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Topic 1: Overview

 

Exploring the Different Sides of Toxicology

· Give the two definitions of toxicology, and explain why one of them is more accurate.
· OK, so there is a "naïve" and a "more accurate" definition for toxicology
· Naively, we would say that toxicology is the science of poisons
· However, the more accurate definition is that environmental toxicology studies the potentially harmful AND beneficial effects of environmental chemicals on living organisms
· This is because many poisonous substances have beneficial effects in small doses, and so they can be helpful to us if we incorporate them into our systems in a controlled manner
· Example: Digoxin is a treatment for CHF that is actually a poison when it is taken too much
· What is one exception to the above concept?
· It should be noted that not all substances act like this -- some substances are so toxic that they are not beneficial at ANY level
· Example: heavy metals such as mercury and lead
· What implication does this tension have for policy making?  Give an example.
· This issue was present with DDT, where it was originally made because it was effective at killing mosquitoes and thus preventing them from damaging crops
· However, it was quickly banned when it was discovered that DDT could build up in living organisms and cause reproductive failure
· The tension developed when the WHO decided that the benefits were worth the risks in African countries, where mosquitoes not only destroy crops but also carry malaria
· So now countries such as Canada have to consider this tension when developing policy, such as "Should we export DDT to African countries?"
· So this exemplifies the tension - when we are making policies such as whether to ban substances, we need to be aware of many things:
· The benefits of a substance versus its harmful effects
· Whether the substitute solution is any better (some say that organophosphates, which replaced DDT, are even worse than DDT)
· What are the effects of banning the substance (other than the fact that it will be no longer a risk)?  (For example, the financial consequences)
· How severe are the risks, really?  (With the acrylamide example below, you would have to eat an unrealistic amount of fries to suffer from its harmful effects)
· What is another application of toxicology (besides policy making)?  Explain it.
· Modern toxicology often studies the use of chemicals as probes (into a cell) to better understand molecular/cellular processes that affect health
· The toxic substance goes into the cell and exerts its effect - by perturbing or changing some aspect of the cell's metabolism, and by observing the results we can learn more about these processes
 

Exposure to Toxicants

· Compare and contrast the two different kinds of exposures, and give examples.
· There are unintentional exposures (COMMON) and intentional exposures (RARE)
· Unintentional exposure are rampant throughout our environment, and so there are many examples:
· Fish that have lots of omega-3 also have lots of mercury 
· Ephedra is also a big deal: it is a herb which is (was) frequently used (especially amongst natural health practitioners) for colds and flu
· However, since it is a mild stimulant, if you are UNINTENTIONALLY exposed to excessive amounts of it, you can get heart arrythmias, strokes, and so on
· California started issuing warnings for fries, because if the fries are over-heated then we get the toxicant known as acrylamide
· Acrylamide is carcinogenic and also toxic to the nervous system
· Intentional exposures require INTENT on the part of some human to put a lot of toxin into someone else, for example Victor Yushchenko (politician in the Ukraine)
· A special form of Dioxin called TCDD was used to do this, and it was so purified that we were able to see what h725appened when someone ingests a LARGE amount of Dioxin
· Result: he has chloroacne and severe liver damage
 

Factors to Consider When Thinking About Toxicity/Toxicology

· Explain why TIME is such an important factor to consider when we think about toxicology.
· Well firstly, toxicology is arguably the oldest scientific discipline, as the earliest humans had to recognize which plants were safe to eat
· One implication of this is that it is not just recently that toxicology has become a relevant issue on the public agenda: we may INCORRECTLY think that it is because of things like the Industrial Revolution - that is, it is MAN's fault that we have to worry about toxicology as a subject
· Another reason why TIME is relevant is because over time, humans have been able to adapt biochemical defenses against all the toxic combustion products in the environment, such as wood smoke (which we did a LONG time before the Industrial Revolution)
· One implication of this is how well our bodies can deal with toxic substances that we have NOT adapted defenses for - more specifically, ARTIFICIAL toxins (things made by us, and not the environment)
· However, it remains true that MOST EXPOSURE of humans to chemicals is (still) via naturally occurring compounds consumed in the diet from food plants
· Lastly, time is also important because none of us are toxicological virgins -- as soon as we were born , we were exposed to all sorts of trace chemicals in the environment -- some bad, some not so bad
· And the POINT here is that these chemicals (can potentially) build up in our tissues over TIME (if they are persistent) and ultimately cause damage in the FUTURE: thus environmental health is a discipline not only concerned about the present, but also about the future -- they have to consider the deleterious potential of chemicals on a long-term scale
· Notably, even if certain chemicals are not accumulative, short-lived substances can still do DNA damage and THAT damage can build up over time to give us stuff like cancer…or other genetic problems like birth defects
· What is one important source of variation when we are thinking about the kind of damage which we may experience due to toxins?
· HUMAN UNIQUENESS -- or more formally, genetic differences -- must be considered in toxicology
· The thing about environmental health that makes things complicated is that there is biochemical individuality -- everyone has a different enzyme profile, so a toxic exposure that might not affect most people could affect a small number of people because they are less resistant than the general population
· This uniqueness can result from:
· Genetic inheritance 
· But also life experiences -- what we have been exposed to before, and have been able to build up resistance to
 

How did we get here?  (Toxicologically speaking)

· Explain how the discipline of toxicology evolved, especially our MOTIVATION to learn about this area.
· Firstly, this is the big picture: modern environmental toxicology developed from increased public awareness of environmental hazards (specifically, DDT)
· Here is how that happened:
· Firstly, we had a book named "Silent Spring" written (in 1960) by Rachel Carson in which she talked about her concerns for what synthetic pesticides were doing to the health of the ENVIRONMENT
· More specifically, she was a wildlife biologist so she was concerned for the health of eagles, hawks, fish, etc.
· She saw that the pesticides were negatively affecting the hormone balance in these animals so that they were losing reproductive capacity
· From there, it was realized that toxicants which affected wildlife could ALSO AFFECT HUMANS
· Thus by the mid 1970's, many new laws were put in place in countries like CAN and USA to more tightly control the production and release of pesticides and toxic heavy metals
· So within a 10-year span, a lot of the worst sources of environmental pollution were put under control (note that it was only the worst ones -- more on this later)
· Another issue that the field of toxicology had to work through is the idea of different degrees of toxicity.  What are the problems/issues that arise when we think about how some toxicants are worse than others?  What single factor worsens all these problems?
· The idea is that it is harder to know what to do with the less extreme cases -- with the extreme ones it is easy…we just ban them!
· However, with less toxic compounds it is going to be REGULATIONS (i.e. production limits for industrial factories) instead of bans -- and careful thinking has to be done to decide where these regulations will be set
· Also the degree of toxicity of some compound can be tricky because it may fool us -- a chemical may appear safe, but actually be dangerous
· The factor that multiplies our headaches is that there are so many chemicals being manufactured, and it is difficult to get through all of them
· In fact, approximately 100,000 chemicals are currently in use worldwide, and 500 new chemicals enter the marketplace annually
 

Different Areas within Toxicology

· What are major areas of specialization in toxicology?
· Mechanistic toxicology (basic biology and chemistry)
· Descriptive toxicology (testing)
· Regulatory toxicology (standard-setting and compliance)
· Risk assessment (modeling)
 

Mechanistic Toxicology

· What are the major traits of mechanistic toxicology?
· It focuses on "how" -- it is an explanatory discipline
· How does a chemical produce an adverse health effect?
· i.e. What is it about a benzene ring that allows it to enter a cell and do damage?
· How does a biological system protect itself against a possible adverse health effect?
· It involves certain other fields of science
· Firstly, cellular and molecular biology are big players here
· Chemistry is also heavily involved here, because it is often (obviously?) the chemical properties of some substance that allow it to do damage
· What are 3 terms which are used to describe chemical compounds and how they relate to the body?
· Xenobiotic compound: a chemical that is foreign to the organism
· It is "foreign" to the body -- not naturally manufactured, nor is it taken in as a natural food substance
· Byproduct/metabolite: a chemical produced by metabolic biotransformation reactions in the body
· i.e. When an XB substance enters into the body, it gets metabolically transformed by enzymes (xenobiotic metabolism), and the product of that biochemical transformation is a byproduct or a metabolite
· Parent compound / Precursor: a chemical that gives rise to a metabolite
· i.e. Before metabolism takes place, it is just a parent compound or precursor: a chemical that gives rise to a metabolite
· When we are in mechanistic toxicology and we look at a substance, what are the 3 questions we have to ask?  How are they related by the concept of a "TPB substance"?
· OK firstly, here are the 3 questions:
· How persistent is a chemical in the body?
· So here we want to know whether the chemical persists for a long time in the body without being broken down?  Because if so, it will accumulate…and even small exposures are bad if they happen regularly on a long-term basis
· A closely related concept is "bioaccumulation", which is a descriptor for what happens (the chemical accumulates in the body)
· Are metabolic products toxic?
· So once the chemical enters our body and our body starts breaking it down, will the resulting products do damage to our body?  If not, then perhaps we aren't so worried…but if so, we are in trouble
· Do test animals reflect humans or other species of concern?
· This is related to the previous point, because frequently we decide whether a given substance is toxic by administering it to other animals first, and observing the consequences
· And here there are issues of accuracy because although rats and humans are both mammals, rats are not merely scaled-down humans -- they have metabolic and physiological properties that are unique
· Thus we must realize that a rat test is not sufficient!
· Often however, rat tests are still useful because if we understand metabolic biotransformations enough, we can be reasonably assured that when we see toxicity in mice, we can predict whether the same thing will happen in humans (because that particular pathway is also in humans) or NOT (because that pathway is NOT)
· A TPB substance is one which answers the previous 3 questions in such a way that it is TOXIC, PERSISTENT, and BIOACCUMULATIVE
· Such a substance is the worst kind of all, and is a high priority for the environmental agencies to regulate
 

Descriptive Toxicology

· What is descriptive toxicology?
· Here the idea is that we want to DESCRIBE what happens when a toxic substance is administered -- thus it typically involves toxicity testing
· We look at many different indicators to tell us whether something is toxic or not:
· Mortality
· Growth inhibition
· Reproductive impairment
· Increase in cancer incidence
· Notably, this type of toxicology is the OLDEST kind because we did not need to know anything to be able to study it (i.e. biochemical pathways in mechanistic toxicology)…all we do is take a rat and add some toxic substance, and then observe
· Explain how the case of thalidomide exploited the shortcomings of this branch of toxicology (at least, as an all-encompassing thing).
· It was a sedative/tranquilizer advertised in the 1960's to women who had morning sickness because it relaxed them and reduced nausea
· However, it was a POTENT DRUG FOR INDUCING BIRTH DEFECTS!
· And no one knew that thalidomide would do this because descriptive toxicology had tested it on rats and mice -- and there it didn't cause any defects
· But as discussed earlier, rats and mice are not exactly the same as humans, and so the "answer" which descriptive toxicology gave was not good enough
· OK, about toxicity testing.  What does it do, who does it do it for, and why does anyone care?
· Toxicity testing assesses the concentration-dependent hazard a chemical may present
· i.e. What is the chemical concentration in various bodies of water?
· Ppm for air, mg/L in water, um/kg in foods, etc.
· It studies this for:
· Human health 
· Natural populations
· And we care because the results are typically applied to:
· Approval of product use 
· Regulating allowable concentrations in the environment (note that [as stated before] it is REGULATION that is happening, not outright banning)
· How are mechanistic toxicology and descriptive toxicology related?
· Molecular and cellular studies in toxicology often supplement toxicity testing results to help ascertain chemical hazard. These mechanistic studies often unravel complex processes that underlie an adverse response
· i.e. Once we know that something is toxic at a certain level, mechanistic toxicology can tell us HOW the damage occurs takes place -- and this is important b/c we need to know not just whether a substance is harmful or what level it is harmful at (descriptive), but also HOW IT PRODUCES THE HARM IN THE FIRST PLACE
· This is important because once we know this, we can devise better protective measures for people because we know who in the population is most at risk
 

Regulatory Toxicology

· What is the essence of regulatory toxicology's role?  How do they do this?
· It is to SET RULES with respect to chemicals, and to ensure that there is COMPLIANCE to those rules
· They do this in 2 major ways:
· Product registration: if we are releasing something into the environment, we have to register it with Health Canada so they know what you are releasing and how much
· Determining allowable concentrations (of some chemical) in food or environmental media
· What "realm" would we classify the issues that arise in regulatory toxicology as being a part of?
· Well, the issues are (obviously) scientific and toxicological
· But they can also be technical and legal issues, which may require negotiation and gathering of new information (?)
· It is definitely also political and economical 
· i.e. If you are a private sector company and you make a profit by releasing this thing, it can hurt your bottom line if you aren't allowed to do it as much (i.e. regulation put in place)
· What are some key legislative acts in Canada for regulatory toxicology?  Explain each, being sure to include the agency which is responsible.
· CEPA = Canadian Environmental Protection Act (Environment Canada, Health Canada)
· This one deals with protecting both humans and non-human species from chemical contaminants that could be toxic -- the point being that these chemicals are NOT designed to kill anything
· PCPA = Pest Control Products Act (Health Canada)
· These are for pesticides and fungicides, which ARE designed to kill things
· Food and Drugs Act (Health Canada)
· This is for chemicals in foods and drugs
· Clean Air Act 
· This is an act that is currently being produced by the parliament
· The idea is to reduce air pollution and toxic substances
 

Risk Assessment

· What is risk assessment, and how does it relate to other aspects of toxicology?
· Risk assessment is a systematic review and mathematical modeling process that provides estimates for safe or allowable chemical concentrations in the environment
· It is related to other aspects of toxicology because it acts as a link between the lab work (i.e. knowing that some substance is hazardous) and regulation (deciding what rules we should put into place to deal with a substance)
· This is because it is not so simple as making decisions solely based on lab work telling us how dangerous something is: other things inform the appropriate response to a substance, such as those mentioned below
· What are the major steps involved in risk assessment?  Describe each.
· Hazard identification: there are tens of thousands of chemicals that are being released into the environment, and the ones which are likely to be harmful to human health must be identified, with evidence
· An important follow-up to hazard identification involves MECHANISTIC TOXICOLOGY, which is used to determine how a potentially toxic substance produces a toxic reaction in a tissue or cell
· We want to know what type of toxicity it is and how it affects a given cell or tissue
· Dose-response assessment: here we want to know the degree of biological harm/response based on the DOSE of the chemical
· The smaller the dose necessary to elicit any given response, the MORE hazardous the substance
· Exposure characterization: in environmental health, there will always be a minute quantity of a given chemical in the environment, so the more important thing is how much of that is coming into contact with human beings (and this is what exposure characterization looks at)
· Is it just a modest quantity through contaminated food?  Or is it a tiny quantity?  So we have to check this out…
· Risk estimation: this basically says that for a given level of exposure to a given chemical with a given dose response characteristic, what is the statistical estimate of the likely amount of health impact that a particular chemical may have in the human population
· This is related to dose-response and exposure characteristics…but ALSO population characteristics: how many exposed?  WHO are they?  How OLD?  And so on…
· Risk characterization: this says that if you can predict that a certain # of people exposed to a chemical will have a health effect, what will the actual impact of the health effect be?
· This is different from risk estimation because risk estimation basically only tells us how likely someone is to be affected by the disease (due to a) the amount of drug needed to produce an effect and b) how easy it is for them to get the drug from the environment)…but risk characterization is a consideration of just HOW BAD that effect is
· Examples:
· Cancer: this is MAJOR because even a few cases can be fatal or very morbid
· Eye irritation: this may be commonplace but it is just a nuisance…so this would be lower priority as opposed to cancer
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Topic 2: Toxicology Concepts

 

Environmental Challenges and Defense Systems

· Discuss the 2 types of environments we have to be aware of when we're studying environmental health.  How do they relate?
· The two types of environment:
· External environment (what we normally think of): everything that is not "us"
· Internal environment (that which occurs within the individual person): because people and their bodies aren't just one big blob of tissue - there are many processes which go on inside us, and we need to consider how toxicants can affect that
· The environments are related through the concept of ABSORPTION, which is the extent to which some toxicant from the EXTERNAL environment can enter into our internal environment
· What are the different challenges which can present themselves in either environment, and what are the defense systems which our body has for each challenge?
· Physical challenge: like getting hit by a bus -- they are hazards that we can see (usually), although some are invisible such as radiation
· So our defense is things like avoidance, adrenaline, etc…which on a biological level means neuroendocrine defenses, i.e. epinephrine, cortisol, etc.
· Microbial challenges: things like HIV, SARS, pandemic avian flu
· These are first handled at the external membrane barrier -- skin, etc.
· And then inside us we have general/innate and immunity
· Chemical challenges: similarly to microbial challenges, there are external barriers in our body for the chemicals we encounter in the environment
· Our defense is then external barriers...
· i.e. We could breathe something into our lungs and the lungs are the barrier…or even our GI tract
· …and then toxicological defenses, which are frequently biochemical in nature (analog of immune system for microbial challenges)
· Xenobiotic metabolism is a big issue here, because it studies the way that the body reacts with foreign chemicals which have entered
· Speaking of xenobiotic substances, what are some sources of xenobiotic exposure?
· Pollution, drugs, plant products
 

Terminology

· Define the following terms: endogenous, exogenous, xenobiotic, contaminant, toxicant, anthropogenic.  Comment where appropriate.
· Endogenous (intrinsic): denotes a substance made within the body
· Since the body makes these, they are in GENERAL (but not always) beneficial to the body
· Exogenous (extrinsic): denotes a substance entering from outside the body
· i.e. It comes from the EXTERNAL environment
· Xenobiotic: any exogenous substance not normally found in the body (note that it doesn't mean DANGEROUS!)
· Contaminant: any exogenous xenobiotic that is considered undesirable
· We have to be careful with this word, because "undesirable" does not mean "toxic" -- it just means undesirable…so beware the difference!
· Toxicant: a xenobiotic contaminant that is potentially hazardous to health
· So this is a much tighter definition than "contaminant": here we know that it is CERTAINLY bad
· One note here is that since a toxicant is a xenobiotic, it is by definition something that is created biologically -- and so when the word "toxicant" or "toxin" is used, it should only refer to biologically created substances
· Anthropogenic: any substance produced by human activity (good or bad)
· There is a fallacy here: one of the things that many environmental advocates still believe or say is that anthropogenic substances are more hazardous than other types i.e. xenobiotic -- AND THIS IS FALSE
· ESPECIALLY BAD when the word "natural" is used and it seems like it is "better" and "not dangerous" -- this just isn't true
· There are good, medium, and bad anthropogenic substances just as there are good, medium, and bad xenobiotic ones
 

Flowchart for Toxins

· Give a word flow-chart for how a xenobiotic substance gets into our body.  For each step, describe the type of analysis which is performed (if applicable).
· Xenobiotic in environment -> exposure -> toxicokinetics/pharmacokinetics -> toxicodynamics/pharmacodynamics
· Exposure: as discussed before, there are multiple ways in which this can happen
· Toxicokinetics: the pathways by which the toxicants are processed, metabolized, distributed, etc.
· A SYNONYM for this is pharmacokinetics…although it is more limited to pharmaceutical drugs
· Toxicodynamics: what the xenobiotic/metabolic products do to the tissue of the body -- that is, when the xenobiotic/metabolic byproducts react with cell constituents, what changes to physiological function take place?  And how does this affect human health?
· There is also pharmacodynamics
 

Risk and Exposure

· How is "risk" defined?  Give an example which demonstrates the nuances of this definition.
· Risk is the probability of injury or disease resulting from exposure to a potential hazard
· The nuance is that the hazard itself is always seen as POTENTIAL, meaning that a poison that is well secured is POTENTIALLY HAZARDOUS but not RISKY because there is no way we will ever be exposed to it
· Talk about how our exposure to some substance is related to risk.
· It is very simple: the probable level of health risk is dependent on the degree/likelihood of exposure because as demonstrated above, a substance is not risky if there is NO chance we will ever bump into it
· A non-zero level of exposure is relevant when we CONTROL substances instead of banning them (often done when they are useful)
· A complex issue related to the exposure-risk relationship is the notion of "no exposure" -- does it mean no risk?
· In a way it does, but since a substance can still hang around in the environment after it has been banned (especially if it is persistent), it is very difficult to fully arrive at a "no exposure" state
· Thus we have the concept of virtual elimination: the idea that we can try our best to bans something…we try to get rid of them…but of course there will always be a little bit left
· What are some sources of exposure to chemicals?  Briefly discuss each.
· Environmental: air, water, food
· Occupational: hazards in the work place
· Therapeutic: things like drugs, medical device
· Diet: what is in our foods
· Note that therapeutic and dietary sources are getting increasingly mixed up because there are lots of natural medications going on (i.e. herbal products) these days
· i.e. Nutraceuticals are also part of food now -- they are food in nature but they have pharmaceutical properties
· i.e. Soy milk: high in certain types of hormone-like substances…so people think that by taking soy milk, they will maintain their hormone levels and avoid menopausal symptoms
· Accidental: like if you have a large storage facility full of chemicals…and they are accidentally released
· Deliberate: think Yushchenko…or also suicidal poisoning
· Explain what the concept of toxicity is.
· Toxicity is a function of the effective DOSE (how much) of a xenobiotic AT its target site, integrated over TIME (how long).
· As we see in the next question, the EFFECTIVE DOSE may not always be the same as the amount of the thing which we take in
· What is the concept of internal exposure/dose?
· The idea is that when we absorb a xenobiotic into our bloodstream, that thing is transformed by toxicokinetic processes such that the internal dose is quite different than the external dose
· It is the cell or tissue that experiences the internal dose and so the ID is actually the thing which is most directly relevant to our health
· Define route of exposure, give examples, and explain why we care.
· The route of exposure is essentially the SITE at which the toxin enters the body
· We care about this because:
· It is an important determinant of the ultimate dose -- that is, the amount/rate of absorption from the external into the internal environment is affected by the ROUTE through which it enters
· Also, in the case of a local toxic effect, the place where it enters will be the place where the effect is seen
· Note however that there are also SYSTEMIC responses, where the effects are felt all over the body and not just locally
· Also it is notably that usually a given toxicant has a characteristic route of exposure -- i.e. some drug gets into us the same way every time
· However, sometimes toxicants can enter in more than one way -- i.e. something in water could be drank by us but we could also absorb it dermally through the shower
· The sites/routes of exposure can include:
· Dermal (skin) -- although the skin is a barrier at times, it is also QUITE thin and many substances can pass through the skin to varying extents…get through the bloodstream and contaminate our bodies…
· Inhalation (lung) -- breathing/inhaling…usually gas/vapor but also a dust contaminant
· Oral (GI) -- ultimately the small intestine in the GI tract
· Injection -- right into the bloodstream baby
 

Dose, Time, etc.

