive properties of the saliva~ external 

environmental changes associated with food, as well as systemic conditions (Koda et al, 

1990; Budtz-Jorgenson 1976). 
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POL-YMERS & POLYMERIZATION REACTIONS 

Synthetic resins used in dentistry are polymers that are dimensionally stable at 

room temperature. The polymerization reaction involves formation of polymers of 

different shapes and sizes from smaller molecules upon application of heat, pressure or 

light {Odian, 1991a). The polymers thus formed can be either condensation or addition 

polymers, based upon the composition or structure of the monomers involved. When 

polymers are formed through a reaction in which two .or more molecules react with 

formation of by-products, such as occurs with release of water from polysulfide or 

hydrogen gas· from silicon impression materials, they are called condensed polymers 

(Odian, 1991 b). Addition polymers are formed through the joining of smaller molecules 

with no by-product formed. Poly (methyl methacrylate), poly (vinyl chloride), also 

known as vinyl monomers in a broader term are some of the addition polymers and are 

' ' 

formed from monomers containing carbon-carbon double bonds similar to those of 

silicon impression material (Odian, 1991c). 

Polymers also can be classified hased upon the type of polymerization 

mechanism, i.e. step or chain polymerization (Odian, 199ld). Step polymerization 

proceeds by stepwise' reaction between the functional groups, i.e. from monomer to 

dimer,_ trimer, tetramer, etc, at a relatively slow rate. In chain polymerization, an initiator 

molecule gives rise to an initiator species with a reactive center. The propagation of-

reactive centers takes place and successive additions of large numbers of monomer 
- . 

molecules occurs. Thus, chain pol:Ymerization differs from addition polymerization in 

that it shows the presence of high molecular weight polymer molecules at all percent 
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conversions (Odian, 1991e) and for step polymerization, the high molecular weight 

polymers are formed only in the very end of the reaction. 

Most of the polymers used in dentistry are acrylates, methacrylates where 

polymerization is initiated by radicals or cationic initiators. The initiation occurs either by 

thermal, redox or photochemical dissociation of initiators releasing free radicals that 

initiate polymerization (Odian, 1991f). Polymerization progresses through four phases: 

activation, initiation, propagation, and termination. The kinetics of polymerization 

depends upon the type of initiator used, its mode of activation, the reactive centers 

formed, the monomer used, as well as other factors. 

PHASES OF THE POLYMERIZATION REACTION 

Benzoyl peroxide and camphorquinone both generate free radicals and are used to 

initiate polymerization of dental resins; hence the steps of radical polymerization are 

discussed below. 

Activation-Initiation-Propagation-Termination: 

Activation: The activation phase of addition polymerization. involves generation of free 

radicals from an initiator when exposed to heat, chemicals, or visible light The phase 

involves transfer of energy that results in formation of a highly reactive, unpaired 

electron from the initiator, ~.g., benzoyl peroxide and camphorquinone. 

BENZOYL PEROXIDE ~ FREE RADICALS + CARBON DIOXIDE 

C6HsCOO-OOCC6Hs ~ 2C6HsCOO* ~ 2C6Hs* + C02 
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Initiation: The free radical generated by activation then approaches a double bond in the 

monomer, pairs with it, then sets another electron free, thus converting. the monomer 

itself into a free radical as shown in figure 1. 

FREE RADICAL+ MONOMER ~ FREE RADICAL 
(ACTIVATED MONOMER) 

Initiation 

R* + 

CH3 

I 
9=CH2 

COOCH3 

Text Figure 1: Initiation of Polymerization 

Kinetics of initiation: The kinetics of initiation of polymerization depends upon the 

activation step in which initiators are activated by different means such as heat, chemical, 

or light. Based on the mode of initiator activation, kinetics of polymerization differed 

appreciably. Different heat-activated initiators are used at different temperatures, eg. 

benzoyl peroxide at 80-95°C, acetyl peroxide at 70-90°C. The rate at which the initiator 

decomposes is influenced by its structure and the number of radicals produced (Odian; 

1991g). The concentration of the initiator and the initiator efficiency directly influence 

the rate of polymerization and can be described by the following equation, 

Equation 1: R= 2~(I) 

Where f is the initiator efficiency, (I) is the initiator concentration, and k<J ts the 

decomposition rate constant of the initiator (Odian; 1991h). 
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When photo-initiators, such as camphorquinone are used for polymerization, the 

reaction involves excitation ofcamphorquinone by visible light (wavelength 470nm). The 

excited camphorquinone then interacts with a radical enhancer, such as DMAEMA 

( dimethylaminoethyl methacrylate), and forms radicals required for polymerization 

(Odian 199li). The polymerization reaction can be confined to a particular area and can 

be regulated with exposure to light. These obvious advantages are the reasons why light

polymerized resins have found wide applications in chair-side dentistry for the restoration 

of tooth structure. Thus, the rate of photo-polymerization depends upon the intensity of 

absorbed light (m W /cm2
), the absorptive capacity of the initiator (which depends on 

excitation wavelength of the initiator) and the number of propagating chains initiated per 

light photon absorbed (Odian 199lj). The efficiency of an initiator to initiate 

polymerization is always less than one, meaning that not all the initiator that decomposes 

during polymerization is useful in initiating polymerization (Odian, 199lk). This is due to 

the fact that a propagating radical may attack the initiator molecule, decomposing it, as 

well as a type of side reaction wherein two radicals formed via initiator decomposition 

lead to formation of neutral molecules. 

Propagation: Propagation starts when the unstable bonds of the monomer open due to 

their interaction with the free radicals generated from the i~itiator. The monomer free 

radical attacks additional monomer and a growing chain is established as more 'and more 

monomer molecules are attacked as shown in figure 2. The growth of the polymer can 

occur either stepwise or by chain growth, depending upon whether the monomer is added 

incrementally in single unit or a chain of monomers is added to the growing polymer 

chain (Odian; 19911). When chains of monomer are added, the polymer molecules are 
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formed very early in the polymerizat~on reaction, the rate of polymerization in such cases 

may be higher than in step polymerization .. When the monomer units are added to the 

propagating radicals successively in a similar fashion, the units are arranged in a head-to

tail fashion, i.e. head of a monomer sub-unit is attached to the tail of the previous subunit 

in a growing chain. When the monomer units are added to the head of another unit, the 

placement occurs in a head-to-head fashion (Odian; 1991m). Different monomers will 

show different rates of propagation based upon their chemical composition, mode of 

initiation and their concentrations. 

Cross- linking and branching of polymer chains may occur as polymerization 

proceeds and the monomer disappears. Thus the rate of polymerization is dependent on 

the rate of initiation as well as the rate of propagation. However large numbers of 

monomer molecules. take part in the growing phase of polymerization where they are 

added to a growing chain, and hence the rate of polymerization is nearly equal to the rate 

. of propagation. The rate of propagation is the sum of many individual propagation steps 

and can be expressed as 

Equati(Jn 2: Rp = kp (M)(M*) 

where Rp is the rate of polymerization, Kp is the rate constant of polymerization, (M) is 

the monomer concentration and (M*) is the total concentration of all chain radicals 

(Odian, 199ln). 

POLYMER+ MONOMER ~ GRO'VlNG CHAIN + FREE: RADICAL 



Propagation 

1H3 

R-9-C* + 

CH3 

9 

lH3 

CH2=·~ -+ 
COOCH3 

Text Figure 2: Propagation of Polymerization 

Termination: This stage is reached when there is no propagating chain growth due to 

lack of free radicals, since all radicals have been joined and chain formation is complete. 

The two radical chains attach to each other by either combination (coupling) or by 

disproportionation, wherein there is a transfer of radicals from one center to another and 

two polymers are formed, one saturated and other unsaturated. 

FREE RADICAL +FREE RADICAL~ POLYMER CHAIN 

POLYMER 

Termination 

+ 
TH3 

R*---+ R-(1H2-c)-R 

r=O 
? 
CH3 

Text Figure 3: Termination of Polymerization 
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Chlin Tramfer 

f 
...:._~f + m4-+ 

R 

Text Figure 4: Termination by Chain Transfer 

Direct co~pling or exchange of hydrogen atoms from one chain to another results 

in transfer of the reaction from one chain to another. The reaction involves transfer of an 

atom between the radical and the molecule as shown in figure 4. If the molecule were · 

saturated like an additive,J chain transfer would lead. to formation of additional polymer 

for each radical chain initiated. If the chain transfers onto an unsaturated molecule, such 

as a monomer, it would lead to formation of a branched molecule. . . 

ROLE OF POLYMER INITIATORS IN POLYMERIZATION 

Benzoyl peroxide is the mo~t . common initiator used 1n heat-activated 

(polymerized) resins. It can be activated by heat at about 85-100° C, or chemically, using 

. a tertiary amine as an activator. The process of activation results in generation of two free 

radicals per benzoyl peroxide molecule, which in tum, start the polymerization reaction 

(Odian, 1991o). In visible light .Polymerized system, camphorquinone and an amine, 

dimethylaminoethyl. methacrylate (DMAEMA), generate free radicals when exposed to 

light of wavelength 400-SOOnm (Craig et al, 1997b). Once activated, the reactio~ requires 

little energy to continue and theoretically should continue rintil all monomer is utilized_. 

However, the monomer reaction is never complete and unreacted monomer remains in 

the final polymerized resin. 
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It has been observed that free unreacted monomer i.e. MMA, BIS-GMA & 

TEGDMA and benzoyl peroxide, and its breakdown product, benzoic acid, all may be 

present in the final polymerized resin and can elute over a period of time into the oral 

cavity (Baker et al, 1998; Standford et al, 1985). Studies have been conducted to measure 

the actual amounts of the different components eluted from the resins and it has been 

found, for example, that the concentration of methylmethacrylate (MMA) varied from 

4.9nmol/ml to 490nmol/ml, depending on whether the dentures were heat polymerized or 

auto-polymerized. Tissue reactions such as denture stomatitis and irritation have been 

. attributed to unreacted monomer components (Bergnian et al, 1977; Fisher et al, 1956). 

Prolonged exposure of cells with some of the components, such as dimethylaminoethyl 

methacrylate (DMAEMA), has been shown to affect a variety of tissue·' changes 

(Caughman et al, 1999) but the unreacted camphorquinone and its elution from light

polymerized dental resins has never been measured. 

BIOLOGICAL EFFECTS OF BENZOYL PEROXIDE 

The toxic effects of benzoyl peroxide have been examined in many studies, since 

it is widely used in the chemical industry as an initiator of free radical induced 

polymerization and as a bleaching agent in the food industry (Lawrence et al, 1984). This 

compound is also used in the cosmetic industry as a component of nonprescription acne 

treatments, where it has an anti-bacterial action via generation of free radicals. 

It also forms an important part of heat and chemically activated resins used in dentistry, 

as discussed above. Benzoyl peroxide has been shown to induce cytotoxic effects at 
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levels of 11 0~150 j.tM, and the sensitivity varies according to cell type and ·exposure 

duration (Babich et al, · 1996). Benzoyl peroxide has also been shown to have tumor-

promoting activity at lower concentrations ( <1 00 J!M). The initial studies focused on its 

action as a tumor promoter, when it was used with dimethyl benazanthracene as a tumor 

initiator (Slaga et al 1981; Saran et al , 1990; Kennedy et al, 1995). Single. or multiple 

applications were used and it was found that multiple applications have . a higher 

incidence of tumor promotion. While the· mechanism of tumor promotion is Un.der 

investigation, in vitro studies thus far have shown that benzoyl peroxide may ~ct by the 

following mechanisms: 

• Inducing DNA damage and causing DNA base modification adducts and strand 

breaks (King et al, 1996; Lawrence et al, 1984). 

• Interfering with metabolic cooperation between cells (Ibbston et al, 1998). 

' . 
• Increasing UV A- induced plasma membrane damage and lipid oxidation 

(Saladino et al, 1985). 

• Inducing ornithine decarboxylase and terminal differentiation (Akman et al, 

1993). 

• ·Promoting malignant transformation in mouse epidermai cells by reducing the 

major ganglioside, trisialoganglioside GTtb (Gindhart et al, 1985) 

Studies done thus far have shown that the tumor promoter function of benzoyl 

peroxide could be due to a direct genetic effect. DNA damage such as strand breaks or 

base modification adducts have been reported with benzoyl peroxide (King et al, 1996; 

Lawrence et al, 1984) and resistance to DNA strand breaks was observed in vivo studies · 
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where skin papilloma was induced by benzoyl peroxide. These mutagenic lesions are 

enhanced when benzoyl peroxide is combined with free metal ions such as Cu 2+. Thus, 

combination of benzoyl peroxide and metal ions result in form~tion of benzoyl peroxide

derived radicals· (Akman et al, 1993). Studies with rabbit dental pulp have shown that 

lipid peroxidation may be another possible mechanism of benzoyl peroxide toxicity 

(Terakado et al, 1984). Therefore, benzoyl peroxide-induced toxicity and tumorogenecity 

could be related to its ability to generate free radicals, which in tum can cause DNA and 

membrane lipid damage. 

However, recent studies have shown that benzoyl. peroxide at concentrations of 

· 0.2-0.5 J!M, in the absence of thiol agents, could bind to the kinase activity domain as 

well as to the phorbol ester binding domain of protein ·kinase C (Gopalakrishnan et al, 

1999). Oxidation of the sulfhydryl group results in binding of benzoyl peroxide to the 

cysteine-rich domain of protein kinase C. The regulatory domain, having a zinc thiolate 

structure supporting the membrane, gives specificity for benzoyl peroxide binding. Thus, 

it is hypothesized that the role of benzoyl peroxide as a tumor promoter could possibly be 

modulated through direct binding to protein kinase C, leading to its functional 

inactivation. Furthermore, studies done in the past have shown that the oxidative 

modification induced by H20 2 and other reactive oxygen species in different PKC 

isofotms is an important way by which cellular regulation can be affected 

. (Gopalakrishnan et al, 1989). Therefore, even though the exact role of protein kinase C in 

cellular growth and differentiation is still under investigation, it is a common target for 

benzoyl peroxide, hydrogen peroxide, other reactive oxygen species, as well acting as a 

receptor for tumor promoters (Nishizuka et al, 1984). Thus these effects of sub-toxic 
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concentrations of benzoyl peroxide on protein kinase C can be very important in its role 

as a tumorogenic reagent and need further investigation. · 

Since protein kinase C acts as an intracellular receptor for various lipid second 

messenger molecule~ such as diacylglycerol. and lysophosphatidylcholine and is critical 

in transducing signals to downstream targets in the cells, alteration in its activity could 

not only affect downstream lipid signaling pathway but also influence the upstream 

events. The effects of minimally inhibitory concentrations of benzoyl peroxide alone on 

membranes and lipid composition are not yet determined. The lipid bilayer is composed 

of three types of lipids namely glycerolipids, phospholipids and sphingolipids which are 

differentially distributed in the bilayer. Glycerolipids have a glycerol backbone with 

fatty acids attached, phospholipids have a glycerol backbone with polar head groups and 

fatty acids attached to it while sphingolipids have sphingosine backbone w~th fatty acids 

( ceramides) or with polar head-group (sphingomyelin). The different phospholipids are 

differentially distributed in the outer and . inner leaflets of lipid· bilayer. 

Phosphatidylcholine and phosphatidylethanolamine are predominately present in the 

outer· leaflet while phosphatidylethanolamine and phosphatidylserine are in .the inner 

leaflet. Thus, the relative distribution of different lipid components varies considerably in 

the lipid bilayer. Benzoyl-peroxide is lipophilic and localizes in lipid membrane, causing 

oxidation of lipids via its radicals attacking the double bonds of phospholipid acyl chains 

(Furuyama, 1984) or reversibly binding PKC enzyme (Gopalakrishnan et al, 1989), thus 

making lipid membrane components a likely target for benzoyl peroxide induced effects 

in cells. Thus, the localization of benzoyl peroxide in either leaflet Qf the membrane will 

dictate the type of lipids or the individual phospholipid components that may be affected. 
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The fatty acid peroxidation seen with benzoyl peroxide may lead to deposition of 

the pe~oxides of different lipids in the membrane thus, changing the lateral membrane 

pressure and changing membrane permeability by altering diffusion. 

Free radicals, including those derived from benzoyl peroxide can affect lipids and 

critical pathways regulating lipid synthesis thus affecting different cellular neutra~ or 

polar lipids. The altered lipids may affect the membrane permeability as these 

synthesized .lipids are transported to different cellular compartments to be incorporated in 

the respective membranes where they form the structural backbone of the membranes. 

Common synthetic pathways regulating neutral and polar lipids are presented in figure 9. 

The fatty acid peroxidation induced by benzoyl peroxide may stimulate shunting of the 

remaining fatty acids into triglyceride or major phospholipids to avoid further 

peroxidation. The synthetic pathway for cholesterol, another important constituent of the 

membrane that determines membrane fluidity and permeability, and cholesterol esters is 

described in figure 5. Thus, the alteration in the metabolism of these lipids may influence 

the packing of these constituents in the lipid bi-layer, which may in tum influence 

membrane fluidity; 

Triglyceride Synthesis:-

anionic 

phospholipids<(- CDP diacyl <(

glycerol 

PE 

sn-glycerol 3-p 

~ acylation 

1 -a ·c y 1- s n - g I y c e r o 3 - P 

~ acylation 

phosphatidic acid 

~pi 

<(- D ia cy lg ly c e ro I ~ PC 

~ a c y Ia tio n 

Tria cy lg ly ce ro I 

Text Figure 5: Triglycerides synthesis 



Commitment step in 
the synthesis 

Requires presence of 
molecular oxygen 

Acetate . 

I HMG-CoA· reductase . 

Activated isoprene 

1-------,· 

~ Acyl-CoA-cholesterol acyl transferase 

Cholesterol esters 

Lecithin-cholesterol acyl transferase 

Phosphatidylcholine + Cholesterol 

Text Figure 6: Cholesterol synthesis 
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The direct membrane p~rturbations seen with benzoyl peroxide itself or due to its 

role in lipid peroxidation may result in important changes in intracellular' signaling 

even~s, such as those regulated by ceramides and sphingolipids. Sphingolipids are major 

membrane components. Ceramides are generated when sphingomyelinases, on activation, 

cleave sphingomyelin into, ceramide and phosphorylcholine. Ceramides thus generated 

can be catabolized to sphingosine, sphingosine-1-phosphate or taken up by 

sphingomyelin synthase enzyme to be conyerted ,back to sphingomyelin, thus completing 

the cycle (Liscovitch et al, 1994) (figures 7 and 8). Ceramides also act as lipid messenger 

molecules, affecting cellular growth and differentiation (Jackowski ·et al, 2000; Kolesnick 

et al, 1994; Hanun et al, 1993; Hanun et al, 1994)(figure 9). Ceramides are generated in 

cells in response to external stress such as UV light exposure, ionizing radiation, free 

radical generation, and cytokines such as TNF -a or IL-l P elevation, all leading to cell 

. death through apoptosis (La vade et al, 1999; Perry et al, 1998; Basu et al, 1998; 

Kolesnick et al, 1998) (figure 10). Indeed, analogs of ceramide mimic the death-inducing 

effect in cells, providing direct evidence that ceramide generation plays a direct role in 

apoptosis (Allan et al, 2000). Thus, it is po~sible that benzoyl peroxide may influence 

ceramide levels either due to a direct action at sub-toxic concentrations or due to 

generation of free radicals, inflicting oxidative stress on cells. The ceramides :generated 

by this mechanism may, in tum, influence cell growth and survival. 



Modified from Hannun ~tal, 1998. 

Sphingomyelin 

ncr 

Sphingomyelinase N.· Sphingomyelin
synthase 

pr, 
p-choline fJI 

r--~-------'---. 

Cerami de 
UDP- glucose 

glucose }< . 
lucosylceramide 

synthase 
glucosylceramide 

Sphingomyelin 

ADP 

Ceramirle kinase 
ATF 

Ceramidase 

Sphingosine + fatty acid 

Text Figure 7: Ceramide metabolism 

Modified from Okazaki et al, 1998. 

sphingomyelin 

sphingomyelinase Sphingomyelin synthesis enzyme --- 11 
Ceramide synthesis enzyme Sphingosine N -acylase 

.. 1 ._ ---:--c_e_ra_m_id_e _ _..l +I r--. ....::s_p_h-in_g_o_s_i_n_e-. ' .-----.........:::;_...,.,;;_.=:---~dihydrosphinganine 

Serine+ 
palmitoyl 
Co A 

Glucosylceramide transferase 

ceramidase 

glucosylceramide 

Text Figure 8: $phingomyelin and Ceramide 
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Adapted from Kolesnick et al, 1998 

.Direct or indirect activation of 
sphingomyelinase 

Benzoyl peroxide, 
---------- camphorquinone 

-----

Fas 

PROLIFERAnON 
INFLAMMATION 

R cep or 

TNF-R55 .------- .~1 
£ti.8J IBii!I 

Text Figure 9: Ceramide and apoptosis 

Benzoyl peroxide, 
camphorquinone 

'----"--..A-.,-.J- FADD - Initiator --1.......--
~ Caspases 

Daxx -ASK-1 

JNK • c-Jun 

• ? • "TRAIL,TNF,FASL • c:::: Effectf:)r Caspases 

Text Figure 10: Apoptosis pathway 

Adapted from Kolesnick et al, 1998 
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· BIOLOGICAL EFFECTS OF CAMPHORQUINONE 

In visible light-activated res1n systems such as dentin bonding agents and · 

restorative resins, camphorquinone is used to initiate polymerization in response to 

visible light of wavelength between 400-500nm (Odian, 1991q). Camphorquinone by 

itself can initiate polymerization. When exposed' to light of appropriate wavelength, this 

diketone is excited to a triplet state, which can abstract a hydrogen proton from 

hydrogen-donating species, such as solvent molecules. Amines such as DMAEMA 

increase . the activation rate . by providing readily extractable hydrogens for 

camphorquinone, and hence .are pr~sent in light activated. resin. systems (Odian, 1991r). 

The radicals thus formed then attack the carbon-carbon double bonds in monomers 

starting the polymerization reaction. The concentrations of camphoroquinone have shown 

to be variable from 0.3% (Rueggeberg eta/, 1997) to 1.07% (Yamaki eta/, 1988) and 

may vary from ·system to system. The concentration of camphoroquinone leached out of a, 

resin system is not exactly known. However, studies have shown that the aqueous 

extracts from dental adhesives (Geurtsen eta/, 1999a) as well as froni light-curing pit and 

fissure sealants (Geurtsen et a/, 1999 b) contain camphoroquinone, HEMA and other 

components, which were cytotoxic. The studies done by Fusijawa in 1986 showed th~t an 

aromatic ketone, 9-fluorenone, was more potent in terms of causing membrane damage 

and hemolysis of erythrocytes than was the aliphatic diketone, camphorquinone. The 

difference in morphological changes observed in cells exposed to 9- fluorene as 

compared to camphorquinone indicated different cellular effects. Camphorquinone has 
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been shown to cause membrane damage, but its effects on individual cellular components 

and cellular functions have not yet been studied. ·Studies by Atsumi et al (1998) also 

suggested that the toxic effects of camphorquinone occurred only at higher 

·concentrations and therefore were not significant clinically. However, that stUdy was 

limited to determining cell viability. Lipid peroxidation in erythrocytes and liposomal 

membranes were also examined and reactive oxygen species including generation of 

surface-active agents were considered as the mechanism for membrane damage (Atsumi 

et al, 1998; Fusijawa et al, 1986). Changes in the membrane lipid composition, intra

cellular events and the mechanisms of toxicity were not inve~tigated. 