· What are the two time-related aspects of exposure which ultimately affect DOSE?
· The concept of DURATION: how long an organism is exposed to a chemical for
· But also, FREQUENCY: whether we are exposed in a continuous manner…or if it is more episodic (and of course, how often the episodes are, etc.)
· Also explain a time-related characteristic that has to do with a given substance's NATURE (as opposed to dose).
· Here the idea we are referring to is acute exposure vs. chronic exposure
· Acute exposure is a single and time-limited exposure 
· As a related point, we would consider something like SARS to have acute EFFECTS because after that single and time-limited exposure, effects ARE SEEN (repeated exposures were not necessary)
· Notably, acute does NOT mean toxic (as some media mistakenly believed): it just means that whatever the effects are, they are seen IMMEDIATELY
· Chronic exposure is long-term and often repeated exposures -- multiple exposures over time whose effects build up
· Of course there is also "sub-chronic"
· Also, we must be aware that disease can switch between acute and chronic: asthma evolves from an episodic disease into a chronic disease -- people have airway changes…so it is an environmental disease which start in an acute way….becomes more frequent if you have repeated exposures…then in the long run it can be come chronic if it isn't treated
· “All things are poisonous, only the dose makes it non-poisonous.”  Explain using examples.
· This quote emphasizes the importance of the dose (which in turn is a function of CONCENTRATION and EXPOSURE) to the effects of a substance
· That is, the dose will affect the effect elicited by a given substance -- if the dose is too high, then any substance can be toxic…conversely, if the dose is low enough than a well-known "toxic" substance is in fact not dangerous
· For example, cyanide is actually handled well by the body in small doses -- in fact there are small doses of cyanide we get in every day life like peach pits, apple seeds, etc.
· Notably, there is also cyanide in cigarettes which the body metabolizes into thiocyanate and secretes into the saliva…
· Thus thiocyanate is considered a "biomarker": a biologically measurable substance that serves as a marker for some type of exposure -- presumably from smoking cigarettes
· Thus we can test people for smoking
· Explain what the dose-response relationship is.  What kind of things affect this relationship?
· Dose-response refers to the quantitative relationship between the concentration of a xenobiotic in the body and the magnitude of the biological effect it produces
· However, there are various things which can "alter" the effect and make it different from what may be expected:
· Firstly, there is the idea of internal vs. external concentration: as discussed before, we know that the internal concentration is more related to the effect than the external ones
· This is b/c external concentrations may not effectively penetrate into the body and even if they do then they are metabolized and the internal becomes much different than external
· Biomarkers are useful here b/c they measure INTERNAL things -- not external things
· Secondly, the fact that we all have different genotypes, phenotypes, and life experiences mean that our bodies will deal differently with a given environmental substances
· Thus everybody is inherently unpredictable -- there will always be people who for different reasons are either particularly susceptible or resistant to a given dose of a given substance b/c they are biologically different
· Explain some of the "proportional" relationships which exist as we go from some toxin to body damage.
· The magnitude of the toxic response is proportional to the concentration (level) of the chemical at the target site.
· The concentration of a chemical at the target site is proportional to the dose (Law of Mass Action).
· Law of Mass Action: the rate of a chemical reaction is proportional to probability that the reacting molecules will be found together in a small volume
· Four important processes control the amount of a chemical that reaches the target site. 
· Absorption
· Tissue distribution
· Metabolism
· Excretion
· Discuss aspirin, Vitamin A, and oxygen.  Explain how each of them can be non-toxic (even helpful) and toxic.  Give numbers were necessary.
· Aspirin: beneficial dose is 300-1000 mg; toxic dose is 1,000-3,000 mg
· Obviously in small doses, aspirin is beneficial for things like heart conditions and headaches
· However, toxic doses of aspirin can result in:
· Damage to the acoustic nerve, causing deafness
· Stomach ulcers
· Acidosis of the blood (since aspirin is acetylsalicylic ACID)
· Vitamin A: beneficial dose is 5000 units/day; toxic dose is 50,000 units/day
· Of course it is beneficial in correct doses for things like retinal
· However, it is a potentially toxic vitamin b/c it is fat soluble/lipid soluble and so it stays in the body tissues, especially the liver: hence it can cause liver toxicity
· Oxygen: beneficial dose is 20% (in Air); toxic dose is 50 – 80% (in  Air)
· Obviously it is beneficial because we need it to breathe, live, metabolize
· However, if over a span of hours if you have TOO MUCH oxygen, you find that you get a condition over a span of days or weeks called oxygen toxicity -- this is when the lungs become scarred and inflamed
 

Dose-Response Curves

· Look at the diagrams in the PPT (as appropriate) and be sure to be able to do the following things:
· Distinguish between arithmetic scale and logarithmic scale, and the typical shape of the curve for each (this shape has a NAME)
· Define and locate EC50
· Define and locate maximum response
· Define and locate approximate linear range
· Define and locate rate (of action)
· What are the significances of the different levels of EC?  What is EC, anyway?
· It stands for "effect concentration" (or something similar), and the idea is that we want to know the CONCENTRATION at which a certain AMOUNT of the drug's EFFECT is observed
· So for example, at the concentration of EC100, 100% of the drug's effect will be observed -- in the case of bad drugs, we will see everyone dead
· This number is actually not very important to us because we can't do anything with it -- the numbers we care about are much lower
· At a concentration of EC50, 50% of the drug's effect will be observed: i.e. 50% of the people would die
· This also tells us when the "average" animal would die/experience toxicity
· This gives us more information, but still nothing we can do a lot with because we DO NOT want to be at the EC50 -- so why would we want to know what it is?
· Threshold: this is when the drug's effects FIRST start to be seen -- this is when the first person dies (for argument's sake)
· This is what we want: we want to protect everyone in the population -- esp. the "weakest" members of the population
· Notably, this is hard b/c most tests are done on students and so we don't see the suscpetiliibty of older people
· Thus we must be careful when we estimate threshold -- to say that a dose is at threshold, that doesn't automatically confer safety
· What is the difference between effective and lethal dose?
· Effective dose is the dose that produces the desired effect of a drug
· So as with EC, we can have different levels of ED i.e. ED50, ED100, etc.
· Lethal dose refers to the point at which the drug starts KILLING people
· So we have LD50, 100, etc.
· What is a POPULATION dose-response curve?  Which things might we notice if we looked at one?
· This is a curve where the X axis is degree of response to a given drug, and the Y axis is number of people
· So we see that within a population, when we look at numbers of people and how they respond to drugs, there is a normal curve
· Most individuals have "average effects" -- they react normally to a drug
· But extreme low outliers have "minimal effect" -- they are resistant and the same dose of drug as the middle people received does not phase them at all
· And extremely high outliers are the opposite: they are "sensitive individuals" in whom a maximal effect is observed
· We might notice that certain groups of people are especially susceptible to certain drugs, and this is USEFUL INFORMATION
· i.e. We can see the answers to questions such as "What is the toxic effect on children?"
· Also, women of reproductive age are susceptible so we want to see how drugs are affecting them -- this is especially important because women don't KNOW FOR THE WHOLE TIME that they are pregnant…so they might take drugs innocently
· What is a U-shaped dose-response curve?  Explain using an example.
· This curve demonstrates that for a given substance, there can be bad effects with both excessively LOW amounts of the substance and also excessively HIGH ones
· So when we draw an "amount of adverse response" vs. "dose" graph, it looks like a "U"
· As for Vitamin A:
· Too low of a dose can mean blindness, dry skin, and increased infections
· Too high of a dose can cause anorexia, anemia, nose bleeds, and muscle/joint pain
 

Biotransformation

· What is biotransformation?  How does it relate to all the stuff we just discussed regarding dose-response curves?
· Biotransformation is the transformation of a substance we take into our body into some other substance
· It occurs in the liver, kidney, lung, GI, and other organs
· Biotransformation takes place through METABOLIC reactions -- so in a sense, metabolism and biotransformation are a similar idea
· It is related to dose-response curves in the sense that at the end of the day, it is the way in which our body biotransforms things -- and the SPEED with which it does it -- that determines what the duration and intensity of a pharmacological response to a chemical will be
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Toxicokinetics - General Principles

Pathways

· So if we were to think about a xenobiotic entering the body, what is the "life cycle" of toxicokinetic processes which we would see occuring?  Name and discuss each.
· Absorption: the entrance of the xenobiotic from the external environment into our body (specifically, bloodstream)
· In order for absorption to happen, the XB must get past (usually) 1 of 3 external membrane barriers: the skin, the GI tract, and the lungs
· Once the xenobiotic has penetrated, it is then in the bloodstream -- or blood plasma (cell-free portion of the blood)
· Distribution: once the xenobiotic is in the bloodstream, it can travel anywhere in the body
· The 3 main "types" of locations where it can end up are pools, depots, and sinks
· Sinks are locations where the xenobiotic will NOT leave from once it has reached there -- thus we say that the transport of a xenobiotic into a "sink" is irreversible, and the XB is "sequestered"
· i.e. lead can go to bones/teeth and stay there
· However, pools and depots are reversible -- the xenobiotic can go there, settle for a time, then re-enter the bloodstream and be distributed somewhere else
· Metabolism: here we are trying to change the structure of the XB through chemical reactions, so as to use/eliminate it
· This happens in 2 stages:
· Degradation: breaking down the XB
· Conjguation: attaching something to the XB (perhaps to neutralize it)
· There are a few qualifications to make:
· Notably, metabolism is not always successful in breaking down the XB and readying it for excretion
· Also, metabolic processes have the POTENTIAL to make something more (not less) toxic
· Excretion: here we excrete the xenobiotic through different routes
· The routes include body parts: kidney, liver, lungs
· And also actual excretions: saliva, sweat, breast milk
· Talk about the relationship that is present between all of these substances.
· We need to realize that these processes don't occur in sequence -- i.e. not always absorption then excretion etc.
· In fact, a lot of times, PHARMACEUTICALS do them all at once (missed the reason why)
· Now discuss another pathway -- this time in more general terms than the first one.
· Alright, this pathway involves both toxicokinetics (recall, it is the entrance and processing of XB's) and toxicodynamics (what the XB does to the body)
· The pathway is as follows:
· External dose/exposure
· Toxicokinetic pathways:
· Internal/dose exposure
· Remember that for many different reasons, the internal dose is not the same as the external dose
· Tissue dose/exposure
· And then even once it gets into the body, some tissues may be affected more (esp. the ones involved or near the absorption) than others 
· Cellular/subcellular dose
· Toxicodynamic pathways:
· Cellular/subcellular interaction
· Obviously the interaction will be different depending on the particular XB
· Early physiological response
· This is (possibly) analogous to the notion of an ACUTE reaction
· Late response
· This is (possibly) analogous to the notion of an CHRONIC reaction -- the idea that the response won't manifest right away; it will take some time to build up
· Irreversible pathology
 

Absorption Part 1

Absorption in More Detail

· OK, now let's think about all the different barriers than an XB would have to cross in order to get into a cell (where the toxicodynamics start, see above).  For each barrier, explain where the XB would be coming from, as well as any other notes.
· Mucosa/skin: the XB would pass through here from the external environment
· Here the success of absorption is affected by things like:
· Sebaceous glands on the skin that make it acidic and thus easier/harder for an XB to survive and penetrate
· Other substances in the intestine that affect the environment and in turn the ability of an XB to survive in the intestine and come through the gut mucosa
· Capillary membrane: the XB can enter from "outside" (interstitial fluid) or exit from "inside" (blood plasma)
· The ability of the XB to get in and out of here allows it to take advantage of the bloodstream to go wherever it needs to go within the body
· Tissue cell membrane: the XB would enter here from the interstitial fluid
· Once it gets into the cell, it can start doing cool stuff
· Organelle membrane: the XB would enter here from the intra-organelle fluid -- i.e. the cytoplasm
· Reproduce the figure on Slide 4 (Lecture A2.ppt).
· OK, now let's talk in more detail about the absorption section of that diagram.  Where do things go after they have been absorbed?  What are the 3 major routes of "natural" exposure to something?  What are some artificial routes?  Explain.
· As said before many times, XB's go to the blood or LYMPHATIC FLUID after they have been absorbed
· There are 3 major routes of "natural" (accidental?) exposure to an XB:
· Oral: we ingest something -- and it eventually enters our system through the gut
· Respiratory: we inhale something and it goes through the alveoli into our system
· Dermal: percutaneous -- through UNBROKEN skin
· Also there are "artificial" routes of exposure:
· Parenteral: by injection; not through the gut
· IV intravenous
· IM intramuscular
· IP intraperitoneal -> into the abdomen
· Subcutaneous: through the skin (esp. if it is broken)
· Explain the lipid sieve model for a cell membrane, and how it behaves differently with lipophilic small molecules and hydrophilic molecules.
· The lipid sieve model of cell membrane is based on the fact that the cell membrane is made up of a phospholipid bilayer, meaning that it is two phospholipids with the hydrophobic tails together on the inside of the cell membrane, and the hydrophilic head groups on the ends
· Since "like dissolves like" and opposites reject (when it comes to hydrophilicity/hydrophobicity, at least), a cell membrane which is hydrophobic on the outside will prevent any hydrophilic molecules from penetrating it, because:
· The charges on the hydrophilic head groups could repel the charges on the potential penetrators
· The hydrophilic molecule cannot pass through the hydrophobic internal membrane
· However, a lipophilic molecule is dissolvable in fat so:
· It will not be repelled by the head groups
· It can travel through the inner section
· How do the hydrophiles, then, get through a cell membrane?
· They have to rely on membrane transport channels, pumps, etc.
· These are integral membrane proteins that somehow allow the hydrophilic thing to come through
· In doing so, either "facilitated diffusion" or "active transport" is taking place
· This is a basic representation of a mechanism that allows a hydrophile to get through
 

Getting Through a Cell Membrane

· Compare and contrast facilitated diffusion and active transport.
· In case of facilitated diffusion, XB are being helped across along the concentration gradient
· Meaning that if you have a concentration of XB on the outside of the cell and it has a high concentration, and not much XB on the inside…you have a concentration gradient and so lipophiles will just diffuse across b/c they want to have equal concentrations on both sides and nothing is stopping them from moving
· This does NOT require energy because the "desire" to go to an area of lower concentration is "natural"
· However we also have active transport: the hydrophiles can move through the channel pores even AGAINST the concentration gradient
· This requires energy
· This happens in the absence of a concentration gradient or against one
· What is passive diffusion?  Discuss the two types.
· Passive diffusion is when small molecules (< 200 MW) are able to get into a cell through the membrane without any "help" or "special things" occurring
· Note that the molecules must be small
· Also note that no energy sources or molecular transport systems are necessary
· There are 2 kinds:
· Transcellular permeation - diffusion through cell membranes
· Paracellular permeation - diffusion between adjacent cells (requires gaps btw cells)
· Explain the factors which determine how fast passive diffusion happens.
· The surface area through which diffusion is occurring: the more area available, the more it can diffuse
· For example, think about how the different membranes on our body have different surface areas (i.e. lungs, GI, skin)
· The magnitude of the concentration gradient [external] >> [internal]
· This is due to the principles of osmosis: the greater the disparity in concentration, the faster the diffusion will happen
· The permeability of the substance: the more the substance is able to dissolve in the membrane, the more easily it can pass through
· Note that permeability determined partly by each substance’s lipid solubility: so if it is more able to dissolve preferentially in fatty or oily biological media, it will move through more easily
· Discuss the concept of lipid solubility further.  Do this by comparing hydrophilicity and lipophilicity.
· Hydrophilic molecules: these guy are water soluble, meaning that they will dissolve in water
· Often these are ionic and polar molecules, which carry positive or negative charges
· When they come to the cell surface, the phospholipids have charged phosphate (PO4-) groups on their heads
· These electrically charged phospholipid heads will repel or bind hydrophiles, meaning that the hydrophiles cannot pass across membranes by passive diffusion
· Lipophilic molecules: these guys are fat and oil soluble
· These guys are electrically neutral molecules with no positive or negative charges
· Since there is thus no electrical repulsion or attraction at membrane surface, they can readily penetrate the non-polar interior of biomembranes
· Explain what a partition coefficient is, and how it is related to these concepts.  How do we measure it?
· The partition coefficient (either Kp or Ko/w) measures relative degree of solubility for some substance in lipid (lipophilicity) and water (hydrophilicity)
· It is related to lipid solubility and passive diffusion because if a substance is more likely to dissolve in oil than in water (the two are generally mutually exclusive), it can passively diffuse more easily
· We measure the partition coefficient by looking at the concentration of a xenobiotic in a 2-phase solvent mixture: oily non-aqueous phase solvent (octanol) and watery aqueous phase (H2O)
· Since ‘oil and water don’t mix’, we will see two distinct phases, and we can measure how much of the xenobiotic is dissolved in each phase
· Then we just say, Ko/w = conc (octanol) / conc (water)
· Ko/w > 1 is lipophilic; Ko/w < 1 is hydrophilic
· Note that Ko/w is often expressed in log10 units
· i.e. Ko/w = 1000 --> log Ko/w = 3 (very lipophilic)
· Understand the figure on Slide 10.
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Toxicokinetics - Absorption Part 2

Factors Affecting Transport of Xenobiotics Across Membrane

· Alright, so let's talk about passive diffusion (first).  Which factors affect the RATE of passive diffusion?  Expound on each.
· Size of molecule: generally, if the MW (molecular weight) is < 200-500, it should be OK
· On the other hand, bigger molecules penetrate to a lesser extent b/c their molecular weight and size is getting too big to squirt between the gaps (recall "paracellular" movement)
· Sometimes even if a molecule is under 200-500 but it is CHARGED, it cannot pass through because:
· It is charged (remember that the ionicity of the surface can repel it)
· It attracts water molecules to become "solvated" and form a "sphere of hydration", and thus its size increases
· Lipophilicity of xenobiotic (Ko/w > 1)
· Of course, the more it exceeds 1 by, the greater the solubility in lipids
· Concentration gradient: molecules naturally want to go from a high to a low concentration (to even out) and this is what provides the ENERGY for the molecules' movement -- if the concentration outside the cell is greater than inside, it will move inside spontaneously
· A few things to note about concentration gradients:
· In a static situation, soon enough we will get equal distribution of molecules on inside and outside and so you would think that concentration gradients cannot forever be the driving force behind transport
· However, the reality in the BODY is that the blood removes the "in" part of the concentration through the circulation and so the gradient is always maintained
· Also, sometimes a xenobiotic is GREATER on the blood side than on the EXTERNAL side -- and now the concentration gradient flows backwards -- this is "back diffusion"
· Example: drinking so much alcohol that you have lots of it in your blood -- and this is why you can note alcohol on their breath
· This happens because so much of the alcohol is in their bloodstream that it "back diffuses" (again due to concentration gradients) into the alveoli of the lungs, and then get breathed out
· Membrane surface area: the more area it has available to cross, the more it will cross
· The skin is only about 1 m2, so although absorption DOES happen here, it is not as much as, say…
· …the GI tract, which is around 300 m2 thus lots of absorption can happen from the foods we eat
· …and also finally the lungs, which are 100 m2 (again not surprising since it must have a big absorptive surface so as to take in oxygen
 

Transcellular vs. Paracellular

· Compare transcellular and paracelluar permeation.
· Alright, so this is just describing how there are 2 ways to get through a membrane: you can go directly THROUGH the individual membrane cells (transcellular permeation) or you can try and squeeze between the cells (paracellular permeation)
· Transcellular permeation: this is all that we have discussed so far -- either passive diffusion, facilitated diffusion, or active transport allows this to happen
· Sometimes there are channels or carriers or pores or pumps to aid in this process (all of this we know) -- especially for hydrophiles
· Also note that (as we know) this movement usually happens from the "apical" (external) to the "basolateral" (internal) side
· Paracellular permeation: this is when we get across the membrane barrier by going around the individual cells
· This is possible because while there are usually "tight junctions" between cells which "plug these holes", there are also places where it is quite a bit looser -- and so molecules can get in here
 

Getting in Without Passive Diffusion

· Explain what membrane transport channels are, and what they do.
· Membrane transport channels are large glycoprotein molecules embedded in phospholipid membrane (also known as "membrane-spanning proteins")
· "Glyco" means sugary -- thus there are sugar chains that project from the surface of the transporter protein out into the exterior space
· The sugar branches act as a tag/label to tell outside guys about what this thing does
· These guys act as channels (pores) that allow specific hydrophiles to cross membrane barriers
· Note that this means they are SELECTIVE: they usually have a strong preference for a certain type of ion/molecule
· They are usually differentiated based on size, shape, electrical charge (thus Na and K can use the same one -- we see later why this can be a problem)
· There are other proteins associated with them that provide energy (check -- so they DO need ATP?)
· Explain what active transport does.
· This is something that increases rate of absorption because we intentionally use energy to pump molecules across the membrane (thus we do NOT rely simply on passive diffusion)
· The energy source used is usually ATP
· It can concentrate (or remove) substances in tissues (non-equilibrium) -- because it is able to move stuff AGAINST concentration gradients
· Discuss facilitated diffusion.
· This also increases the natural rate of absorption because it helps molecules to cross which would otherwise cross VERY SLOWLY (mostly because they are hydrophilic)
· However, it does NOT work against a concentration gradient, thus it does not concentrate or eliminate substance in tissues (equilibrium)
· Following from that, no energy source is required
· Lastly, note that (as with active transport) it IS selective 
 

Absorption of Inorganic Ions Through Ion Transport Channels

· Alright, so for these transport channels we've been talking about: we say they are selective (OK, fine).  But HOW do they "select"?  On what basis do they identify the "correct" molecules which should be allowed entry?
· The answer is that size and ionic charge determines selective transport thru ion channels:
· There are cation transport channels (K+, Na+, Ca++, etc.)
· transport positively charged ions
· monovalent (+1), divalent (+2), trivalent (+3), etc.
· There are also anion transport channels (Cl-, I- , etc.)
· transport negatively charged ions
· monovalent (-1), divalent (-2), trivalent (-3), etc.
· Notably, this is an imperfectly selective preference because it is not absolutely specific - and thus we can get TOXIC cations and anions which are allowed into the cell because they mimic the "healthy" ions which the channels are designed for
· What are some factors which affect the rate of transport?
· Affinity (high-affinity ==> rapid transport)
· Saturation (rate-limiting factor for absorption speed)
· Competition (2 substances compete for the same transporter channel)
· Regulation (up-regulation or down-regulation by other factors)
 