Thus previous studies both· on benzoyl peroxide and camphorquinone suggested 

lipid peroxidatipn as a cause of benzoyl peroxide toxicity (Furuyama, 1984; Fujisawa, 

1986). The study by Furuyama showed that benzoyl peroxide induced formation of lipid 

peroxides from· polyunsaturated fatty acids such as arachidonic acid, linoleic acid or 

linolenic acid while the study by Fujisawa on camphorquinone suggested the possibility 

of surface-active compounds formed as result of lipid peroxidation. However these 

studies did not look at changes in different cell lipids when radical-induced peroxides are 

formed from these materials. Although these materials may elute in a high quantity 

immediately aft~r resin polymerization, there may be a sustained release for significant 

time periods after the initial bolus. This sustained release over a longer time period may 

induce significant biological effect and the cells may respond to lower concentrations of 

these materials in a different way as compared to higher toxic concentrations!. Thus i~ 

addition to thei~ toxic effects it is important from the clinical perspective to study the 

effects of sub-toxic concentrations of these materials over a longer period of time on 
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cellular metabolism, growth and survival. Both materials being lipophilic, the lipid 

components of the cells or structures with high lipid content are likely targets or sites of 

action for these materials. 

Objectives of the study 

The objectives of the present study w:ere to determine the effects of be~oyl peroxide, a 

heat/chemically activated polymerization initiator, and camphorquinone, a photoinitiator, 

on cell lipid metabolism and whether these materials would influence cellular growth and 

survival.· 

Hypothesis: - It was hypothesized that toxic concentratio~s of benzoyl peroxide and 

camphoroquinone may induce cell damage via lipid peroxidation, and that the sub-toxic 

and toxic concentrations of these un-reacted initiators of chemical- or light-activated 

polymerized dental resins alter lipid composition and affect lipid second messengers such 

as ceramide. The activation of signaling pathway of cermaide may affect cellular growth 

and proliferation~ The specific aims to test the hypothesis were as follows: 

Specific Aim #1 

Study the changes in cell lipid composition ·when cells are e!(posed to sub-toxic 

concentrations of benzoyl peroxide or camphoroquinone, compared to non-treated 

cultures. 
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Specific Aim #2 

Determine whether changes seen in the lipid composition following benzoyl peroxide or 

camphorquinone treatment are potentiated when cells are exposed to these materials in 

the presence of free ions such as Fe++ for benzoyl peroxide and visible light for 

camphorquinone either at sub-toxic or toxic concentrations, when these initiators release · 

free radicals on activation. 

Specific Aim3 

Test ifbenzoyl peroxide alone or in combination with free ions or light is responsible for 

changes in the sphingomyelin ~ ceramide pathways. 

Specific Aim #4 

Determine if benzoyl peroxide alone or 1n combination with free ions affect cell 

proliferation and apoptosis. 

Significance of the study 

The study tries to focus on the effects of these polymerization initiators at conce~trations 

that may be leached out of a resin restoration. Thus it assumes clinical relevance. The 

focus on benzoyl peroxide assumes significance from the aspect of it being part of over . 

the counter drugs used for acne treatment besides being widely used as a polymerization 

initiator. The mechanism of tumor promoting ability of benzoyl peroxide is investigated 

by studying its effects on lipid metabolism and in generation of intracellular messengers 

like ceramide, which are related to cellular growth and proliferation. The effects of 

camphoroquinone by· itself or when irradiated with light on lipid metabolism are 
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investigated and these situations correlate with clinical · conditions where 

camphoroquinone is activated with light as part of the light-polymerized dental resins. 



MATERIALS & METHODS 

I. Materials 

A. Cell Culture 

Two established cell lines, hamster buccal pouch epithelial cells (HCP) and· 

THP-1, a human acute monocytic leukemia cell line, were cultured and utilized. Two 

different cell lines, one being keratinizing epithelial and the other being monocytic 

allowed the effects of the initiators to be tested in two cell lines that are ·different 

functionally. The epithelial cells (HCP) are a line of cloned normal hamster buccal pouch 

keratinocytes (Subclone 1) originally provided by Dr. Peter Polverini of Northwestern 

University (Tsao et al, 1982; Schuster et al, 1990). The hamster check pouch (HCP) cells 

were cultured in monolayer in 7 5cm2 or 17 5cm2 flasks using Dulbecco' s Minimal 

Essential Medium (DMEM) supplemented with 5% (v/v) fetal bovine serum (FBS) 

(Gibco, Grand Island, NY), 100 IU/mL penicillin and 100 J..tg/mL streptomycin. '(he cells 

were incubated at 37°C in an atmosphere of 95% air/5% C02. Keratinocyte serum-free 

medium (K-SFM; Gibco) supplemented with recombinant Epidermal Growt~ Factor 
I 

(rEGF, 0.1-0.2ng/mL) and Bovine Pituitary Extract (BPE, 20-30 J..tg/mL) was used for 

experimental treatment cultures ofHCP cells (Lechner et al, 1985). 

25 
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The human monocytic leukemia cell line (THP-1 ), originally derived from the blood of a 

young male with acute monocytic leukemia (Tsuchiya et al, 1980) and established in 

culture, -was obtained from ATCC (ATCC Tffi 202). This cell line was grown in 

suspension, in RPMI 1640 (Gibco) with 25mM ·HEPES buffer, L-glutamine (1 %), lO% 

FBS, 100 IU/mL penicillin and 100J!glmL streptomycin and 0.05J!M P-mercaptoethanol. 

The cells were incubated at 37°C in 95% air/5%C02. The same medium was used for 

experimental treatments. 

B. Preparation of Stock Solutions of Benzoyl Peroxide, Benzoic Acid and 

Camphorquinone 

Benzoyl peroxide (97%, FW 242.23) was purchased from Aldrich Chemical Co Inc. 

(Milwaukee, WI). A stock solution of 25 mM benzoyl peroxide in 10mM acetone was 

prepared. Benzoic acid (99.5%, FW 122.12) was purchased from Sigma Chemical Co. 

(St. Louis MO) and a stock solution of 50mM of benzoic acid in 1 OmM acetone was 

prepared. Camphorquinone (97%, FW 166.22) was purchased from Aldrich. Chemical 

Co. and 25 ~M camphorquinone in 10 mM acetone was prepared. Stock solutions were 

prepared fresh every three to four weeks. The stock solutions were filter sterilized using 

0.2 J.tm nylon or· hydrophobic PTFE (poly tetra-fluoro ethylene) membrane filters. The 

stock solutions were protected with aluminum foil to minimize exposure to ambient light. 
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C. Visible light system: 

A Kerr high intensity curing lamp developed by optibulb (Demetron) was used as visible 

light source. The intensity of the light source was 1200 m W/cm2 and· wavelength in the 

range of 450-550 nm~ The neutral density filt~r ("'54.4% -type D) (Corion; Halliston, 

MA) was used to reduce the intensity of light to around 600 mW/cm2
• the instrument set 

up for the experiments is as shown in photos 1& 2. 

Photograph 1: Light Set-up used for light experiments 
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Photograph 2: Visible Light set up s#owing light irraditJtion during experiment 
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II. Methods 

A.MTSAssay 

The Cell Titer 96™ AQueous Non-Radioactive Cell Proliferation Assay (Promega, 

Madison, WI) was used to determine the toxic concentrations of benzoyl peroxide, 

benzoic acid, and camphorquinone and the solvent, acetone for both cell lines. This is a 

colorimetric method for determining the number of viable cells in a culture {Technical 

Bulletin # TB 169 of Promega, 1994; N. Roehm et al, 1991). The assay system is 

composed of solutions of a novel tetrazolium compound (3-( 4,5-dimethylthizol-2-yl)-5-

(3-carboxymethoxyphenyl)-2-( 4-srilfophenyl)-2H -tetrazolium), inner salt MTS and an 

electron-coupling reagent; phenazine methosulfate (PMS) (Sigma, St Louis, MO). MTS 

(Owen's reagent) is bio-reduced .bY cells into formazan, a compound that is soluble in 

tissue culture medium (Roehm et al, 1991 ). The absorbance of the formazan at 490 nm 

was measured directly in the 96-well plates using a Thermo Max microplate reader 

(Molecular Devices, Sunnyvale, CA). Dehydrogenase enzymes found in metabolically 

active cells accomplished the conversion of MTS into the aqueous soluble formazan. The 

qU;antity of formazan product as measured by the absorbance at 490 nm was considered to 

be directly proportional to the metabolically active cells in culture. MTS reagent was 

prepared and stored as per the manufacturer's instructions. MTS Reagent Powder ( 42mg) 

was added to 21 ml of Dulbecco' s Phosphate-buffered saline (DPBS, supplied by the 

manufacturer) and stirred for 15 minutes until it was completely dissolved. The pH of the 

solution was measured and adjusted to 6.0-6.5. The solution was filter sterilized through a 

0.2 J.Lm filter and was stored in a light protected container at -20° C. The PMS reagent 

was prepared by dissolving 0.92 mg/ml PMS powder in 1ml of DPBS and filter 
I 
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sterilizing through a 0.2 J..lm pore filter into a sterile, light protected container and stored . 

at -20°C in small aliquots in eppendorf tubes covered with aluminum foil to avoid 

exposure to ambient light. For experimental purposes, both·MTS and PMS reagents were 

thawed in a 37° C water-bath. Seventy-five microliters of the PMS solution was added to 

1.5ml of MTS solution immediately before adding to the culture plate containing the 

cells. 

For the MTS assay HCP and THP-1 cells were maintained in culture as described 

above and plated at 20, 000 cells/well for THP-1 in 50 JJl of RPMI or 10,000 cells/ well 

for HCP in 100 JJl ·of DMEM in 96 well cell culture plates and incubated overnight. 

Depending upon the compound to be tested, different concentrations of acetone, benzoyl 

peroxide alone or in combination with ferric chloride, benzoic acid or camphorquinone 

were used for treating the cells for 24 hr for sub-toxic concentrations while for toxic 

concentrations, the shorter time durations of20, 40 and 120 minutes were selected. These 

time intervals corresponded with lipid peroxidation and ·lipid turnover studies that were 

performed for similar time intervals. To treat HCP cells with different materials,. normal 

culture medium (DMEM) was replaced by keratinocyte serum free medium with 

peniCillin! streptomycin, EGF (epidermal growth factor; 15 JJl) and BPE (bovine pituitary 

extract; 1 OOJJl) containing the bioactive agents to be tested, while RPMI ( 50JJl) with 10% 

FBS+ PIS was used to treat THP-1 cells. At the end of the desired treatment period, 20J.1l 

of the combined MTS/PMS reagent was pi petted into ~ach well of the 96 well plates. The 
. ' . 

plat~ was then incubated for 1-4 hrs at 3 7° C in a humidified 5% C02 atmosphere. The 
' 

absorbance was measured at the end of the incubation period using the. THERMO-MAX 

micro plate reader (Molecular Devices Corporation, Sunnyvale CA) at 490nm 4sing a 
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SOFT max®PRO software program (2.02 version, Life Science Edition, Molecular 

Devices Corporation, Sunnyvale CA). 

B. Light Standardization 

The visible light used for camphorquinone activation was mounted, tested and 

standardized for light activation experiments for different parameters such as the 

wavelength, intensity and exposure time. The use of the light set up for both lipid 

experiments and lipid peroxidation assay is discussed separately la~er. 

Camphorquinone used in the dental setting is irradiated with visible light ( 400-

500 nm) and at the intensity of 600 mW/cm2
• Visible light was used to activate 

camphorquinone, to see the effects of irradiated camphorquinone on c.ell lipid 
I 

metabolism. Because irradiation was another variable, the exposure and cond~tions for 

the use of our light set up were characterized. It was found that initial warming the curing 

light for 15 seconds was required in order to achieve optimal wavelength and intensity. In 

order to keep the intensity of irradiated light at an optimum constant level during light 

exposure, it was important to keep the distance between the light source and the: samples 

to be irradiated constant and to use a medium for suspending the materials that allowed 

the passage of light with minimal diffraction. Thus, a constant distance of 16.4 millimeter 

was kept between the light tip and the bottom of the culture plate and Dulbeco's 

phosphate buffer saline was used to suspend camphorquinone for_light activation. Neutral 

density filter.(54.4%) that reduced the intensity of light to 600mwW/cm2 was u~ed in all 

the experiments while irradiating camphoroquinone. 
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Characterization of light under different tiss·ue culture conditions 

In order to examine the effects of tissue· culture medium, buffers like PBS, l cells and 

different concentrations of camphoroquinone on the intensity of light passing through the 

plate, spectral irradiance was measured by holding the lab sphere radiometer at the 

bottom of 24 well plates containing . media, buffer, different concentrations of 

camphoroquinone and number of cells. The intensity of light under these different tissue 

culture conditions was then compared. The medium containing serum could not be used 

for light activation of camphorquinone in lipid synthetic experiments because cells and 

tissue culture medium containing serum attenuated the inte~sity of visible light passing 

through it by more than 50%. Thus for lipid synthesis experiments using irradiated 

camphorquinone, a higher concentration of camphorquinone (1 OmM) suspended in buffer 

was irradiated with light and then was added to cultures containing 14C acetate such that 

the final concentration of camphorquinone was· 0.5mM. Adequate activation of 

camphorquinone was achieved by irradiating it with visible light through a buffer system 

that did not attenuate the light intensity significantly. 

C. Lipid Assays 

. 1. Neutral and Polar Lipid Assays 

For lipid studies, HCP cells were plated in 100 mm dishes (Falcon, Becton 

Dickinson, Franklin Lakes NJ) at a density of 7.5x 106 cells/dish and allowed to attach 

and grow to a confluent monolayer by maintaining them overnight in a C02 incubator 

(95% air/5%C02) at 37°C. Keratinocyte serum free medium with EGF and BPE was used 

for treatment cultures. The THP-1 cells were maintained 1n RPMI+ 1 O%FBS 
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supplemented with ~-mercaptoethanol (O.OSmM BME). For experimental purposes cells 

were grown in RPMI w/o BME in lOOmm dishes at the density of 4x106 cells/plate and 

incubated for 72 hrs in the C02 incubator. To measure lipid synthesis, c~lllipids were 

labeled using 14C- acetate sodium salt (3J..LCilml, NEN, Perkin Elmer Life Science Inc, 

Boston MA, Specifc activity = 54. 70mCi/mmol) in cultures having test solutions of 

camphoroquinone, benzoyl peroxide or benzoic acid. Thus, the radiolabel and treatment 

were given at the same time for measuring the lipid synthesis. For assaying lipid 

turnover, cells were pre-labeled with radioisotope at similar concentration for 24 hours, 

radio1abel was then removed and the cells were exposed to fresh cultures containing the 

desired treatments. After incubating for 24 hours, the samples were harvested by scraping 

the plates three times with Teflon scrapers using 2 ml 0.85% saline. From.each s~ple an 

aliquot of fifteen micro liters was taken for total protein estimation. Lipids were extracted 

using the method of Bligh and Dyer (Bligh and Dyer, 1959; Schuster et al, 1975). The 

extracted lipids were collected in the organic phase, while the aqueous phase containing 

the hydrophilic component of the cells was removed. The organic phase was dried under 

nitrogen and the lipids were resuspended in isopropane: benzene (1: 1) and separated on 

SG-81 Chromatography paper (Whatman, Maidstone England), using thin layer 

chromatography. The neutral lipids were separated from the phosphoplipids using a one

dimensional system of heptane: di-isobutyl ketone: acetic acid (85:15:0.5) (Marinetti, 

1965). Different polar lipids were separated using a two-dimensional separation system 

(Rouser et al, 1970) with two solvent systems, chloroform: m~thanol: ammonia (65 :25 :5) 

followed by chloroform: acetone: methanol: acetic acid: water (30: 40: 10: 1 0:5). Lipids 

were located by autoradiography using Biomax single emulsion film. (Kodak, Rochester 



34 

NY). Exposure time were 2 d~ys for THP-1 cells and 5 days for HCP cells, with films in 

contact with the chromatography papers in Kodak X-ray exposure hold¢rs using 

intensifying scr~ens. F~lms were developed and lipid spots were ·located, cu~ out and 

co~ted using liquid scintillation spectrometry. These were compared with standard and 

published patterns (Marinetti, 1965 (1-D); Rouser, Fleisher & Yamoto, 1970 (2-D)). 

Experiments to measure the synthesis of choline-labeled lipids were carried out in 

a similar way as described above except that radio labeled choline (0.5J.1Culml, Amersham 

Life Sciences Inc, Boston MA; SA=81.0Ci/mmol) was used to specifically label choline 

in lipids containing choline head groups. 

Solubilized aliquots of harvested cells were analyzed for protein content using the 

Pierce Micro-BCA (Pierce, Rockford, IL) protein assay with bovine serum albumin as the 

standard. The changes in lipids were calculated as percentage total radioactive: lipids in 

the treatment cultures and compared to control cultures by ANOV A when more than two 

groups were present and multiple comparisons among the samples were .required. 

Student's t- test was performed when the comparison was only among two sets of 

samples i.e. one control and one treatment group (p<0.05). All experiments were 

performed three times and each consisted of duplicate samples. 

2. Ceramide Assay Using High Performance Thin Layer Chromatography 

Cells were cultured as described in ·the cell culture section. Sub-toxic 

concentrations of benzoyl peroxide (O.lmM) and treatment conditions were s~milar to 

those described above. Cultures were harvested and protein estimation was · done as 
! 

described in cell culture section. Cells re-suspended in 500J.1l of distilled water were 
I 
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supplement~d with 5 ml of chloroform: methanol (1: 1 voVvol) and the total lipids were 

extracted as described by Frieschutz et al (1997). The lipid extract was adjusted to the 

composition of solvent A (chlorofonnl methano~/ water, 30:60:8 by volume) arid ~pplied 

to 0.5ml of DEAE-Sephadex A-25 for binding of acidic lipids. After the pass-through 

fraction containing the neutral lipids was collected, the column was further eluted with an 

additional 4 ml of solvent A and 2 ml of methanol for recovery of remaining neutral 

lipids. The "pass-through" and the "remaining" lipid fractions were then pooled together 

and evaporated under nitrogen.· The residue was re-dissolved in chloroform/methanol 

(1: 1) for HPTLC separation. Merck Silica Gel 60 High Performance Thin Layer 

Chromatography (HPTLC) plates (VWR, Plainfield NJ) were used for spotting and 

separating the lipid fractions in the samples. The ceramides in the samples were separated 

using chloroform: ammonia (9: 1) and identified by comparing with known ceramide 

standards (C-18 ceramide and non-hydroxy ceramide, SIGMA, St Louis MO). The 

ceramides were visualized by spraying the plate with 3% cupric acetate in 8% phosphoric 

acid followed by heating at 180-200° C (Svennerholm et al, 1957; Freischutz et al, 1997). 

The plates were ·scanned using a GS-81 0 densitometer by Bio-Rad (Hercules, CA) and 

the reflective densities of ceramide bands were measured and analyzed for %..;adjusted 

volume ( countxmm2
). 

3. Lipid Peroxidation Assays 

a. Standard Peroxidation 

Determination of lipid peroxidation in cells exposed to benzoyl peroxide,: benzoic 

acid or cainphorquinone was accomplished by determining the concentration of 
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malondialdehyde in the samples. The lipid peroxides formed react with barbituric acid to 

form thiobarbituric acid reactive substance (T-BARS). The concentrations ofthe. 

T-BARS was measured in nmols/ml formed using 1,1,3,3-tetramethoxypropane as a 

standard (Babiech et al, 1996; Draper et al, 1993; Gavino et al, 1981 ). 

THP-1 and HCP cells were maintained in cultures as described above. THP-1 

cells were maintained in RPMI without I3-mercaptoethanol (BME) to avoid possible 

effects on the assay. For the peroxidation assay, 4 x 106 HCP cells were seeded into 

60mm culture dishes and incubated overnight until they were confluent. Cells were then 

washed with 0.85% saline and treated with varying concentrations of benzoyl peroxide 

alone or in combination with Fe2
+ (as FeCh) for varying time periods (2, 4 or 8. hs). The 

.cellular proteins were precipitated using 24% T.CA and the supernatant was treated with 

1% thiobarbituric acid (2:1) in 0.05M sodium hydroxide. The mixture was heated at 95°-

100° C for 25 min in a water bath to carry out the thio-barbituric acid reaction. The 

satpples were then cooled and centrifuged at 1286xg· for 10 min and the absorbance was 

measured at 532nm using a FL-600 Microplate fluorescence Reader (Bio-tek instruments 

inc, Vermont USA) and using KC-4 software (Bio-tek Instruments inc, Vermont USA). 

The absorbance values were then converted to nmol thiobarbituric acid · reactive 

substances (TBARS) using 1,1 ,3,3 tetramethoxypropane as the standard. For the THP-1 

cells, lipid peroxidation was determined by culturing 6x 106 cells per sample into 60 mm 

I 

culture dish and incubating them overnight. The samples were then treated with :different 
I 

concentrations of benzoyl peroxide alone, or in combination· with ferric chl0ride for 

varying time periods (2, 4 and 8hs) and lipid peroxidation was measured as described 
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above. Lipid peroxidation experiments were carried out for benzoic acid in both the cell 

lines in a similar manner. 

b. Peroxidation Using Light 

The visible light used for camphorquinone activation was mounted, tested and 

standardized for light activation experiments for different parameters such as the -

wavelength, intensity and exposure time. The light source was sufficiently warmed using 

two exposures of ten seconds each before it was used for the experimental purpose. A fan 

was· used for cooling the lamp during and after the exposures. 

Criteria to determine the exposure time (Keeping The Total Energy Delivered 

Constant) 

To keep the total energy delivered to activate camphorquinone similar to that 

delivered during curing oflight-polymerizedresin restorations, varlables such as' intensity 

of the light tip, pow~r output, diameter: of area of exposure were carefully considered. 