Example: Calcium and Lead

· OK, first we'll talk about the calcium channel (later about lead).  What do we know about it?
· Well, it is an active transport pump that is used to absorb calcium from the intestine into the blood
· Its specific name is "epithelial calcium channel type 2" (ECaC2)
· It is also known as TRPV5 and TRPV6
· As implied, it uses ATP
· The uptake of calcium in this manner is regulated by Vitamin D, which tells a cell to produce more (or less) calcium channels
· Vitamin D is made from sunlight, UV synthesis, melanization
· This is why a Vitamin D deficiency disease (rickets) presents as bone malformation
· Estrogen also encourages the development of these calcium channels
· That is why old women can break bones easily (osteoporosis): they lose estrogen at menopause and thus they don't get enough calcium to build up their bones
· Now talk about lead, and how it throws a wrench into this whole process.
· Firstly, lead is everywhere in our environment so first let's establish that we are in no short supply of it
· The real puzzlement is how it is able to enter our cells, seeing as it is big and charged - and we have said that cells usually reject these kinds of molecules
· However, the thing is that lead is VERY SIMILAR to calcium -- a divalent cation, and so it can MIMIC calcium and go through the calcium channel
· Lastly, we can use this information to do certain things to try and stop lead from poisoning us: if we take more calcium (i.e. calcium tablets), then all the calcium channels will be busy uptaking calcium and lead (since it is of lower affinity -- remember from above?) will lose out
· If we were to look at a diagram of calcium transport from the GI lumen to the bloodstream, what would we notice?
· We would see that processes OTHER that passive diffusion occur in multiple areas:
· A calcium transporter is required to move the Ca2+ ions from the lumen through the apical membrane of the enterocyte and ultimately into the enterocyte (GI tract epithelial cell) (this is active transport, requires ATP)
· A Ca/Na pump is required to move the calcium from the enterocyte through its basolateral membrane into the interstitial fluid separating the cell from the blood vessels (this is active transport, requires ATP)
· We would see that passive diffusion occurs as well:
· Once the calcium gets into the interstitial space, it can enter the bloodstream by going through FENESTRATIONS between the cells of the blood vessel
· We see that Vitamin D affects this whole process by controlling the synthesis of the various calcium channels and transporters which are involved in the process
· We notice that the free calcium concentration in the enterocyte is actually quite low -- this is because calcium is frequently bound to "calbindin" when it is in the cell
· What would we notice when we looked at the structure of the TRPV6 (ECaC2) tetrameric calcium channel using molecular modeling?
· We would see that the proteins are arranged in such a way that a calcium ion can perfectly fit in there and thus enter the cell
· Note that this "opening" is 5.4 A
 

Heavy Metals Part 1

Why Lead is Bad For You

· Describe some of the environmental sources of lead.
· Lead oxide (PbO) in leaded paints: they used to include lead in paint because when you oxidize it, it is a nice and bright WHITE color (also cheap)
· However, when they paints dried out and cracked, all these flakes and dust would enter the environment and people would breathe it in
· Also, sometimes young children would have "pica" (craving to eat unnatural articles such as rocks or dirt) and they would EAT the paint flakes because they tasted sweet -- but in doing so, they would get lead into themselves
· Tetraethyl lead in gasoline: they used to include this in gasoline because it gave it a higher octane rating…but then as the gas was burned, the lead would enter the environment
· So it came out into the environment and people breathed it
· Also, this lead could enter the soils and dust in an area, and stay there as a continuous source of toxic pollution for a long time
· Note that this is also possible in areas with not much automobile traffic, if instead there are things like lead smelters (i.e. Trail, BC)
· Talk about some of the neurological damage which lead can cause in children.
· Well firstly, it should be noted that small children in particular are at risk because their brains are enlarging: added cells are going into the brain, synaptic connections being established -- basis of learning, memory, cognitive skills, etc.
· When it comes down to it, we see the consequences as:
· IQ reduction and mild retardation
· It is mild enough that it wouldn’t be a pathological condition, but it does have some effect!
· Hyperactivity and behavioral disorders (maybe??)
· This is important for society -- b/c this stuff can result in crime activity, etc.
· Talk about some of the ways to prevent chronic lead poisoning.
· Cleaning up the environment: like in Trail BC they take the top 4 feet of soil out of everywhere in town b/c the soil was so contaminated with lead there is nothing you can do except take it away
· Calcium supplements (i.e. calcium carbonate tablets which are labeled for indigestion but can also give calcium)
· As explained earlier, extra calcium helps because of competition with lead for the transporters
· Diet with milk, high protein intake, adequate vitamin D
· Milk: same deal
· Protein: will tie up the lead (bind with it) and reduce its absorption
· Vitamin D: makes those transporters (see earlier)
· Note that other good sources are soy milk and tofu
· Estrogen supplements in post-menopausal women: this is necessary because estrogen is thought to stimulate the calcium transporter cells in the gut
· Thus when menopause happens and estrogen production stops, proper calcium uptake can be a problem
· Notably, osteoporosis happens because of the same reason
 

Anion Transport Channels

· Quickly characterize iodine: what is it, how is it taken up, what is it used for, etc.
· Iodine is a monovalent anion (charge of -1)
· It is taken up with a monovalent anion iodide transport pump
· It is absorbed from food by the thyroid gland for thyroid hormone synthesis (i.e. thyroxine, etc.)
· Talk about the dangers of radioactive iodine, and how we can protect against them.
· The problem with iodide is that there is a radioactive form of iodide -- I-131
· It decays quickly (half life is 6 months) and it is made in nuclear reactors (ideally none of that is released into the environment)
· It can act as a gas; thus diffuses quickly
· We protect against them by taking potassium iodide capsules (K+I-): these work similarly to those calcium carbonate things -- if there is tons of regular iodine in our bodies, then the regular stuff will be taken up more than the radioactive iodide -- and we don't end up with a situation where we have tons of radioactive iodide stored up in our thyroid gland
· Talk about the 1987 incident in Chernobyl, and how it relates to all of this.
· When the explosion happened, lots of I-131 was released into the environment
· Strontium and cesium as well
· When I-131 was released, it eventually attaches itself to small dust particles and whenever it rained, the dust particles are washed out of the air and into the soil 
· Thus we had large areas of the ukraine, western russia, poland, parts of sweden, eastern europe, even as far as scotland were being bombarded by the radioactive particles that had i-131
· So the response was appropriate to this: warnings were given in places like Poland, SWE, GER ot not eat leafy vegetables 
· But the communist regimes were so hardcore that they didn't admit anything was wrong and didn't give their citizens iodine tablets (i.e. russia, soviet union) -- and now we are seeing lots of cases of cancer
 

Metal Speciation

· Alright, so we have a metal.  Discuss and explain the different states (physically and chemically speaking) in which it can exist.  What is the process of changing between these states called?
· The process is called SPECIATION -- changing from one species to another
· First off, we have the conversion spectrum from its "original" or "elemental" state to an oxidized state
· Oxidation is a chemical reaction (often with air, i.e. the rusting of iron)
· Also (importantly), after a metal is oxidized, it can be FURTHER converted into metal salts (i.e. combined with chloride or other anions)
· Also there is a "spectrum" (more a binary relationship) between organic and inorganic metal compounds
· Metal compounds on their own would be considered inorganic (no carbons)
· However, metal can combine with C and/or H to be organic compounds, called organometallic compounds
· Explain what an oxidation state is, and how it relates to speciation.
· Oxidation state is a measure of the number of electrons that a species has (relative to what they are "supposed" to have) and is thus also a measure of electric charge
· Natural or "elemental" species have an oxidation state of 0, which means that they have not gained or lost any electrons -- they have their normal amount of them
· Solid elemental metals (Pb) or elemental metal vapors (Hg) have a 0 oxidation state
· But when a metal SPECIATES, it can often get oxidized (lose e's) or reduced (gain e's) and thus it will have a non-zero oxidation state
· Some metals are better at losing/gaining than others - i.e. chromium can become chromium(VI) (oxidation number = 6) and thus be very reactive and toxic
· Discuss organometallic compounds a bit more.
· Well, as mentioned before, these are metal compounds which are COVALENTLY linked to organic (carbon chain) group
· They are frequently very toxic, mostly because they are lipophilic…and this has two consequences:
· The charge on the metal is (somewhat) neutralized by all the neutral molecules and so it is not repelled as much by a cell membrane
· Organic compounds are hydrophobic and thus it can dissolve through the membrane
 

Speciation of Lead (Pb) in the Environment

· Let's do the quick overview first.  Briefly describe the different "speciation pathways" which lead could take in an environment.
· Well, first we start off with metallic lead (Pb0)
· From there, we can go in 2 different directions:
· Metallic lead can be converted into lead oxide (for purposes such as paint manufacturing)
· Metallic lead can be converted into organic/tetraethyl lead (for purposes such as car gas)
· Lastly, organic lead can be converted to lead oxide through automobile exhaust
· Expound further on the dangers of metallic (or "heavy") lead.
· In Ontario, the problem with metallic lead is the poisoning of water fowl (i.e. ducks, geese, etc.)
· When hunters go out in the fall to hunt these guys, they use lead pellets in their shotguns -- so if they miss, the lead shot goes into the surrounding water and so it falls to the bottom…and ducks and geese come along and ingest a considerable amount of this small lead shot
· In their stomachs the birds grind the food they ingest -- and this "crop" retains the lead pellets -- so they don't travel through the digestive system but instead they retain it in their "digestive crop" and thus over time they get metallic lead in their digestive system
· Only recently was this addressed: right now they use a steel shot (mostly iron) or a coated shot (where lead is in the middle but they coat with steel)
· Expound further on the speciation of lead to lead oxide, and the dangers of lead oxide itself.
· Although it is NOW BANNED, in the past, lead would be converted into lead oxide to be used as a component of oil-based paint, because it produced a white pigment that was sturdy, cheap, and waterproof
· However, it was very toxic because lead oxide is an inorganic compound that has a valency state of 2+ and so (as explained before) urban children could suffer from lead poisoning by eating the paint flakes, breathing in the fumes, and so on
· Notably, PbO isn't too bioavailable b/c calcium can block its uptake -- but if we have a low calcium diet, then the uptake of lead oxide from the contaminants can be very serious indeed
· Expound further on how we get organic lead, and why it is bad.
· OK this one gets complicated because it can get us in many ways.  Firstly though, the (main) way we get organic lead is very simple: they made tetraethyl lead and used it in gasoline because it increased the quality of the gas
· From there, we can get lead poisoning in a number of ways:
· Gasoline vapors: the gas gives off a vapor which, if smelled too much, can cause lead poisoning by respiratory route
· Notably, Aboriginal children would do this ON PURPOSE because gasoline vapors also get you a bit high
· Direct contact: there was a time when car mechanics would wash their hands with gasoline to remove the oil and grease, and so there could be uptake through the skin
· Automobile exhaust: as the gas is burned in the car, there is still lead oxides in the exhaust and so if we breathe the exhaust, we can be getting lead oxides into our body
 

Speciation of mercury (Hg) in the environment

· Alright this one is even more crazy.  Just like last time, give an overview of the different "speciation pathways" we can have with mercury.
· We start off as before with metallic mercury (more later on how this itself is already a hazard)
· From here, it can go in 2 different directions:
· It can be burned (as part of coal) in power plants, resulting in mercurous oxide (inorganic) coming out of the smokestacks
· It can be dumped into lakes as waste by pulp and paper mills, then in those lakes be BIOTRANSFORMED by bacteria into various forms of organic mercury
· Mercurous oxide can also become mercuric chloride (pathway unknown)
· Talk more about the dangers of metallic mercury.
· The most well-known danger from metallic mercury is from broken thermometers -- so it is an occupational hazard
· Obviously, this form of mercury enters the body often through the lung, because when a thermometer is broken we can breathe in the fumes
· Explain how mercury can speciate into another inorganic form and cause trouble that way.
· The deal here is that as mentioned above, the coal burned by power plants has metallic mercury in it -- and when you burn the coal, what comes out of the stack is mercuric oxide
· Note that other industrial processes can also result in the release of mercury into the environment
· From there, we can get it into our bodies in various ways:
· Just breathing the particle emissions from the power plants (lung)
· Or the mercury attaches to dust particles and the rain washes it onto the ground…into our food…(gut)
· Explain how biotransformation works, and how the resulting mercury product can be dangerous.
· First let's talk about the process: this is all emanating from the use of mercury in pulp/paper mills as a catalyst for the chloralkali process -- you take ordinary salt (NaCl), alter it chemically to make it NaOH and chlorine
· The trouble is that historically, mercury catalysts are treated sloppily -- so in many of the pulp and paper mills, pounds of mercury catalysts are lost, misplaced, etc. into the adjacent waterways
· But the problem was that people didn't realize that mercury in its metallic form can speciate and change -- and what happens is that the bacteria at the bottom of the lake undergo a biotransformation reaction -- the bacteria convert Hg into an organic form of mercury called methyl mercury (add a methyl group)
· Dimethyl mercury is also possible
· So we have these two threats of methyl mercury and dimethyl mercury, which are both extremely toxic
· Methyl mercury is absorbed into fish who swim in these lakes, and so when we eat the fish we can have methyl mercury entering our bodies through the GUT
· Dimethyl mercury is very lipophilic and so often (in a lab for example) we could get it on our skin, it will penetrate, then cause some serious damage
· Talk about mercuric salts.
· Well their formula is HgCl2, which should make it clear that they are an ionic form of mercury and thus lipophilic
· What this means for us is that they are divalent cations, and thus need to use the calcium transporter to get into our bodies
· Thus if we take calcium supplements, we can block this form of mercury (but not necessarily others) from getting into our body
· Once mercury gets into our body, what is the "end game"?
· We get methyl mercury-protein complexes in our brain that are toxic -- it's game over at this point
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Topic 5: Heavy Metals Part 2

 

Heavy metals as environmental health hazards

· Alright, let's rap about heavy metals.  Define them first.
· Most "officially", we would say that heavy metals are metallic elements with high atomic weight and high density
· For example: lead, mercury, cadmium, etc.
· We have to be careful -- sometimes there are other types of metals classified as heavy metals which really aren't:
· i.e. Arsenic -- listed as a heavy metal, but arsenic strictly speaking is not a metal at all but rather a metalloid -- a compound that in physical or chemical parlance strictly isn't a metal, but can act like one
· Another set of compounds sometimes included here are the transition metals -- these are metals in the middle of the periodic table of the elements but are NOT heavy metals because:
· They are not heavy
· They participate in natural biological processes (think about iron and hemoglobin)
· Chromium and nickel are also notable examples
· Talk about how these heavy metals came about, and how this relates to our body's ability to deal with them.
· OK, well firstly we don't mean to say that heavy metals never existed -- but it's just that when they DID exist naturally, they were always bonded to sulfide groups, which made them insoluble (thus they could not enter our bodies)
· It is important to note here that the implication is that heavy metals had (and have) NO ROLE in biological systems
· The other big implication is that the body does not know how to handle the heavy metals if they DO get in, and this is for the same reason -- just the fact that it never developed an evolutionary ability to deal with it
· But we couldn't leave well enough alone: we started to mine these ores -- and get their pure forms -- separate out the sulfide groups -- create the metal and do various things with it -- then the metal is available in forms that ARE accessible to us -- and then that's when we get in trouble
· In other words, we released metals from the geosphere into biosphere by anthropogenic activities
· Talk about the longevity of heavy metals.
· Well the thing is that as elemental contaminants, they cannot be destroyed
· (This is as opposed to organic chemicals like pesticides or fungicides, which will break down gradually either in the external environment or the body)
· We SHOULD say, though, that it is possible to have metal speciation between more toxic and less toxic forms
 

High-risk Groups

· What is the 90/10 rule?  How do we get stuff like this?
· It is that 90% of potential harm occurs in 10% of population -- or in other words, most environmental hazards disproportionately affect a small portion of the human population
· We find out statistics like this by doing biomonitoring, which is monitoring the levels of chemicals in people's bodies
· It can range from small research studies to large surveys (i.e. NHANES, which keeps track of 100 persistent chemicals)
 

· Give a general overview of the two kinds of high-risk groups
· Highly exposed groups: these groups have a greater exposure than most of population (e.g. 95th centile or +2 S.D.)
· Highly susceptible groups: these groups incur a greater health risk than non-group members for a given exposure level
· Discuss highly-exposed groups further.  What are some things that we have to keep in mind with these guys?
· Firstly, "high exposure" can happen in many ways but REPEATED CHRONIC exposure is the worst one (as opposed to, say, acute)
· This is because repeated chronic exposure results in the accumulation of greater "body burden" (the total amount of these chemicals that are present in the human body at a given point in time) over prolonged time of exposure
· Also, with these guys we have to be worried about co-exposure: exposure to more than one toxicant at a time
· This is especially dangerous because the two toxicants could have interaction effects which are undetected if we are only studying one chemical at a time
· Discuss highly susceptible groups further.  Why are they so?
· It is because they have weaker physiological defenses against toxic contaminants, and there are different reasons for this:
· Inherited factors (gender, genetic)
· Gender: for example, certain things only affect pregnant women
· Genetics: 30,000 genes, about 10% play significant role in susceptibility to contaminants
· Acquired factors (age, health status, nutrition, smoking, etc.)
· Age: i.e. very young and very old are susceptible to air pollution
· Health status: folks that have asthma suffer more from ozone 
· Nutrition: certain fruits and vegetables may confer protection against toxic substances
· Smoking: smoking habits changes enzyme profiles in a bad way
 

Body burden example: methyl mercury (MeHg)

· Recall the graph which showed the body burden of MeHg.  Describe it and state what it demonstrated.
· Description:
· The axises were [] of MeHg in blood and time (days)
· There were lines indicating the increase of MeHg as a result of a meal consumption, but then also a thicker dashed line indicating the total MeHg (because multiple meals can add up)
· Demonstrated:
· We saw that blood concentration would peak just a few HOURS after a meal, but it took FIFTY DAYS for the concentration to return to 50% -- the implication that it is removed slowly, so it can build up
· We also noticed that if you are exposed enough to the MeHg (say you are a fisher or a native Indian who eats it a lot) it is possible that MeHg would never return to zero
· If you are not, then with enough time it will return to close enough to zero
· This graph looked at blood levels, which means that the "dose type" it was looking at was "internal dose".  What are the other two types of doses?  For each of the dose types, how do we measure?
· External dose: we would have to study the person's environment to know this
· Internal dose: this is what BIOMONITORING is all about -- we find out how much is in the blood, for example (see reading for more on biomonitoring)
· We look at blood, urine, feces, etc.
· Effective dose: this is the amount which is actually able to get into its areas of effect and do something
· This is hard to know because it means we would have to (for example) take liver samples, because that is one place where the mercury will travel from the blood in order to go wreak some havoc
· However, note that with lead and other heavy metals, we CAN do this because we could take X-rays of people's bones and look at the lead content in there
· This is however expensive and so the NHANES won't be doing it anytime soon
· Also, NMR is used to some good effect here
· What is found by these studies?
· 90% of people have low body burden -- we're just concerned about the 10%
 

Highly exposed groups - lead

· Talk about some of the different ways we can be highly exposed to lead.
· Inner city inhabitants (esp. low income) are exposed to...
· Lead-based household paints (now banned)
· Lead dust from automotive exhaust emissions (now banned)
· Industrial emissions (lead refiners, smelters, battery recyclers, etc.)
· Occupational exposure
· Lead industry (i.e. smelters) workers have it on a large scale
· Electronics and electronics recycling (lead in electrical solder) -- the places where computers, etc. are processed have lots of lead exposure
· Notably this is mostly done in China or India, so the problem is there rather than here
· Consumer products
· Leaded glass (‘crystal’) containers: some crystal used to make glasses, etc. contains lead
· PVC window blinds: sun degrades the plastic and PVC dust (containing LEAD) enters the air
· Context: Vinyl (aka PVC) is used to make blinds
· Children’s toys: lead is a very cheap, economical metal and so cheap toys from Asia, Eastern Europe may have a lot of lead! 
· Aboriginal people
· They eat ‘country foods’ such as wild birds, fish who in turn have lead pellets from shotguns in their bodies
· Gasoline abuse -- lead in snowmobile gasoline was banned, but Aboriginals continued using it
 

History of lead in commercial use - gasoline and paints

· How was leaded gas advertised?
· They advertised leaded gas by saying that ethyl would give more horsepower and cause the engine to run smoother
· How was paint advertised?
· "If you love your children, you'll buy leaded paint - it allows you to wash and sanitize surfaces easily"
 

Highly susceptible groups - lead

· Name and discuss some groups of people that are highly susceptible to lead, and explain why.
· Persons of young age: lead is neurotoxic (harms brain cells), and thus is especially harmful to the infant or child who is still growing their brain
· Also, it is more bioavailable in younger children
· Adult women: there are multiple categories here
· Of childbearing age (risk to fetus)
· All women (low calcium stores can cause lead to be absorbed more easily)
· Post-menopausal women (bone loss)
· Persons of poor nutritional status (we have discussed poor intake of calcium many times)
· Persons where genetic polymorphism works against them: polymorphisms are subtle genetic variations in a given gene or trait which (in this case) make us more susceptible to some toxicant
· On a molecular level, polymorphisms are caused by different alleles
· Homozygous is when both alleles (one from each parents) are the same
· Heterozygous is when they are different
· Example: Blood types -- A, B, O -- these are all well known, and they result because different people have different alleles -- there is a POLYMORPHISM happening
· Let's turn away from susceptible PEOPLE for a while, and concentrate on how the dose.  What trends have we seen in this area, i.e. the relationship of dose to resulting illness?
· At the very beginning, they had unsophisticated methods of determining lead toxicity: they would just go by whether the person was showing symptoms, which for various reasons is not the most dependable way to do things
· At this time, we said that 30 ug/dL was a safe level of lead to have in our bodies
· However, over last 30 years, toxicologists and epidemiologists discover that the harder they look, the more they find even small doses are likely to cause problems (ie: >10 ug/dl is unacceptable because it causes mild mental retardation in children)
· Even a 10 ug might be pushing it when we realize that historically, 10 ug is a high level -- i.e. if we go back to prehistoric times before industry evolved, the level of lead in an aboriginal person/caveman would be 1 ug or less 
· Implication: even if we have 3 or 4 or 5 ug, that is still well above what our biological constitution is set up to manage b/c any dose of level has some risk
 

Genetic susceptibility to lead toxicity

· What are the two polymorphic things we will be discussing here?
· VDR (vitamin D receptor protein) -- the protein that binds Vitamin D and thus allows it to exert its effect of synthesizing calcium channels
· ALAD (alpha-aminolevulinic acid dehydratase) -- a protein in RBC's (erythrocytes) which binds to lead
· Quickly review how altering the Vitamin D receptor protein could cause trouble.
· Well as stated above, the VDR protein allows Vitamin D (a hormone) to exert its affect (the hormonal response)
· Reiteration: it doesn't matter how much Vitamin D we have (either from the diet or through sun synthesis in our skin) -- if it doesn't have a receptor to attach to, then no dice
· If not enough Vitamin D action is happening, we don't get enough calcium into our bloodstream (even if we INGEST a lot of calcium) and then we can get bone conditions such as rickets
· Discuss the VDR-B and the VDR-b alleles, and how they are relevant to all of this.
· Alright, so the deal is that "B" is dominant over "b", and so we end up with 2 phenotypes: BB/Bb and bb
· With the dominant phenotype (BB/Bb), we get higher intestinal Pb absorption, which results in higher Pb concentration in blood and bone
· In particular, patellar bone is affected because it turns over its calcium (and thus lead) quicker than other bones in the body, because it is spongy
· Thus we will see turnover every 2-3 years (instead of every 10)
· So if calcium comes into the bone, lead can come in with it and it will show up more quickly
· With the recessive phenotype (bb), lead is not taken up as readily and so people will have lower blood level and lower patellar bone level so they seem to be at lesser risks
· Alright, we have to remember that the difference is going to be subtle.  But all the same, what effects can this SUBTLE difference result in?
· Neurological defects: not too much, actually -- especially not in adults because their NS is pretty much already developed
· Instead, we get vascular effects such as increased blood pressure
· 120/80 could go to 122/83, which is a subtle but important difference, especially in large #'s of people (remember your population health principles!)
· Also, there is a study that says that 20% of heart disease in older people could be due to lead and this is a new and crazy discovery
· Lead also affects kidney function -- when you have lead in the blood of course the kidneys filter it and the lead enters the kidney filtration system and it can be toxic to the kidney
· This would result in (again) SUBTLE decreases in glomerular filtration or reduced urine output
· What is the one qualification we have to realize about all these studies?
· It is the fact that the people who are being studied are lead workers so by definition they have higher levels of lead exposure
· Therefore, what may be an issue to people who have higher exposure may not be a factor for those with lower exposure
· Now we're talking about ALAD.  Give us some background/contextual information on it, and also explain why WE care about it in this context.
· Background:
· Well as we saw above, ALAD is a Pb-binding protein, BUT the thing is that its "day job" is an enzyme involved in the production of heme
· Heme is part of hemoglobin, which is CRUCIAL for RBC's -- and so the ALAD concentration is huge -- 2-3% of all of the RBC's protein content
· Why we care:
· It has a lot of sulfhydryl groups on it, and these can interact with lead
· In fact, we call it the "principal Pb-binding protein in erythrocytes"
· It will actually REMOVE the lead from the bloodstream by binding to it and preventing it from going off on its own
· Realize: ALAD is in RBC's which are in the bloodstream -- so access is easy
· Now talk about the different ALAD alleles.
· This time it is not a matter of dominant/recessive, but rather they are just ALAD-1 and ALAD-2
· ALAD-1 -- lower ALAD-Pb binding -> lower Pb in blood / higher Pb in bone -> higher health risk
· So we get lower lead in the bloodstream but higher pb in the bone and although bone is not a target for lead (lead in bone doesn't hurt anyone), the lead in the bone is an indirect marker for the amt of lead going into soft tissues where they CAN cause damage
· ALAD-2 -- higher ALAD-Pb binding -> higher Pb in blood / lower Pb in bone -> lower health risk    
· Ironically they may have higher lead in their bloodstream and this can be misleading -- if you measure lead concentrations in a population by sampling blood, then people with higher blood levels will seem to be more heavily exposed and at higher risk even though this is in fact NOT true
· Thus we should be careful with blood tests: when you do them, you have to be concerned about which part of the blood you care about -- cellular fraction or plasma (non cellular) or plasma proteins
 

Highly exposed groups - mercury

· Quickly list some of the ways that people can become highly exposed to mercury.
· Aboriginal people, due to MeHg contamination in fish
· Fish-consuming populations
· Consumer products (i.e. mercury thermometers and latex paint)
· Health products (dental fillings)
· Occupational exposures (dentists and dental assistants)
· Explain how Aboriginal are at risk due to MeHg in fish.
· There are 2 ways this can happen: the chloroalkali process for pulp bleaching, and the flooding of forests
· Pulp and paper mills -- chloroalkali process for pulp bleaching 
· See notes elsewhere
· Electric dams and flooding of boreal forests: there are small but significant amounts of MERCURY in the wood of trees, and so if that wood were somehow able to get into a WATER SOURCE, the wood would rot and decay, and the mercury could move from the wood into the water
· Most forest floods are due to hydroelectric dams: when you have a large he dam built, behind the dam the reservoir of water will build up and form an artificial lake that will drown the forests in the vicinity and thus we get forest floods
· What happens in northern (boreal) forests can also happen in tropical forests i.e. amazon rainforest in brazil
· It is now being cleared both for the timber and also to get space for farms and ranches 
· It turns out that when you log these forests, you take out big trees but 30% of the stuff left over will start to release mercury…and so when the Amazon River overflows, it touches this wood and the mercury leaks into there
· Explain why fish-consuming populations would be at risk.  What is the weak point of one proposed solution?
· Again there are 2 different things here: ocean fish (swordfish, tuna, etc.) and freshwater fish (pickerel, perch, bass)
· Both types of fish can be dangerous if consumed frequently 
· So, proposal: maybe we should eat more farm fish (i.e. farmed salmon)?
· Yes they do have lower methylmercury than "wild caught" salmon, but the problem with farmed salmon is that they have high levels of contamination with pesticide residues like DDT or other organochlorine residues like PCB's
· And if we want to clean this up we take the fat off the salmon because this is where the lipophilic contaminants go -- but this will remove the taste as well!
· Discuss some of the consumer products which can be hazardous wrt mercury, and explain why they are.
· Mercury thermometers (recent ban in U.S.): see readings
· Latex (water-based) house paints with mercury preservatives: you really can't get away from it, can you…the lead-based paints are bad, but this can be bad as well
· Latex is a natural organic substance like rubber -- if you paint latex onto a house and it is damp while drying then you get mold growing within the latex paint or even if it gets damp later after drying…so to inhibit this growth of mold a lot of paint has mercury 
· But then the mercury can vaporize off the paint and enter the house
· Discuss some of the health products which pose a problem with respect to mercury.
· Silver fillings for dental fillings…the silver is actually a mix of silver and mercury, and so people used to be concerned, especially since it was so close to the brain
· Hg vapor is released every time you chomp down on it
· Also, some of it can come off and enter your saliva
· Also, mercury can go down into the gum
· However, the DOSE (remember?) makes a big difference in terms of something's potential to cause damage, and what we see is that it is not a worrisome dose at all
· One exception is when the fillings are installed/being worked on…there is a one time peak of mercury exposure when fillings are REMOVED (not installed)
· If the patient is a woman of reproductive age, this amount can be BAD -- so you either get fillings removed before you are pregnant or after
· Discuss occupational exposures and mercury.
· Dentists and dental technicians: as we were saying earlier, if you get it momentarily as a patient there is no problem, but what if you are getting it ALL THE TIME as a dentist!?
 

Highly susceptible groups - mercury

· Before getting into specific group types, what form of mercury often results in the risk to these groups?
· It is mercury which has SPECIATED (i.e. metal speciation) and become methyl mercury
· A few points in summary which explain its danger:
· It is lipophilic, so it can go to a lot of places in the body (including the brain)
· It is ubiquitous since it can get into the water supply and thus the fish
· Now discuss a few specific groups.
· Infants/young children: these guys are vulnerable because their brain cells are developing, and MeHg can easily enter the brain and damage
· Many die, many get severe mental retardation, blindness, motor disorders, etc.
· Pregnant women: again, the human fetus is especially vulnerable to neurotoxic damage
· Remember, MeHg is lipophilic so it can go from the mother's blood supply (through the placenta) to the growing fetus
· As demonstrated in the Minamata example (more later), high exposure to methyl mercury will be seen when the baby is born (i.e. you don't see the defects until birth, especially back in those days with no screening methods)
· Briefly describe "Minamata Disease", and how it is related to all of this.
· The most infamous large-scale mercury poisoning occurred at Minamata Bay, Japan, in 1952.  The Chisson Chemical Company dumped mercury in Minamata harbor. 
· The population of Minamata Bay ate contaminated fish from this harbor. As a result, 397 people were affected. Of these, 68 people died, including 22 unborn fetuses. 
· The problem was cerebral (?) rigidity -- the wrists are hyperflexed and the muscles are in spasm b/c they are not getting proper nerve signals
· Mercury poisoning is thus sometimes referred to as "Minamata disease.”
· This went on until 1966 when the people in the town revolted against the factory because they realized that the factory was poisoning their infants
· Eventually only in 1967, legal prosecution forced the company to stop
· This was around the time when the dangers of this kind of stuff starting entering the global consciousness
 

Seafood consumption: methyl mercury and omega-3 fatty acids 

· When we look at different kinds of seafood, what are some MeHg vs. omega-3 tradeoffs which we should be aware of?
· Atlantic farmed salmon: omega-3 is high and MeHg level is very low -- HOWEVER: it is high in PCB's, DDT's, etc.
· As opposed to wild-caught salmon which unfortunately has higher levels..
· Mackerel -- high in o-3 and somewhat higher in MeHg…
· Alaskan wild salmon has some MeHg but it is relatively low
· Notice that swordfish has a TON of MeHg and although it is a wonderful fish to grill on the BBQ, it should not be consumed very often
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Introduction

· Give a quick and easy definition of what distribution is.
· Distribution is the second phase of toxicokinetic process: this is where we define where in the body a xenobiotic will go after absorption
· Explain how and why distribution is tissue-specific.
· Firstly, when we say tissue-specific the idea is that tissue distribution is "perfusion-limited": different tissues will have different limits of how much blood goes there
· First we talk about the highly-perfused tissues: these tissues get more blood and thus they are more vulnerable to attack by the xenobiotics which are traveling IN the blood
· Liver is main biotransformation and metabolic center
· Kidney as well b/c they filter and purify blood
· Lungs get 100% b/c they give it oxygen
· Brain gets 25%
· Then there are the poorly perfused tissues, which get less blood and are thus often less vulnerable
· Skin: although that may vary b/c you sweat more on a hot day and more blood goes to skin
· Fat: very little active metabolism
· Skeletal/connective tissues
· Bone
· Muscle (variable): for example, during exercise the perfusion rate would increase
· OK we have given some functional reasons why tissues are either poorly or highly perfused.  Now, how about another factor which can affect distribution from blood to tissues?
· Internal membrane barriers affect distribution from blood to tissues: these are usually made up of cells that constitute a thin layer/lining of various body compartments
· Blood-brain barrier (BBB): this is a physical barrier that interposes itself between the circulating blood and the interior of the brain tissue
· You can't see this…it's not a visible envelope (that is the meningeal membrane) -- but it is a microscopic barrier constructed at the level of the blood capillaries that carry blood to the brain tissue
· Blood-testis barrier (BTB): these are for blocking the spermatozoa/sperm-forming tissue from certain XB's in the bloodstream
· This makes evolutionary sense…
· Ironically there is no blood-ovary barrier, which can actually be a problem since you don't get to "replace" damaged eggs
· Placenta (NOT a very effective barrier): usually the blood supplies never mix but they are still close together to allow diffusion of oxygen, nutrients, hormones, etc.
· HOWEVER, it is found that many substances will cross the placenta from the mother's blood supply into the fetus' blood supply -- so the placenta is really not much of a barrier at all -- it is useless at restricting the migration of lipophiles
 

Free-plasma and protein-bound xenobiotics

· Explain the "binding equilibrium" which XB's exist in.
· The big idea is that xenobiotics are carried dissolved in blood in 2 phases:
· free plasma phase -- molecules dissolved as solute in water
· hydrophiles readily dissolve in water, so they are carried mainly in free plasma phase
· protein bound phase -- molecules bound to large plasma proteins (also RBC's possible)
· lipophiles tend to bind to plasma proteins, so they are carried mainly in protein bound phase
· What kinds of things can XB's bind to, when they are bound?
· Plasma proteins
· Moderately lipophilic: albumin (most common)
· Albumin's job is partly to maintain osmotic pressure but also a handy store of protein so if we have a starvation episode, the body can break down some of the albumin
· Highly lipophilic: various types of lipoproteins (i.e. chylomicron)
· These guys are the heavy hitters who have to carry big time LP stuff like cholesterol
· Special carrier proteins (e.g. transferrin for iron and some other metal ions)
· Also, we found recently that erythrocytes will allow some partitioning of XB's…meaning that they can be bound within the e-cytes itself…mostly to proteins found in the e-cytes
 

Normal blood capillaries

· Describe the features of blood capillaries, and why we care about them in a discussion of distribution.
· Capillaries are essentially microscopic tubes made of flat cells arranged into cylinder
· The flat cells are capillary endothelium ("inner") cells
· In this capillary there are gaps between the cells, which means that the capillaries are FENESTRATED
· The gaps are very small (50-100 A) and so glucose, amino acids, hormones, and so on can move through -- but certain things CANNOT, which is important and will be discussed later
· The "passing-through" is called PARACELLULAR PERMEATION
· The reason we can are about stuff like this in a discussion about distribution is that the road from bloodstream to tissue for a xenobiotic goes through the capillaries -- there are no other ways for the XB's to get out of the system!
· Compare and contrast the ease with which hydrophiles vs. lipophiles can do this.
· Hydrophiles can pass thru capillary wall into tissue ECF, because they are small enough generally
· must be smaller than 100 A
· Lipophiles cannot easily permeate capillary wall by paracellular permeation 
· This is because they are mostly bound to plasma proteins (remember?), and the combined bulk of it is too much
· However, they can permeate capillary wall by passive diffusion when they are in the free plasma phase
 

Competition-displacement of two lipophilic drugs

· Describe this diagram.
· This diagram demonstrated many principles, including:
· How lipophilic drugs bind to plasma proteins like albumin
· The effect of such binding on the bioavailability of drugs
· The effect of adding a new drug that has more affinity for albumin than the first drug
· So as we know, drugs (in this case tolbutamide) can bind to proteins like albumin because they have the same characteristics as fatty acids (which is what albumin normally carries)
· We notice that as mentioned, drugs that bind highly to albumin won't go into the tissues because they are too big to do paracellular permeation
· However, note that there is an equilibrium between free and bound and as the free drugs go into the ECF, some bound ones will become free and so on and so forth until all the drug DOES enter the ECF
· So what we are saying is that the albumin doesn't block the drug, but it can slow down its rate of effect
· Also when we add another drug (in this case warfarin) which is MORE LIPOPHILIC and thus binds to the albumin better, it displaces all the molecules of the first drug and forces them to be free in the plasma, and thus we see that much more of them are suddenly bioavailable
· This is perhaps an example of an additive or interaction effect
· Talk about the clinical uses of the two drugs in question.  Also, clarify some of the effects mentioned above using the specific properties of these drugs.
· Tolbutamide is for diabetes: it is a hypoglycemic drug which stimulates the secretion of insulin from the pancreas
· Warfarin is an anticoagulant drug which is used along with tolbutamide to manage diabetes when it becomes advanced, because when this happens people often get blood clots -- typically in the feet and legs
· What happens, then, is that the warfarin displaces the tolbutamide from the albumin and thus the tolbutamide's effects increase exponentially
· This causes a sugar crisis in the body since there is now so much insulin that all the sugar is removed from the bloodstream and the brain is screwed because it NEEDS that sugar (cannot use fatty acids)
· What is the moral of this story?
· It is that the big question with a drug/chemical is NOT "is that chemical toxic?" but rather "is the chemical toxic given all the other things that I'm taking right now?"
· It's not a question of does one chemical do something but rather "how do they all interact together" -- this is important when we are figuring out what is a safe exposure to a substance
 

Free-plasma and erythrocyte-bound xenobiotics example: lead binding to ALAD protein

· Alright, so now we are going to combine this free vs. bound concept with ALAD, which we discussed earlier.  Explain the diagram.
· Alright, well the idea here is that we are giving another demonstration of how an XB can bind to something in the bloodstream and create an equilibrium between free XB and bound XB
· In this case it is the ALAD it is binding to, and so the slide just gave some more detailed context regarding where the ALAD comes from
· We see that the ALAD is on the surface of the RBC and it has many thiol (--SH) groups which can lose their protons to become S2-
· The thiol groups are from cysteines
· This is important because it then can bind to Zn2+, which is an important cofactor for ALAD's role in heme synthesis
· Note that within a given ALAD, there is "Site A" and "Site B"
· Each site has 4 cysteines, and thus 4 thiol groups
· Now the thing is, lead is also a divalent cation (along with zinc) but it has a STRONGER IONIC NATURE than zinc and so it will DISPLACE zinc on the ALAD
· Not only this, but it binds to both of the thiols on Site B as zinc, and then ADDITIONALLY binds to a thiol from Site A since it is so affinitive 
· Thus the ALAD on the RBC's remove lead from free circulation, and this is good
· Continuing with the example (now that we know what ALAD does), let's investigate the difference between ALAD-1 and ALAD-2 (remember that ALAD-2 is the genetic abnormality that is supposed to work better).  
· OK well, what we just discussed was ALAD-1…so now we are going to look at ALAD-2 and understand how it does this even "better"
· The thing with ALAD-2 is that, remember the four cysteines we had that had thiol groups which bound to zinc?  Now there is a genetic abnormality such that there is an extra glutamic acid on the cysteines
· What this means for us is that the ALAD is now even MORE negatively charged (glutamic acid has a negative charge) and so the lead is even more attracted to it
· So here we see that type 2 is protective but we must be careful -- there is a CATCH: because the binding in type 2 is higher and more persistent than type 1, we see that it stays in the RBC 
· The thing is, ultimately the RBC will be broken down and the "garbage" can enter the kidney's filtration system
· This especially occurs with intense athletes or people with intense jobs -- they will find blood in the urine (the RBC's) after going hardcore -- and this is because the blood pressure is so great
· Why is this bad?  Because if you get RBC's getting broken down here…then the lead is being released in a free form…and it's right there in the kidney
· So at the end of the day, we have to pick our poison:
· Either our brain and bones are getting lots of lead…
· …or our kidney is suffering from a lead beatdown
 

Brain capillaries: blood-brain barrier (BBB)

· Why is the BBB necessary?
· Surprisingly, it's actually not so much for protecting against XB's, but rather just to protect the brain cells against the natural molecules that circulate in the body
· For example, consider calcium: it is an important activator of nervous system responses -- so you don't have waves of calcium flooding into the brain b/c it'll cause responses that are not supposed to happen 
· Same deal with stuff like glutamine and glycine
· How does its defense work?
· Well, the capillaries supplying blood to the brain are UNFENESTRATED -- there are no gaps between the cells because we have tight intercellular junctions 
· What does its presence mean for different types of XB's?
· It means that for ANY type of XB, paracellular permeation ("between" the cells) of plasma solutes is impossible
· Thus something will only be able to penetrate if it can go straight through the membrane…so as we have discussed before:
· Hydrophiles dissolved in blood typically cannot pass through the BBB into brain
· They can only get into the brain on a transporter, and this is how the brain controls the entry of stuff like calcium (discussed above)
· While lipophiles can easily permeate the BBB by transcellular permeation (passive diffusion) 
· (This is why most psychoactive drugs are lipophilic)
· What are some exceptions to the BBB's normal MO?
· In very young children, the BBB is not totally formed yet and so hydrophilic guys can get in there (not good)
· Also, under very severe physiological stress (i.e. exertion or high temperatures) we see that the BBB becomes more permeable
 

Precursor loading of serotonin in brain neurons

· Explain on a biochemical level why milk and cookies help you to go to sleep at night.
· A few facts we must first be aware of:
· Higher levels of the neurotransmitter serotonin in the brain will cause drowsiness (along with a more general "relaxed" effect, which is why they are popular at parties)
· The amino acid tryptophan is used by serotinergic neurons to synthesize serotonin
· Tryptophan (along with lysine, histidine, and arginine) are "large neutral amino acids" and they share a pump for crossing the BBB and getting into the brain
· Milk has a lot of protein, so it has many LNAA's
· Cookies have a lot of sugar
· Alright, let's get to it.  We drink milk and put a lot of LNAA's into the bloodstream -- they all fight with each other to get on the LNAA transporter and into the brain
· However, during all this, tryptophan binds to albumin in the blood because it is lipophilic (right?)
· When we eat cookies as well, the glucose causes insulin release, which tells muscle cells to take up amino acids from the bloodstream
· 3 out of 4 LNAA's are thus removed from the bloodstream -- tryptophan is not because it is bound to albumin
· Thus tryptophan experiences no competition in crossing into the brain through the LNAA transport pump, and higher levels of serotonin are produced
· What are some lessons for health food manufacturers which came out of this effect?
· Some manufacturers tried to sell tryptophan powder, but there were problems:
· They did not figure out how to selectively remove the other LNAA's which were already in the bloodstream and would thus fight TRP for uptake
· In Japan, a company which made Trp using microbial processes didn't adequately control the process and so there were impurities that gave rise to an outbreak of an environmental illness called eosinophilia myalgia syndrome
· Also, some calcium tablets which manufacturers tried to sell contained lead because they took the calcium from the bones of dead animals
· Little did they know that those bones had also taken up a store of lead (oops)
 

Redox trapping (ion trapping) of MPTP via MAO oxidation

· OK, for the next two sections we are going to talk about how MPTP ultimately causes symptoms of Parkinson's Disease.  For now, just tell me how MPTP gets into the brain and why it is able to stay there.
· This is due to something known as "redox trapping" or "ion trapping"
· The story is that we have MPTP, which is lipophilic and thus can easily cross the BBB into the brain
· However, once it gets there an enzyme called MAO-B converts it to MPP+, making it hydrophilic
· Thus it is unable to leave the brain and it just accumulates there
· Why did we see that MPTP was only toxic to brain neurons in the substnatia nigra?  (We will explain the mechanism of toxicity later on)
· There are two reasons…
· One reason is that the glial cells (small non-neural cells that support neurons) in the substantia nigra region have very high levels of mao-b and so maybe there is just more biochemical activation in this area)
· Also, the substantia nigra has a dark pigment (byproduct of dopamine metabolism) called neuro-melanin, and the MPP+ tends to bind to this and so we get a reservoir that just stays there
· What was a famous story in the news in which the effects of MPTP were seen?
· There was an episode in SF some time ago when a lot of drug addicts were found to be paralyzed
· The cause of the paralysis was discovered to be a new heroin-like drug they had used which had a compound called fentanyl
· Fentanyl was an opiate (binds to opiate receptors in the brain to get you high)
· Part of the fentanyl was a lot of MPTP
· MPTP kills the dopamine-producing neurons in the brain, and since dopamine is required to send muscle movement signals, the people became paralyzed
· The ultimate result: Parkinson's Disease-like effects such as rigidity in muscles, speech impediment, etc.
 