The total power output· from a light tip (diameter,...,12mm) with· an· int~nsity of 

600m W /cm2 was expressed as 

Equation 3: Total Output= 678.2m W 

Thus, the total energy delivered during a curing of the composite restorations (exposure 

time of 45 seconds) would be Energy= (Power x Time)= 678.2 x 45 = 27Joules' 

The adjustments were made in the duration of exposure in such a way that 'the total 

energy delivered (27 Joules), remained constant 

I • 
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The light was aimed over a single well of a 24 well plate and the diameter of this· well is 

16 mm. Therefore the irradiation occurred over an area of 2.01 cm2 for each weli of the 

24 well plates (Nunclon ™, Nunc Brand Prod1:1cts) (Area=ITR2
, 22/7 x (0.8} 2 := 2.01 

cm2
). The energy flux over this area (2.0 1 cm2

) would be given by the equation 

Equation 4: Energy flux over area= power/area of exposure 

= 678.2/2.01 = 337.5 mW/cm2 = 0.338W/cm2 

Therefore the exposure time could be calculated by the equation 

Equation 5: Seconds to irradiate = Energy/ Energy flux over area 

= 27 I 0.338 = 80 seconds = 1.3 minutes 

Therefore, 80 seconds was . the time required to deliver the total energy of 27 
1 

Joules 

keeping the power output constant and this duration of. exposure was used I in the 

subsequent experiments to irradiate camphorquinone. 

Lipid peroxidation in HCP · or THP-1 cells exposed to camphoroquino~e and 

DMAEMA with or without light was measured by measuring the T -BARS (thiobarbituric 

reactive substances) formed as described above. The procedure was modified so that the 

cells, with or without light, were suspended in 24-well plates where they could· be 

irradiated uniformly as described earlier. The light set up was arrang~d in the tissue 

culture hood and the lamp was warmed by two ten second periods at the begimiing of 

every experiment. !he intensity at the tip end was measured by using a model 100 curing 

radiometer by Demetron Research Corporation (Kerr, Danbury, CT). The sample~ to be 

irradiated were placed in separate 24-well plates and irradiated for 80 seconds, o~e at a · 
,'• 

time. The samples were covered with aluminum foil to avoid exposure to ambient light 
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and incubated for 40 minutes. The samples were then analyzed for lipid peroxidation as 

described previously. 

4. Irradiated Camphorquinone 

To assess lipid synthesis using irradiated camphorquinone, 1 OmM concentration 

of camphorquinone (10mM) suspended in buffer were irradiated with light (-470nm) for 

80 seconds and then added to cultures containing 14C acetate such that the final 

concentration of camphorquinone was 0.5mM and the exposure duration 24 hours. 

Adequate activation of camphorquinone 'Yas possible by this procedure because desired 

intensity of light could be achieved. The activation with light at 400-500nm for 80 

seconds also ensured that the total energy delivered to camphorq1:1inone is similar to that 

delivered during curing of light-polymerized resins in dental practi~e. 

D. Apoptosis assay (DNA Fragmentation Assay) 

This assay was used to study the apoptosis. in cells by isolating 123 bp DNA 

fragments and separating them by gel electrophoresis on 2% agar gels (Ozaki et al, 2001; 

Korsakov et al, 2001; Ishida et al, 1992). In apoptosis, the cell initiates a complex suicide 

program resulting in the activation of an endonuclease, which then cleaves the genomic 

DNA in the intemucleosomal linker regions resulting in fragments of multiples of 123 

base pairs (Wright ,et al, 1992). HCP and THP-1 cell were grown and maintained i~ tissue 

culture as described above. For the assay procedure 3x106 HCP cells and 4x106 ifHP-1 

cells were plated in 35mm well plates and incubated overnight at 37°C in an atmosphere 

of 95% air/5% C02• The cultures were then treated using desired concentratibns of 
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initiator benzoyl peroxide and with gallic acid (0.2-2mM, trihydroxy-benzoic acid) from 

Sigma {St Louis, MO), which served as positive controls for 24 hs (Aoki et al, · 2001). 

After· 24 hs of treatment, the cells were lysed using Triton-X lysing buffer (10Mm Tris

HCl, pH 7.4, 10mM EDTA, 0.5% Triton-X-100) at 100J.1Vlx 106 cells and centrifuged at 

14,000xg to remove high molecular weight DNA and cellular debris. The supernatant 

was collected and treated with chloroform/buffer saturated phenoV isoamyl alcohol to 

extract DNA and propanol was used to precipitate the DNA oligonucleosomes (Ishida et 

al, 1992). The precipitated DNA was treated with 40Jlg/ml RNAse at 37°C for 1 hour to 

remove any RNA fragments. The precipitated DNA was then re-suspended in dH20 or 

buffer, loaded onto a 2% agarose gel along with tracking dye and separated using gel 

electrophoresis at 480mW, constant current of 30mA and power of 187 at 37°C for 90-

120 minutes. The complete run of the gel was confirmed with the help pf blue tracking 

dye added to the samples and control lanes. The gel was stained using ethidium bromide 

(15J.1g/ml) for 30- 40 minutes to visualize DNA fragments, observed under UV light 

(440-450nm) and compared to a 123 bp DNA ladder. The photograph for the gel was 

taken using the Fotodyne Fotosytem using UV light ( ,....,wayelength 440-450nm) and high 

speed Polaroid film (#57). 



RESULTS 

Determination of solvent inhibitory concentrations 

Acetone was used as a solvent · for benzoyl peroxide, benzoic acid and 

camphorquinone. To determine a concentration of acetone that provided effective 

solubilization for both benzoyl peroxide and camphorquinone without damaging the 

cells, serial dilutions of acetone were tested for toxicity to HCP and THP-1 cells: for 24 

hours, using the MTS assay. Plain culture medium served as a control for this i study. 

Acetone at 0.1 mM concentration provided effective solubilization of both benzoyl 

peroxide and camphorquinone and was minimally or not inhibitory to both cell types (Fig 

1 A & B) but in fact was stimulatory in HCP cells. This concentration. also served as 

solvent control for sub~equent studies. The results presented are one of three duplicate 

experiments. 

The analysis of variance was performed with the Newman Keuls post-test 

comparing all columns of values. The level of significance was set at a.<0.05. The 

asterisk (*) indicates significant difference as compared· to control, while the ;values 
' ! 

included by the solid line (-) are rtot different from each other. 

41 



Data Figure 1: Effects. of acetone solvent on mitochondrial dehvdrogenase enzvme 

activitv A~ The bar graph shows the optical density (O.D.) values obtained by MTS assay 

indicating the response of HCP cells exposed to acetone concentrations ranging from 

lOmM to 0.05mM for 24 hours B. The bar graph shows optical density (O.D.) values in 

THP-1 cells exposed to different concentrations of acetone ranging from 5mM to 

0.025mM for 24 hours. 
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Data Fig 1. Effects of acetone solvent on mitochondrial dehydrogenase ~nzvme 

activitv 
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Inhibitory Concentrations of Benzoyl Peroxide 

The first aim was to study the sub-toxic effects of benzoyl peroxide· on. lipid 

metabolism. fu ·order to determine the inhibitory concentrations of benzoyl pero.xide cell 

viability studies were conducted for both HCP and THP-1 cell types. Cells were plated 

and exposed to concentrations of benzoyl peroxide ranging from 1 m1yl to 0.005mM. The 

cell viability response was assessed using ~he MTS assay after 24 hours of incubation. 

Data Figure2A indicates that at concentrations of 0.1 mM or greater there was a, 

significant decrease in optical density indicating reduced cell viability for HCP cells. At 

0.1 mM the optical density values were about 50% those of control cultures,. but were 

significantly greater than higher concentrations such as 0.25 mM, 0.5mM or· 1 mM. 

Similarly for THP-1 cells (Data Figure 2B), 0.1 mM was an inhibitory concentration as 

compared to control cultures after 24 hours of incubation, but showed significantly higher 

optical density values as compared to 0.25 mM groups. 

Thus, optical density values for both HCP and THP-1 cells indicated that 0.1 mM 

benzoyl peroxide was inhibitory as compared to control but not as toxic as higher 

concentrations. 

The analysis of variance was performed with the Newman-Keuls ROSt-test 

comparing all columns of values. The level of significance was set at a.<0.05. The 

asterisk(*) indicates statistically significant difference as compared to control, while the 
. I 

solid line (-) indicat~s lack of statistical significance amongst values included; by the 

line. 



Data· Figure2: Effects o(benZovl peroxide on mitochondrial dehvrogenase!enzvme 
I 

activitv. A. The Data Figure shows the optic~l density values obtained by the MTS assay 

done for HCP cells when exposed to different concentrations of benzoyl pero~ide for 24 

I 

hours B. The Data Figureshows optical density'(O.D.) val~es ofthe MTS ass~y done in 

THP-1 cells exposed to concentrations of benzoyl peroxide ranging from 0.2~mM to 
' ' 

O.OOlOmM in O.OlmM acetone. 
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. Lipid syntht:sis by HCP and THP-1 cells :when exposed. to: :inhibitory conc~ntrations of 
. . . .. .. . ...... : ....... :I ,' .... 

• I 

· · · benzoyl peroxide• · . . ' 

.. 

In: :order to study the: :e~fects. of inhibitory ·~oncentrations· of l?:enzoyl: peroxide. on · 

cell lipid metabolism. as stated in the firs.t. speCific aim, lipid synthesis expeilrfl.ents. were 
. . . . . . . . . ' . . . ' . . : . . . . 

:· . :· :: . ' :: '. 

: ::carried out in both HCP and THP-1 ~ells using fllinimally inhibitory ~()ncentrations (N0.1: . 

. rnM) of b~nzoyl peroxide~ C~lls. were :groWn overnight in 100 111m. plates: :and ::the11 

. exposed to medi~ contai~ing benz~yl peroxide and 14C acetate for 24 ho~s .. The l~pids:: 

·were extntcted using the·niethod ofBligh.:&.Dyer and separated by one :(H: D: :Hac) ~d · 

tWo~dimensional thln:layer chromatography using the solvent :systems {CI-h:. MeOH: 

.. · NH3 ·followed by CH3: MeOH: ·Hac: HzO). ::~adioactive lipids: were :located ::by. 

auioradibgraphy ~~d the synthesis of~arious :classes oflip14s was evaluat~~ ~ p~tcent 

. rotal. radio iabeled .lipids after: counting the: radioactivity 'tising a .liquid. ~cintill~tion . 

. counter. Results presented are one. of three identical experiments .and r~preseni findittgs · · 
• • ' • ' ' ' • • ' • ~ ' ~ • I , • 

I 

common to all. 
'. 

The ::analysis of varian:ce was perforined. with the NeVvtn:an~Keuls: post-te~t. 

. • . . . . . . . . . . . . . . I . . . • 

compa.rlng all cohimns of values. The level of significance .was set at ·a.<o..os~: The 
. .... . . . . . . . . . I .... 

. i 

. asterisk (*) Indicates significant difference as compared to. control, while the values: over· 
. . . . . . . I 

which a S()li(f line(-).is show~ are not differe~t from each other . 

. ·Triglyceride .synthesis increased from 5.8% to 8.1%.iri HCP cells as: se~n.in Data 
. . . . . I . 

. . .. .. \:· 

. Figure 3A. ~owever, none of the· differences were. sigtiificant in any experim~nt. Other. 
.. .. . ... . .. . .... .... • I . .. 

. . . \ 

neutral lipids did not change significantly .either (not shownr: There was a significant 
• . . . • • . • . . . . . . . . . I 

I 

I 

.I 

·. _; .:.· 
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reduction in t~e synthesis of phosphatidylethanolatl?-ine (Data Figure3A), frop:i: 11.5% in 
. ~-. ~- . 

-· pontrol cultUres to 7.6% in 0.1 IDM-benzoyl.peroxide tn~ated cultures.· : · 
··. '.!. 

H()w~ver, · in THP-1 _cells, · the synthes~s· of: triglyceri<fes: was sigmficat1tly 
,\ v :· 

inc;reased, froin 13~6% in control cultures to l6.3% in 0~1-m.M ~e~oyl peroiide.tr:eated 

· samples (Data Figure 3B) at the end of 24 hours. CholesteroL :synthesis in 0.1 triM. .. . .. ' .. 

. benzoyl ;peroxide treated samples was sigpificantly reduced to .3 ~ 1% . as_ compar~d to t1te . 

control group:4.7% (Dat~ Figure 3B). Polar lipids did not change sigtiific~tly in}'HP-1 

: cells (notshoWI1). 

·::. 

~. . 

I 
I 

-. ;'· 



Data Figure 3: Lipid synthesis by cells in the presence o(O.lmM benzoyl peroxide 
I 

A. The bar graph compares the synthesis of radiolabeled triglycerides ahd 

phosphotidylethanolamine (PE) between control and 0. hnM benzoyl peroxide treated 

HCP cells after 24 hours B. The bar graph compares the synthesis of radiolabeled 

I 

cholesterol and triglycerides (TG) in control and O.lmM benzoyl peroxide treated THP-1 

cells after 24 hours exposure. 
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Lipid synthesis in response to benzoic acid, the final product of benzoyl p~roxide 

degradation 

' ' 

Benzoyl peroxide is a dimer of benzoic acid, and the degradation of ~enzoyl 
. . . 

peroxide yields benzoic acid as the final end product. Since the concentration of ~enzoyl 

peroxide used in earlier experiments was 0.1 mM, assuming its 100% degradation, the 

benzoic acid released from this millimolar sub-toxic concentration of benzoyl p~roxide 

would be equivalent to 0.2 mM. Since the percent and rate of benzoyl peroxide 

degradation is not known, responses· at equimolar or higher benzoic acid concen~ations 

were determined initially. Lipid synthesis in HCP and THP-1 cells exposed to Q.1 and 

0.25 mM concentration of benzoic acid was measured. Thus these concentrations of 
' ' 

benzoic acid were used in medium containing· 14C acetate and exposed to both tpe cell 

types for 24 hours. Lipids were extracted and separated using thin layer chromatography 

and analyzed as percent radio labeled counts as described earlier. 

I 

In both HCP and THP-1 cells. there were neither consistent nor sign).ficant 

differences in the synthesis of either neutral lipids or major polar lipids (data not shown). 

In THP-1 cells the cholesterol esters were consistently higher only for the 0.2? rnM 

. . i 

benzoic acid treated groups but not for 0.1 mM benzoic acid treated groups. However, 
I 
I 

cholesterol esters levels are a very low proportion and contribute to less than 0.5%'ofthe 
i 

total lipids, therefore at this stage this increase in cholesterol esters was not considered to 

be metabolically significant. Our data from benzoyl peroxide and benzoic acid 
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experiments indicate that the effects seen · in both the cell lines to inhlbitory 
i 

concentrations of benzoyl peroxide are not due to its degradation product benzoic acid, 
- I 

but due to the intact molecule of benzoyl peroxide. 

Inhibitory effects of benzoic acid 

_Since benzoic acid produced no effects at concentrations like those of benzoyl 

peroxide. MTS assays were then conducted to assess the inhibitory concentrations of 

benzoic acid for HCP and THP-1 cell types. Cells were plated and exposed to 

concentrations of benzoic acid ranging from 10 'mM to 0.10 mM. After 24 hqurs of_ 
i 

incubation the numbers of viable cells were assessed using the MTS assay. The ~esults 

represent one of three identical experiments. Data Figure4A indicates t~at at 

concentrations of 5mM or greater there was a significant decrease in cell numb~rs for 

both cell types. The concentrations of 2.5 mM and 1 mM were minimally or less 

inhibitory for HCP cells. Similarly for THP-1 cells,- 1 mM was minimally inhibitory, 
! 

however 2.5 mM benzoic acid reduced the cell viability significantly Data Figure4B after 

24 hours of incubation. 



Data Figure 4: Mitochondrial dehydrogenase enzyme activitv of cells in tesponse to 

benzoic acid A. The Data Figure shows optical derisity values (O.D.) ofH¢P cell 

cuitures when exposed to different concentrations of benzoic acid for 24 ho~s B. The 

Data Figureshows optical density (O.D.) values of cultures ofTHP-1 cells e*posed to 

different benzoic acid concentrations for 24 hours. 

.I 

. I . 

! . 
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benzoic acid 
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Lipid synthesis of cells exposed to .minimally inhibitory benzoic acid concentrati~ns 

I 

I 

. . d I The experiments ~s1ng 0.1 an 0.25 mM benzoic acid did not show any 

significant changes in cell lipids. The · MTS assay showed that the growth inhibitory 
.. I 

concentrations of benzoic acid for both HCP and THP-1 cell lines were. about t~n fold . 

higher than the · concentrations used in previous studies. Therefore, lipi~ s}'nthetic 

experiments were carried out in cells exposed to concentrations of benzoic acid thht were 

I 

higher but minimally or not significantly inhibitory to cells (l.OmM or 2.5 mM). The 

lipids were extracted using the Bligh & Dyer method. of lipid extraction and serarated 

using one and two-dimensional thin layer chromatography. The lipids were identified 

using autoradiography and analyzed as percent total radio labeled lipids after counting in 

liquid scintillation counter. The results presented represent one of three . identical 

experiments performed with common results. 

The analysis of variance was done with the Newman-Keuls post-test comp¥ing 
I 

all pairs of values. The levels of significance was set at a<O.OS. The asterisks(*) i~dicate 

statistically significant differences as compared to control groups, as described earljer. 

Benzoic acid (l.OmM) did not show any significant changes in either neutral or· polar 

I 
lipids (data not shown) but following exposure to 2.5 mM benzoic acid the HC)? cells 

. I 

I 

showed a significant reduction in total phospholipids, along with a three-fold incr~ase in 
. I 

I 

n~utral lipids such as triglycerides and fatty acids (Data Figure 5 lA). 1 Major 

phospholipids such as PC, PE and sphingomyelin were reduced significantly (Data!Figure 

Sffi). 
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I 

In THP-1 cells, upon exposure to 2.5 mM benzoic acid, the total phosp~olipids 

were reduced significantly, with a significant increase in some neutral lipids, sdch as a 

threefold increase in triglycerides (Data FigureS IIA). However, cholesterollevells were 

significantly reduced, although there was an increase in cholesterol esters and fatty acid 
i 

methyl esters (Data Figure 5 liB). While cholesterol ester changes alone are generally not 

considered to be biologically significant but when they are associated with a reduction in 

cholesterol when exposed to sub-toxic concentrations of benzoic acid, it sugge~ts that 

benzoic acid affects the cholesterol~·cholesterol ester pathway. Major phospllolipids 

such as PC, PE and sphingomyelin were reduced significantly (Data Figure 5 IIC) while 

the reduction in phosphatidylinositol (PI) was riot always consistent. Thus both ce~l types 

showed an increase in TG along with reduction in PC, PE and sphingomyelin. 



i 

. . ' ,. . . l 
. . . . I 

Data Figure 5: I. Lipid svnthesis bv HCP cells exposed to 2.5mM benzoic acid A. The 
. I 

. ·, . . I 

bar graph shows the radio labeled total phospholipids, triglycerides and fatty iacids in 
I 

HCP cells when e~pos~d to 2~5mM .benzoic ac_id for 24 hours B. The. bar graph shows 
. . . i 

the radio labeled phosphatidylcholine, sphingomyelin and phosphatidylethan9lamine in 
I 

HCP cells when exposed to 2.5m.M benzoic acid for 24 hours. 

II. Lipid svnthesis .bv THP-1 cells exposed to sub-toxic concentrations of benzoic acid 

A. The Data Figure shows total phospholipid, triglycerides and neutral lipid levels in 

control; and 2.5mM benzoic acid treated cultures ofTHP-1 cells at the end o£24 hours B. 
! 

The Data Figure shows radio labeled cholesterol, cholesterol esters and fatty:, acid methyl 

! 

esters synthesis in control and 2.5mM benzoic acid treated cultures of THP- ~ cells at the 

end of 24 hours. C. The Data Figure shows different polar lipids, namely 
i 

phosphatidylcholine, sphingomyelin, phosphatidylethanolamine and phosphatidylinositol 

synthesis in THP-1 cells treated with 2.5mM benzoic acid for 24 hours. 
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Effects of benzoyl peroxide combined with ferric c_hloride 

The second specific aim was to study t~e effects of benzoyl peroxide c9mbined 

with ferric chloride on cell lipid metabolism. Ferric chloride, a free ion donor, 'Yas used· 

in combination with benzoyl peroxide in the ·ratio of 1 :2 to generate free radicals and 
I 

induce subsequent cellular changes. Ferric chloride was used either alone or in 

combination with 0.1 mM benzoyl peroxide and the growth response of both JiCP and 

THP-1 cells was studied after 24 hours, using the MTS assay. The results represent one . . 

of three identical e~periments. 

The analysis of variance was performed with the Newman-Keuls p~st- test 

comparing all columns of values. The level of significance was set at a<0.05. The 
I 

asterisks (*) indicate statistically significant difference as compared to control gro~ps and 

I 

the solid line (-) represents lack of statistical significance amongst groups included 
I 

under the line. 

·The optical density values of HCP cell cultures for 0.05mM ferric 9hloride 

decreased significantly as compared to control cultures (Data Figure 6A). ! Lower 
, I 

concentrations of ferric chloride did not change the optical density values signi~cantly. 

The optical density value for (0.1 mM) benzoyl peroxide combined with ferric 4hloride 

was lower than control group however this decrease was not statistically significant. 
I 

In THP-1 cells, ferric chl~ride by itself did not induce any significant ch~ge in 
I 

the optical density at any concentration (Data Figure 6B). However, the optical !density 

values for 0.1 mM benzoyl peroxide . combined with ferric chloride were red~ced as 
. . . I 

compared to control cultures, although this reduction was not significant. 
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I 

Data Fig 6. Mitochnodrial dehydrogenase enzyme activitv response of cells treated with 
I 

benzoyl peroxide combined with. ferric chloride 



Lipid synthesis in cells exposed to benzoyl peroxide combined with ferric chloride 
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I 
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The second specific aim was to look at the ·effects of benzoyl peroxide on cell 

I 

lipid metabolism, when it was combined with free ion-donating compounds such: as ferric 

chloride to enhance its degradation.· Ferric chloride was combined with benzoyl peroxide 

in the ratio of 1:2 and exposed to cultures ofHCP and THP-1 cells containing 14~ acetate 

for 24 hours to evaluate the effects of enhanced benzoyl peroxide degradation on the 

synthesis of major lipids in cells. Tl;le lipids were. extracted using Bligh & Dye~ method 

of lipid extraction and separated using one and two-dimensional thi~ layer 
I 

I 

chromatography. The lipids were located using autoradiography and analyzed as; percent 

radio labeled lipids after counting them in a scintillation counter. All data: figures 

presented represent one of three identical experiments. 

I 

The analysis of variance was done with the Newman-Keuls post- test cotnparing 
i 

I 

all pairs of values. The level of significance was set at a.<0.05. The asterisks (*) jndicate 
I 

statistically significant differences as compared to control groups and the solid lfne (-) 
! 

represents lack of statistical significance amongst groups included under the line. \ 

HCP cells showed reduction amongst some of the neutral lipids ~uch as 

cholesterol and fatty acids while the triglycerides were increased, however these changes 
I 

! 

were not statistically significant (data not shown). Polar lipids were unchanged. ! 

In THP-1 cells the total phospholipid values decreased significantly in ~enzoyl 

I 
peroxide combined with ferric chloride-treated groups as compared to con~ol and 

benzoyl peroxide treated groups (Data Figure 7). The benzoyl peroxide treated j groups · 
I 

showed a marginal reduction in phospholipid synthesis that was not signific~t. The 
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In THP..;l cells the total phospholipid values decreased significantly itl benzoyl · 
I 

. I 

peroxide combined with ferric chloride-treated groups as compared to· control and 
·.. . I 

I 
' r I 

benzoyl peroxide treated groups (Data Figure 7). The benzoyl peroxide treate~ groups 
! 

I 

showed a marginal reduction in phospholipid synthesis that was not signific;ant. The 
I 

triglyceride values in benzoyl . peroxide combined with ferric chloride treated\ cultures 
i 

increased by more than two fold as compared to control cultures (Data Figure?)~ For the 

benzoyl peroxide treated cultures the triglyceride differences were not stahstically 
. I 

! 

significant. The combination of benzoyl peroxide with ferric chloride red~ced the 
I 
I 

I 

cholesterol synthesis, however this decrease was not significant. Earlier experim9nts with 
I 

benzoyl peroxide treated cultures showed consistent ·decrease, however ih these 

experiments the decrease was not always significant (Data Figure7). 



Data Figure 7: Lipid svnthesis of THP-1 cells using benzovl peroxide combined with 

ferric chloride The Data Figure shows percent radio labeled phospholipids, triglycerides 

and cholesterol in !HP""l cells for control, 0. ~mM bern;qyl peroxide and benzoyl 

peroxide combined with ferric chloride (2: 1) treated cultures for 24 ho'urs . 
. ·' 
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Lipid synthesis using radio labeled choline in cells exposed to benzoyl peroxide 

combined with ferric chloride 
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The phospholipids are synthesized by transfer of phosphatidyl polar groups onto 

diglycerides, which also are precursors in triglycerides synthesis. Thus a reduction in 

phospholipid synthesis may feed more diglycerides into the triglycerides synthesis 

pathway. In order to determine whether the increase in- triglycerides seen in earlier 

experiments was due to a net loss in the synthesis of anionic phospholipids, lipid studies 

were carried out using radio labeled choline that specifically labeled phospholipids with 

choline head groups and exposed for 24 hours to benzoyl peroxide either alone, or in 

combination with ferric chloride. 

The lipids were extracted, separated and counted as described before. The 

synthesis of choline-labeled lipids such as phosphatidylcholine and sphing9myelin did 

not change significantly in either HCP or THP-1 cells when exposed to benzoyl peroxide 

alone or in combination with ferric chloride (2: 1 ). This ratio was previously used by 

Babich et al (1996) to generate free radicals from benzoyl peroxide degradation. The 

phosphatidylcholine accounted for more than 90% of the total choline label whereas 

sphingomyelin content was almost 5%. Thus, the_ increase in triglycerides that was 

observed with benzoyl peroxide in previous experiments was not due to a reduction in the 

synthesis of anionic phospholipids such as phosphatidylcholine or sphingomyelin. There 

may be a net loss of total phospholipids as seen previously with THP-1 cells but the 

individual polar lipids did not change significantly. 
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Lipid turnover in cells exposed to benzoyl peroxide alone or in combination with ferric 

chloride. 

The effects of benzoyl peroxide alone or in combination with ferric chloride on 

lipid synthesis were examined earlier and in order to assess whether benzoyl peroxide 

affected turnover of preforined lipids, the cell lipids were pre-labeled with 14C. acetate for 

24 hours and then treated for 24 hours· ·with benzoyl peroxide alone or in combination 

with ferric chloride. The lipids were then extracted, separated and analyzed as described 
. . 

earlier. The results represent one of two ide~tical experiments. 

The analysis of variance with the Newman-Keuls post-test was performed. The 

level of significance was set at a<0.05. The asterisks(*) indicate statistically significant 

differences as compared to control while the solid line (-) represents lack of significant 

differences amongst sample under the line. 

HCP cells showed significant changes in neutral lipids such as cholesterol and 

triglycerides (Data Figures 8 lA). Phosphatidylcholine increased significantly while 

phosphatidylethanolamine (Data Figures 8 ffi) showed a significant decrease when cells 

were exposed to benzoyl peroxide in combination with ferric chloride (2:1). These 

changed however were not consistent. THP -1 cells, however showed a significant and 

consistent increase in triglyceride and cholesterol ester turnover in benzoyl peroxide and 

benzoyl peroxide combined with ferric chloride samples (Data Figure 811). 

The significant increase in triglyceride levels after 24 hours seen in the turnover 

experiments indicates that their turnover decreased significantly during this period when 

cells were treated with benzoyl peroxide combined with ferric chloride. Our prior lipid 
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synthesis studies showed a consistent increase in triglycerides, and this increase could be 

partially accounted for by this reduced turnover. 



Data Figure 8: I. Lipid turnover in HCP cells exposed to henzovl peroxide(O.lmM) 

with or without ferric chloride (0. 05mM) A. The Data Figureshows the percent total 

turnover of radio labeled cholesterol and triglycerides in HCP cells for control, sub-toxic 

concentration of benzoyl peroxide alone and benzoyl peroxide combined with ferric 

chloride group after 24 hours. B. The Data Figureshows the percent total turnover of 

radio labeled phosphatidylcholine and phosphatidylethanolamine in HCP cells for 

control, benzoyl peroxide (0. hnM) and benzoyl peroxide combined with ferric chloride 

groups. 

II. Lipid turnover in THP-1 cells exposed to benzovl peroxide(O.lmM) with or without 

ferric chloride (0. 05mM) The Data Figure shows percent labeled triglyceride and 

cholesterol esters turnover in THP-1 cells at the end of 24 hours for control, benzoyl 

peroxide and benzoyl peroxide combined with ferric chloride samples. 
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Data Fig 8. Lipid turnover in HCP cells exposed to benzovl peroxide(O.l mM) with or 

without ferric chloride (0. 05mM) 
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Data Fig 8. Lipid turnover in THP-1 cells exposed to benzoyl peroxide(O.lmM) with 

ferric chloride (0.05mM)' 
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Lipid peroxidation in cells exposed to benzoyl peroxide combined with ferric chloride. 

A part of the second aim w~ to study the effects of benzoyl peroxide in 

combination with ferric chloride at near toxic 'concentrations. While the effects of 

benzoyl peroxide in combination ·with ferric chloride at sub-toxic concentration on lipid 

metabolism were studied so far, those effects arising at toxic concentrations such as lipid 

peroxidation and membrane damage were not investigated. In order to determine the 

level of peroxidation taking place in both cell lines the thiobarbituric acid reactive 

substance (TBARS) assay was used. Cells were grown· overnight in 60 trim dishes and 

subsequently exposed to peroxidation-inducing concentrations of benzoyl peroxide in 

combination with ferric chloride· (in the ratio of 2: 1 ), for 2, 4 or 8 hours. The proteins 

were precipitated with trichloracetic acid and thiobarbituric reactive substances were 

allowed to form at 90° C for 30 minutes .. The peroxidation in samples was quantified as 

nniol/ml, using malonaldehyde standards. Results presented are one of three identical 

experiments. 

The analysis of variance was done with the Newman-Keuls post-test comparing 

all pairs of values. The level of significance was set at a<0.05. The asterisks(*) indicate 

statistically significant differences as compared to control groups, and the solid line (-) 

represents lack of significant difference amongst the groups under the line. 

Lipid peroxidation was evident in HCP cells in a dose-dependent and time

dependent manner wherein 1 mM benzoyl peroxide, in combination with ferric chloride, 

formed peroxides at 2 hours (Data Figure 91) while the peroxidation seen with lower 
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concentrations of benzoyl peroxide such as 0.5 mM and 0.25 mM was evident only at 

longer time intervals, such as 4 and 8 ·hours (Data Figure·· 91). the ·level of peroxidation , 

was "'4-5nmols/ml. Benzoyl peroxide by itself did not produce any detectable 

peroxidation (data not shown). The level ofperoxidation was minimal }n control and 0.01 

mM benzoyl peroxide combined with 0.05mM ferric chloride group so it did not show up 

on the bar graph. 

fu THP-1 cells, peroxidation was clearly evident only at 2 hours for 1 mM and 

0.5mM benzoyl peroxide combined with ferric chloride (2: 1 ). Benzoyl peroxide by itself 

did not show any evidence of peroxidation (Data Figure 9 IIA), where as by 4 and 8 

hours time interval, higher peroxide levels in control cultures, as well as higher variations 

amongst benzoyl peroxide combined with ferric chlo~de treatment cul~res made the 

response ofTHP-1 cells insignificant (9 IIA and B). 



Data Figure 9: Lipid peroxidation in HCP cells exposed to benzoyl peroxide with ferric 

chloride I. The Data Figure shows lipid peroxidation levels in HCP cells at two, four and 

eight hours when exposed to different benzoyl peroxide concentrations combined with 

ferric chloride in the ratio of 2: 1. The. level of peroxidation was minimal in control and 

O.linM benzoyl peroxide combined with 0.05mM ferric chloride group so it did not show 

up on the bar graph. 

·II. Lipid peroxidation in THP-1 cells exposed to benzoyl peroxide combined with ferric 

chloride · A. The Data Figure shows lipi~ peroxidation levels in THP-1 cells exposed for 

2 and 4 hours to benzoyl peroxide combined with ferric chloride in a ratio of 2: 1 at both 

the c<;>ncentra~ions i.e. 1 mM and 0.5mM benzoyl peroxide B. The Data Figure shows 

lipid peroxidation in THP-1 cells exposed for 8 hours to benzoyl peroxide (O.lmM) 

combined with ferric chloride (0.05mM). 
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Lipid peroxidation in cells exposed to benzoic acid 

Benzoyl peroxide in combination with ferric chloride induced lipid peroxidation 

in, both' HCP and ~HP-1 cells at 2 hours. The free radicals generated by benzoyl peroxide 

degradation are responsible for peroxidation. As a control it was necessary to determine 

the peroxidation-inducing capacity of benzoic acid, which is the final.degradation product 

of benzoyl peroxide. In order to test this hypothesis, we carried out lipid peroxidation 

assays by growing cells overnight in 60 mm well plates and then exposing them to 

concentrations of benzoic acid that would be present after the degradation of benzoyl 

peroxide at peroxidation-inducing concentrations. 

The analysis of variance was done with the Newman-Keuls post-test comparing 

3:ll pairs of values. The level of significance was set at a<0.05. The asterisks(*) indicate 

statistically significant differences as compared to control groups, and the solid line(-) 

represents lack of significant difference amongst the groups under the line. 

Benzoic acid induced lipid peroxidation at concentration of 2.5 and 5.0 mM; the 

lipid peroxidation levels were around 2.5 nmols/ml as shown in Data Figure 1 OA, these 

were almost half those induced by benzoyl peroxide (--5 nmols/ml) at 1 mM. 

concentration combined with ferric chloride. In THP-1 cells however there was no 

statistically significant difference detectable in the lipid peroxidation levels induced by 
) 

benzoic acid (Data Figure 1 OB) as compared to control cultures. The basal peroxidation 

levels were ,..... 3nmols/ml. 



Data Figurel 0: Lipid peroxidatioti in cells exposed to benzoic acid fo~ 2 hours 
. . 

A. The Data Figure shows lipid peroxidatio~ in HCP cells exposed to different 

concentrations of benzoic acid for two hours. B. The Data Figure shows lipid 

peroxidation in THP-1 cells exposed to different concentrations of benzoic acid for two 

hours. 



A. 

B. 

HCP Cells 

7.5~----------------------~---------r 

E -.!! 
0 
E 5.0 -- - - - - - - -
c 
tn 
0:: 
,:i 2.5 ---------

1 

1-

* 

Treatments in mM 

THP-1 Cells . 

5~------------------------------~ 

E -en 4 
0 

~ 3 
0 

~ 2 
m 

I 

1- 1 

0 

Treatments in mM 

71 

Vert bar= Mean ±SD 
n=3 

Data Fig 10. Lipid peroxidation in cells exposed to benzoic acid for 2 hours 
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Viability of cells exposed to peroxidation-inducing concentrations of benzoyl peroxide 

combined with ferric chloride. 

Lipid peroxidation induced membrane damage ·has been proposed as the 

mechanism of · cytotoxicity of benzoyl peroxide at high peroxidation inducing-

concentrations. In order to investigate whether HCP and THP-1 cells exhibit 

compromised cell survival when exposed to peroxidation-inducing concentrations of 

benzoyl peroxide alone or in combination with ferric chloride, we carried out the MTS 

assay for both cell types. 

The analysis of variance was performed with the Newman-Keuls post-test 

comparing all pairs of columns. The level of significance was set at a<O.OS. The asterisks 

(*) indicate statistically significant differences as compared to control groups and the 

solid line (-) represents lack of s~atistical significance amongst groups included by the 

solid line. 

The viability in response to concentrations of benzoyl peroxide which showed 

significant levels of peroxidation in HCP cells· decreased by about 30%, as seen by the 

optical density values in Data Figure 11 lA. ~ Cells were treated with peroxidation-

inducing concentrations of benzoyl peroxide for 2 hours and then allowed. to recover by 

maintaining them under normal culture conditions for 24 hours in order to determine 

whether the· toxicity induced by benzoyl peroxide was reversible. The extremely low 
. ' 

optical density values for higher peroxidation-inducing concentrations of benzoyl 

peroxide indicated that the toxicity induced by benzoyl peroxide was irreversible and 

independent_ of whether it was combined with ferric chloride, while· the sub-toxic 
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concentration of benzoyl peroxide, either alone or in combination with ferriC( chloride, 

showed a significantly better survival rate (Data Figure 11 ffi). 

In THP~ 1 cells, the peroxidation inducing concentration of benzoyl peroxide 

combined with ferric chloride significantly reduced the optical density (Data Figure 11 
' -

II), while other concentrations of benzoyl peroxide showed a good survival response as 

evidentbyhigher O.D. values. 



Data_ Figure 11: I. Viability of HCP cells exposed to oeroxidation-inducing 

concentrations of benzoyl peroxide combined with ferric chloride A. The pata Figure · 

shows the optical density determined by MTS assay in HCP cell cultures exposed for 2 

hours to peroxidation inducing concentrations of benzoyl peroxide combined with ferric 

chloride as evidenced through MTS assay. 

B. The Data ~igure shows . the optical density values for different concentrations of 

benzoyl peroxide combined with ferric chloride where cells were treated for 2 hours and 

then allowed to recover for 24 hours. Thus the values indicate whether· the toxicity 

induced by benzoyl peroxide was reversible or not. 

II. Viability of THP-1 cells · exposed to peroxidation-inducing concentrations of 

benzoyl peroxide combined with ferric chloride The Data Figure shows the optical 

density values determined by MTS assay for different concentrations of benzoyl peroxide 

combined with ferric. chloride at peroxidation inducing concentrations in THP-1 cells at 

the end of2 hours .. 
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Lipid turnover in cells exposed to peroxidation-inducing concentrations of benzoyl 

peroxide combined with ferric chloride. 

Two-hour exposure 

The mechanism of lipid peroxidation-induced membrane damage is not clearly 

understood. It is possible that peroxi~ation alters the composition of major lipid 

constituents of the membrane, causing membrane damage and changes in permeability. 

In order to observe the levels of individual lipids at peroxidation-iriducing concentrations 

of benzoyl peroxide, lipids were pre-labeled for 24 hours using 14C acetate and cultures 

were then exposed for two hours· to· peroxidation-inducing concentrations of benzoyl 

peroxide in combination with ferric chloride. At the end of two hours the lipid profile was 

analyzed by extracting the lipids, separating them using thin layer chromatography and 

counting them ~sing a liquid scintillation counter. _The results represent one of three 

identical experiments. 

The analysis of variance was performed with the Newman-Keuls post-test 

comparing all pairs of columns. The level of significance was set at a<O.OS. The asterisks 

(*)indicate statistically significant differences as compared to control groups and the 

solid line (-·) represent lack of statistical significance amongst groups included by the 

solid line. 

HCP cells did not show any consistently significant changes in maJor neutral 

lipids, although Data Figure 12A (triglyceride and fatty acids) demonstrated the nature of 

changes where they did occur. THP-1 cells showed a significant increase in triglycerides, 
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reduction in fatty acids, and about a two-fold decrease in cholesterol when exposed to 

benzoyl peroxide or benzoyl peroxide combined with ferric chloride (Data Figurcl12B). 

In neither cell types were these changes in polar lipids, such as phosphatidylcholine, 

sphingomyelin or phosphatidylethanolamine, in the presence of benzoyl peroxide or 

benzoyl peroxide significant (not shown). · 



Data Figure 12: Lipid levels in cells after 2 hours exposure to benzovl peroxide with or 

without ferric chloride·;~ cells pre-labeled with 14C acetate A~ .. The Data ,Figure sho~s 
: , .. · 

percent total radio labeled diglycerides, fatty acids and triglycerides for control, 0.5~ 

benzoyl peroxide & benzoyl peroxide combined with ferric chloride treated samples· in 

HCP cells. 

B. THP-1 Cells The Data Figure shows percent total radio labeled triglycerides, 

cholesterol and fatty acids in THP-1 cells for control, 0.5mM benzoyl peroxide and 

benzoyl peroxide combined with ferric chloride cultures. 
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Data Fig 12. Lipid levels in cells after 2 hours exposure to benzovl peroxide· (0.5mM) 

with or without fe~ric chloride (0.25mM) in cells prelabeled with 14 C acetate 
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Lipid turnover in cells exposed to peroxidation~inducing concentrations off benzoyl 

peroxide alone or in combination with ferric chloride during the time when p~roxides 

are forming 

Forty minute_ exposure 

Lipid peroxidation was associated with reduced cell viability,. therefore it was 

possible that the changes in lipid profiles when peroxides had already formed at the 

longer time point (2 hours) may be missed or not adequately determined due to reduced 

cell viability. Thus we carried out experiments at 40 minutes, when peroxides are still 

forming. Lipids were pre-labeled for 24 hours and then exposed to benzoyl peroxide with 

or without ferric chloride for 40 minutes: The lipids · were extracted, separated and 

analyzed as described before. The results represent one of three. identical experiments. 

The analysis of variance was performed with the Newman-Keuls post-test 

comparing all pairs of columns. The level of significance was set at a<0.05. The asterisks 

(*)indicate statistically significant differences as compared to control groups and the 

solid line (-) represents lack of statisti~al significance amongst groups included by the 

solid line. 

HCP cells did not show any significant change in either neutral or polar lipidS at 

the 40 minutes time interval (Data Figure 13A). THP-1 cells in the pres~nce, of benzoyl 

peroxide, alone and in combination with ferric chloride, showed a statistically significant 

increase in triglyceride levels (Data Figure 13B) as compared to control groups. The 

reduction in fatty acids' seen with benzoyl peroxide alone or in combination with ferric 
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chloride (Data Figure 13A and B) even though detectable in both HCP and THP-1 cells, 

was neither significant not consistent. 



Data Figure 13: Lipid levels in cells exposed to benzoyl peroxide with or without ferric 

chloride after 40 minutes exposure A. The Data Figure shows fatty acids and 

triglycerides turnover in HCP cells treated with peroxidation inducing concentration of 

benzoyl peroxide alone or in combination with ferric chloride for 40 minutes· B. The Data 

Figure shows triglycerides and ·fatty acids . turnover in THP-1 cells treated with 

peroxidation-inducing concentration of benzoyl peroxide alone or in combination with 

ferric chloride. 
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Toxicity of benzoyl peroxide for HCP and THP-1 cells at 20 and 40 minutes 

In order to assess the toxicity of benzoyl peroxide at. shorter time interval cells 

were exposed to toxic concentrations of benzoyl peroxide for 20 & 40. minutes and the 

MTS assay was _performed. Cells were plated overnight and treated with high 

concentrations of benzoyl peroxide and the MTS assay was performed at the end of 40 

minutes. The results represent one of two .identical experiments. 

The analysis of variance was performed with the Newman-Keuls post-test 

comparing all pairs of colrilnns. The level of significance was set at a<O.OS. The asterisks 

(*) indicate statistically significant differences as compared to control groups and the 

solid line (-) represent lack of statistical significance amongst groups included by the 

solid line. 

In HCP cells all concentrations of benzoyl peroxide except 0.1 mM, reduced the 

cell viability significantly after 20 and 40 minutes (Data Figure 14A). THP-1 cells 
r 

showed a similar response at 20 and 40 minutes (Data Figure 14B) except that the optical 

density values were comparatively higher for all concentrations, indicating a better 

survival response as compared to HCP cells. 



Data Fig~re.14: MTS assav for higher benzovl peroxide concentrations aft~r 20 and 40 

minutes A. The Data Figure shows the optical density values of cultures ofHCP cells 

exposed to different concentrations of benzoyl peroxide, as assayed by the MTS assay .. B. 

The Data Figure shows the optical density values of cultures of THP-1 cells exposed to 

different concentrations of benzoyl peroxide, as assayed by the MTS assay. 
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Data Fig 14. MTS assay for higher benzoyl peroxide concentrations after 20 and 40 

minutes incubation 
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·High dose, short-term bolus effect of benzoyl peroxide after- 40 minutes exposure 

In orde~ to investigate high dose short term effects of benzoyl peroxide oh already 

synthesized major lipids after a short duration of time i.e. 40 minutes, lipids were pre

labeled lipids using 14C acetate and then exposed them to medium containing 0.25 or 

0.5mM benzoyl peroxide. Lipids were extracted, separated and counted using a liquid 

scintillation counter as described before. The data represents one of three, identical 

experiments. 

The analysis of variance was performed with the Newman-Keuls post-test 

comparing all pairs of columns. The level of significance was set at a<0.05. The asterisks . 

(*) indicate statistically significant differences as compared to control groups and the 

solid line (-) represent lack of statistical significance amongst groups included by the 

solid line. 

Neither HCP nor THP-1 cells showed any significant change in either,neutral or 

polar lipids exc·ept an increase in triglycerldes in THP-1 cells (Data Figure 15). Thus the 

lack of changes in major lipids in both HCP and THP-1 cells with toxic doses of benzoyl 

peroxide suggested that the mechanism of acute toxicity of benzoyl peroxide was 

independent of changes in major lipids of cells. 



Data Figure 15: High dose short-term bolus effects o(benzovl peroxide (mM) in THP-

1 cells after 40 minutes exposure The Data Figure shows the percent radio labeled values 

for triglycerides in THP-1 cells treated with 0.25mM & 0.5mM benzoyl peroxide. 
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Inhibitory concentrations of camphorquinone in HCP and THP-1 cells after 24 hours 
- I 

Specific aim one included the study of effects of sub-toxic concen~ations of 

camphorquinone on cell lipid metabolism. Camphorquinone is an initiator used. in visible 

light polymerized resins and is analogous in many ways to benzoyl peroxide. In order to 

determine the toxicity of camphorquinone, HCP and THP-1 cells were exposed to 

camphorquinone concentrations in the range of 1 mM to 0.005 mM in 96-wellplates for 

24 hours. The optical density for each treatment group was measured using· the MTS 

assay after 24 hours incubation. The results represent one of three identical experiments. 