Dopamine (DA) Neuron Uptake of MPP+ by DA Reuptake Transporter 

· Alright, so we have explained how MPTP gets into the brain area and becomes MPP+.  Now explain how it causes damage from there.
· Alright, so firstly we have to recognize that MPP+ is fairly similar to dopamine, and so any system that was designed to work with dopamine could mistakenly use MPP+ instead
· We also need to note that certain neurons (particularly the SN ones we are discussing here) have dopamine re-uptake systems, which means that they will secrete dopamine as a NT, then take it back (instead of something like Ach, which as we know is broken down)
· So our first move is with MPP+ passing into the neuron's cytoplasm -- it crosses the cell membrane by using the dopamine reuptake system
· Note that if it was (somehow) still in MPTP form, it could just diffuse in there -- and if it did, it would be internally converted into MPP+ by intracellular MAO-B 
· Then the MPP+ passes through the outer mitochondrial membrane using ANOTHER dopamine re-uptake system (however this one is different than the one at the cell membrane -- it is to break down excess dopamine [?])
· Once the MPP+ gets into the mitochondria, it goes to the electron transport chain on the inner mitochondrial membrane and binds to the NADH dehydrogenase complex, INACTIVATING it
· When the complex is thus inactivated, it cannot participate in oxidative phosphorylation and so the chain stops -- the cell's ability to produce ATP is greatly decreased
· Thus the cell dies or is greatly incapacitated, and dopamine levels sink as well
· What are some areas for study that have come out of this discovery?
· Since MPTP induces Parkinson's-like symptoms, we study the mechanisms to see if fixing MPTP issues could also fix Parkinson's issues
· Also, we are now worried about other pesticides such as ROTENONE which also have MPTP, because we see that exposure to this could also produce Parkinson's like symptoms
· Lastly, a huge paradigm shift in the Parkinson's research: maybe Parkinson's isn't only due to aging but also to environmental stuff
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Perspective check: the entire exam is on metabolism, which is a toxicokinetic step (absorption, distribution, metabolism, excretion)

 

· Overview of metabolism
· Phase 1: enzymes involved, characteristics of reaction, goal of reaction
· Phase 2: characteristics of reaction, goal of reaction
· Phase 1 enzymes in general
· Intracellular location
· Properties of general oxidation reaction: (classes of) substrates, cofactors, products, functional groups, redox
· Biotransformation reactions
· Definition of the concept
· General biotransformation reactions performed by P450 system (and their alternative pathways)
· P450 family
· Differences and similarities
· Results of differences (primary/secondary pathways, high/low capacity, etc.)
· Example of alternate pathways
· Evolution of family
· Inhibition and induction
· Definition
· Example
· Specific P450 enzymes
· CYP 1A1 and 1A2: location, substrates, typical reactions, xenobiotic/environmental inducers
· In-depth: PAH vs. HPAH, BaP/BPDE
· CYP 2E1: location, substrates, bioactivation reactions, xenobiotic/environmental inducers
· CYP3A4: location, substrates, xenobiotic/environmental inducers
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Topic 7: Toxicokinetics - Distribution Part 2

 

Distribution - sequestration mechanisms

· What is sequestration?  What are the major varying factors?
· It is when a xenobiotic is confined in a specific tissue in body
· Notably, the tissue is usually not seriously affect by the sequestered xenobiotic (although there are exceptions)
· It can vary in different ways:
· Whether it is reversible
· How long something remains sequestered for before leaving
· What does sequestration do for bioavailability?
· It REDUCES it in the blood stream (because an XB is now in the tissues and not in the blood!)
· Also, it (indirectly) reduces XB concentration in the target tissues of the XB, because you need to be in the bloodstream in order to get to your target tissue!
· What (good) consequences does this have on drug toxicity/overdose?
· Well when a XB is sequestered, it may not be immediately available to exert toxic effects or pharmacologic effects on active body tissues -- and so it may provide partial protection from acute toxicity or drug overdose
· In terms of a dose-response curve, it "smoothes out" the peak because the concentration does not spike quite as sharply
· The thing is, especially when sequestration is reversible, we have to realize that it DOESN'T BLOCK a drug completely -- it just slows down its effect
· What (bad) consequences does this have on drug toxicity/overdose?  Include a discussion of body burden.
· Well the bad thing is that when an XB is sequestered, it PERSISTS for a longer time in the body -- because it is not available to get broken down and/or excreted (i.e. biotransformation)
· This is how "body burden" frequently develops -- recall that body burden is the total amount of some substance in our body
· REALIZE THAT body burden is not necessarily harmful because:
· It's just the amount of some substance (not necessarily toxic)
· And also, a high body burden even of something bad is not automatically harmful unless all that sequestered stuff gets mobilized
· In terms of practical effects, it means that DRUG ACTION is prolonged and the toxic effects of POLLUTANTS can be prolonged
· For example, recall the discussion (more later) of how lead that we are exposed to when we are young can screw us over later in life
 

Target tissue

· What is a target tissue with respect to a given XB?  Even if we have a XB-target tissue match, what can prevent the effect from being seen?
· The deal is that for each XB, it will usually only exert effects on very specific tissues because they need particular receptors on the tissue (for example) in order to make a difference
· In fact, very few drugs/chemicals are effective in all tissues
· Even if we have that match, a toxic effect is possible only when a xenobiotic is bioavailable to distribute from blood to target tissue
· What this means is that the xenobiotic still has to be able to GET TO the target tissue, and as we will discuss later this can be affected by things like:
· Whether the thing is sequestered somewhere before it can get to the tissue
· Whether there is a barrier (think the BBB or BTB) blocking the target tissue
· (more factors given in the next point)
· What are some of the factors that affect blood flow (and thus ultimately XB access to) target tissues?
· tissue perfusion rate by arterial blood supply
· plasma protein binding or RBC binding in blood
· tissue/blood partition coefficient Kp(tissue/blood)
· internal membrane barriers (e.g. BBB)
· sequestration in non-target issues
· Explain the concept of the tissue/blood partition coefficient further.
· OK, remember how within the blood there is a Ko/w coefficient which tells us how much something will tend to bind to proteins (if it is lipophilic and Ko/w > 1) or just be free in the watery blood (if it is hydrophilic and Ko/w < 1)?  We have here an analogous concept (also based on lipophilicity) where a substance is also in a partition between the TISSUE and the BLOOD
· This is because (sometimes) the tissue can be lipophilic (i.e. fatty tissue) so a given XB will either tend to accumulate in the tissue or in the blood (which is more hydrophilic)
· However, of COURSE the nature of the tissue will affect this relationship -- because sometimes the tissue will be hydrophilic or other times it will be more lipophilic
· Hydrophilic tissues (such as muscle, which is "watery") will have a Kt/b of 1:1, because it is just as hydrophilic as the blood is
· However, for lipophilic tissues (such as adipose tissue or even the brain) would have a Kt/b of 100:1 or 1000:1, which is pretty crazy
· Of COURSE we should note that the Kt/b also depends on the substance itself -- whether it is hydro or lip
· i.e. We might find that with DDT, there is way more stored in a fatty cell than vs. the bloodstream because DDT is lipophilic
 

3 Types of Sequestration Processes

· Discuss the 3 types of sequestration processes.  For each, be sure to include the typical body tissues involved, the nature of the relationship, and the extent of reversibility.
· Pool
· OK, so there is a "fast exchange" here which means that the equilibrium between blood and tissue is freely reversible and also, flipping back and forth is very FAST
· So the nature of the relationship is an equilibrium between plasma and ACTIVE tissues/cells
· The body tissues involved include:
· Intracellular fluid (i.e. cytosol, which is mostly water and thus hydrophilic)
· Synovial fluid (fluid found in the cavities of synovial joints, i.e. your shoulder)
· Depot
· Here there is a "slow exchange", which means that stuff can go back and forth between tissue and blood, but not very fast
· The nature of the relationship is more of a STORAGE thing than an equilibrium
· The body tissues involved are structural components and tissue reservoirs:
· Adipose tissue (fat)
· Connective tissue
· Bone
· Sink
· Here we are talking about irreversibility, which means that the XB doesn't really go back and forth at all (although as we will discuss later, there ARE ways to "mobilize" XB's from a sink)
· The nature of the relationship is thus one of PERMANENT COVALENT BINDING
· The body tissues involved include:
· Adipose tissue (again)
· Bone
· Skin and hair
· Liver
 

Sequestration within a Pool: example thiopental

· Give me some background information on thiopental.
· It is a drug which acts on the brain to sedate a patient (since it acts fast) before applying general anesthesia (which is slower)
· It is LIPOPHILIC baby
· Explain how it works and why it works that way using the "perfusion then partition" model.
· Alright, thiopental is a good example of how the distribution of an XB is affected both by the body's perfusion characteristics (i.e. where does blood tend to go, and how much of it goes there) and its partition characteristics (i.e. where is an XB "happiest" due to its lipophilicity characteristics)
· So let's think about what happens when we dump thiopental into the blood -- where will it go first?  Obviously it will go to where the blood goes, and remember that certain tissues in the blood are "perfused" more highly than others
· For example, the lungs receive 100% of blood while fat tends to receive less blood because it does not perform active metabolism, etc.
· For our interest, we note that the brain receives 25% of all blood -- and so thiopental is going to go here first
· Once it gets to the brain, it will easily cross the BBB (since it is lipophilic) and be attracted to the brain because the brain is fairly lipophilic (its Kt/b is 100)
· And this is all good, because it means that it will do its thing on the brain and knock us out
· This all happens within 10 seconds
· HOWEVER…as time goes on, the less-perfused tissues in the body have a chance to "see" some of this XB and so some thiopental which is in the bloodstream (remember there is a free reversible equilibrium between the brain and the blood, since it is lipophilic and can cross the BBB) will go to the fatty tissues
· And THE THING IS, the fatty tissues are WAY MORE lipophilic than the brain (Kt/b of 10,000), the thiopental will be more likely to stay here as opposed to the brain
· Thus by the time 10 minutes or so rolls around, all the thiopental will have moved to the fatty tissue from the brain, and thiopental's effects will soon be wearing off
· Thus we see that at first, perfusion is more important (it goes to the brain first) but as time passes, partition becomes more important
 

Depot sequestration and mobilization: example organochlorine chemicals

· OK so here we are talking about organochlorine chemicals.  Give some background information.
· OC's are a general class of compounds (anything organic that has a covalently bonded chlorine atom)
· Some are deliberately included in products: DDT (pesticide), PCB (electrical insulated)
· Others were just accidentally created as byproducts: dioxins, furans, etc.
· OC's were developed 75 years ago and until 30 years ago they were very common in industry and thus in the environment
· As a result, we often see them in foods
· They are a problem mostly because they are PERSISTENT: they resist breakdown by physical or enzymatic processes 
· OC's are usually lipophilic.  Why do we care?
· We care for several reasons…firstly, they can be readily absorbed from the gut
· From there, they can get to various different tissues in the blood:
· For example, they have a high affinity for adipose tissue and the brain because those things as we know are lipophilic
· Thus they are there for a long time and have a high concentration -- this is how we get a high body burden of ddt, dde pcb's, dioxins, furans, etc.
· This is why OC's are "PBT" contaminants: persistent, bioaccumulative, and toxic
· OK, so what we have is tons of OC's in fat tissue.  From there, how can they cause damage?
· One way that it can cause damage is when the fat stores are mobilized and then the OC's go into the blood, where they can then access "active tissues" and cause damage
· Fat stores are mobilized whenever there is a caloric shortage in the body and so the fat needs to be broken down for energy
· This happens during weight loss, or when you are pregnant (huge caloric demand)
· Once all the bad stuff is free in the blood, it can damage many things:
· Reproductive system: affect your sperm, ova, etc.
· Immune system: could suppress the immune system
· Liver: could cause abnormalities by affecting enzymes
· Another way it could cause damage is if a women is breast-feeding, because 4% of breast milk is fat (this is higher than homo milk!) and this fat comes from her cells
· Furthermore, this fat is concentrated by 10 to 100 times and so the baby is drinking (potentially) a lot of these contaminants
· Great debates come out of this because now we need to decide between all the great stuff (i.e. passive immunity) that breast milk offers and the risk of being contaminated
· This is even worse in the developing world when no good substitutes for breast milk exist, and also the OC contamination is probably higher
 

Sequestration within a sink: example lead

· Review: where is one place that lead is toxic to in the body, and how does it get there?
· lead enters blood via epithelial calcium transporter in gut (note epithelial because we are talking about the gut, which is [sort of] a membrane which is exposed to the outer environment)
· Remember that this is possible because lead is a heavy metal, divalent cation, it is a mimic of calcium -- a light and nutritious substance
· Then it heads to the brain, where it can penetrate BBB via endothelial calcium transporter (note endothelial because we are talking about blood vessels which are internal)
· So again, lead mimics calcium and this is how it gets in
· As we go through someone's lifespan, what do we need to think about with respect to lead sequestration?
· Well when we are young, our bones are growing (via the growth plates on the ends of the bones) -- and thus we are adding calcium to the bones
· However, along with this calcium we lay down lead -- the more we are exposed to it as young children, the more that will be laid down
· These "lead lines" are actually visible via X-ray
· As we go through life though, we get "bone remodeling", where our bones are broken down then built back up again -- another term for this process is "turn over" (this happens around every 10 years)
· When this happens, the lead which we sequestered there years ago is RELEASED into the bloodstream, after which it can travel to the brain and cause damage
· With older people, these potential effects are even more dangerous, and so it is important to ensure that calcium levels are high so that even when lead IS released, it at least needs to compete with calcium before it can enter any tissues to do damage
Topic 7

Sunday, February 18, 2007

12:22 AM
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Xenobiotic Metabolism - biotransformation of lipophilic compounds

· Give a very brief and general overview of what we mean when we talk about xenobiotic metabolism.
· OK firstly, realize that we are NOT talking about metabolism in its more common sense: glycolysis, Krebs Cycle, and so on -- instead, we are talking about the series of reactions which a xenobiotic experiences upon entering the body
· Notably, the term "biotransformation" is synonymous with metabolism (at least for our purposes)
· Give a very high-level explanation of how we can characterize xenobiotic metabolism (in terms of phases).
· We are saying that we can consider xenobiotic metabolism to happen in two phases: Phase 1 and Phase 2
· Phase 1 involves the degradation of the xenobiotic: we are breaking down the parent compound to other products
· Notably, these other products may be less reactive/dangerous or MORE reactive/dangerous: the body doesn't "know" and therefore cannot act judiciously
· While Phase 2 involves the conjugation of the xenobiotic: we are adding a small endobiotic (i.e. made within our body) molecule to the xenobiotic molecule
· Talk about the NATURE of most Phase 1 reactions.  What are the 4 big characteristics?
· Most Phase 1 reactions are oxidation reactions, catalyzed by enzymes from the "mixed function oxidase" family (which we refer to as MFO or P450)
· The "P450" is because the MFO's have a cytochrome (colored enzyme) component which has a heme group, whose color wavelength is ostensibly 450 nm (red)
· This cytochrome component has a heme group, which
· Although we remember that oxidation reactions can mean different things (i.e. loss of H, loss of e, etc.), in this case oxidation means the addition of a SINGLE OXYGEN ATOM (from O2) to the xenobiotic
· Because of this, the MFO/P450 are also known as mono-oxygenases
· We also note that often there are MANY metabolites resulting from these Phase 1 oxidation reactions (thus it is not so simple as to say a xenobiotic always leads to the same metabolite)
· Lastly, these oxidation reactions often result in "functionalization": the bestowing of a new functional group on the xenobiotic
· This functional group gives the molecule distinct properties that allow it to participate in a certain class of reactions (i.e. the Phase 2 reactions)
· Unsurprisingly, most of the functional groups contain oxygen
· What kinds of xenobiotics often undergo this Phase 1 metabolism?  What issues come out of this?
· We see that lipophiles are preferentially oxidized in Phase-1 metabolism -- we add functional groups to them and make them hydrophilic
· One result of this is good: since they are hydrophilic, they are now less persistent because they can't dissolve in our adipose tissue cells and ALSO they are now MORE EASILY excreted
· This is necessary for our own lipophilic hormones, too: we use Phase 2-type reactions to eliminate things like estrogen so they don't build up
· However, adding the functional groups makes them potentially more reactive, which in turn means that they could be more toxic
· What is the goal of the Phase 2 reactions?  How does Phase 1 allow this to be realized?
· The purpose of this is to neutralize any damage that has been done in Phase 1 (i.e. making the xenobiotic more reactive by adding functional groups), and so these are also known as DETOXIFICATION reactions
· We do this by attaching a harmless endobiotic onto the xenobiotic which will negate any toxicity that may have been "added" due to the Phase 1 reactions
· It is able to negate the toxicity because almost all endobiotic molecules are ionic (i.e. it could have a carboxy or sulfate group), and so it is very hydrophilic (a good thing, for the reasons given earlier)
· Ironically, the reactions we are worried about in Phase 1 (the addition of the functional group) ALLOW these Phase 2 reactions to happen because there MUST be a functional group on there in order to perform conjugation
· Lastly, we will note that in a small percentage of cases, conjugation actually makes a xenobiotic MORE toxic
 

Microsomal and Cytosolic Enzymes

· Talk about the tissues in the body where we would expect to see biotransformation occurring.
· Well firstly, the liver is the most active biotransformation organ -- in fact, biotransformation is its major job (recall how all ingested foods pass through the LIVER first)
· The liver also stores and exports vitamins, metals, etc.
· Liver cells are called HEPATOCYTES
· However, the lung, kidney, other tissues also have significant activity
· This makes sense: these are the tissues which are also exposed to high levels of XENO-molecules (molecules that we get from OUTSIDE)
· The lungs are exposed to vapors
· The lining of the intestine contacts all our food
· The kidney ends up excreting our XB's
· What does all of this mean in terms of WHERE we are going to see the effects of xenobiotic toxicity?
· It means that often we will see the liver get pounded (i.e. cirrhosis -- scarring/damage of the liver) because if the Phase 1/2 reactions go awry and a xenobiotic is activated to become MORE toxic, the liver cells are going to be right there
· However, the liver is also a PROCESSING center and so it can send the xenobiotic to other parts of the body where it will do damage
· Discuss the relative locations of the Phase 1 and 2 enzymes within the average hepatocyte.
· Phase-1 (P450) enzymes are always microsomal (i.e. embedded in the smooth endoplasmic reticulum)
· This is because the enzymes require the phospholipid environment in order to catalyze their reactions
· Phase-2 enzymes are predominantly microsomal...
· These include epoxide hydrase (EH) and glucuronyl transferase (GT)
· …although some are found in the cytoplasm
· These include ‘soluble’ forms of glucuronyl transferase, sulfotransferase (ST), and glutathione-S-transferase (GST)
· Expound yet again on the Phase 1 reactions.  Talk about reactants, co-factors, and products.
· Reactants are interesting because unlike most other enzymes, the MFO's can work with ANY xenobiotic -- the only requirement being that it is LIPOPHILIC
· Because of this "come one come all" nature, they are often called "promiscuous"
· Also, certain co-factors are necessary (co-factor meaning that these compounds are needed to make the reaction go, but are not central to it)
· One of these is (obviously) oxygen: because we are OXIDIZING the xenobiotic and we will need to get oxygen from somewhere!
· The other one is NADPH, which is a high-energy endobiotic molecule -- we need this because the oxidation reaction is evidently not spontaneous
· Just briefly make a few points about the Phase 2 reactions.
· As we know, we are just conjugating an endobiotic molecule onto the functional group provided by the first reaction
· This often allows for fecal or urinary excretion
· Also, note that phase 2 reactions need energy -- hence the presence of ATP/UTP on the diagram
 

Phase-1 metabolism - mixed function oxidase (MFO)

· Wow, it seems like we are talking about the same stuff over and over.  Explain how Phase 1 reactions are applicable to 2 major classes of lipophilic substrates.
· Well firstly, as we know, Phase 1 reactions occur to lipophilic xenobiotics
· These include chemicals, drugs, and synthetic steroids
· But ALSO, Phase 1 reactions apply to ENDOBIOTIC substances that are lipophilic
· These include various fatty compounds (think cholesterol!) and also endogenous steroids (i.e. estrogen, as discussed earlier)
· Notably, the specific P450 enzymes (remember that we usually talk about them as a general family) and the locations in the body where the reactions occur on endobiotic/xenobiotic are DIFFERENT
· That is, different enzymes within the family will handle either endo or xeno
· Also, in the liver we do more xenobiotics, while in the testes we would be handling the endobiotics
· Discuss some of the oxygen-containing functional groups that are attached in Phase 1 reactions.
· R-OH (alcohol derivatives)
· R-COOH carboxylic acid derivatives: this is good because it can be deprotonated and become COO-, which is even more hydrophilic
· Note that the presence of TWO oxygens when our enzymes are MONO oxygenase is because we add the oxygen first, then the thing gets "recycled" back through the enzymes and another oxygen is added
· R>O epoxide derivatives: these are compounds where a "triangle" is formed between an oxygen and 2 carbons
· These are crazy b/c they are very toxic (recall ring can be easily broken) -- so one important issue is, "How do we get rid of these before they do a reaction that causes damage?"
· So these are TOXIC REACTIVEI NTERMEDIATE and we need to deal with them
 

MFO - mixed-function oxidase complex

· Give the full chemical equation for the typical MFO reaction.  Talk specifically about the role of NADPH here.
· Equation: R-H (lipophilic substrate) + O2 (molecular oxygen) + NADPH (reduced cofactor) ---MFO---> R-OH (oxidized metabolite) + H2O + NADP+ (oxidized cofactor)
· This is known as a "redox" reaction, because both reduction and oxidation are occurring at the same time (the lipophilic substrate is oxidized, while molecular oxygen is reduced)
· We have to realize here that it is NOT a spontaneous reaction -- in fact, it is very difficult to break apart the molecular oxygen so that we can attach one of the atoms to the lipophilic substrate
· Our solution for this is to use NADPH (nicotinamide adenine dinucleotide phosphate), which is a "reducing cofactor": it provides energy to drive the reaction and also provides the hydrogen (plus electrons) which we will use to reduce oxygen
· The hydrogen/electron pair package is known as a REDUCING EQUIVALENT
· Lastly, note that 100% oxidation happens because the equilibrium is completely to the right
· Because of this, we call the MFO's "enzymatic blowtorch" because they so EFFICIENCTLY and COMPLETELY "burn up" or "oxidize" the lipophilic substrates
· Given all this, consider the full name of the machinery which handles this reaction: it is the "mixed-function oxidase complex", which consists of cytochrome P450 AND NADPH/P450 reductase".  Break this down and explain each part.
· OK firstly, the cytochrome P450 is what we have encountered before: it does the oxidation of the lipophilic substrate -- so this is not very complicated
· However, the NADPH/P450 reductase is new and important, and it has 2 jobs:
· Firstly, it provides the reducing equivalents and energy for the reaction (this is the NADPH)
· Secondly, the "reductase" part of this enzyme actually takes the reducing equivalents off NADPH and transfers them to the molecular oxygen in the P450 enzyme's catalytic center so as to create water (that's why it is P450 reductase, because it is reducing something in the P450)
· If we consider these things together, that is why we call it a "MIXED function oxidase", because it has multiple functions: firstly to oxidize the xenobiotic, but also to reduce the oxygen to water
· Lastly, (not part of the name) but note again that the complex will not work unless it is surrounded by phospholipid molecules that give it the environment it needs to actually do its job (this is why we see them in membranes a lot)
· Discuss the importance of oxygen to this process.
· OBVIOUSLY, this is an oxygen dependent system because we use oxygen as an oxidizing agent
· Thus if we were exposed to something like CO (carbon monoxide) that binds to our hemoglobin and prevents it from transporting oxygen to the tissues, theoretically the MFO systems would stop working…although we would die long before that
· This is still a practical bit of information though, because in the lab we can immerse tissue in CO for example to see if MFO is involved
 

Toxic and non-toxic pathways of xenobiotic biotransformation

· Think about the title of this section.  If xenobiotic biotransformation is designed to make something LESS toxic, how is it that there could be "toxic pathways" of biotransformation?  What are some of the consequences of this.
· The reason is that the enzyme systems in the body don't "know" what they are creating, and so often the Phase 1 enzymes (especially) can actually BIOACTIVATE an inactive parent compound and make it a more chemically reactive product, "reactive metabolite"
· If this happens, then often the reactive metabolites can bind to the things in their immediate environment and cause damage to them
· Remember that Phase 1 enzyme systems are bound to the SER, so we are talking about intracellular targets here!
· For example, it could bind to and damage DNA molecules, in which case we would consider it to be "genotoxic"
 

Some biotransformation reactions performed on pesticides by the mixed function oxidases (MFO)

· What pesticides did we examine here, as examples?  How do these choices illustrate the "hit or miss" nature of the biotransformation reactions?
· We looked at methoxychlor, malathion, and DDT
· We see that it is hit or miss with respect to whether a given thing will be a detoxifying or bioactivating reaction…or maybe just neutral and not make it more or less toxic
· Discuss methoxychlor.  Give some background information about both the reactants and products.
· Methoxychlor is a RARE organochlorine substance that is not banned, despite the fact that like other OC's, it resists biodegradation and can accumulate in the body
· It exerts its effects on the nervous system of insects, paralyzing (and thus killing) them -- while humans' enzyme systems (as will be explained shortly) can effectively detoxify it
· Lastly, there is MILD concern with the metabolite created by human enzymes, because it is a phenolic steroid (benzene ring with hydroxyl substituent) which somewhat resembles estrogen
· Thus it is named an "endocrine disrupting chemical" because it can act as a fake hormone and disrupt our hormonal systems
· Notably though, we need a LOT of this to produce a false estrogen response in a tissue
· Now discuss the actual detoxification reaction with methoxychlor.
· The deal is that the methoxychlor molecule has two benzene rings, each with --OCH3 substituents…and these "methoxy" groups make the structure chemically reactive
· So what the MFO does is a "O-dealkylation" reaction, meaning that it removes the alkyl (CH3) group from the O (oxygen), and replaces it with a hydrogen to form a hydroxl group (much less reactive)
· Note that this is considered to be an OXIDATION, since ultimately we are removing hydrogens (start with 3, left with 1)
· The resulting benzene rings with hydroxyls attached are known as phenolic groups
· Since the hydroxyls are much less reactive, we have essentially "detoxified" the methoxychlor
· And what's more, the hydroxyl groups can receive additional groups easily -- thus they are open to CONJUGATION by the Phase 2 enzymes which will make them hydrophilic and more easily excreted (we knew this function from before though)
· Give some background information on malathion.
· Malathion is a SECOND GENERATION insecticide, meaning that it has replaced the original organochlorine insecticides which were banned (such as DDT)
· It is different than methoxychlor (for example) because it is not inherently toxic -- when it enters the body as a parent compound, it is non-toxic -- however, bioactivation pathways can make it toxic
· These bioactivation pathways are present in the insect (thus it is an effective insecticide) but they are also present (albeit to a LESSER DEGREE) in humans (making it a possible danger)
· It is a big deal right now in enivronmental health because it is the major insecticide used in the summer for mosquito control, which is important now due to the West Nile Virus
· Talk now about the actual mechanism of the biotransformation reaction with malathion.
· The deal here is that the original compound is an organophosphate, with an organic carbon backbone and phosphor groups
· One phosphor has a sulfur attached to it, making a P=S group (phosphor double bonded to a sulfur), and the MFO's remove the sulfur and add an oxygen in its place (P=O, called an "oxon group")
· This is an oxidation because we are adding oxygen -- the process is called "oxidative desulfuration"
· The resulting molecule is toxic -- more specifically neurotoxic, which means that nerve impulses to muscles in the bugs are BLOCKED
· Give some brief background information on DDT.
· Just remember that it was a banned substance, previously used as an insecticide
· It is extremely lipophilic, and so it is very persistent in the body
· Both DDT and the product (DDE) resemble steroid hormones, so they (like methoxychlor) are also known as endocrine disrupting chemicals or "gender benders" (since they affect our characteristic gender features)
· Explain the detailed mechanism of the biotransformation reaction for DDT.
· So our starting parent compound, DDT, has an aliphatic region with two aromatic rings on each side
· There are chlorines in both of these regions (it is a poly-chlorinated biphenyl), and their bonds to the carbons are extremely strong
· All the MFO's are able to do is remove the chlorines from the aliphatic region (not the aromatic region) -- and even then, they cannot replace the chlorines with other atoms so an alkene (double bond) is formed
· Nevertheless, they have still removed a chlorine and created a double bond (means less electrons), and so we call it an "oxidative dehalogenation"
· The resulting product, DDE, is also lipophilic and is just about as damaging as DDT is -- and what's more, no functional groups have been formed and so conjugation during Phase 2 is NOT POSSIBLE
 

Hydrolytic Cleavage Reactions

· Explain why public health experts would argue that malathion is not hazardous to humans.
· It is because humans have an ALTERNATE PATHWAY for metabolism of malathion -- it is a hydrolytic cleavage reaction catalyzed by the enzyme "esterase"
· Instead of replacing a P=S with a P=O, it removes two ethyl ester groups (O--C2H5) so they become just (O), and the C2H5's fall off
· The resulting product is an INACTIVE METABOLITE: there are two carboxy groups in place of the ethyls, and these are hydrophilic:
· Thus they are water soluble and more easily excreted
· Also, it is harder for them to cross the blood-brain barrier
· The big point is that humans have MORE ESTERASE than MFO, so the "good" pathway will dominate over the "bad" one, and thus malathion should not be of concern
· Talk now about the esterase enzyme itself.
· It is actually NOT called "esterase" (that term just refers to what it does -- it cleaves esters), but instead it is called "paraoxonoase" because it was originally discovered as something that converted parathion to paraoxon (instead of malathion to malaoxon)
· Thus this enzyme works on both malathion and parathion
· Also, it is important to realize that paraoxon is a NATURALLY OCCURRING ENZYME: but this begs the question of how it could be naturally occurring, if it can work on a man-made and relatively recent xenobiotic? (Surely we have not evolved something this useful in the mere decades since malathion was introduced)
· The answer that paraoxon's primary role is NOT to detoxify malathion -- instead, is just for breaking open fatty acid esters
· Lastly, realize that not only does malathion happen INSTEAD of MFO's action, it also does not require malathion to be present in order to work: it is a non-MFO type Phase 1 reaction
· The other consequence of this is that paraoxonase is NOT dependent on membranes
· Explain how Gulf War Syndrome is related to this discussion.
· The deal is that during the Gulf War, several different insecticides were being used and many soldiers developed neurological and reproductive problems (Gulf War Syndrome) as a result
· However, it was noticed that a certain group of soldiers were getting it worse than all the others -- and these soldiers were discovered to be DEFICIENT in the paraoxonase enzyme
· So it makes sense -- they were unable to deal constructively with malathion, and so they experienced the problems worse than everyone else
 

Reduction Reactions

· OK, we have just discussed an alternate pathway which malathion can travel along.  Now how about DDT?
· Alright, so the deal here is that as you recall, the normal pathway is "oxidative dehalogenation" where we remove a chlorine atom and form a double bond (thus we are oxidizing the molecule by removing electrons)
· However, a MINOR pathway involves NOT making that double bond, but instead replacing the chlorine with a hydrogen atom -- which is a REDUCTION REACTION
· The way this happens is that instead of the MFO using both NADPH and O2, it just uses NADPH -- both to supply energy and to use its hydrogen to attach to DDT
· Comment on the products of this alternative pathway.
· The resulting product is known as DDD -- and like DDT and DDE, it is still lipophilic and still unable to be conjugated by Phase 2 reactions
· However, UNLIKE DDT and DDE, DDD is NOT neurotoxic and so insects who have dominant reduction pathways and can make more DDD get selected for - this is why we have to use more and more DDT each year to achieve the same effect
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Enzymatic and induction properties of the P450 isoforms

· Explain what the notion of "substrate preference" is, within the family of P450 enzymes.
· The idea is that P450 enzymes are one big family of enzymes which can oxidize a wide variety of lipophilic substrates (recall that they are considered to be "promiscuous")
· Within this family, each isoform is slightly different in its catalytic properties and also the degree to which it is inducible (a very important feature)
· What this means is that different isoforms will specialize in different types of lipophilic substrates -- so each of these guys may prefer a big or small molecule…or with certain kinds of benzene or no benzene rings in it…
· The other consequence is if one enzyme is missing or deficient, another could do the job (although not as well)
· Talk more about the implications of that last statement -- that 2 or more P450 isoforms may metabolize a given xenobiotic.
· This results in the notion of primary and secondary metabolic pathways: the idea that 2 or more P450 isoforms are able to do whatever -- but one of them could do it more quickly and so it would be designated as primary
· Then the other isoforms that have a lower affinity for that particular XB would be considered secondary metabolic pathways because the rate of metabolism by these less preferred enzyme systems is SLOWER
· When we are looking at this system from the outside, why is it hard to predict exactly how these pathways will work?
· It is because the pathways are unpredictable due to genetic and environmental factors (alcohol, smoking, etc.)
· As for genetics, we can have polymorphisms that will give us more or less of certain enzymes
· And the environment can also affect the systems, making them more or less active
· For each enzyme, besides the substrate type which it works with the most easily, what else is a unique and important property of these enzymes?  What is the result of this?
· It is their maximum capacity: the fastest rate at which they can catalyze the reactions
· This capacity is defined by the number of catalytic binding sites they have
· This limitation results in dose-dependent kinetics, which is the idea that the size of the xenobiotic dose will affect how fast it gets processed
· When the dose is low, the catalytic binding sites are not overcrowded so the enzymes can work at maximum speed
· However when the dose is higher, there will be a "line up" and so the reactions will go more slowly -- we say that the enzymes have been "saturated"
· How do all of these traits result in "low" and "high" capacity pathways?
· We get alternate metabolic pathways that are either low or high capacity because each pathway will include certain types of enzymes that will have different capacities than others
· Even more so, different TISSUES in the body will have different NUMBERS of different enzymes
· This all adds up to different tissues having different pathways that are either low or high capacity (due to the nature of the enzymes constituting the pathway and also the number of enzymes there are)
· Of course we should note that all of this is subject to genetic and environmental factors
· What are the 3 hierarchical levels of biochemistry study that are relevant to this?
· Firstly, as we discussed, we all have different genetic makeup -- and this affects the enzymes -- so "genomics" is important
· But on a "closer" level than that, we also have proteomics 
· i.e. the genes themselves could have certain properties -- but more important is what comes out of them b/c this is what actually makes effects
· But the highest level is metabolomics -- doesn't matter what proteins and enzyme we have, it is what the cells do with them in the various pathways
 

Regioselectivity - alternative metabolic pathways

· OK, we have already discussed a situation (last topic) where we have alternate metabolic pathways run by different enzymes which result in different functional groups being added/removed from the molecule.  Now explain another case where REGIOSELECTIVITY makes the difference…and give a general overview.
· OK, regioselectivity means that depending on the conditions/environment, the functional group will be added to the molecule in a different place -- so it's not that we are adding a different group, it's that we are adding the same group but in a different place -- we are forming POSITIONAL ISOMERS
· The other crazy thing is that unlike past alternate metabolic pathway situations we have studied, the enzymes for each pathway are very closely related -- it is just different isoforms of P450
· The xenobiotic in question here is bromobenzene (you know what this looks like), which is a GASEOUS substance which (like malathion) is not inherently toxic but can be BIOACTIVATED into a toxic form
· And as we might expect, the pathway it takes determines whether it becomes toxic or non-toxic
· We see that bromobenzene often affects the lung or the liver -- specifically it hits the organelles (such as DNA) because remember it is a xenobiotic which freely diffuses into cells because it is LIPOPHILIC, then gets activated after entry into a toxic substance
· Talk about how the pathways themselves actually work.
· Firstly, the TOXIC pathway is activated by the "2E1" isoform of P450, and it oxidizes the 3 and 4 carbons in the benzene ring, creating an epoxide
· Thus we get bromobenzene 3,4-epoxide, which is very toxic and will cause liver necrosis
· It is so reactive that it will slowly rearrange itself into para-hydroxybromobenzene, which is water soluble and can be excreted in the urine (thus the harmful substances do not last forever)
· The non-toxic pathway is run by the "1A2" isoform of P450, and the 2,3 carbons get made into an epoxide, which is not as bad 
· This can also self-rearrange SLOWLY to form ortho-hydroxybromobenzene, which is again soluble and can be excreted in the urine
· Why is one positional isomer (3,4 epoxide) toxic, and the other one (2,3) non-toxic?
· It is all about the reactivity of the compound -- epoxides are normally very reactive because the oxygen is much more electronegative than the 2 carbons it is bound to, so it grabs charge from them and becomes extremely negative, while the carbons are positive
· However, in the non-toxic arrangement, the bromine is also close by and it is also electronegative, meaning that it can compete with the oxygen for the charges on those carbons and lessen the imbalance
· How can environmental factors affect this particular proportion of pathways (i.e. influence one pathway over the other)?
· ALCOHOL is a big thing: a secondary pathway for alcohol metabolism involves the 2E1 enzyme and so if we drink a LOT of it, then the 2E1 will have to get up-regulated
· This is BAD because now when bromobenzene (or whatever else) comes in, the 2E1 will be more likely to metabolize it and so we get bad effects
· On the other hand, SMOKING is protective in this case because the carbon in the smoke is broken down by the 1A2 isoform, and so if that upregulates then we will have more of it
 

Enzyme inhibition and enzyme induction of the P450 isoforms

· What is enzyme inhibition in general?  Describe how it happens with the P450 system in particular.
· Inhibition means that in some instances, the activity of an enzyme can be reduced by interfering with its catalytic activity in different ways
· With P450 (and in general), the two main types of inhibition are "reversible" and "irreversible":
· Reversible inhibition is "saturation competition", when one substrate overloads the binding sites on the P450 system, preventing the substrate we want from getting on there
· It is reversible because if the undesired substrates leave, the good ones can hop on
· Irreversible inhibition is when we attack the enzyme with chemicals and drugs and wreck it permanently
· What is one example of reversible inhibition we discussed in class?  
· The issue is that methyl alcohol is a form of alcohol that is metabolized by the P450 system into formaldehyde, which is very dangerous (more later)
· Note that this is an example of a bioactivation reaction producing something toxic from something harmless
· Thus during cases where excessive methyl alcohol has been ingested, it is treated by administering 10:1 ratio (or so) of ETHYL alcohol, which is the type found in regular beer and is metabolized by the SAME system into acetaldehyde (not harmful)
· Thus with ethanol occupying all the active sites of the P450 enzymes, methyl alcohol remains unmetabolized and therefore unharmful
· Eventually it is breathed out of the body
· Comment on the various substances involved in the previous reaction.
· Formaldehyde (metabolite of methanol) is dangerous: it will attack the optic (visual) nerve -- so one of the first symptoms of methanol poisoning is the person going blind or they have severe visual impairment
· Or they can infect other parts of the brain and kill you
· Ethanol is often available in hospitals to be administered via intravenous drip, because of this very concern/use
· Acetic acid or acetaldehyde is the raw material for the CAC so it actually gives us energy -- much better than formaldehyde effects
· Explain how irreversible inhibition might work.  Why does this have an application in the lab?
· We may have a certain compound (a "suicide substrate") which is partially oxidized by the P450, but then it binds to the catalytic center and never leaves, thereby inactivating the enzyme and also making itself useless (hence "suicide")
· Since it never leaves, we classify this as irreversible
· The application is that different substrates will do this to different types of P450 systems, and so by introducing different ones and then seeing which P450 systems die, we can identify which ones are present
· Give an overview of the concept of enzyme induction.
· The idea is that for some reason (more later), we get increased levels of a p450 enzyme -- or more specifically a certain form or type of P450 enzyme -- in a tissue
· The two reasons for this are:
· Increased enzyme synthesis (common) -- perhaps due to environmental factors
· Reduced enzyme degradation (rare)
· The various factors affecting this process result in each person having a characteristic amount of different kinds of enzymes, and this is known as his or her "enzyme profile"
· Talk about the concept of "inducers", and how this leads to up- and down-regulation.
· Inducers are substrates for the enzyme that when present in greater quantities, compel the body to make more of the enzyme (this is "up-regulation")
· Whereas when they are present in lower quantities, the body understandably makes fewer enzymes ("down regulation")
· Each P450 isoform has its own specific xenobiotic inhibitors and inducers -- did you note the significance of that?  Xenobiotic means it comes from the OUTSIDE, which means that outward factors can affect our inner enzyme profiles
· One related field which is beginning to grow popular is how there are many naturally occurring substances in our FOOD that are not vitamins or nutrients, but they are important in our diet b/c they are modulators/regulators of XB metabolism
· So if we consume grapes, oranges, etc…grapefruits etc…cabbages/brussel sprouts…all of these things are rich in different types of alkaloids -- non nutritive plant constituents -- and these in turn inhibit certain enzyme systems and induce others…so we are realizing that one of the reasons why everyone's enzyme profile is so dynamic is because we EAT DIFFERENTLY
 

Cytochrome P450 (CYP) genetic superfamily

· Explain what this superfamily is.
· It is the P450 gene superfamily, which just means that it is the collection for all the different "isoforms" or "versions" of the P450 enzymes (there are 50 or 60)
· Remember that we have different ones for different substrates, and that they can differ in terms of how they do their oxidation, regioselectivity, what kind of substances induce/inhibit them, etc.
· However of course they always share the classic P450 traits: oxidative capacity, embedded in lipid membrane, require NADPH P450 reductase to supply reducing power, etc.
· Nomenclature works in a "family"-"subfamily"-"individual member" format, whereby something like 3A4 would belong to the CYP3 (cytochrome P450) family, subfamily "A", and member 4
· It is a GENETIC family, thus they are classified based on base sequence -- this is better than basing it on their substrates because substrates overlap amongst enzymes
· There are just 5 or 6 CYP isoforms that are the MOST COMMON, and we note that 3A4 is the #1 stunna
 

Cytochrome P450 (CYP gene) evolutionary tree

· When we look at how the P450 enzyme system evolved, what are some things we notice?
· Firstly we see that while prokaryotes don't have p450, every eukaryote has SOME FORM of p450
· Also we note that the higher organisms like mammals have more (and more varied) P450 enzymes, whereas the less advanced have fewer
· We notice that GENE DUPLICATIONS occur, and the duplicated genes evolve new functions and that is how the higher animals have more in number and more advanced things
· We also notice the evolution in function:
· First they were dealing with lipid metabolism (endobiotic)
· But then moved onto stuff like cholesterol (endobiotic)
· And THEN…we start to metabolize xenobiotics not only endobiotics: drug metabolism
· And then animal/plant warfare started: when green plants first colonized solid ground, the ones who were selected to survive were those that could be poisonous to animals
· However animals "responded" by selecting for those who had new and improved P450 systems that could eat the plants without injury
· Thus many new P450 systems quickly arose
 

CYP 1A1 and 1A2

· We just (two slides ago) were talking about the different kinds of enzymes in the P450 family.  Now let's consider 1A1 and 1A2.  How are they different and how are they similar?
· Firstly, a difference: 1A1 is active in many tissues such as the lung (extrahepatic), whereas 1A2 is active mainly in liver (hepatic)
· It is suspected that since the liver is the major organ for detoxifying xenobiotics, the 1A2 family in humans evolved specifically to deal with ingested xenobiotics of a certain type
· Both of these enzymes recognize the same kinds of substrates (more later) -- remember how we talked about how enzymes can be categorized by the substrates they work with?
· The general category of substrates they like are POLYAROMATIC HYDROCARBON COMPOUNDS (PAH's, aka "arenes"): they are compounds containing 2 or more benzene rings
· One such PAH is ethoxyresorufin-O-deethylase (EROD), and it is used to define 1A1 and 1A2 -- if it oxidizes EROD quickly, we consider it to be 1A1/1A2
· Talk about the different results of 1A1/1A2 interaction with substrates.
· The first thing to note is that they are Phase 1 enzymes and thus BIOACTIVATION often (?) results from interaction with PAH, where toxic arene epoxides are created that attack biomolecules such as DNA
· Remember: arene = PAH, epoxide = C-C-O triangle
· Note that PAH's on their own are not harmful
· The second thing is that they can interact with HPAH, which ARE toxic on their own -- here we are talking about  organochlorine pesticides (e.g. DDT), some PCBs, chlorinated dioxins and furans
· The third thing is that 1A1/1A2 can be INDUCED by environmental xenobiotics 
· It is the PAH's which do this -- in particular ‘MC-inducible P450’ methylcholanthrene (MC) or benzo(a)pyrene (BaP)
· MC is a "prototype" PAH…same with BaP (we used them to define 1A's before we had genetic sequencing
· But also the HPAH's do this a LOT; they are called "gratuitous inducers"
· IN GENERAL: PAH's are OK because although they are PERSISTENT, they are oxidized to harmless metabolites -- only in rare cases do we get the bioactivation
· OK, we've talked about inducing these guys using substrates.  How about environmental factors?
· Smoking -- the tar fraction of tobacco smoke is rich in BaP and other PAHs, and so smoking will upregulate the 1A1 enzymes (recall they are the ones active in the lung, where most of the smoke goes)
· Combustion products -- soot, diesel exhaust, BBQ smoke, incineration of plastics have PAH (I guess?)
· In particular, the incineration of plastic used to be a problem in hospitals -- they would burn used syringes, and such
· Some food constituents 
· For example, CAFFEINE is metabolized by the 1A2 system (remember this one is the liver)
· Trivia: because of this, we can give people radioactively labeled coffee and measure the radioactivity of the byproducts they breathe out to see what their 1A2 levels are
· Some pharmaceutical drugs
 