The analysis of variance was performed with the Newman-Keuls post-test 

comparing all pairs of columns. The level of significance was set at a<0.05. The asterisks 

(*)indicate statistically significant differences as compared to control .groups and the 

solid line (-) represents lack .of statistical significan~e amongst groups include~_by the 

solid line. 

A concentration of 0.5 mM camphorquinone was non-inhibitory for .both HCP 

and THP-1cells (Data Figures 16A and B). Higher concentration (1. mM) of 

camphorquinone reduced the optical density in HCP cells significantly but in THP-1 cells 

this concentration was minimally inhibitory. All other concentrations lower than 0.5 mM 

camphorquinone did not alter the cytotoxicity as shown by the optical density values. 
I 



Data Figure 16: Inhibitory effects of camphorqu_inone in. cells A. The ; Data Figure 

shows optic~l density.values for different concentrations of camphorquinone in HCP cells 
' < 

at the end of 24 hours as seen by MTS assay B. The Data Figure show~ o~tical density 

values for different concentrations of camphorqu~none in THP-1 cells at the end of 24 
' . ! 

hours as determined by MTS assay. 
-. -

•: 
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Data Fig 16. Inhibitory effects of camphorquinone in cells 



88 

Lipid synthesis in cells exposed to sub-toxic concentrations of camphorquinone j 

' 

HCP and THP-1 cells were plated in 100 mm dishes overnight, then exJosed to 

medium containing sub-toxic concentrations of camphorquinone and 14C acetat~ for 24 

hours. Lipids were extracted, separated and counted using a liquid scintillation counter. 

The analysis ofv~t;iance was performed with the Newman-Keuls post-test 

comparing all pairs of columns. The level of significance was set at a<0.05. The asterisks 

(*) indicate statistically significant differences as compared to control groups and the 

solid line (-) represents lack of statistical significance amongst groups included by the 

solid line. 

, HCP cells showed consistent increases in triglycerides, amongst the neutral lipids 

and consistent reduction in sphingomyelin amongst polar lipids (Data Figuresl 7 I). In 
I 

THP-1 cells, triglycerides increase was two-fold and the total phospholipids levels were 

reduced significantly (Data Figure 17 IIA). THP-1 cells also showed a two~ fold jncrease 

in cholesterol combined with three-fold increase in cholesterol esters (Data figure17 

liB). Amongst polar .lipids phosphatidylethanolamine decreased significantly while 

sphingomyelin increased significantly (Data Figure 17 IIC). Thus, increase in 

triglycerides was consistent for both the cell types; sphingomyelin changes were the. 

opposite of each other. THP-1 cell showed some additional changes in both rieutral as 

well as polar lipids. 



Data Figure 17: Lipid svnthesis in cells exposed to 0.5mM camphorquinon~ I. The. 

Data Figure shows sphingomyelin (SPH) and triglycerides {TG) synthesis in HCP cells 

exposed to a minimally inhibitory concentration of camphorquinone (0.5 mM) 

II. Lipid experiments in THP-1 cells when exposed to 0.5mM camphorquinone 

A. The Data Figure shows triglycerides {TG) and phospholipids (PL) in THP-1 cells 

exposed to a minimally inhibitory cohcentrati6i\ of cainphorquinone (0.5 mM) B. The 

Data'Figure shows the percent labeled cholesterol and cholesterol esters in THP-1 cells 
. . . 

exposed to sub-toxic concentration of camphorquinone C. The Data Figure shows the 

percent radio labeled sphingomyelin (~ph) and<phosphatidylethanolamine (PE) in THP-1 

cells exposed to 0.5 mM camphorquinone. 
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Standardization for using visible light instrument 

Visible light is used to activate camphorquinone in the light polymerized resins. 
~ 

Camphorquinone generates free radicals upon activation by visible light (4~0-470nm) 

and that . initiates polymerization. A light-curing unit was used to activate 

camphorquinone and initial studies were conducted to standardize the visible light-curing 

unit so that certain parameters such as the spectral irradiance delivered during irradiation 

of every sample remained constant for all experiments. The effects of the neutral density 

filter and the distance between the light. source and the tissue culture samples to be 

irradiated were studied on spectral irradiance in order to standardize the_ light for 

subsequent studies and account for any variati<:>ns amongst different experimen~s. Studies 

were also carried out under different tissue cultUre conditions to observe whether the use 
. ' 

of medium, cells and different concentrations of camphorquinone would alter the amount 

of spectral irradiance delivered to them. 

Light standardization results 

The spectral flux changed decreased from 9m W /nm (Fig 18A) . when the 

spectrometer sphere was held at the tip of light bulb to 5m W /nm (Fig 18C) wh~n the light 
! 

was at a distance of 11.5mm. The use of a neutral density filter (54%) decreased the 

spectral flux by 50% from 9 mw/nm to 5 mw/nm (Fig 18A and lSB). The spectral flux 

value under our ·experimental condition is 3mW/nm (Fig 18D) where the neu~ral density 

filter was used and the light was held at 11.5mm from the spectrometer sphere used for 

. ' 

measuring the flux. The spectral flux changes decreases with the use of thei filter. The 
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filter used was a neutral density filter (54%) reduced the value of spectral irradiance by 

one half(Data Figure 18B and Data Figure 18D). 

The results demonstrated that the spectral irradiance was significantly re4uced 

when culture medium was in the plate (207 .6m W) as opposed to when phosphate

buffered solution (277 .2) or empty plate (236.9) was used as shown in table 2. This may 

have been due to the proteins and other molecules in the medium diffracting and 

absorbing the light as it passes through it. The spectral irradiance decreased as the 

number of cells suspended increased (lx106 C~lls- 296.1; 8x106 Cells- 224.6). The 

spectral irradiance decreased with an increase in the concentration of camphorquinone. 

(1.0 mM Camph -259.3; 2.5 mM Camph- 246.2). 



TABLE2 

Spectral Flux Measurements for different tissue culture conditions 

Results 

Samples Spectral irradiance StdDev 

(mW/cm2
) 

Empty plate 236.9 1.5 

PBS 277.2 5.0 

Medium 207.6 1.1 

lx106 Cells 296.1 0,8 

4x 106 Cells 271.5 1.2 

8x106 Cells 224.6 3.0 

1.0mMCamph 259.3 2.4 

2.5 MmCamph 246.2 1.9 
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Data Figure 18: Light characterization results A. Spectral Flux at tip ~nd without 
I 

_filter B. Spectral Flux with 54.M%filter at tip end C. Spectral flux at ll.Stpm distance 

w/o filter D. Spectral Flux using filter at 11.5mm distance 
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Lipid synthesis in cells exposed to irradiated camphorquinone 

The effects of sub-toxic concentrations of camphorquinone on the lipid &ynthesis 

in both HCP and THP-1 cells were studied earlier as part of ·specific aim one. , Specific 

aim two was directed at studying the effects· of irradiated camphorquinone on ~ell lipid 

metabolism because generally camphorquinone is irradiated with light to release free 
. . 

radicals that initiate polymerization. A high concentration (1 0 mM) was irradiated with 

visible-light and then exposed to HCP and THP-1 cell cultures containing 14C acetate, 

· such that the final camphorquinone concentration was 0.5mM. The cells were incubated 

for 24 hours and then lipids were extracted, separated and analyzed by counting them in a 

liquid scintillation counter as described before. The results represent one of two identical 

experiments. 

The analysis of variance was performed with the Newman-Keuls post-test 

comparing all pairs of columns. The level of significance was set at a<0.05. The asterisks 

(*)indicate statistically significant differences as compared to control groups and the 

solid line (-) represent lack of statistical significance amongst groups included by the 

solid line. 

HCP cells showed a reduction in total phospholipids (Data Figure: 19 lA) for 

camphorquinone both with or without light. Amongst polar lipids only sphingomyelin 

showed a consistent reduction in synthesis for camphorquinone-treated cul~ures with or 

witho~t light (Data Figure 19 IA). Amongst neutral lipids there was a two-fold increase 

in triglycerides and sterol precursors and a significant increase in digly~erides (Data 

Figure 19ffi) upon exposure to camphorquinone with or without light. : THP-1 cells 
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. . , . I 
showed· a consistent reduction in synthesis for. c~phorquinone-tre~te(l c~ltures "tith or . 

without light (Data Figure 19 lA). Amongst neutral lipids there was a two-fold Jcrease 
- . I 

. . I 
in triglycerides and. sterol precursors and a: significant. increase in diglyceridesj (Data 

' ! 

Figure 19ffi) upon exposirre to camphorquinone with or without' light. THP-i cells 
. • . . ·. I 

. • I 

showed major changes in neutral lipids such as a two-fold reduction in the synthesis of 
I 

fatty acid methyl esters, a two-fold increase in cholesterol synthesis, along with :a five

fold increase ·in cholesterol esters; when treated with camphorquinone alone_ oi when 

irradiated with light. Thus, the increase in triglycerides and a decrease in sphingomyelin 

were the consistent changes seen ·in HCP ceils when exposed to sub-toxic 

camphorquinone concentrations even in the absence of light. For THP-1 cells t~e three 

fold increase in cholesterol along with the five fold increase in cholesterol esters ~ere the 

consistent changes seen in previous set of experiments· with sub-toxic camphorquinone 

concentrations without light (Data Figure 19II). 



i 
Data Figur~ 19: I. Lipid svnthesis in HCP cells exposed to irradiated caniphorquinone 

, I 

A. The Data Figure shows percent radio labeled phospholipids and triglyc~rides in HCP . 
I 

cells exposed to camphorquinone (O.SmM) alone or when irradiated with light for 24 
. i 

hours 

II. Lipid svnthesis in THP-1 cells exposed to irradiated camphorquinone , 

A. The Data Figure shows percent radio labeled diglycerides, sterol precursors and 

sphingomyelin in THP-1 cells exposed to camphorquinone (0.5mM) alone or when 

irradiated with light for 24 hours. B. The Data Figuresho.ws the fatty acid methyl esters, 

cholesterol and cholesterol esters synthesized in THP-1 cells when exposed to cultur~s 

with 0.5mM camphorquinone alone or irradiated with visible light compared to control 

cultures. 

'· I 
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Lipid peroxidation assays in cells exposed to camphorquinone or DMAEM{l alone, or 

in combination with each other and with light 

In light polymerized resins camphorquinone, upon irradiation with light, is 

activated to generate free radicals. This process is enhanced in the presence of 

DMAEMA, which readily abstracts hydrogen atoms, generating· free radicals that initiate 

the polymerization. We wanted to investigate the peroxidation-inducing capacity of the 
" " ' • I 

individual components· of the light polymerized. ~esins that participate in initiating 

polymerization, namely camphorquinone or DMAEMA alone or in combination with 

each other and by irradiating with light, as occurs in the clinical situation. 

Cells were grown overnight in 60mm dishes and exposed to different 

concentrations of camphorquinone, DMAEMA, or .the two combined :at various . \ 

concentrations, in combination with light. Lipid peroxidation was measured after 40 

minutes using the T-BARS assay as described earlier. The results represent one of three 

identical experiments. 

The analysis of variance was performed with· the Newman-Keuls post-test 

. comparing all pairs of values. The level of significance was set at a.<0.05. The asterisks 

(*) indicate statistically significant difference as compared to control groups ~d the solid 

line (-) indic~tes lack of significance amongst samples under the line. 

Camphorquinone 

In order to determine the peroxidation-inducing ability of campho~qu~one alone, 
I 

camphorquinone in the range of 1.0 mM-7.5 mM was used and lipid peroxidation assay 
i 

was performed as described earlier. Camphorquinone induced statistically :significant 
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. i 

was performed as described earlier. Camphorquinone induced statistically sighificant 
I 

. . i 

peroxidation only at 5.0 mM and 7.5 mM camphorquinone in HCP cells (Dataj Figure 

20A). The level of peroxidation was 1-1.5 nmols/ml. The peroxidation levels in I control 

samples of HCP cells were minimal and did not show on the bar graph. The T~-1 cells 

showed higher basal peroxidation levels of about 2-3 nmols/ml but different 

camphorquinone concentrations did not induce statistically significant peroxidation as 

compared to control groups (pata Figure 20B). 

DMAEMA 

In order to determine the peroxidation- inducing capacity of DMAEMt alone, 

DMAEMA in the range of 0.05% _- 0.5%_ was used to treat the cells for 40 minutes~ HCP 

cells showed a significantly higher lipid peroxidation level when exposed to 0.5% 

DMAEMA, whereas lower concentrations did not induce significant peroxidation (Data 

Figure21A). THP-1 cells did not show any significant change in peroxidation for either 

I 
concentration ofDMAEMA (Data Figure 21B). The results represent one of two identical 

experiments. 

Lipid peroxidation in cells exposed to irradiated camphorquinone 

In ·order to study the effects of visible light on peroxidation-inducing capacity of 
• . I 

i 
camphorquinone~ camphorquinone was activated using visible light (460-470111f) and at 

i 

the intensity of 600mw/cm2in the presence of HCP or THP-1 cells in 24-well plates for 
. I 

I 

80 second~ and then assessed for lipid peroxidation ~fter 40 minutes using the J'-BARS 
i 

·assay, as described earlier. Initial studies were done to observe the effect of! light on· 



102 
i . 

l 

peroxidation. Light did not induce any significant difference as compared. to control 

groups (data not shown). 

HCP and THP-1 cells showed significant peroxidation in 2.5 mM and S.OmM 

camphorquinone treated samples as compared to control groups (Data Figure 22 A and 

B) and activation with light did not change its capacity to induce lipid peroxidation. 

Lipid peroxidation experiments in HCP & THP-1 cells with camphorquinone, 

DMAEMA and light. 

Light cured resins are polymerized upon exposure to visible light, which activates 

camphorquinone. Camphorquinone when activated readily abstracts hydrogen atoms 

from DMAEMA, thus releasing radicals and initiating polymerization~ If tree radicals 

were generated under our tissue culture conditions, they would form reactive oxygen 

species after reacting with .oxygen. These reactive oxygen species would react with 

unsaturated lipids eventually forming lipid peroxides. In order to determine the lipid 

peroxidation- inducing capacity of camphorquinone in combination with ~MAEMA 

alone or with light, we used camphorquinone with DMAEMA; then exposed them to 

visible light for 80 seconds and incubated for 40 minutes. Lipid peroxi~ation was 

measured as nmols/ml ofT -BARS formed .. The results represent data from one of three 

identical experiments. 

In HCP cells, DMAEMA (0.25%) induced significant peroxidation along with 

. • I 

camphorquinone at all concentrations (Data Figures 23A) of camphorquinone except at 

7.5 mM, where there was no significant change obs~rved compared to controls~ 
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At concentration of0.5% DMAEMA, however, there was significant peroxidation 

at any camphorquinone concentrations (Data Figures 24A). Addition of light further 
! 

enhanced peroxidation for all concentrations of camphorquinone when combined with 

DMAEMA at either 0.25% (Data Figures 24A) or at 0.5% concentrations (Data Figures 

25A). The amounts of peroxides increased with increasing camphorquinone 

concentrations, from 2 nmols/ml at 2.5 mM camphorquinone to 4nmoVml at 7.5mM 

camphorquinone. 

THP-1 cells did not show any detectable peroxidation at 2.5 mM camphorquinone 

(Data Figure24B) alone or in combination with DMAEMA at either 0.25% (Pata Figure 

24B) or 0.5% (Data Figure 25B). Addition of DMAEMA at 0.25% or 0.5% induced 

peroxidation only at 5.0 mM camphorquinone (Data Figures 24B & 25B). There was a 

significant reduction in per<? xi dation at 7.5 mM camphorquinone COJ?-Centratio~ combined 

with DMAEMA at 0.25% (Data Figure24B) but not at 0.5% (Data Figure 25B). 

Camphorquinone at 5.0 mM and 7.5 mM concentrations combined with either at 0.25% 

(Data Figures 24B) or 0.5% DMAEMA (Data Figures 25B) concentratio~s induced 

significant peroxidation, to the tune of about 

4 nmols/ml. 
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Data Figure· 20: Lipid peroxidation with different camphorquinone concentrations A. 

The Data Figure shows lipid peroxidation levels in :f!CP cells when exposeq to different 
• . I 

I 
• I 

concentrations of camphorquinone (l.OmM:-7.5mM) B. The Data Figureshows lipid 

peroxidation levels in THP-1 ·cells when exposed to different concentrations of 

camphorquinone (lmiy.l-7.5mM). 
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Data Figure 21: Lipid peroxidation in response to different DMAEMA concentrations 

A. The Data Figure shows concentration of lipid peroxidation formed in 'HCP cells for 

different concentrations of DMAEMA B. The Data Figure shows concentration of lipid 

peroxidation in THP-1 cells for different DMAEMA concentrations. 
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Data Figure 22:· Lipid peroxidation in cells exposed to camphorquinone i~radiated with 

light (or 40 minutes A. The Data Figure shows lipid peroxidation in HCP cells when 

exposed to 2.5 and 5mM camphorquinone concentrations alone or when irradiated with 

light B. The Data Figure shows lipid peroxidation in THP-1 cells when exposed to 2.5 

and 5mM camphorquinone alone or when irradiated with light 
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Data Figure 23: Lipid peroxidation in cells exposed to caniphorquinone, 0.25% 
l 
I 

DMAEMA a~d light A. The Data Figure shows lipid peroxidation in HCP cells exposed 

to different :concentrations of camphorquinone (2.5;, 5.0 and 7.5mM) alone, in 
• I • ~ t • i 
. '·. . . . . .. i 

. combination with light, with ·_DMAEMA · or with· DMAEMA :& light in! HCP cells. 
I 

t 

Control, 2.5niM camphorquinone alone or in combination with light did not induce any 

quantifiable peroxidation to be evident on the bar graph B. The Data Figure shows lipid 

peroxidation for different concentrations of camphorquinone (2.5, 5.0 and 7.5mM) alone, 

·in combination with light, with DMAEMA or with DMAEMA & light for THP-1 cells. 

Control, 2.5mM camphorquinone alon~ or in combination with .light did not induce any 

quantifiable peroxidation to be evident on the bar graph. 

.. 

I 
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Data Figure 24: Lipid peroxidation in cells exposed to camphorquinone, 0.5% 

DMAEMA and light A. The Data Figure shows lipid peroxidation values in HCP cells 

when exposed to 2.5mM camphorquinone alone or in combination with light, in 

combination with DMAEMA (0.5%) alone or with light B. The Data Figure shows lipid 

peroxidation values in THP-1 cells when exposed to 2.5mM camphorquinone alone or in 

combination with light, in combination with DMA.EMA (0.5%) alone or with light. 
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Ceramide levels in cells exposed to sub-toxic concentrations of benzoyl peroxide 

Ceramide is a lipid second messenger, generated from sphingomyelin hydrolysis 

in ~esponse to various extelJlal stimuli such as oxidative stress and cytokine activation. 

Ceramide is a key messenger molecule in cellular signaling in apop~osis and is known to 

cause activation of downstream molequles such as kinases or phosph.atases. We wanted to 

investigate whether benzoyl peroxide at sub-toxic concentrations were able to induce 

activation of this messenger molecule. In order to test this, cultures of HCP or THP-1 

cells were grown in 1 OOmm dishes overnight, then the cells were exposed to a sub-toxic 

. concentration (0.1 mM), of benzoyl peroxide for 10 min, 1 hour, 6 hours and 24 hours. 

Ceramides were extracted using chloroform: methanol and neuttallipids were filtered out 

. using a Sephadex-20 column. The extracted lipids were separated using .chloroform: 

acetic acid. The lipids were visualized by cupric acetate staining and identified using . 

standards~ The ceramides were quantitated as % adjusted volume of ceramide using a 

densitometer. The results represent data of one of three identical experiments. 

The analysis of variance was performed with the Newman-Keuls post-test 

comparing all pairs of values. The level of significance was set at a.<0.05. The asterisks 

(*) indicate statistical significance as compared to control groups and the solid line (-) 

indicates lack of significance amongst samples included by the line. 

The treatment/control ratio of ceramide was found to be less than 1 at ·the 10 

minutes time point in both HCP and THP-1 cells (Data Figures 25A & B) indicating a 

reduction in ceramide levels on exposure to benzoyl peroxide. The ·ratio, however, 

increased at 24 hours and was greater than 1 for both HCP and THP-1 cells. The 
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significant difference in the ratio at 6 hours interval for THP-1 cells was not found to be 

consistent (Data Figure 25B). This could be either due to an increase in ceramide levels 

in benzoyl peroxide treated groups or a reduction in ceramides in control groups. The 

ceramide levels in treatment groups did not show any change from 10 minutes to 24 

hours time interval (data not shown). However when the control levels w.ere compared, 

the ceramide levels appeared to be reduced in the interval from 10 ·minutes to 24 hours in 

both HCP as well as THP-1cells (Data Figures 26A & 26B). This lack of significant 

difference between ceramide levels at 10 minutes, 1 hour, 6 hours and 24 hours is due to 

· high variation in the individual groups. Thus, it would appear that benzoyl peroxide does 

affect ceramide levels soon after exposure and over a 24 hours period but in the interval, 

the detectable changes were in consistent. The results represent data of one of three 

identical experiments. 



Data Figure 25: Treatment to control ratio o(ceramides in cells exposed to benzoyl 

peroxide A.·.The Data Figure shows treatment to control ratios of percent adjusted 

volume of ceramides at 10 minutes, 1 hour, 6 hours and 24 hour~ in HCP cells exposed to 

sub-toxic concentrations of benzoyl peroxide (0.1mM) B. The Data Figure shows 

treatment to control ratios of percent adjusted volume of ceramides at 10 minutes, l hour, 

6 hours and 24 hours in THP-1 cells exposed to sub-toxic concentrations of benzoyl 

peroxide (O.lmM). 
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Data Figure 26: Normal ceramide turnover in cells A. The Data Figure represents the 

ceramide levels as% adjusted volume in control groups ofHCP cells at 10 minutes, 1 

hour, 5 hours and 24 hours B. The Data Figure represents the ceramide levels as % 

adjusted volume in control groups ofTHP-1 cells at 10 minutes, 1 hour, 5 hours and 24. 
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DNA fragmentation in HCP and THP-1 cells exposed to a sub-toxic concentration of 

benzovl peroxide. 

In order to determine whether sub-toxic concentrations of benzoyl peroxide 

induce apoptosis in HCP and THP-1 cells, DNA fragmentation assay was performed. 

Cells were treated in 60mm2 dishes for 24 hours to sub-toxic concentrations of benzoyl 

peroxide alone or in combination with ferric chloride. Gallic acid was used as a positive 

control. Cells were harvested and DNA was extracted using chloroform and buffer 

saturated phenol method. Gel electrophoresis was used to· separate DNA fragments on 

2% agarose gel. The results represent one of three identical experiments. 