Preferential inducers and substrates for P450 1A1 and 1A2 isoforms

· Explain the differences between inducers and substrates, and relate it to the various things that 1A enzymes work with.
· OK, so this is basic homeostasis: of course it is natural to have some overlap between inducers and substrates of P450, because when there are more substrates present it is natural for enzyme levels to rise as a result (which is essentially what it means to induce)
· However, sometimes the "effectiveness" of a given substance as an inducer can be different than its effectiveness as a substrate
· PAH: this guy is an inducer but ALSO a good substrate, because there is nothing blocking the 1A enzymes from accessing it
· HPAH: this guy is an inducer (the body WANTS to break it down) HOWEVER "halogenated" means that there are halogens (in our case chlorines) all over the place which at as BLOCKING GROUPS, making it hard for the enzyme to attack the benzene rings an add an oxygen
· Thus they are BAD substrates -- they will bind to the enzyme but nothing will happen -- in fact because of this they are like suicide substrates
· A weird application of this is that if we are worried about extensive oxidation of PAH from cigarette smoke causing cancer, one way to avoid this is to poison yourself with HPAH b/c it will bind all of the 1A1 enzymes so they don't bioactivate the stuff in the cigarette smoke
· Thus we call HPAH's "gratuitous inducers" because they are a strong inducer of an enzyme but not a great substrate for it
· Obviously we have a huge problem here (with HPAH) because they will induce the 1A2 enzymes to HUGE levels yet will never go away (they are PERSISTENT), meaning that the enzymes ALSO have no reason to go away, and thus liver damage can result from this HYPERINDUCTION
 

[Topic 8 Addendum]

 

BaP bioactivation to BPDE

· Let's review.  Talk about BaP and why it is bad for us.
· Recall that it is benzo-a-pyrene, a substance found in tobacco smoke, exhaust fumes, etc. which is a lipophilic polyaromatic hydrocarbon and thus oxidized by 1A1 and 1A2 (but mostly 1A1, because it is found in the lung)
· Recall that it is by itself NON-TOXIC, but when it gets oxidized (more later) it turns into a form that is dangerous and is genotoxic (more later)
· Note that it is made up of 5 benzene rings (yup it is PAH for sure)
· Walk through the oxidation process.  What happens on a molecular level?
· We note that the first reaction is the formation of an epoxide of the 7,8 carbons on the left-most ring
· Notably this reaction can occur in two ways with respect to stereochemistry -- the epoxide can either be positioned above the ring [(+) form] or below the ring [(-) ring]
· After this, IF WE ARE LUCKY, the epoxides will react with water and become hydrolyzed to form a diol -- a hydroxyl group on each of the 7,8 carbons
· Of course the position of these carbons will differ according to the stereochemistry of the first reaction
· So now we have a diol, but there are STILL empty carbons and so often we see yet another epoxide formation, this time on the 9,10 carbons
· Again stereochemistry can differ can here and so if you think about it there are 4 total arrangements of BaP diol epoxide products
· This diol epoxide is notable because it is EXTREMELY reactive -- even worse than the original epoxides -- they can cause DNA damage and genetic mutation
· Their name is BPDE -- benzo-a-pyrene diol epoxide
 

BPDE adduct formation with DNA

· Alright, so I'm going to throw a BPDE molecule into a cell.  What happens from there?
· First let's say that we'll start with the anti-isomer of BPDE, because it is the most reactive
· Here the epoxide points down, the hydroxyl next to it is also down, and the next hydroxyl points up
· All the oxidizable carbons have been oxidized
· The first thing which happens is that the epoxide binds to the DNA
· After that the epoxide group breaks open to form a hydroxyl group on one carbon and NOTHING on the carbon, meaning that it is positively charged (a carbonium atom) and we have an "electrophilic group"
· Once we are here, we have two choices:
· One choice is that the electrophilic group reacts with WATER and takes on a hydroxyl, so now we have a tetrol
· The tetrol will insert itself into the DNA of the cell (still) but it is INTERCALATED, meaning that it fits between the base pairs and does not cause damage (are you sure?)
· OR…the electrophilic group could go attack the DNA of the cell (most frequently a guanine nucleotide) and form a COVALENT ADDUCT (the product of the addition of two molecules, in this case BPDE and DNA)
· Then this adduct inserts itself into the DNA double helix (not in an intercalated manner) but rather it lies across several DNA base pairs and thus disrupts the matrix -- mutations and cancer will often result
· Notably it sticks out of the MINOR GROOVE of the double helix
· Talk about this with respect to cigarette smokers and p53.
· One of the big ways in which cigarette smoke was conclusively proven to cause lung cancer was through this mechanism: they noticed that cigarette smokers had a lot of BPDE adducts
· And they noticed that the BPDE adducts often target the p53 gene in the genome to disrupt -- and this is BAD b/c the p53 protein resulting from this gene has a PROTECTIVE role in the cell:
· It either fixes DNA after it has been mutated…
· …or if the damage is irreparable, it will tell the cell to stop dividing or even initiate apoptosis
· So if we smoke, we are not only making mutations but we are removing our defenses against them
· One big idea is that BPDE adducts are "GENOTOXIC"!
 

CYP 2E1

· Where do we usually see 2E1, within the body?
· 2E1 active in both hepatic and non-hepatic tissues
· Talk about the substrate preference of 2E1, and relate it to induction as well.
· Well notably here it is quite different from the 1a family -- almost opposite in a way -- it actually DOESN'T like most aromatic compounds -- what it likes to do is selectively bind to an oxidize simple, small ALIPHATIC compounds (often referred to as "solvents")
· This includes alcohols (methanol, ethanol), acetone and ketone bodies, short-chain fatty acids
· Also, chlorinated solvents -- chloroform, trichloroethylene (TCE), vinyl chloride (VC), etc. 
· Surprisingly, it oxidizes benzene (single unsubstituted aromatic ring) -- but NOTHING else aromatic
· With respect to induction, remember what we talked about: alcohol is oxidized by 2E1, so if we drink more of it then more 2E1 will be created
· In the same way, think about the other things that 2E1 oxidizes (from above): ketone bodies are created when we are fasting, so 2E1 levels probably go up
· Talk about some of the bioactivation reactions that 2E1 can drive.
· A lot of times it makes aliphatic epoxides and aldehydes, which are reactive metabolites (can cause liver damage)
· For example, recall the discussion of how methyl alcohol (i.e. wood alcohol) can be converted into formaldehyde
· Also if it makes a benzene epoxide, it is dangerous but in a different way than the aliphatic epoxides/aldehydes
· The deal here is that benzene doesn't stay in the liver but rather travels through the bloodstream to the BONE MARROW, where it will exert its damage -- this is known as myelotoxicity and it causes leukemia (cancer of the WBC-forming cells)
· This results in either acute myelotoxicity (immediate damage of WBC-forming cells) or chronic myelotoxicity (over time, people can't produce adequate quantities of wbc's…and in that case myelotoxicity is referred to as aplastic anemia)
· Note that benzene is a bioactivation reaction because benzene on its own is NOT toxic
· Discuss the things that can induce 2E1 enzyme.
· It is induced by the same thing that it acts on (its substrates) -- by small aliphatic compounds 
· For example we have ‘EtOH-inducible P450’ (ethanol) --> 2-5 x incr CYP 2E1 levels
· Notably the 2-5x rate is not as great as what 1A1 gets induced by smoke, for example (it is 100's)
· Induction can also prolong enzyme activity...
· Discuss some of the ENVIRONMENTAL factors that can increase 2E1 levels.
· high alcohol consumption: remember that ethanol induces it
· obesity and obesity-related diabetes (type-2): remember that ketone bodies can induce it, because in diabetes we are energy-starved thus the body breaks down fat to survive
· aerobic exercise and fasting: same deal as bove
· some pharmaceutical drugs -- example: isoniazid (TB drug)
 

CYP 3A4

· OK, let's talk about CYP 3A4.  Where do we normally see it, and how active is it at these locations?
· 3A4 is mainly active in hepatocytes (liver) and enterocytes (intestinal lining)
· It is typically the most active P450 isoform in liver, where it handles a lot of pharmaceutical drugs AS WELL AS endogenous steroids (estrogen, testosterone, etc.)
· Talk about the substrates preferred by 3A4.  Speak generally and then specifically.
· Well the chemical structures it enjoys the most are ringed aliphatic and mono aromatic compounds 
· The categories which fit this description include:
· A wide variety of pharmaceutical drugs 
· Many toxic or beneficial plant constituents found in foods
· Many endogenous steroid compounds (sex hormones, glucocorticoids)
· Specifically, let's talk about 3A4 and drugs: it has a strong preference for a drug named phenobarbital -- it is a "drug metabolizing system" for this drug
· Phenobarbital is a barbiturate sedative drug with one benzene ring, and 3A4 is called PB-inducible P450 because it induces more production of the enzyme
· Notably we see "metabolic tolerance" as 3A4 reacts with these drugs, because think about it: the more phenobarbital we get, the more 3A4 is induced which will break down the drug and make it worthless
· Thus in order to maintain the same euphoric effect, we need to continually be using MORE phenobarbital
· Note that: chronic drug abuse can induce 5-20x elevation in CYP 3A4 activity
· Besides being induced by clinical drugs, plant constituents, steroid hormones, what else can elevate 3A4 levels?
· Gender: females are higher because they have to break down that estrogen
· Oral contraceptives (birth control pills)
· Many pharmaceutical drugs - example: erythromycin and similar antibiotics
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Major Topic 1: Toxicokinetics

· Metabolism (Part 3): here we examine Phase 2 metabolism in more detail
· Review of Phase 2 metabolism: what happens biochemically, what is the functional result
· How it is related to excretion (both urinary and biliary)
· Phase 1 and 2 metabolism in collaboration:
· Theoretical pathways
· Examples with phenacetin and acetaminophen
· Example with Oltipraz
· Conjugating groups in Phase 2 metabolism: when we say conjugation happens, we think about the groups which are actually added
· Epoxide hydrase in focus: what is it, why is it necessary, etc.
· Excretion: we discuss the major ways that the body excretes substances
· Introduction: standard definitions
· Excretion vs. secretion; pathways for each
· Review: nephron system in the kidney, consequences for urinary excretion of xenobiotics
· Chelation:
· Overview
· BAL, EDTA, penicillamine in particular
· Biliary excretion:
· Overview: target molecules, concept of persistence, etc.
· Mechanism for excretion: overview of pathway, role of efflux pumps, enterohepatic cycle
 

Major Topic 2: Toxicodynamics

· Electrophiles and nucleophiles: here we explain how reactions between electrophiles and nucleophiles can be the basis for cellular toxicity
· Overview of electrophilicity and nucleophilicity: what it means, how they relate to each other, what happens if you put them together, etc.
· Examples of each: what are the main electrophilic and nucleophilic functional groups, which MACROMOLECULES in the cells are electrophilic/nucleophilic, etc. (more later)
· Products of electrophilic/nucleophilic reactions: what are the different products which can form
· In general (i.e. the names of the types)
· A specific example (DNA)
· Glutathione as a mediator of electrophilic toxicity
· General characteristics of glutathione: its role, its location in the body, etc.
· Chemical structure of glutathione: before and after oxidation, rechargeability
· Nucleophiles which it frequently reacts with
· Electrophilic agents in more detail: direct-acting vs. indirect-acting agents
· The functional differences
· Examples of each
· Direct-acting ALKYLATING agents specifically
· Real-life applications: mustard gas, MIC
· Cell systems for responding to electrophiles
· Antioxidant response elements and electrophilic response elements
· The cellular "redox switch" which controls the synthesis of these elements
· Polyaromatic hydrocarbons: here we explain how the PAH's and HPAH's (i.e. dioxin, furans, PCB's, etc.) which we studied before under toxicokinetics can be the basis for cellular toxicity
· Review of PAH and HPAH: what the defining molecular elements are for the major types, what the defining characteristics are for the major types
· Differentiating characteristics between the different types of PAH's and HPAH's that affect toxicity: 
· Coplanarity: what is it, why does it affect toxicity, what are the types of molecular which are coplanar
· Congeners: what is the concept, what are TEF's, dioxin in focus
· Overview of characteristics needed for toxicity
· Real-life applications: PCB's in the environment, discovery of dioxin (Agent Orange), Victor Yushchenko
· Major mechanism of toxicity for HPAH's: endocrine disruption
· How the mechanism works (and doesn't): the role of response elements, etc.
· The role of cellular response systems in this process: AhR/Hsp90/ARNT
· Related: coordinate genetic induction: general, advantages, drawbacks
· The various possible metabolites of estrogen
· Dioxin in focus:
· Mechanisms of toxicity: nervous system, liver/lung, EDC, carcinogen
· Solutions for dioxin poisoning
· Structure-activity relationship:
· Link to congeners
· Ways of measuring
· Oxidative stress and free radical toxicity: here we discuss free radicals and how they lead to oxidative stress as (yet another) basis for cellular toxicity
· Introductory concepts: 
· Characteristics and sources of free radicals
· Definition and sources of reactive oxygen species
· Redox state: definition and ways to maintain it
· Consequences of loss of redox control
· Relationship to aging
· Oxidative stress:
· Definition
· Sources
· Biological effects (see diagram)
· NADPH:
· Its role in oxidative stress
· Its relationship to antioxidants
· Smog:
· General characteristics
· Constituents: general and specific description
· Relationship to mortality rates
· Mechanism of ozone formation
· Difference between fine particulates and coarse particulates
· Fine particulates in focus: pathway to cause of oxidative stress
· PUFA's and toxicity:
· General description: roles in the body, consequences of damage, etc.
· Oxidation of PUFA's by ozone
· Oxidation of PUFA's by free radicals:
· Initiation, propagation, termination
· Metabolites of PUFA hydroperoxide
· Mechanisms for producing free radicals:
· Superoxide radicals:
· In the electron transfer chain
· Relationship to oxygen toxicity
· Creation of free radicals by P-450 reactivation
· Creation of free radicals for respiratory burst
· Production of free radicals through redox cycling and free radical sensitization
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Topic 9: Toxicokinetics - Metabolism Part 3

 

Phase-2 metabolism (conjugation)

· What happens in Phase 2 metabolism?  Discuss.
· Recall that Phase-2 metabolism enzymes (in SER or cytosol) attach conjugating group -- i.e. we are attaching something to the molecule
· Notably, this works both with lipophilic xenobiotics (i.e. something that Phase 1 didn't touch) and their Phase-1 metabolites (something that Phase 1 did touch)
· The only requirement is for available oxygenated functional groups (often from Phase-1 reaction)
· i.e. R-OH, R-COOH, R>O
· What is the result of Phase 2 metabolism?  Discuss.
· Phase-2 reactions convert lipophilic compounds to hydrophilic metabolites 
· This is because (as suggested above), it attaches conjugating group -- which notably is anionic (negative charge) 
· As a result, there is ready excretion of hydrophilic conjugates by glomerular ultrafiltration in kidney
· Recall that it is passive -- no energy required
· However, this means that it is first-order excretion kinetics (slow)
· How is Phase 2 metabolism related to biliary excretion? (since we have already discussed renal excretion)
· Phase 2 metabolism affects the effectiveness of biliary excretion, because if it is conjugated hydrophiles in the bile that gets sent into GI tract, it prevents later gut reabsorption
· Because if they were not conjugated and still lipophilic, they could just come back
· However, notably, bacterial enzymes in large intestine may remove conjugating groups by hydrolysis
 

Phase-1 and Phase-2 metabolism often work in tandem process to enable elimination of drugs and xenobiotics

· Explain the different pathways within this mechanism.
· One pathway is when drugs by-pass phase I and go straight to phase 2, which leads to conjugation and subsequent elimination/excretion
· Another group of pathways is when drugs lack functional groups: 
· Thus Phase 1 could functionalize it and thereby modify but not suppress its activity, after which it would get conjugated in Phase 2 and eliminated
· Or the result of Phase 1 metabolism could be the formation of an inactive drug metabolite
· Lastly, a drug could bypass both Phase 1 and 2 and get eliminated (i.e. no functionalization or conjugation necessary)
· Note that the general trend is that we take lipophilic compounds and progressively make them more hydrophilic (once they are hydrophilic, they can be eliminated)
· With that last point in mind, explain why hydrophilic substances are generally advantageous
· Most (not all) conjugating reactions are classified as detoxification reactions
· Very few phase 2 conjugation reactions actually bioactivate substances
· Another advantage is, they restrict distribution to target tissues
 

Phase-1 and Phase-2 metabolism of phenacetin and acetaminophen

· Discuss the relationship of phenacetin and acetaminophen.
· Firstly it should be noted that they are both pain-killers, but phenacetin is an inactive form of acetaminophen -- it must be converted via Phase 1 metabolism to acetaminophen in the liver and only then is it active
· Whereas acetaminophen is immediately active
· The conversion reaction is facilitated by the CYP 2E1 enzyme, and it results in a hydroxyl group on the aromatic ring instead of an O-Et group
· Notably, this means that the activation reaction is an O-dealkylation reaction
· Also note that the hydroxyl group makes it only slightly hydrophilic and a very weak acid
· So at this point, we have acetaminophen and it undergoes a second step (phase 2 metabolism) in the liver called glucoroniation
· Here the OH group is replaced with O-glucoronide, and it is negatively charged which means it is very hydrophilic
· Now it is a "strong weak acid" (?) and is readily excretable
 

Several classes of Phase-2 conjugating groups - 3 types are important in humans

· Alright, so we have conjugation reactions that can happen…awesome.  What are the unique components of each reaction which will together determine what actually happens?
· Well firstly, each conjugation group has a specific cofactor: this provides conjugating group and energy to make conjugation reaction proceed
· Often when we think energy, we have NADPH…it provides energy and also acts like a shuttle to carry stuff across the cell
· Also there is a transferase enzyme: it specifically catalyzes each type of conjugation reaction
· Of course there are many subtypes within enzymes or isoforms) -- these have different substrate preferences, may create different products
· What are the 3 classes of conjugating groups which we will discuss?  Expound on each.
· Glucuronyl transferase (GST), sulfotransferase, and glutathion-S-transferase (GST)
· Glucuronyl transferase (GT) adds a glucose-derived carboxy sugar ( COO-, a weak acid)
· Sample reactions:
· UDP-glucuronic acid + R-OH --/GT/--> UDP + R-O-glucuronide- (easily excreted)
· UDP-glucuronic acid + R-NH2 --/GT/--> UDP + R-NH-glucuronide- (easily excreted)
· Notes: 
· UTP - uridine triphophate is a lot like ATP, except it's on Uridine…
· Through a reaction of UTP and glucose with inorganic phosphate, we get UDP-glucose 
· Sulfotransferase (ST) adds a ‘activated sulfate’ group SO42- (ionic salt of a strong acid)
· Sample reaction:
· PAP-sulfate + R-OH --/ST/--> PAP + R-sulfate2-
· Notes: 
· Sulfate are inherently strong acids -- they always have double ionic charge
· Notably, you don't just add sulfate…there's no energy if you do that -- you need a high energy cofactor to carry it and that is why we have  PAP (phosphoadenosyl phosphate?)
· These cofactors are like high energy shuttles
· Glutathione-S-transferase (GST) adds a glutathione molecule (tripeptide)
· Sample reactions:
· glutathione-SH + R-OH --/GST/--> R-S-glutathione-
· glutathione-SH + R>O --/GST/--> R-S-glutathione- (good for detoxifying epoxides)
· Notes:
· Glutathione is a tripeptide of glycine-cysteine-glutamic acid, with a thiol (-SH) side chain coming off the cysteine
· This is key because it's a strong anti-oxidant!  Without adequate GST, your risk of cancer goes up dramatically!
· Notably, glutathione conjugates are later coverted to mercapturic acid derivatives (weak acids)
 

Conjugation Reactions

· What was one notable difference between something like glucuronyl transferase and glutathione?
· The addition of glucuronide requires UDP-glucuronosyl transferase -- the point is that this addition needs cofactor, carrying molecule, etc. because it won't happen by itself
· On the other hand, glutathione doesn't have a cofactor or carrying molecule -- because the SH group is a strong reactant in and of itself
· Remember that being nucleophilic (like epoxides) means it reacts with electrophilic substances very well!
 