The DNA fragmentation assay showed evidence of fragmentation for THP-1 cells 

when they were exposed to a sub-toxic concentration (-0.1 mM) of benzoyl peroxide 

(photograph 3B). Higher concentration of benzoyl peroxide (-0.2mM) did not show any 

evidence of fragmentation. When benzoyl peroxide was combined with ferric chloride, 

where its degradation was enhanced, there was no· detectable fragmentation. Gallic acid 

was used as a positive c?ntrol (0.2mM-0.5mM) for THP-1 as described before. However 

0.2mM gallic acid did not show any evidence of producing fragmentation. Samples using 

0.5mM gallic acid showed a diffuse lane where individual DNA bands were not clearly 

evident. HCP cells did show evidence of DNA fragmentation, however the fragments 

were not clearly seen as in case of THP-1 (photograph 3B). The bands appeared more 

diffuse and were not clearly separated from each-other. A sub-toxic concentration (-0.1 

mM) did show evidence of fragmentation, however the findings were not consistent. 
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Similarly when benzoyl peroxide was combined with ferric chloride, DNA fragmentation 

was not clearly evident and consistent. 



Photogr'!-ph 3. DNA fragmentation assav in cells exposed to sub-toxic concentration of 

benzovl .peroxide A. The photograph shows picture of agarose gel showing DNA 

fragmentation assay for HCP cells showing standards for 123bp in lane 1, control in lane 

2, O.lmM benzoyl peroxide in lane 3, 0.2mM benzoyl peroxide in lane 4, blank in lane 5, 

benzoyl peroxide combined with ferric chloride in lane 6, 0.2Mm gallic acid in lane 7 and 

0.5Mm gallic acid in l~e 8 treated for 24 hours. The evidence of bands or fragments 

corresponding to the standard .lane indicates DNA fragmentation. 

B. The Data Figure shows picture of agarose gel showing DNA fragmentation assay for 

THP-1 cells showing standards of 123bp ·in lane 1, control in l~e 2, O.lmM benzoyl · 

peroxide in lane 3, 0.2mM benzoyl peroxide in lane-~4,blank in lane 5, benzoyl peroxide 

combined with ferric chloride in lane 6, 0.2Mm gallic acid in lane 7 and 0_~5Mm gallic 

acid in lane 8 treated for 24 hours. The evidence of bands or fragments corresponding to 

the standard lane indicates DNA fragmentation. 
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Photograph 3. DNA fragmentation assay in cells exposed to sub-toxic· 

concentration of benzoyl peroxide 



DISCUSSION 

The purpose of the current study was to investigate the effects of :benzoyl 

peroxide and camphorquinone, initiators of polymerization, on cell lipid metabolism. The 

effects of sub-toxic and radical-inducing concentrations of these initiators on, cell lipid 

metabolism, cellular growth and survival were examined in two different cell types, HCP 
! 

and THP-1 cells. 

Effects of sub-toxic concentrations of benzoyl peroxide 

The first aim was to study the effects of sub-toxic concentrations of benzoyl peroxide and 

camphorquinone on cell lipid me~abolism. 

MTSAssay 

The mitochondrial dehydrogenase activity assay {MTS) assay was performed in 

order to determine an i~ibitory or a sub-toxic concentration of benzoyl peroxide for both 

HCP ·~d THP-1 cells used in ·the current study. This assay has been widely used to 

measure cell viability and cytotoxicity of cells in response to different dental materials 

(Schuster et al, 1p94). Both cell types showed a variable degree of response and a 0.1mM . 

benzoyl peroxide concentration was considered sub-toxic for· both cell types because, 

I 

although this concentration reduced the cellular viability after 24 hours in botq cell types, 

it did not induce an acute toxic response. 

116 
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Lipid Synthesis Assay 

The sub-toxic concentration of benzoyl peroxide (O.lmM) altered t~e lipid 

synthesis of some major neutral lipids, namely triglycerides and cholesterol in; THP-1 
I 
I . 

cells. The triglyceride synthesis was significantly increased while the synthesis of 
I 

cholesterol was reduced in these cells. HCP cells also showed a tendency ;towards 

triglycerides increase but this was not consistently significant. Amongst polar lipids, only 

phosphatidyl-ethanolamine (PE) synthesis was decreased in HCP cells, other. polar lipids 
I 

not being affected in either cell types. Thus, benzoyl peroxide was able to exert some 
I 

influence upon lipid synthesis in both HCP and THP-1 cells at a sub-toxic conc~ntration, 
I 

but the degree of response was variable according to the cell type. The lack ·of cbanges in 

major polar lipids that form the major lipid backbone of cell membranes: such as 

phqsphatidylcholine, sphingomyelin and phosphatidylinositol was however un~xpected. 

Given that earlier studies suggest that benzoyl peroxide disrupts membranes (fujisawa, 

1986), it was predicted that such a disruption would alter major lipid components of the 

cells. 

The significant reduction in p4osphatidylethanolamine synthesis in HCP cells was 

associated with a tendency towards increased triglyceride levels~ This could be aue either 

to an inhibition of its (PE) synthesis or to increased breakdown to diglycerides by 
1 

. phospholipase C. These diglycerides would then convert into triglycerides by the activity 

of diglyceride acyl transferase (DGAT). A similar reduction in phosphatidylet~anolamine 
! 

. - - I 

was also observed after 40 minutes exposure in THP-1 cells, during lipid turnoyer studies 
I 

using a higher concentration (0.5mM) of benzoyl peroxide. 
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The change in triglycerides in TI{P-1 cells reinforced the findings in HOP cells. 
I 

I 

Triglycerides consist of a glycerol backbone with three attached fatty acids 
1

8nd are 

important for storage for free ·.fatty acids (Van Golde et al, 19S2). lncr~ases in 
! 

triglycerides is considered a hallmark of injury response of cells since in vivo a~ well as 

in vitro studies have reported increased triglycerides in response to ethanol treatment. As 

suggested, triglycerides elevation was due to increased uptake and esterification of fatty 

acids associated with activity of diacylglycerol acyl transferase (DGAT) · ~ enzyme 

(Goldberg et al). Diglycerides acyl transferase is the only enzyme exclusively in~olved in 

the synthesis of triglycerides and its activity is regulated by treatment with f~tty acids 
I 

(palmitate and oleate) and also by phosphorylation-desphosphorylation mechani~ms (Van 

Golde et al, 1982, Maziere J. C. et al, 1986). The increased triglycerides in re~ponse to 
i 

benzoyl peroxide could be a similar injury type response with enhanced DGAT enzyme 

activity. The activity of this enzyme was not measured directly. Benzoyl : pero~ide 

treatment also might have induced a redox shift wherein fatty acids are shunted into the 

glycerol-3-phosphate pathway, leading to triglycerides accumulation. Th~ role of 

triglycerides especially those formed by acylation of diglycerides by DGA;I', in cell 
I 

signaling is not yet clearly understood. One study by Maury et al (2000) showed that 

triglycerides generated via a· PE- specific phospholipase C, were associated with 

inhibition of L-type of calcium channel. This inhibition was specific for triglycerides and 

not induced by its precursors such as diglycerides or fatty acids. 
I 

- I 

Furthermore, turnover of triglycerides in THP-1 cells was significantly /reduced as 
! 
I 

indicated by their increased levels following 24 hours benzoyl peroxide treat~ent. Thus, · 

the . triglycerides increase observed in the synthesis . experiments could also partially 

• I 
I 
I 
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accoooted for by their reduced turnover related to the activity of lipases, which can 
I 

I 

breakdown triglycerides, releasing fatty acids. Reduced turnover due to inhibition of 
. ! 

lipases and an increase in the synthesis due to redox shift in response to benzoyl peroxide 

could both contribute to increased triglycerides in THP-1 cells. The significance~of such 

responses to cell viability and survival. however remains to be assessed. 

The current results suggest that benzoyl peroxide brought about a ; shift to 

triglycerides through breakdown of PE (loss of the head group) and su~sequent 

reacylation. The difference between the two cell types suggest that the process is similar 
I 

but the responses vary with the sensitivity of each cell type to duration of exposure and 
I 

concentration of the. benzoyl peroxide. Certainly, the phago9ytic nature of Tfij>-1 cells 

and their higher membrane turnover rates could be a contributing factor (Schuster, 
I 

personal communications). 

· Amongst neutral lipids, THP-1 cells showed a significant reduction in c~olesterol 

levels and this also could result either from its decreased synthesis or increase~ turnover 

into or from cholesterol esters. The turnover experiments with benzoyl peroxid~, in~eed, 

showed a significant increase in cholesterol ester levels, raising the possibility that the 

reduction in cholesterol was related to a reduction in cholesterol esterase enzynie activity 

that break down cholesterol esters into cholesterol. Increased acylation of cho~esterol to 

cholesterol esters by cholesterol ester synthase enzymes could also reduce cholesterol but 

it is very likely that cholesterol levels would remain constant by key regulatotjy steps its 
I 
I 

synthesis. It was possible that the cholesterol reduction could be due to an inhibition of 
I 

key regulatory enzymes such as HMG-CoA reductase, thus affecting its: synthesis. 
I 

Inhibition of key regulatory enzymes or several enzymes in a pathway is more:' likely the 
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I 

reason for reduced cholesterol than 'inhibition of some and stimulation of other erzymes 
! 

in different pathways. 

·Cholesterol reduction ts significant because it is an important stuctural 
I 

component of the membrane and its hydroxyl group at the carbon 3 positio~ that is 

otherwise unesterified, is very important for its interaction with phospholipids within the 

membrane. The cholesterol-pho.spholipid interaction influences phospholipids acyl chain 

mobility, orientation order and lateral packing density of phospholipids (Slo(te et al, 

1999) and this, in tum influences the physico-chemical properties of the membr~es. The 

interaction of cholesterol with highly saturated acyl chains of lipids leads to formation of 
I 

micro-domains within the membranes critical for transducing tyrosine: kinase, 

sphingomylin signaling pathway, and is also important for ceramide localization in these 

micro-domains in the membrane (Dobrowsky, 2000). Thus the reduced cholesterol levels 

seen in the current study may alter the membrane organization, microdomain ~ormation 
I 

and subsequent signal transduction processes. These findings would also be· ~onsistent 

with earlier report-s of membrane disruption (Furuyama, 1986). Significant cholesterol 

changes, seen only in THP-1 cells but not in HCP cells, could be due a ~ore fluid 

membrane displaying higher cholesterol/phospholipid ratio. in these cells thu~, making 

this response more readily detectable in our assay systems. The significance of 

cholesterol reduction in terms of its ability to influence various signal transduction 

pathways needs further investigation. 
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Benzoic acid effects 

MTSAssay 

Benzoyl peroxide is a dimer_ of benzoic acid. The MTS assay was perfo~ed in 

both cell types order to determi~e . whether responses seen were related to tlie intact 

benzoyl peroxide molecule or its breakdown product, benzoic acid. HCP and THP-1 cells 

showed better survival rate in the presence of benzoic acid, compared to :benzoyl 

peroxide, at equimolar concentrations. It took almost ten times the concentration of 

benzoic acid (1 mM and 2.5 mM) to exert sub-toxic effects as compared to: bel1Zoyl 

. peroxide. The relatively higher toxicity of benzoyl peroxide could be due to its longer 

dimer structure, which can affect it~ solubility and its ability to interact with membranes, 

as well as its ability to generate free radicals, thus affecting vital cellular functio~s. 

Lipid Synthesis Assay 

Lipid experiments. using approximately equimolar concentrations of benzoic acid 

(0.1 mM and 0.25 mM), assuming 100% degradation of sub-toxic concentration of 

benzoyl peroxide, did not show any significant changes in the synthesis of ,either the 

neutral or polar lipids. Thus, the lipid changes with benzoyl peroxide were eitlier related 

to its divalent structure or due to its ability to generate free radicals, and its basic 

chemical composition, .benzoic acid diq not contribute towards these effects. 

The sub-toxic concentrations of benzoic acid (2.5 mM) induced ~ignificant 
I 
I 

changes in lipid metabolism in both .HCP and THP-1 cells. A two-fold reduct-on in total 
! 

phospholipid levels and a corresponding increase in triglycerides were obsenfed in both 

THP-1 as well as HCP cells, suggestive of a net shift from polar lipids into tr:iglycerides 
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due to activation of phospholipase C enzyme, similar to what was described for benzoyl 

peroxide. The phospholipids evaluated individually ustng 

i 

i 
two-dimensional 

! 

chromatography showed a significant reduction 1n phosphatidyl¢holine, 

phosphatidylethanolamine and sphingomyelin in both cell types. Such changes tn major 
. I 

polar lipids could greatly influence membrane permeability and function.· besides 

affecting critical cell signaling related events. Besides triglycerides, other neutral lipids 

such as cholesterol, cholesterol esters and fatty acid methyl esters were significantly 
I 

altered. As described previously, the increased cholesterol esters combined with reduced 

cholesterol could be either due to increased esterification of cholesterol into cnolesterol 

esters by enhanced activity of cholesterol ester synthase or due to reduced breal:(down of 

cholesterol esters into cholesterol by inhibition of cholesterol esterases. These results are 

similar to responses seen with benzoyl peroxide. However, since benzoic acid was able to 

influence the synthesis of major polar and neutral lipids only at the higher conc~ntration, 

it is likely that the responses to benzoyl peroxide are due to the intact molecule, ~ith little 

contribution from its breakdown products. 

Specific Aim 2 

Effects of benzoyl peroxide in combination with ferric chloride 

The second specific aim was to study the effects of benzoyl peroxide on cel'lular lipid 

metabolism when its degradation, and subsequent radical generation was enhaticed in the 
I 

presence of ferric chloride. 

Benzoyl peroxide is known to generate enhanced free radicals especially in th~ 
! 

presence of free ions donating agent such as Cu ++ or Fe++ and these radicals intluce DNA 
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damage and lipid peroxidation (Davies et al, 1996; Akman et al, 1993). Benzoyl ~eroxide 
. i 

forms benzoyloxyl radicals (Ph C02* ), phenyl radicals (Ph*) and also hydroxyl radicals as 

reactive intermediate when combined with Cu++, generating DNA strand bre~s and 
. r 

inducing mutagenic lesions such as adenine-derived modified bases and guanine~derived 
I 

8-hydroxy-2' -deoxyguanosine (8-0hdG) (Davies et al, 1996; King et al, 1996). Lipid 

peroxidation studies by Babich et al (1996) and Fujisawa (1984) also showed similar 

reactive intermediates responsible for benzoyl peroxide-.induced lipid peroxide formation 
I 

in the presence of Cu ++ or Fe++. Use of free ion donors such as Fe++ was considered 

essential for peroxidation to occur. In the current study Fe++ was combined with benzoyl 
i 

peroxide in the ratio of 1 :2, as done earlier (Babich et al, 1996) so that degradation of 

benzoyl peroxide was enJ.tanced, with potential generation of free radicals. 

MTS assay 

A significant reduction in cell viability was observed for both HCP arid THP-1 

cells .when exposed to sub-toxic concentration of benzoyl peroxide (O..lmM) combined 

with FeCh (0.05mM). Ferric chloride alone did not alter the cell viability in either cell 

types, implying that it was the radical generating effect in combination with benzoyl 
I 

I 

peroxide that led to reduction in cell survival. Thus, inhibitory concentrations of benzoyl 

peroxide in combination with ferric chloride (2: 1) were subsequently used to study the 

effects of enhanced benzoyl peroxide degradation on cell lipid metabolism in !both HCP 
I 

and THP-1 cells. 
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Lipid. Assay 

Lipid synthesis studies showed that the combination of benzoyl peroxi,de with 

ferric chloride led to an enhancement of the initial benzoyl peroxide effect on trig,lyceride 

synthesis. Triglycerides synthesis increased by two-fold in THP-1 cell, while HCP cells 

also showed a similar effect, although it was not always significant. Thus, it was possible 

that benzoyl peroxide degradation and subsequent free radical generation was responsible 

for the triglycerides accumulation in both cell types, while the initial, lesser in~rease in . 

triglycerides with benzoyl peroxide alone, could relate to an accumulation of effects from 

spontaneous degradation and minimal free radical formation under tissu~ culture 

conditions due to the presence of Fe++ in the medium (0.1mM). However, these 

increased triglyceride levels were associated with a concomitant reductioni in total 

phospholipid synthesis in THP-1 cells, implying a shift from the anionic ;lipids to 

triglycerides by the activity of phospholipase C and diacylglycerol acyl tf;ansferase 

(DCAT). Although total phospholipids synthesis was reduced, none of the individual 

phospholipid component showed 'a significant change on two-di~ensional 

chromatography. The increased triglycerides levels could also· result fron} reduced 

tUrnover to other classes of lipids, similar to the responses described earlier. 

Wide distribution of acetate can resl,llt in the presence of non-specific radio labeled 

spots when 14C acetate is used as the label, influencing the "percent radio-labeled" 

counts, thus reducing the sensitivity of the assay for specific lipids. Therefore, 
! 

' . i 
radiolabeled choline was used to specifically label phospholipids ·with choline head 

groups in order to determine whether the increase in triglycerides was relate<;l to reduce 

levels of choline labeled phospholipids. The synthesis of major phospholip~ds such as 
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sphingomyelin or phosphatidylcholine did not alter in response to benzoyl p¢roxide 

combined with ferric chloride. These data ~uggested that the triglyceride accu~ulation 

was not due to enhanced breakdown of anionic phospholipids but more likelyi due to' 
' ; 

increas~d feed into the triglyceride synthetic pathway from the L-glycerol-3-phosP:hate. 

Reduced cholesterol levels seen in THP-1 c~lls with benzoyl peroxide alo~e was, 

in fact, reverse9 when it was combined with ferric chloride (1 :2). The reversal effect in 

THP-1 cells c·ould be either due rapid degradation· of benzoyl peroxide in the presence of 

ferric chloride or due to greater formation of cholesterol hydro peroxides, nece~sitating 

increased synthesis of. cholesterol itself. Turnover of cholesterol was unchanged while 

cholesterol ~sters levels increased in . THP-1 cells implying increased cholesterol 

esterification by cholesterol ester synthase or decreased breakdown by cholesterol 

esterase with the cholesterol levels being maintained by a continuous feed-in from the 

sterol precursors. Lack of cholesterol changes in HCP cells may very well be :cell type 

· specific, where a slower rate of membrane turnover would fail to show any significant 

effects. 

It was clear from the current study that benzoyl peroxide alone, or in combination 

with ferric chloride, was capable of influencing the synthesis of neutral lipids such as 

triglycerides and cholesterol, and this action was either related to its free radical-inducing 

effect during degradation or long divalent structure. Its final degradation produ~t, benzoic 

acid, did not show any significant effect at equimolar concentration. Changes in neutral 

lipids, triglycerides and cholesterol, were more consistent in THP-1 cells than HCP cells. 

HCP cells however, showed a reduction in phosphatidylethanolamine synthesis in 

response to benzoyl peroxide alone. An enhanced activity of phospholipise C in response 



! ~ 
I 

·I • 126 

I 

to benzoyl peroxide effect could be one maJor contributing fa~tor m 
I 
I 

phosphatidylethanolamine reduction. Major polar lipids such as phosphatidylcholine and 
I 

phosphatidylethanolamine, showed variable responses in their turnover rates when treated 
I 

with benzoyl peroxide combined with ferric chloride in both HCP and. T~-1 cells. The 

differences in response of the two cell types with regard to lipid synthesis and turnover 

could be either due to differences" in their normal membrane lipid turnover, or due to a 

difference in the sensitivity of their enzymes to benzoyl peroxide. The significance of 

these lipid changes on lipid messengers such as ceramide, cellular growth and survival, 

however, remains to be assessed. 

Oxidation in cells under normal conditions 

Oxidation-reduction involves loss of electron by one chemical entity, :which is 

oxidized and gain of electrons by another, which is then reduced. This reactio~ usually 

involves flow of electrons and the major site of this electron flow is in mitocHondria of 

living cells, which are the principle sources of energy generation that involves oxidation. 

Various enzymes dehydrogenases are involved which catalyze oxidation and also control 

the oxygen that is generated. External stimuli such as stress c~ -also generate similar 

reactions where free electrons generate reactive oxygen species when combined with free 

oxygen in cells. 

Benzoyl peroxide and lipid peroxidation 

Benzoyl peroxide toxicity is related to its lipid peroxidation-inducing capacity 

(Babich et al, 1996; Fujisawa et al, 1986). Unsaturated fatty acids such as a;rachidonic 

I 

acid, linoleic acid and linolenic acid, either in the free form or when present as part of 

different polar lipids such as phosphatidylcholine and phosphatidylethanolam:ine readily 
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I 

form peroxides (Furuyama et al, 1984). Benzoyl peroxide (1 mM or 0.5 J;11M) m 
I 

I 

combination with ferric chlo.ride (2: 1) induced significant peroxidation in both H~P cells 
,· 

(,...,7.5nmols/ml) and THP-1 cells (~3nmols/ml) at 2 hours. The thio-barbi~c acid 

reactive substance (TBARS) assay, which measures lipid hydroperoiides or a~dehydic 

end products malonaldialdehyde (Draper e~ al, 1993), was used to study lipid 

peroxidation. HCP cells showed a time and d~se-dependent lipid peroxidation response at 

four and eight hours with lower benzoyl peroxide concentrations (0.25mM and 0.1mM) 

when combined with ferric chloride at four and eight hours. However, THP-1 _cells did 

not show such responses. This was likely due, at least in part, to higher basal ;levels of 
I 

I 

peroxidation in control samples and as a result, a more variable response i~ benzoyl 

peroxide treated groups. The variation was attributed to endogenous levels of reactive 

oxygen species formed in THP-1 cells for digestion of phagocytosed products and 
! 

various active regulatory enzymes, such as lysosomal peroxidases, that scavenge the free 

oxygen present in cells. Lack of response at longer time intervals, 4 hours and 8 hours, in 

THP-1 cells, then could be related to increased activity of these enzymes, which, in turn, 

reduce additional reactive oxygen species formed inside THP-1 cells in order to maintain 

reactive oxygen species ~t safe levels. The ·response of HCP cells, which are keratinized 

epithelial type of cells, was very similar to that seen in earlier studies done by Babich et 

al (1996) with RHEK keratinocytes. Thus, the variation in responses· for the two cell 

types could be attributed to cell type and function, where attached epithelial cells, such as 

HCP ceils, showed a consistent response above a minimal basal peroxidati~n level, as 
. . . 

oppos~d to phagocytic THP-1 cells, which showed a variable response along with higher 
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basal_ peroxidation levels. The activity of these enzymes in THP-1 cells was not !directly 
! 

measured to confirm this possibility. 

Benzoic acid and lipid peroxidation 

Benzoic acid, the non-radical generating terminal degradation product of benzoyl 

peroxide was tested as a control for its peroxidation-inducing capacity at concentrations 

assuming 100% benzoyl peroxide degradation. HCP cells showed significant 

peroxidation (-2.5nmols/ml) when exposed to 2.5 and 5mM benzoic acid. The 

peroxidation levels seen in HCP cells were significantly higher than control grpups and 

about intermediate between the control and benzoyl peroxide combined with ferric 

chloride groups. THP-1 cells did not demonstrate significant levels of peroxidation for 

any concentration of benzoic acid (2.5 and 5mM), ·and this lack of response. could be 

attributed to high basal peroxidation levels in cells, or the activity of regulatocy enzymes 

in these cells as described in earlier section. Benzoic acid possessed the ability:to ·induce 

significant peroxidation in HCP cells and in fact could partially account for the lipid 

peroxidation effects of benzoyl peroxide. Thus, the release of free radicals generated by 

benzoyl peroxide degradation and the terminal degradation product benzoic; acid both 

may contribute to the peroxidation response, at least for HCP cells. 

The purpose of the stu~ies described in previous sections was to dete~ine levels 

of free radicals generated by benzoyl peroxide. However, free radicals are short-lived and 

react especially with. fatty. acids and cholesterol, making either fatty acid p~roxides or 

hydroxyl-cholesterol and their degradation products: malondialdehyde _ (MDA), 
I 

hydroxynonel (HNE), or hydroxypentenal (HPE). The malondialdehyde was ~etected by 
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the T-BARS assay. It has been argued (Takahashi et al, 2001) that TBARS lare not 
. i 

considered an accurate assessment for lipid peroxidation since proteins, nucleic acid and 
. I 

other non-lipid materials may also form TBA adducts. Quantification ~f lipid 

hydroperoxides using high performance liquid chromatography (HPLC) with chemical 

and fluorescence detection has been shown to be more sensitive (Takahashi et ai, 2001 ). 

Also, proteins were extracted using trichloracetic acid TCA (8%) before measuring the 

T-BARS. Hence the method could not detect real-time peroxidation in live cells. 

Fluorescent' probes, such as diphenyl-1-pyrenylphosphine (DPPP), which react with lipid 

hydroperoxides to yield fluorescent product DPPP oxide, have been used to meaSure lipid · 

peroxidation in living cells (Takahashi et al, 2001). In spite of the limitations ~entioned 

above, the TBARS assay re~ains the most popular- biochemical method for detecting 

lipid peroxides because of its simplicity, especially .for studies involving multiple time 

points, and samples. However, a lack of consistent response in THP-1 cells :at longer 

incubation periods could be, in part, related to the limitations of the technique used. 

Other, more sensitive assays could be used for detection of lipid peroxidation in THP-1 

cells at longer time intervals. 

The formation of aldehydes either in free or bound form, have been shown to be 

cytotoxic (Ester~auer et al, 1991). HCP cells showed a very low survival when exposed 

to peroxidation-inducing concentrations of benzoyl peroxide combined with ferric ' 

chloride (2:1) on MTS assay. Thus, the dramatic reduction in cell viability !correlated 
! 

with effectively higher peroxidation levels in HCP cells while the lower non-p¢roxidation 

inducing concentrations of benzoyl peroxide (0.25 or 0.1mM) combined with ferric 
I 
I 

chloride (2: 1) were better tolerated by HCP cells. This result showed that ;HCP cells 
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I 

could not readily adapt to and survive higher peroxidation levels. THP-1 cells~ on the 

other hand, showed better survival response when exposed to peroxidation-iriducing 
! 

I 

concentrations of benzoyl peroxide combined with ferric chloride. Lower :benzoyl 

peroxide concentrations (0.5mM and 0.25mM) that produced little peroxidation liowever, 

showed a survival rate of greater than 50%. The better survival response in THP-1 cells 

to higher peroxidation-induced stress is.likely be related to its phagocytic function, which 

involves making and tolerating reactive oxygen species at the same time. 

Lipid peroxidation and lip.id turnover 

Lipid peroxidation studies have shown peroxidation-induced modification of 

unsaturated fatty acids in phospholipids, glycolipids and cholesterol (Girotti, .1998). 

Oxidation of unsaturated fatty acids by peroxyl or hydroxyl groups leads to c~anges in 

membrane dynamics and structure,. resulting in more rigid ·membranes with slow 

diffusion rates (Visser et al, 2000). Oxidative stress induced alteration of membrane Na+, 

K+-ATPase, increased intracellular calcium and affected transcription factors such as 

NF-Kb, all influencing the cellular growth and survival appreciably (Chisolm et al, 

2000). Oxidized, low density lipoproteins formed by oxidative stress also influenced cell 

· growth and survival by interfering with signaling pathways such as cAMP, 
. ' 

phospholipases such as phospholipse C and D, the MAP kinase cascade and protein 
I 

kinase C (Poli at al, 2000). Thus, oxidative alteration of lipids changes the bjochemical 
I 
I 

composition of lipid constituents, the cells' physical characteristics such as diffusion and 

permeability,.and interferes with cell signaling critical to cellular growth and 1 
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proliferation. As demonstrated earlier, benzoyl peroxide affected neutral lipid 
l 

metabolism; however its peroxidation-inducing effects on the major lipid constitttents, as 
J 

well as on lipid second messengers, such as ceramide have not been investigated/ and the 

mechanism o.f peroxidation-induced damage is not yet clear. Peroxidation-inducing 

concentrations of benzoyl peroxide, either alone, or in combination with ferric chloride 

led to significant reductions in free fatty acids along with an increase in trigly4eride in 

THP-1 cells; the response in HCP cells, even though similar, was not significant. 

Changes in major polar lipids were not significantly different in either of the cell lines, 

although some, · such as phosphatidylcholine, sphingomyelin or 

· phosphatidylethanolamine, were reduced following exposure to benzoyl peroxid~ with or 

without ferric chloride. The significant reduction in fatty acids, along with increased 

triglycerides in THP-1 cells within two ho~rs, suggests that fatty acids were being rapidly 

esterified and stored as triglycerides as a protective response to oxidation of unsaturated 
I 

fatty acids, useful for cell survival under these stressful conditions. Fatty acid ~eroxides, 

are not readily detectable, and were not detected as a separate entity on the separation 

system used in this study. The suggestive trend in the reduction of major phospholipids in 

THP-1 cells could be attributed to a combined effect of reduced availability of free fatty 

acids as a result of peroxidation or increased shunting into the diglyceride-triglyceride 

pathway. Activation of various phospholipases, especially phospholipase C, in response 

to oxidative stress could also lead to breakdown of these phospholipids into diglycerides, 
. . I 

which then could be further acylated and converted to · triglycerides, facilitating the 

protective function. 
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THP-1 cells, in addition showed a reduction in cholesterol levels, an effect see~_ earlier 
I 

with sub-toxic concentrations of benzoyl peroxide. Oxidation of choles~erol to 

oxycholesterol or their increased turnover into cholesterol esters ~uring lipid pero~idation 

I 

by benzoyl peroxide may have led to the reduced cholesterol levels. It was also possible 

' that enzymes related to cholesterol regulation were more actively regulated in THP-1 

cells due to high membrane turnover rates. Reduction in cholesterol would change the 

phospholipid/cholesterol ratio in THP-1 cells, making the membranes more fluid and 

subsequently altering its permeability and this may be one of the mechanisms of 

peroxidation:.induced permeability change as discussed by Fujisawa (1986). HCP cells 

did not show significant changes in major lipid constituents of lipid membranes in 

response to lipid peroxidation. However, the lipid peroxidation assay was performed 

under different tissue culture conditions as compared to lipid synthesis studies, and both 

-the phenomena· could not be detected simultaneously. Specific changes in ~embrane 

. ' 

lipids were not investigated but individual lipids were studied at total cell levels, and thus 

in the process might have missed changes in individual membrane lipids . especially 

plasma membrane in cells. 

Formation of lipid peroxides, changes in the physical properties of the membrane 

such as lateral membrane pressure, and diffusion rates were not assessed. It was possible 

that the changes in membrane permeability, subsequent to peroxidation, could be either 
. . ! ' 

due to a change in physical characteristics of the cell membranes from fatty acid peroxide 

deposition or due to changes in amounts, arrangement and packing of dif(erent lipid 

constituents and their fatty acid side chains. These possibilities need further inJestigation. 
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Peroxidation-inducing concentrations of benzoyl peroxide combined with ferric bbloride 
. I 

f 

. did not differ from benzoyl peroxide alone in terms of their ability to· al~er lipid 
I 

metabolism, however the peroxidation was more clearly evident in the benzoyl ~eroxide 
i 
i 

combined with ferric chloride treated cultures. This finding was puzzling sirice lipid 

changes in triglycerides and fatty acids were independent of the peroxidation effect and 

more related to the cytotoxicity of benzoyl peroxide. Better survival response in THP-1 

cells compared to HCP cells when exposed to peroxidation-inducing concentrations of 

benzoyl peroxide, with or without ferric chloride, along with significant alterations in 

triglycerides and fatty acids indicated that these responses may be cell type specific 

adaptive mechanisms to adapt to the oxidative stressful environment. Thus, as suggested 

earlier, the better survival response observed in THP-1 cells may be related to its ability 

to survive under_high levels of oxidative stress due to the activity of endogenous enzymes 

such as myeloperoxidses. 

The MTS as_say data reported a significant loss of cell viability in both. cell types 

after a two hour-exposure to peroxidation-inducing concentrations of benzoyl peroxide, 

when the turnover of lipids was analyzed. The estimation of lipid profiles at this juncture 

could be inaccurate due to changes associated with loss of cell viability, with associated 

membrane damage. A study was therefore carried out at a shorter time interval, 40 

minutes, when lipid peroxides were still forming, assuming that the membrane damage 

may be o_ccurring but yet incomplete. The response in both cell types at 40 minutes was 

very similar to that seen at 2 hours, namely reduction in fatty acids combined with 

increased triglycerides associated with no significant changes in polar lipids. THP-1 cells, 
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however, showed a trend towards decreased turnover of different polar lipids :such as 
I 

phosphatidylcholine and phosphatidylethanolamine. 

I 

Van Golde et al (1989) reported similar changes in fatty acid and tri&lyceride 

levels in response to oxidative stress and considered these changes to be the ~eans of 

preserving free fatty acid levels critical for cell growth, survival by altering critical cell 

signaling pathways. Thus, preservation of fatty acids could be very important for cell 

survival under such stressful conditions. Lack of significant findings amongst the major 

polar lipids could be related to variability in experimental conditions such as stage of cell 

growth, culture density, etc. Increased turnover of all classes of phospholipids .observed 

under peroxidation-inducing conditions may contribute towards changes in membrane 

permeability, however the changes were not significant hence raising the question 

whether lipid peroxidation exerts any effect on membrane-regulated responses. It is 

possible that the distribution and packing of different classes of lipids couid ·change 

during peroxidation, making the membrane more . permeable, but the net ; levels of 

individual lipid components would remain unaltered. · The changes in packing could be 

due to peroxidation of free fatty acids, especially the unsaturated fatty acids, which are on 

the inside of a phospholipid bilayer. Fatty acid peroxidation by reactive oxygen species 

especially involving the unsaturated.fatty acids ·is well documented (Furuyama~ 1984) and 

results in changes in membrane permeability. The experimental system used in the 

current study did not identify fatty acid peroxides in either of the cell lines. The lack of 

detectable significant changes in major phopspholipids was however puzzling on two 

accounts; one from the point of view that negatively charged reactive oxy~en species 

should interact favorably with polar lipids, especially the positively charged ·polar lipids 
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such as phosphatidylcholine and sphingomyelin, and secondly benzoyl peroxi4e, being · 
I 

hydrophobic, is known to localize in the lipid rich environment making diffetent lipid 
! 

constituents a likely target. 

Since peroxidation-induced changes· in· membr~e permeability has been 

hypothesized as the mechanism for membrane damage, ch~ges in major phospholipids 

was considered a likely possibility. The other possible mechanism for membrane damage 

in response to benzoyl peroxide could be due to a more physical phenomen~n, where 

localization of benzoyl peroxide in the membrane would induce changes in the lateral 

membrane pressure, thus resulting in the loss of membrane integrity. These events ·in the 

membrane may affect micro-domain formation, which are important for cellular signaling 

that influence cell survival and growth. Thus, lateral membrane pressure studies along 

with cell signaling responses to oxidative stress need to be investigated in order to 

determine the spectrum of benzoyl peroxide-induced responses. 

The interactions amongst lipids are complex, and the overall cell response is a 

function not only of iipid composition, but also of proportions. For e~arnple, TliP-1 cells 

have a greater phospholipid/cholesterol ratio than HCP cells, usually resulting; in a more 

fluid membrane (Schuster and Caughman, personal communication). The limits for shifts 

in lipids must· face certain constraints for cells to survive, so shifts in lipids m"Pst involve 

a variety of pathways and responses. Thus, issues related to the physical prop~rties of the 
I 

membrane and the effects at molecular levels definitely need to addressed in 4etermining 

the mechanism for benzoyl peroxide-induced p~rmeability changes and cytotoxic effects. 
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High Dose, short-term (Bolus) effects of peroxidation inducers 
'-

I 

When components leach out of resins initially there is a high-conc~ntration · 

release followed by a prolonged· release of lower concentrations (Lefebreve and Schuster, 

1994). Therefore, responses to sub-toxic concentrations of a material could be in part 

different in cells compared to. when higher doses of the same material are used over a 

shorter period of time. Lipid changes seen at sub-toxic concentrations of :benzoyl 

peroxide could be related to its degradation, releasing free radicals over a period of time. 

These ·longer exposures can be critic.al to the responses, since some lipid changes require 

relatively longer periods of time to be manifested (Schuster, personal communications). 

However, a release of a high level over a short time period (bolus effect) of a material 

could produce an acute response related to cell survival (viability) and associated lipid 

changes. Exposure to 0.25mM or 0.5mM benzoyl ·peroxide reduced cell, viability 

appreciably after 40 minutes in both HCP ("'90% reduction) and THP-1 (65-70%) cells. 

The. response was markedly acute for HCP cells, where the loss of cell viability was seen 

as early as 20 minutes, as compared to THP-1 cells. The levels of major polar and neutral 

lipids did not show any significant change in either HCP or THP-1 cells except for a 

significant increase in triglycerides. These increased levels were due to the~r reduced 

turnover to other classes of lipids related ·to the activity of various lipases. Triglycerides 

may be used as storage for fatty acids by cells when they are under oxidative stress. Lack 

of significant changes in major lipids suggests that the mechanism of toxicity for b~nzoyl 

peroxide is independent of lipid composition changes and could be due to a m~re general 

mechanism for benzoyl peroxide induced toxicity. One of the mechanisms of acute 



137 

toxicity could be due to localization of benzoyl peroxide in the lipid compartme~ts of the 

cells thus physically disturbing their integrity. 

CAMPHORQUINONE 

Sub-toxic effects on lipid metabolism 

The first specific aim was also directed towards the study of the sub-tox~c effects 

of the photo-initiator camphorquinone, which is analogous to benzoyl peroxide in terms 

of its action in radical generation and lipid.peroxidation. 

Camphorquinone, an aliphatic quinine, is used as a photosensitizer in visible-light 

polymerizing resin systems, which on irradiation with visibl~ light generates free 

radicals. This process i~ magnified by the presence of enhancers such as ~MAEMA 

(Odian, 1991m). The estimations of camphorquinone present in different types ofresin 

range from 0.06-0.09% (Moin et al, 2001). Camphorquinone is extractable from various 

composite materials (Spahl et al, 1991 ), however no clinical studies have been reported 

that estimated the amount of camphorquinone released from resin materials 1n the oral 

cavity. 

Studies performed using dog erythrocytes and a human sub-martdibul~ gland cell 

i 

line showed that the mechanism of cytotoxicity for camphorquinone was through lipid 

peroxidation and subsequent membrane damage (Atsumi et al, 1998; Mas~ara et al, 

I • 

1986). It was also hypothesized that surface-active complexes may form between these 

initiators and· DMAEMA in lipid hi-layers, thus causing membrane perturbation and 

damage (Atsumi et al, 1998). 
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MTSAssay 

To determine whether camphorquinone produced changes in cellular lipid levels, 
I 

bioactivity of camphorquinone at concentrations that were sub-toxic to ~ells was 
• I 

investigated. Both cell types exhibited similar survival responses determined ·by MTS 

assay, when exposed to camphorquinone and a concentration of 0.5mM was sub-toxic to 

both HCP and THP-1 cells. 

Lipid Assay 

Triglycerides synthesis increased two-fold in both cell types exposed to 0.5mM 

camphorquinone for 24 hours. THP-1 cells also showed significant increases in 

cholesterol and cholesterol esters, with reduction in total phospholipids leyels, with 

phosphatidylethanolamine being the major polar lipid reduced. Sphingomyelin changes 

were exactly opposite for the two cell lines, where its level was r~duced in HCP cells but 
I 

significantly increased in THP-1 ce~ls. 

Increases in triglycerides, with a concomitant reduction in sphingomyelin in HCP 

cells and phosphatidylethanolaniine in THP-1 cells, suggest that the changes in neutral 

and polar lipids could ~e related. This finding could be due to a shared pathway where 

activation of specific phospholipases would break down sphingomyelin and 

phosphatidylethanolamine into diglycerides, which would then be acylated ~her by the 

activity of diacylglycerol acyl transferse (DGAT) to give triglycerides. T~e reduced 

levels of total phospholipids in !HP-1 cells further suggested t~at th~ increased 
. . . . ' 

triglycerides could result from a net shift from polar lipids in THP-1 cells. The.~e are other 

regulatory pathways that may reduce phosphatidylethanolamine level~, such as 
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methylation into phosphatidylcholine, or it .could be broken down by the activity of 

phospholipases. Phosphatidylcholine levels were, however, unaffected in THP11 . cells 

while the activity of various phospholipases (phospholipase C) enzymes regulating PE 

was not measured. Studies done by Maurya et al (2000) shown that the triglycerides 
I 

generated through activation of a PE-specific phospholip~se C could a~tivate ~pecific 

types of calcium channels important .for signal transduction in endothelial cells. Since 

similar lipid changes were noticed in THP-1 cells it is possible that these changes may 

also result in similar or relat~d responses in cells that affect cell signaling. Further studies 

are required to investigate this possibility. 
• I 

HCP cells, in addition to increased triglyceride levels, also showed a consistent 

reduction in sphingomyelin levels. As discussed earlier, one mechanism of this decrease 

could be related to increased triglyceride synthesis. Sphingomyelin is not only an 

important component of the membrane lipids, but'-also plays a critical role in cell ·,, 
) 

proliferation, differentiation and signaling. The sphingofuyelin reduction couid either be 

due to a reduced synthesis or increased hydrolysis by sphingomyelinases. The d~creased 

synthesis could be related to an inhibition of the. sphingomyelin synthetic ~athway, 

involving serine and palmitoyl-CoA, or increased hydrolysis of sphingomyelin to 
I 

ceramide by the activation of various sphingomyelinases. Sphingomyelinase a9tivity in 

response to camphorquinone was not measured. However, studies on ceramide, levels in 

response to benzoyl peroxide, described later, suggest increased breakdown to ~eramide 

as a response to the initiator. 

I 

THP-1 cells showed two-fold increase in cholesterol levels and a ~hree-fold 

increase in cholesterol esters. Increased cholesterol synthesis could be attribu~ed to an 
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increase in HMG CoA reductase activity, which catalyzes the synthesis of mevalonate 

from HMG-CoA, a commitment step in the synthesis of cholesterol. Another important 

regulatory step affected could be the final step that requires molecular oxygen in prder to 

convert· squalene-to-squalene epoxide (Bloch 1995). It is possible that camphorquinone 
I 

could affect this crucial step either directly or by generation of free radicals. Hbwever, 

reactive oxygen species generated after 24 hours exposure to camphorquinone could not 

be detected using the lipid peroxidation assay, since the assay required suspension of 

cells in phosphate-buffered solution and both the cell types showed a poor survival wder 

these conditions. The cholesterol ester increase could be due to increased esterifi9ation of 

cholesterol-by-cholesterol ester synthase. 

Overall, some of the effects seen with camphorquinone such as increased 

triglycerides and reduction in cholesterol in THP-1 cells are similar to those s~en with 

benzoyl peroxide. Thus, it is possible that both the initiators act througli similar 
I 

mechanisms, at least in THP-1 cells. While phosphatidylethanolamine reduction was seen 

in HCP cells when exposed to benzoyl peroxide, in the case of camphorquinone it was 

THP-1 cells that showed this effect. Thus, the different response of this phospholipid in 

two different cell lines exposed to different initiators could be related to the sensitivity of 

each cells' pathway components to the initiators. 

HCP cells were more responsive to camphorquinone as compared to benzoyl 

peroxide and this difference could be related to the difference in the chemical structure of 

these initiators. The metabolic breakdown of camphorquinone under 'tiss~e culture 

conditions is not understood. Camphorquinone has two carbonyl groups attache~ to it and 

their role in biological effects, if any, needs to be investigated. However the effects seen 
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I 

at O.SmM concentration are significant since 1-4% (~SmM; M= % x 1Q/M.W.) 

i 
camphorquinone is used for polymerization in light- polymerized composite resiqs .. Thus 

I 

I 

significant changes in lipid composition in tissue culture condition at a camphor~uinone 
I 

concentration that was ten times lower than that used in restorative resins in i clinical 

situation assume significance from the point of view of biocompatibility of 

camphorquinone. However, there is no clear evidence regarding the amount of 

camphorquinone leached from light polymerized restorations. 

Camphorquinone used in the dental setting is irradiated with visible light ( 400-

SOOnm) and at the intensity of 600Mw/cm2
• The light set up used in this study was 

standardized so that adequate activation of camphorquinone by visible light occurred. 

Adequate initial warming of the curing lamp for 15 seconds, use of buffered saline 

solution (PBS) to suspend camphorquinone so that minimal light ·diffraction ·,occurred 

during activation and a constant distance between the light source and the samples to be 

irradiated to keep the intensity of light in relatively constant, were some of the ~mportant 

conditions for the use of light set up that were characterized and kept constant. Thus, for 

lipid synthesis experiments using irradiated camphorquinone, a higher concentration of 

camphorquinone ( 1 OmM) suspended in buffer was.· irradiated with light, then cultures 

containing the 14C-acetate were exposed to the irradiated camphorquinone such that the 

final concentration of camphorquinone was O.SmM. Adequate activation . of 

camphorquinone was possible by this procedure because desired intensity of l;l.ght could 

be achieved. 

Lipid experiments were · conducted to examine ·whether the activation of 

camphorquinone with light significantly altered its bioactivity. HCP and THP-1 cells 



142. 

showed qualitatively different changes in the neutral and polar lipids. HCP cells 'showed 

significant alteration in a variety of neutral lipids. Such a response was not dete~ted for 

THP-1 cells. HCP cells showed increased levels of diglycerides, triglyceride~ arid sterol 

precursors amongst neutral lipids, whereas amongst the polar lipids, total phospholipid 

levels were reduced significantly along with a reduction in sphingomyelin. THP-1 cells 

demonstrated significant increases in cholesterol-cholesterol ester levels, with reduction 

in fatty acid methyl esters. The increase in diglycerides and triglycerides, along with a 

reduction in total· polar lipids could be due to a shift from the polar to neutral lipids as 

they share a common glycerol-3-phosphate pathway. It was possible that activity of 

various . phospholipases broke down sphingomyelin to diglycerides, which were then 

converted to triglycerides. Other mechanisms of sphingomyelin regulation such as 

sphingomyelinase activation could also contribute to this effect. 

THP-1 cells did not show any significant changes in either of these lipids, but 

increased cholesterol and cholesterol esters levels can arise due to increased HMG-CoA 

reductase activity or due to enhanced conversion of squalene to squalene epoxide, a stage 

requiring molecular oxygen. HMG-CoA reductase regulates a critical commitment step in 

the synthesis of cholesterol and its regulation by camphorquinone with or without light 

may be critical to the cholesterol elevating effect. Increased cholesterol esters could result 

from increased esterification of cholesterol by the enzyme cholesterol synthase· or 

reduced activity of cholesterol esterases, thus preventing cholesterol ester breakdown, 

might have contributed to increased cholesterol ester levels (Santree et , al, 1999). 

Cholesterol levels were, however, not affected in HCP cells, which instead showed 

significant elevation in sterol precursors. Similarly, cholesterol esters were increased in 
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THP-1 cells and this could be attributed to increase esterification of cholesterol! already 

synthesized or due to reduced activity of cholesterol esterases (Santree et al, 1999). Major 
I 

phospholipids did not alter either in HCP cells· or in THP-1 cells, except for 
I 

sphingomyelin, which showed a statistically significant decrease in HCP ~ells on 

exposure to camphorquinone with or without light. 

It was clear from the lipid experiments that camphorquinone could alter lipid 

metabolism in both cell. types at sub-toxic concentrations. The effects were cell type 

specific and involved multiple pathways. Thus, the significance of these lipid changes, on 

cells is difficult t~ assess at this stage.· Studies measuring membrane permeability directly 

could be done such that a correlation between the observed lipid changes and their effects 

on membrane permeability could be determined. 

Current studies clearly showed that light activated caniphorquinone was not 

different from camphorquinone not exposed to light as far as its effects on ·the lipid 

response in the cells were concerned. This finding could be possibly due to the fact that 

camphorquinone activation following exposure to light is very quick and transient. The 

effect of activated camphorquinone on cells could have been missed due to the absence of . 

the cells in solution during camphorquinone activation. In order to avoid missing this 

effect, camphorquinone activation with light should be performed in the presenqe of cells. 

However, the problem with such experiments is that significant light attenuation would 
I 

occur in the presence of cells and med~um, thus interfering with the total energy delivered 

for camphorquinone activation. Initial studies with camphorquinone in the presence of 

cells did not show any significant changes because of high variations among~!' samples. 

The potential for contamination of cultures was also high at the time of light activation. 
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Camphorguinone and lipid peroxidation · 

Studies by Fujisawa (1986) and Atsumi et al (1998) reported lipid peroxidation 

and peroxidation-induced reduction in cell viability when exposed to high concentrations 

of camphorquinone combined with DMAEMA ·and light. Earlier studies with sub-toxic 

concentrations of camphorquinone showed that it could influence synthesis of major 

lipids in both HCP and THP-1 cells. In order to study the peroxidation-inducing.capacity 

'of the individual components, initial peroxidation 'studies were carried out wit~ 

camphorquinone and DMAEMA separately. Camphorquinone. induced significant 

peroxidation (1-l.Snmols/ml) in HCP cells only at concentrations 5.0 & 7.5mM), 
- ,-I 

however in THP-1 cells, even though the peroxidation levels were quantitativ~ly higher 

in camphorquinone treated samples, these were not significantly different thap control 

cultures. The higher basal levels of peroxidation. in THP-1 cells could be responsible for 

making these responses insignificant. 

Several concentrations of DMAEMA (Schuster et al, 1997; Caughman et al, 

1999) were tested for their ability to induce peroxidation and it was observed that 

DMAEMA induced significant peroxidation in HCP cells (-- 2nmols/ml) only at higher 

(0.5%) concentrations. Camphorquinone and DMAEMA, spontaneously gen~rated free 

radicals in tissue culture conditions likely due to the presence of ambient :light. The 

camphorquinone effect could be due to its spontaneous activation, while the ~MAEMA 

effect could be. by providing readily abstractable hydrogen atoms under these eonditions. 

Irradiation of camphorquinone with visible light did not alter its radical-indu~ing ability 
I 
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in either cell type. Earlier lipid studies with irradiated camphorquinone at s~b-toxic 

concentrations had shown similar results. Thus, these findings suggest that bioactivity of 

camphorquinone remains unaltered upon activation with visible light. 

Lipid peroxidation studies were then performed with cainphorquinone (2.5, 5.0 & 
I 

7.5mM) in combination with DMAEMA (0.25% or 0.5%). HCP cells showed significant 

peroxidation when camphorquinone (2.5 and 5.0mM) was combined with ·nMAEMA 

(0.25% or 0.5%), even in the absence of light. This result could be possibly due to 

spontaneous generation of free radicals when these two components were com~ined, or 

as a result of camphorquinone activation with ambient light. Activation with visible light 

resulted in significant levels of peroxidation for all camphorquinone concentrations 

combined with DMAEMA (0.25% or 0.5%) in HCP cells. 

. The response in THP-1 cells was different when camphorquinone was combined 

with DMAEMA in the absence of light. Camphorquinone at 2.5mM concentration in 

combination with DMAEMA (0.25% or 0.5%) did not induce any significant i~crease in 

peroxidation. An enhancing effect of DMAEMA (0.25% or ·0.5%) on camphorquinone-

induced peroxidation was observed at only 5mM camphorquinone. A concentration of 

7 .5mM camphorquinone showed enhanced peroxidation only at 0.5% DMAEMA and not 

at 0.25% DMAEMA. Activation with visible light significantly enhanced the 

peroxidation-inducing capacity of camphorquinone in THP-1 cells at all concentrations 

except 2.5mM camphorquinone in the presence of DMAEMA (0.25% or 0.5%). The 

degree of peroxidation increased with increasing camphorquinone concentrati6ns in both 

HCP and THP-1 cells. 
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DMAEMA seemed to have an enhancing effect on the peroxidation-~nducing 

capacity of camphorquinone in the absence of light, only in HCP cells. Light activation 

enhanced the radical generating effect of camphorquinone when combined with 

DMAEMA in both the cell lines. It is also possible that a critical ratio of campho~quinone 

and DMAEMA is required to release free radicals and the ambient light may enhance the 

radical generating effect. The higher basal peroxidation level in THP-1 cells was similar 

to tha~ seen in the benzoyl peroxide experiments. 

Thus, activation · of camphorquinone could produc~ free radicals and 

peroxidation-induced damage. However, th~ interaction of these free radicals with 

surrounding tissues and the extent of their effects is unknown. Light polymerization of 

restorative resins is performed in dental clinics for composite restorations and this may 

induce a significant biological respon~e. The response may be either due to le~ching of 

camphorquinone or due to free radical-induced responses by peroxidation~inducing 

concentrations of camphorquinone, either alone or in combination with DMAEMA. The 

tissue response of such restorative procedures however remains to be assessed. 

The results with camphorquinone combined with DMAEMA, ·with or without 

light, along with those seen with benzoyl peroxide combined with ferric chloride, show 

that free radicals ·generated upon activation of these initiators either by light or by 

chemical activation, can affect cells that are exposed to them, and ·more: than one 

mechanism could be involved in the response. 
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Ceramide Responses to benzovl peroxide 

The third specific aim was to study the effects of sub-toxic concentrations of 

benzoyl peroxide on a lipid second messenger, ceramide, in both ;HCP and T~-1 cells. 

Lipid studies using sub-toxic and peroxidation-inducing (toxic) concentrations ofbenzoyl 

peroxide in THP-1 cells and HCP cells showed that the metabolism of major 

phospholipids was unaffected. The lipid peroxidation phenomenon was evident in 

.r~sponse to benzoyl peroxide and was indicative of oxidative stress. 

Ceramide is a sphingosine-based lipid second messenger molecule that is 

involved in regulation of various cellular responses to exogenous stimuli (Kolensnick et 

al, .1998). Several cytokines, as well as environmental' stresses such as ionizing radiation 

and oxidative stress that initiate apoptosis also increase the ceramide levels,. and this 

ceramide generation via sphingomyelin hydrolysis has been shown to be related to the 

apoptotic response (Hanun et al, 1993; Verheji et al, 1996). Thus, benzoyl peroxide, 

which is capable of generating free radicals, forming reactive oxygen speci~s, could 

affect lipid second messenger ceramide in cells. Both HCP and THP-1 cells showed an 

initial reduction in ceramide levels as indicated by the treatment/control ratio of percent

adjusted volume of ceramide after 10 minutes, followed by an increase at 24 hours when 

exposed to sub-toxic concentrations of benzoyl peroxide. 

The reduction in ceramides at 10 minutes could be attributed to reduction in the 

intracellular ceramide already present in cells on exposure to benzoyl pero~ide. This 

could be either due to peroxidation of ceramide at its fatty acid chain, activation of 

ceramidases leading to removal of the fatty acid chain from ceramides, thus forming 
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sphingosine or increased conversion of ceramide to either glucos)rlceramide, or 

I 

galactoceramide , via activation of glucosyl or galactosyl transferaSe. Fa~y acid 

. peroxidation of the ceramide could lead to migration of the complex on HPTLC plates at 

a rate different from regular ceramide. However a novel spot or hydroperoxides of. 

ceramide were not detected on our separation system. The treatment/control ·ratio of 

ceramides changed dramatically to one after 1 hour of treatment and it was the reduction 

of ceramide levels in control groups that was responsi~le for this effect. This decrease in 

ceramide levels in control cultures could be due to conversion of ceramides back into 

sphingomyelin in the sphingomyelin ceramide pathway. The treatment/control ratio of 

ceramides increased and was significantly higher only in THP-1 cells after 6 hours due to 

a reduction in ceramide levels in control groups. Both HCP and THP-1 cells showed 

elevated ceramide ratio after 24 hours of benzoyl peroxide treatment. Reduction in 

ceramide levels in control groups after 24 hours combined with increased ceramide levels 

in benzoyl peroxide treated groups were responsible for this effect. 

The reduction in ·ceramides in control cultures could be either due to decreased 

synthesis or to its increased conversion back to sphingomyelin. Such inter-conversions 

are dynamic processes common in signaling. In treatment groups, however, the higher 

level of ceramides could be due to either increased breakdown of sphingomyelin by 

' ' ' 

sphingomyelinases, mostly at plasma membranes, or due to increased synthesis of 

ceramide by ceramide synthase enzyme activity in endoplasmic reticulum .. iCeramide 

synthesis occurs in the endoplasmic reticulum beginning with condensation between 

serine and palmitoyl Co A leading to formation of ketosphinganine from where ceramide 

is generated by stepwise reactions. Previous studies (Hannun et al, 1998) showed that 
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thiol agents, by regul3:ting the redox state· of the cells, regulated the final : step of 

conversion ~f dihydroceramide to ceramide. The increase of ceramide levels by ~eramide 

synthase occurs as late as about 36 hours in cells and thus it may very well be possible 

that the increase in ceramides observed after 24 hours of treatment was not due to 

ceramide synthase activity but due to increased sphingomyelinase , activity. 

Sphingomyelinase activation resulting in sphingomyelin hydrolysis and ceramide 

generation in response to exogenous stimuli such as oxidative stress is extensively 

studied phenomenon (Hannun et al, 1993; Basu et al, 1998; Levade et al, 1999). In fact a 

redox shift in cells in response to an insult or stimulus has shown to activate 

sphingomyelinase increasing ceramide levels (Hannun et al, 1998). Thus, it was likely 

that the increase in ceramide was due to direct spingomyelinase activation on exposure to 

benzoyl peroxide, leading to hydrolysis of sphingomyelin. 

Previous work by Gopalakrishnan et al in 1999 has shown that benzoyl peroxide 

inhibits protein kinase C in a reversible fashion, by binding to its sulfhyhdryl group. 

Studies have also shown that there is a cross talk between ceramide and protein kinase C 

(PKC) pathways and the protein kinase C (PKC) protects endothelial cells against the 

apoptosis-inducing ability of ceramides (Lin et al, 2000). In HL-60 cells, different PKC 

isoforms, either a or o, may regulate the sphingomyelinase activity either positively or 

negatively (Visnjic et al, 1999). ·The variations in ceramide levels could P<?Ssibly be 

related to varying degree of sphingomyelinase ·activation. The sphingomyelinase 

activation could be either due to oxidative stress or due to a direct effect of benzoyl 

peroxide on PKC activity, as shown in earlier studies by Gopalakrishnan et al (2000). The 
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. PKC activity or the sphingomyelinases activation in response to benzoyl pero~ide was 

however not studied. 

DNA Fragmentation In Response to Benzoyl Peroxide 

The fourth specific aim was, to study whether sub-toxic concentrations of benzoyl 

peroxide induced apoptosis in both the cell types. High ceramide levels after 24 hours in 

response to benzoyl peroxide by sphingomyelinase activation could contribute to an 

apoptotic response in cells (Basu et. al, 1998). DNA frag1nentation assays were carried 

out in order to determine whether cera.nlide elevation induced apoptotic response in both 

HCP and THP-1 cells. 

DNA fraginentation assays showed evidence of fraginentation in THP-1 cells 

when they were exposed to a sub-toxic concentration of benzoyl peroxide. However, 

DNA fragmentation was not clearly evident in HCP cells. Higher benzoyl peroxide 

concentrations and benzoyl peroxide combined with ferric chloride did not show any 

evidence of fragmentation in THP-1 cells. The lack of response at higher concentrations 

could be due to the fact that cells survived poorly at higher concentrations of benzoyl 

peroxide and may have died by a toxic reaction independent of apoptosis. Furthermore, 

the reduction in cell numbers could have contributed to a negative response. The lack of 

response in benzoyl peroxide combined with ferric chloride treated cells could very well 

be due to enhanced degradation of benzoyl peroxi4e by ferric chloride~ preventing an 

apoptotic response. The lack of an apoptotic response in HCP cells could be either due to 

an inability to extract sufficient DNA fragments because of lack of sufficient; number of 

cells, or due to lack of synchrony of cells undergoing apoptosis. It was also possible that 
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HCP cells were resistant to DNA fragmentation, and. other assay techniques :showing 

morphological changes such as Annexin v assay, biochemical assays such as caspase 3 

activity assay or TUNNEL assay to detect 3 'OH ends of single stranded DNA needed to 

be done to demonstrate apoptosis. HCP cells did not demonstrate an obvious change such 

as rounding of cells, loss of cell adhesion and intact" membrane in response to sub-toxic 

concentration of benzoyl ·peroxide. It should be noted that these changes do not 

necessarily represent apoptosis but certainly are indicative of a cytotoxic response. 

Caspase 3-mediated activation of DNA ladder nucleases (CAD) results in 

generation of 180 base pairs fragments as the nuclease cuts the genomic DNA between 

nucleosomes. The difference in apoptotic response between HCP and THP-1 cells· could 

be related to this step, however the mechanism of DNA fragmentation was not 

investigated in this study. DNA is highly reactive and easily altered by events such as 

free radical, oxidation or ionizing radiation. DNA fragmentation in THP-1 cells in 

response to benzoyl peroxide could possibly due to the formation of DNA adducts, 

dimerization, and subsequent DNA damage a~ a result of free radical generation. 

· Combination of ferric chloride with benzoyl peroxide, which enhances free radical 

generation, however did not demonstrate this effect. DNA adducts or dimer formation in 

response to benzoyl peroxide, were not detected. in the. current study. Thus the :correlation 

between DNA modifications and damage in response to benzoyl peroxide is yet to be 

established. Our data also indicated an increase in ceramide levels at similar (0.1mM) 

concentration of benzoyl peroxide for both HCP and THP-1 cells. Thus, ceramide 

mediated activation of apoptotic pathway leading to DNA fragmentation coula be one of 

possible mechanism for apoptosis. Further studies are required to determine the source of 
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ceramide generation as well as its possible role in apoptotic response in T~-1 cells. 

Lack of changes in major phospholipids in response to benzoyl peroxide, along with a 

lack of evidence of peroxidation at this concentration (0.1mM) suggest that membrane 

perturbation or change in membrane permeability may not be directly relat~d to the 

apoptosis response. The responses of peroxidation-inducing concentrations of benzoyl 

peroxide on ceramide levels need to be addressed. The cytotoxic response of peroxidation 

levels for both the cell types was observed in our studies and the mechanism of this cyto-

toxic response either through membrane damage or through activation of .apoptotic 

pathway needs to be addressed further. 

THP-1 &HCPCells 

An important factor in these studies is that the effects of initiators were examined 

in two cell lines that differ from each other in terms of their location and function in 

tissue. While HCP cell are keratinized epithelial cells that act as a barri~r, THP-1 

monocytes are phagocytic cells that ingest and kill foreign particles and bacteria. The cell 

types differ in some physiological and chemical properties. They are likely to differ in 

terms of their lipid metabolic response to initiators at sub-toxic or lipid-peroxidation 

inducing concentrations. They will differ in their ability to survive and respond to 

conditions of high oxidative stress. The two cell types differ in their endogenous 

cholesterol levels with higher levels("' 7-8%) in HCP cells as compared to THP-1 cells 1 
. . ' 

(3-4%). This could affect the phospholipid/cholesterol ratio, which defines critical 

membrane properties such as fluidity or permeability. The changes in lipid ~etabolism· 

seen in THP-1 cells were always more consistent and significant compared to HCP cells 
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and this could be related to high lipid synthesis and turnover in the THP-1 cells !due to a 

fluid membrane required for phagocytosis. 

However, the response of THP-1 cells to peroxide formation was variable and 

inconsistent at longer time 'intervals as compared to HCP cells. This finding could be 

related to higher levels of endogenous reactive oxygen species and in enzymes regulating 

them in THP-1 cells because of its phagocytic function. This difference was also likely to 

be the reason the survival of THP-1 cells was better as compared to HCP: cells at 

peroxidation-inducing levels of benzoyl peroxide. 

Both cell types showed increased levels of ceramides on benzoyl \Peroxide 

exposure. However, the total ceramide levels were higher in HCP cells compared to 

THP-1 cells and this could be attributed to the terminally differentiated nature: of these 

epithelial cells where ceramide levels are of greater functional significance. DNA 

fragmentation was evident in response to benzoyl peroxide in THP-1 cells but not in HCP 

cells. This lack of response in HCP cells could be cell type specific, with HCP cells 

showing resistance to DNA fragmentation but requiring other apoptotic mechanisms. 

Thus, while the two cell types demonstrated some similar responses to peroxide~ inducing 

initiators, there are also. some significant differences. The in vivo response! to these 

initiators would depend on the interaction of the material at a particular concentration 

with a particular cell type. 



SUMMARY 

The initiators benzoyl peroxide and camphorquinone affected lipid metabolism in 

. both THP-1 and HCP cells at sub-toxic concentrations. Both the initiators influenced 

synthesis of neutral lipids, such as triglycericles, cho~esterol and cholesterol esters. While 

benzoyl·peroxide showed changes only in some neutral lipids, camphorquinone s~owed 

additional changes in ,·ne~tral as well as polar lipids. The addition~! cha,nges in 

camphorquinone could be related to its chemical structure, especially its two carbonyl 

groups. The degradation product of benzoyl peroxide, benzoic acid, induc~d major 

changes in neutral and major p~ospholipids at sub-toxic concentrations. 

Lipid peroxidation was seen in HCP cells in a time-dependent and dose-

dependent manner when exposed to benzoyl peroxide combined with ferric chloride. 

However, such a response was absent in THP-1 cells. THP-1 cells only showed ·evidence 

of peroxidation at short time interval of 2 hours; longer time periods did ~ot show 

evidence of increased peroxidation, possibly related to endogenous free reactive oxygen 

species or enzymes regulating them. Camphorquinone and DMAEMA both! induced 

significant peroxidation only at high concentrations. The peroxidation-inducing capacity 

of camphorquinone did not change with activation by light, but its combina~ion with 

DMAEMA 'in a particular ratio significantly generated peroxides. HCP cells showed 

significant peroxidation with camphorquinone and DMAEMA, even in the a~sence of 
I 

light. 

154 
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Addition of light consistently increased peroxides levels, and : higher 
I 

camphorquinone concentrations induced higher peroxidation levels. Pero~idation-

inducing concentrations o~ benzoyl peroxide did not alter the metabolism of major polar 

lipids in both cell types. THP-1 cells, however, showed decreased free fatty arids and 

increased triglycerides levels, and this could be related to shunting of fatty acids into 

triglycerides. The bolus effect of benzoyl peroxide did not have any significant effects on 

the lipid metabolism. 

Effects of camphorquinone at sub-toxic concentrations were more readily evident 

in HCP cells than THP-1 cells. Both neutral and polar lipids showed significant changes . 

. THP-1 cell effects were limited to cholesterol metabolic pathways. Camphorquinone 

irradiated with light did not have any significant ability to influence the metabolism of 

lipids. 

Benzoyl peroxide at sub-toxic concentrations did affect the levels of ceramide in 

both THP-1 and HCP cells at longer time intervals and also appeared to induce apoptosis 

in THP-1 cells. HCP cells did not show a clear evidence of apoptosis by DNA 

fragmentation assay, however other morphological or biochemical assays need to be used 

in these cells to confirm these observations. This study however, did not demon~trate that 

the apoptosis response was dependent on increased ceramide levels. 

The study, however, has shoWn. that dental resin components could ~ffect the 

cellular functions and metabolism at concentrations that are sub-toxic to cells. It was also 

possible to develop systems that nearly resemble the clinical conditions for testing of 
• . I 

various components in restora~ive resins such as the individual components, vi~ible light. 

The effects of camphoroquinone on various aspects of lipid metabolism are significant 
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from the point of view that camphoroquinone is an integral component as ~ photo

activated initiator of dentin-bonding ag~nts, dental resin restorative resins: and in 
i 

apicotomy procedures where the bonding systems can be used on the root apex for 

closure and healing. The proximity of these materials to various oral tissues such as pulp, 

gingiva as well as area surrounding root apex makes it very likely that these components 

may induce a cyto-toxic response, which can clinically correlate with inflammation or 

tissue reaction. They can also significantly alter tissue healing which is otherwise 

anticipated after a desires restor~tive procedure. Thus biological behavior of various 

components of the restorative materials may be critical in terms of a desires clinical 

performance of the material. Further studies are required to understand the bepavior of 

these components in the biological system and apply them to clinical situations under 

which they are used. Results suggest that both types of initiators produce some ~esponses 

that are similar but there are differences related to material and cell type. 
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