Coupling of Phase-1 (P450) and Phase-2 (UGT) metabolism within the SER

· What is the deal here?
· Well first note that UGT refers to UDP-glucuronosyltransferase, or simply glucuronyl transferase as we discussed earlier
· And recall that what it does is replace OH with O-glucuronide, which is basically glucuronic acid attached to something via glycosidic bonds
· So what we see in the diagram is that on the smooth ER membrane (recall that this is where Phase 1 enzymes hang out), a substance gets functionalized (hydroxyl group attached)
· Then the UGT (Phase 2) hits it and the OH is replaced with O-glucuronide
 

Role of epoxide hydrase (EH) in detoxification of epoxides

· Explain (quick review) why epoxides are so dangerous.
· Phase-1 oxidation often produces epoxides (R>O) as toxic reactive metabolites (RM)
· epoxides are potentially very toxic and possibly carcinogenic to many tissues
· epoxides cannot be conjugated until the epoxide ring is broken open by hydrolysis
· exception - glutathione (GSH) can conjugate to epoxide metabolites by breaking the ring itself
· Given all this, why do we care about epoxide hydrase?
· epoxide hydrase (EH) is an essential enzyme that transforms epoxides to diols
· Reaction: R>O + H2O --/EH/--> R-(OH)2
· Thus it is very important in enabling the rapid detoxication and excretion of epoxide metabolites
· In fact, it is considered as potential anti-cancer enzyme
 

Oltipraz chemoprevention drug against AFB1 toxicity via inhibition of CYP 1A2 and induction of GST

· Quickly review why aflatoxin B1 is so bad, and why we care about Oltipraz with respect to this.
· First note that there are multiple types of aflatoxin, and B1 is one of them
· Alright, to review: aflatoxin is a toxic product of certain molds, but it is harmless on its own
· However when it is eaten, it goes through hepatic portal system to liver where it undergoes Phase 1 metabolism:  Cyp3A4 will oxidize AFB1 and the reaction will give rise to an EPOXIDE metabolite
· This causes damage and inflammation to liver, and in fact is a potent CARCINOGEN because it reacts with any DNA is encounters in liver and may induce cancer
· However, thankfully we can detox by using Phase 2 enzyme: epoxide hydrase (EH) (like we discussed earlier)
· This bad boy adds a molecule of water so it generates TWO diols
· Oltipraz comes in because it is an inhibitor of 3A4 and 1A2 (phase 1 enzymes!) and so it reduces the bioactivation step
· In addition, it INDUCES ARE and EpRE reactions, which speeds up conjugation and detoxification of toxic metabolite
· So this is a great example of CHEMOPREVENTION - the use of a drug that will modify the bioactivation of a toxic material and induce the detoxification
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Topic 10: Toxicokinetics - Excretion

 

Definitions

· What are some key definitions within this discussion?  Expound as necessary.
· Excretion: removal of an endobiotic or xenobiotic out of the body in waste matter
· Mainly in urine and feces
· Urine is a liquid material manufactured by the kidneys
· Feces -- waste matter from digested food but ALSO the liver contributes to it (recall how bile is created in the liver and secreted into the intestine where all the food is)
· May or may nor require energy (some passive, some active)
· Secretion: transport of an endobiotic or xenobiotic out of body by a non-waste fluid
· Requires energy (transporter or pump)
· Often secondary route of xenobiotic elimination (e.g. breast milk, semen) -- more later
· Elimination: removal of a xenobiotic from the bloodstream by a combination of biotransformation (metabolism) and excretion
· Clearance: removal of a xenobiotic from bloodstream by a combination of tissue sequestration (distribution), biotransformation (metabolism) and excretion
· It is more general to be aware of the difference
 

Excretion Pathways

· Discuss the major excretion pathways.
· kidney: urinary excretion (mainly hydrophiles)
· liver: biliary excretion (mainly lipophiles)
· Discuss the secondary excretion pathways.
· air: passive diffusion into exhaled air in lungs
· mostly low MW volatile lipophilic compounds (organic solvents), because they can create a concentration gradient between the blood and the air, and this is how they get into the air and are breathed out
· sweat, saliva, tears: they are sometimes useful for diagnostic purposes
· Notably they are not of enough volume to be a major route of elimination
· breast milk: it can be a significant route for elimination of toxins from the woman's body (recall how the lipophilic substances come out here)
· However, it is better to do this into a breast pump rather than giving it to the baby -- for obvious reasons
· semen: it is less major but still can be harmful for the woman if she is receiving the semen into her genital tract
 

Kidney Nephron System

· Give an overview of how the kidney's system works.
· It is made up of hundreds of thousands of nephrons, which are the functional unit of the kidney
· Essentially they each work as a filtration system for the blood -- so we pump blood through the nephrons and they take certain (wastes) things out of it
· We start with the afferent arteriole, which delivers blood for the systemic circulation to the kidney
· So blood is going through this arteriole but it turns into capillaries -- which are shaped like a ball, and we call it collectively the "glomerulus"
· Notably these capillaries are very leaky, meaning that a lot of the constituents of the blood can pass through the capillary walls and into the surrounding tubular system, known as the Bowman's Capsule
· In fact, 1/4 to 1/3 of everything comes into the tubule
· Indeed the glomerulus is not selective -- so EVERYTHING comes out here -- even stuff that we want to keep such as Na, K, Cl, etc. (later we will see why this is OK)
· Now let's follow the path of the filtrate (aka "ultrafiltrate") -- the stuff that leaves the capillary and goes into the Bowman's Capsule -- this filtrate continues through a tubule system: the loop of Henle, the proximal convoluted tubule, and the distal convoluted tubule
· During this entire time, stuff is going from the tubules BACK INTO the arteries (i.e. the efferent arteriole) to rejoin the blood from which it came
· However, not everything rejoins the blood -- the stuff that stays in the tubule system is what is eventually excreted as urine
· Relate this process back to something we care about.
· Well the point is that xenobiotics are amongst the things that move into the tubules from the glomerulus, and so we have to learn about whether they eventually go back into the blood (a bad thing) or stay in the tubules and are excreted as urine (a good thing)
· Firstly we note that as more and more liquid gets moved back from the tubule into the blood stream, the XB's (and other stuff) become more concentrated and so a gradient is formed -- so we have a source of energy
· Now the only thing left to consider is whether the xenobiotics can take advantage of the gradient
· It turns out that tubule walls are not as permeable as the glomerulus was -- in fact there are TIGHT INTERCELLULAR JUNCTIONS
· Consequence?  Only lipophilic xenobiotics can get back across -- no dice for hydrophilic guys
· NOTABLY, conjugated lipophilic materials can be excreted because their conjugated thing makes them hydrophilic
 

Chelation of Metal Ions

· Give an overview of what chelation is.
· It is a way to speed up the excretion of certain materials by using a special material called chelation agent -- a simple and small molecule that binds tightly and selectively to certain metal ions
· Chelate is "claw" -- when you look at molecular structure of a certain agent, they all have a structure where they can hold onto a metal ion in some sort of claw-like arrangement -- and they can do so quite tightly (although they are not irreversible -- more often it is "semi-reversible")
· This does a few things: 
· Firstly, it will tie up the metal ion in such a way that it may not be bioavailable to enter certain body tissues -- so it affects distribution
· Secondly, it will make the chelated metal more available for excretion -- the chelating agent could bind a heavy metal in a tissue, pull it out of the tissue to the bloodstream, then it will be more available to the kidney for excretion
· The third thing it may do is protect the kidney in some cases (but not others) from the toxic effects of the heavy metal itself
· Remember that the kidney is quite vulnerable to the toxic effects of certain heavy metals -- so if we are trying to clear something out of the bloodstream and into the urine, we have to be aware that the kidney itself could be damaged as a result
· Discuss one chelator in particular, and how it can be both good and bad.
· OK it is called dimercaprol, also known as BAL ("British anti-Lewisite")
· Lewisite was a chemical warfare agent which exerted its effects via arsenic, and so BAL counteracted this by binding to arsenic in ways described previously
· An examination of the diagram reveals that BAL has two thiol groups, meaning that they are nucleophilic and seek positive charges -- i.e. arsenic is a divalent cation, as are other substances which will be discussed shortly
· So that said, BAL can do us good by binding to things such as:
· Arsenic (as discussed)
· Inorganic mercury: good against mercury poisoning
· Lead (with EDTA): the idea here is that it will bind lead but not very tightly, which is BAD because  when it performs the second function listed above, it can pull lead out of sinks in the body (i.e. bone) where it is doing no harm, and put it in the bloodstream where it IS harmful
· Furthermore it can also make it even a little bit more lipophilic, rendering the kidney less able to excrete it
· SOLUTION: administer BAL to get the lead out of the sinks, but provide EDTA (more later) in the bloodstream to take over from there
· BAL can also bind to bad things:
· Cadmium: as with lead, if it does this then brings it to the kidney, it can really wreck stuff
· Lead with no EDTA: again the lipophilic character conferred by the BAL can allow it to enter the BRAIN and wreak havoc
· Discuss another chelator.
· Alright so this one is ethylenediaminetetraacetic acid, and it is a kick ass chelator because it has 2 amine groups and 2 carboxylate groups (i.e. COO-)
· This means that it can bind VERY TIGHTLY to cations
· Often a "coordinate compound" will be formed whereby the carboxylates have true covalent bonds to the cation, and the amines have partial bonds
· This is why we need to use EDTA at the same time as BAL for certain ions that BAL can't bind to strongly enough -- because when BAL releases them, EDTA will bind to them because it is more powerful at doing that
· Why is it that EDTA further needs another chelating agent?
· OK well it's great that it can bind so well to the tricky cations like lead which BAL can't handle
· However, in fact it is SO efficient and SO hydrophilic that it will cause the kidney to excrete it (along with what it's bound to) so quickly that the kidney will be overwhelmed
· There will be so much lead and cadmium there that some could dissociate and run free in the kidney, causinag damage
· And thus we need a helper chelating agent that will rapidly remove lead, cadmium, etc. selectively and quickly -- and this thing is called penicillamine 
· It has a carboxy side chain so it is also hydrophilic, and a thiol group/amine combination that will allow it to chelate other ions
· It is great because it undergoes active secretion -- what we see is that at the Proximal Convoluted Tubule, there are a whole series of molecular pumps in the lining of the tubule that will actively excrete penicillamine -- so it can hitch a ride on this thing…and likewise the heavy metals like lead that are chelated w/o penicillamine will come along for the ride and thus leave the circulation
 

Biliary Excretion of Lipophilic Xenobiotics

· Talk generally about the classes of compounds that we are talking about when we do biliary excretion.
· In particular there are a "dirty dozen" of highly lipophilic organochlorine compounds
· They are the PBT guys: persistent, bioaccumulative, and toxic
· They include: OC pesticides (i.e. DDT), PCB's, dioxins, and furans
· Talk more about persistence.  How do we measure it?
· We define persistence/rate of elimination using the elimination half-life: measure the time it takes for a given xenobiotic to be reduced by half of the total amount in the body
· Because these are often determined by the concentration…we know that it is a geometric progression -- you are not going down by the same absolute amount each time
· For the POP, the half lives can be LONG -- months or years
· Why do lipophiles have such a long half-life?
· Well as we have learned, they are POORLY excreted through the kidney due to tubular reabsorption
· And also they are able to bioaccumulate ("like dissolves like") in tissues and create a high body burden
 

Biliary Excretion by the Liver

· Explain how this process works.
· Alright firstly we have to understand how the "normal" process works: stuff that is absorbed through the gut wall (i.e. food and xenobiotics) are carried to the liver via the HEPATIC PORTAL VEIN
· At this point, the liver "processes" this stuff, detoxifying as necessary -- this is known as "first pass extraction"
· From there, the stuff that is declared "clean" by the liver goes into the systemic circulation via the hepatic vein
· Notably the liver can also do "second pass" extraction (or the equivalent), whereby the hepatic artery delivers blood from the systemic circulation (i.e. not the gut) to the liver
· Recall that the liver is where Phase 1 and 2 metabolism happens -- and so the liver takes the products of these detoxification reactions and puts them into the bile, which goes back into the small intestine -- ideally to get excreted through the feces
· Notably, these are mostly lipophiles that we are dealing with here -- remember that hepatic excretion is for lipophiles!
· What is the efflux pump in general and how does it work?  Explain why we care.
· An efflux pump removes xenobiotics from cells or tissues for elimination from the body
· Notably it does so "actively", meaning that ATP is used as an energy source to drive the pump
· We notice that the XB are captured and drawn up into the pump interior (which is in the cell membrane)
· The pump is a hollow tube or pore and so it takes this material and pumps it out the other side of the cell
· Basically, the pumps would take potentially toxic materials and literally pump them right out of the cell
· Also notably it is inducible -- the more xb that goes into the cell, the more the mdr will be upregulated and so it is an adaptive intracellular defense system -- much like how phase 1 p450 enzymes are induced
· We care because (in this context) the way that the liver cells (hepatocytes) extract xenobiotics from all the food they get from the intestine via the hepatic portal vein is through this pump
· Talk about some (other) specific instances of this pump.
· In cancer we have the MDR (or "multiple drug resistance") pump, which was found by researchers to confer immunity from chemotherapy
· Often, the pump is referred to as PGP (p-glycoprotein) because it is made up of several protein subunits that has a sugar thing on the side
· In the same way, cells in the liver could take the toxic lipophilic materials and pump them out of the cell
· Also, the BBB isn't just a mechanical barrier against hydrophiles…it is also a pump barrier that will trap lipophiles and push them back into the bood supply so they can't get into the brain…so ti is active in a variety of membrane structures that are supposed to keep potentially harmful xb's in the bloodstream
· Explain in greater detail how the MDR1 efflux pump works in the liver.
· Firstly, note that it is just named MDR1 because it was first discovered in cancer cells, and it made them multiple drug resistant
· We note in the diagram that we have lipophilic molecules being bound to MDR1 pumps (there are subtypes like type a, b, etc.) and we can see that the lipophile is being pumped out of the liver cell and into the canal where bile fluid is being made…
· And so it will become part of the bile fluid and ultimately secreted into the duodenum and thus we have gotten rid of the lipophilic material
· Notice that there are also mrp2 and 6 -- so different subtypes do different jos
· In particular, mrp2 is very good at binding and secreting into the bile, anionic conjugates/GSH conjugates
· Also there are systems for cholesterol and phosphatidyl choline 
· Even lipophiles that are not conjugated can be eliminated by mdr1
· This demonstrates how the liver is not only a metabolic organ but also linked to the excretory groups
 

Enterohepatic Cycle

· Explain what the enterohepatic cycle is, and why we care.
· Here is the process:
· Liver excretes lipophiles into bile via the active transport pump
· Lipohiles travel in bile and enter the small intestine
· Some fractions of the lipophile are excreted in the feces (especially if they are conjugated, it helps because then they will be hydrophilic)
· Although notably, even sometimes conjugation does not help because bacterial esterase enzymes in the intestine can break off the conjugate and return to the original lipophile
· Remaining fraction is reabsorbed into the gut into blood via passive diffusion
· The reason why we care is that the enterohepatic cycle prolongs the half-life of many metabolites -- because they are reabsorbed
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Topic 11: Toxicodynamic Mechanisms - Protein Targets/Interference with Protein Functions

 

Electrophilic xenobiotics & reactive metabolites

· Explain how reactive organic chemicals can be classified by electron affinity.
· The deal is that there are 2 major classifications to be made on the basis of electron affinity -- either you have a HIGH affinity for electrons (and are thus "electrophilic") or you are electron-rich already and so you do NOT seek out electrons (i.e. "nucleophilic" because you are seeking an electron-deficient nucleus which you can join with)
· Electrophiles generally have a localized partial positive charge, and so by the laws of attraction they are attracted towards electron-rich groups
· Conversely, nucleophiles have these electron-rich regions, and so they are an attractive "target" for electrophiles
· Discuss some of the functional groups known for their electrophilicity.
· Epoxides: the oxygen is stealing electrons away from the carbons, and so they are very electrophilic
· Also aldehydes are very reactive
· i.e. We know that formaldehyde is used a lot in histology/anatomy labs…or also as a disinfectant
· They are potentially toxic -- they can cause allergies, hypersensitivity reactions, etc…even certain cancers in the upper respiratory tract
· Also quinones are electrophilic, as are the quinonamines - these guys are a type of group formed by the metabolic phase 1 metabolism of acetaminophen 
· Thus while we say that acetominophen is a relatively safe drug, it is also sometimes dangerous 
· Also acyl dienes, haloalkyls, etc. we will discuss later
· Discuss some nucleophiles which are of interest to us.
· Many macromolecules and biomolecules are nucleophilic, and thus vulnerable to attack from the electrophiles
· These things include the nucleotide bases in DNA
· And also the --SH (thiol) groups in amino acids such as cysteine
· When we put electrophiles and nucleophiles together, what happens in general?
· A reaction occurs very fast (seconds or minutes), particularly when they are strong electrophiles/nucleophiles
· Remember that a nucleophile is EXACTLY what an electrophile is looking for, and vice versa
· Now talking specifically, what are the kinds of results which can come from an electrophilic/nucleophilic reaction?
· Well the overall idea is that ADDUCTS are formed -- the result of a covalent bond between the electrophiles and the nucleophile
· However, within this there are different kinds of adducts which can be formed:
· One result is alkylation: the addition of small methyl or ethyl groups
· Notably, this alters FUNCTION but NOT structure
· The idea is that the electrophile only adds a small part of itself to the nucleophile -- often just a methyl or ethyl group
· Frequently this happens to DNA, and it leads to mutations
· Another result is BULKY adduct formation, which is similar to alkylation except it involves a larger molecule -- often the ENTIRE electrophile
· Here we not only alter function but also STRUCTURE -- like the secondary/tertiary structure of an amino acid chain, for example
· Of course BPDE is a bulky adduct that we have already discussed -- recall how the epoxide group in the BPDE will attack the DNA, forming a covalent bond…and then the bulky adduct will push itself around in the DNA and displace the normal bases in the helix
· The last type is cross-linking adducts, when a covalent attachment is created between two nucleophiles, via the electrophile
· The way this works is that the electrophilic group is bi-functional, meaning that it has 2 reactive functional groups in it -- so when we have this, typically one of the reactive groups will react with one part of a protein or nucleic acid and the second one will react with another
· And so now there are 2 adducts formed in the DNA molecule (for example) and they are joined by the remainder of that electrophilic material, we get something called cross-linking
· i.e. in the case of DNA we know we have a double helix -- but those strands are only held together by weak hydrogen bonds and so if we have a cross link through a bi-functional alkylating agent that joins one strand to its complementary strand through its universal covalent linkage, we are in big trouble b/c the strands can no longer separate during transcription of mRNA, or in DNA replication, etc.
 

DNA bases (guanine) as a target nucleophile for electrophilic attack and adduct formation

· Discuss the nature of DNA bases, and explain why they are especially to electrophilic attack and adduct formation.
· Well if we imagine a helix, we see that we have the nucleotides composed of a nitrogenous base attached to a sugar-phosphate backbone
· The complementary strands are linked together through hydrogen bonds between the nitrogenous bases
· Each nitrogenous base is either composed of 1 ring (pyridimine) or 2 rings (purine)
· The rings have nitrogens on them
· The point is that the nitrogenous rings are electron rich -- they have nitrogens with free electron lone pairs, and they also have double bonds
· In particular they are more electron-rich than the sugar-phosphate backbone, and so the rings are where the electrophilic attack will occur
· And so the attacks occur, and they add to the rings such that the hydrogen bonds between the nitrogenous bases can no longer occur
· Notably this happens to guanine often, because its electrons are the most accessible
· After these attacks occur, what is the result?  What do we end up seeing?
· One result is that the base-pairing rules are no longer followed since the electron structure of the bases is altered so much (lots of double bonds switched, protons added, etc.)
· i.e. if you have a methylated guanine, it won't pair with C anymore -- instead it will pair with T…and this will lead to a "mis-sense" mutation
· Alternately, these attacks can make the entire base chemically unstable -- sometimes it falls out of the helix (i.e. we get the removal of the entire purine base) -- and this is called de-purination
· And when this happens, the sugar-phosphate backbone is left on its own and it is essentially just a "ribose moiety" -- we say that the location is apurinic
· Notably, all the same things can happen with pyridimines (i.e. apyridiminic site), but it is just less frequent
· This is another kind of missesne, it will screw up the base pairing rules -- we will either have mis-pairing or no pairing at all in the case of apurinic sites
 

Target and non-target nucleophiles

· Given all that we now know about electrophilic/nucleophilic reactions, discuss some of the nucleophiles we frequently see as electrophile targets in the body.
· Basically, they are the things which contain electron-rich groups: 
· sulfhydryl( -SH), amine( -NH2), hydroxyl (-OH) groups
· These include certain macromolecules:
· Heterocyclic structures of DNA: their nucleotide bases (purine, pyrimidines) have electron-rich regions
· Also, we have proteins: the main protein targets are sulfhydryl-containing (-SH) cysteine side chains in proteins
· also -NH2 (lysine and histidine) and -OH (tyrosine) rich proteins
· On the other hand, what nucleophiles do we have who are "non-target" nucleophiles -- that is, we don't mind that they get attacked?  Discuss one in particular.
· The big one for us is glutathione (GSH), which has an --SH group that attracts electrophiles to it and reduces them (i.e. donates its electrons)
· The damage of glutathione does not harm us and in fact is beneficial because it prevents the electrophiles from attacking victims of consequence
· Here are a few thoughts on glutathione:
· It is SO nucleophilic that it can participate in both enzymatic and non-enzymatic detoxification reactions (that is, it does not necessarily need an enzyme to help it to react)
· However it also participates in enzymatic reactions: the enzyme will take the GSH and combine it with a powerful toxic agent such as BPDE in order to detoxify it
· GSH is not reusable, because once it covalently bonds to a toxin, its ability to detoxify is removed -- and so we think of their supply in the cell as a finite reservoir
· Thus, the amount of GSH we have is important, especially in times of drug overdose where the influx of epoxides (or other electrophiles) is greater than normal
· Talk about where in the body we see GSH.
· Well firstly, the liver cells have hundreds of millions of GSH molecules in the liver cell b/c this is where it is most badly needed -- recall that the liver is the detoxification center for the body
· Conveniently, the liver is a major site of synthesis of GSH as well
· Other tissues needing GSH in high quantities -- such as the LUNG -- receive their GSH from the liver
· The lung is another high-requirement area of the body for GSH because they have to detoxify substances in the air we breathe
 

Glutathione (GSH) as a key cellular defense against electrophiles and oxidants 

· Comment on the chemical structure of glutathione, and the implications of this for its depletion and restoration.
· We see that it is a glycine and glutamate molecule linked together by a cysteine (i.e. it is in the middle)
· The thing is that the cysteine in the middle has an SH (thiol) group, and as you may recall, that is  the group we care about because it reacts with the electrophile
· But the thing is, sometimes GSH is OXIDIZED -- this means NOT that an oxygen is added, but rather that a hydrogen is removed -- and in fact the hydrogen on the thiol group is removed
· And when this happens, the remaining sulfur joins with a sulfur from ANOTHER GSH molecule, and a glutathione dimer is formed
· This is actually a bad thing, because the functionality of the thiol group is removed and so GSH is ineffective
· One implication for this, then is that when we say that GSH levels are depleted in a cell it doesn't always mean that it disappeared -- maybe instead it just lost its capacity to do stuff since it was oxidized
· Thus it is somewhat good news, because we can fix this by adding hydrgoens to reduce the molecule again so we get a working form of it -- these reactions are known as redox reactions
· So these things are very important not only b/c they help the cell to defend itself against those epoxides but also because they balance reducing and oxidizing equivalents within a cell
· Notably a healthy cell will have a bit more reductants than oxidants, and it is largely through glutathione that we have this reserve of reductants that keep the cell healthy
 

Direct-acting and indirect-acting electrophilic agents

· (A bit of a review, but) explain the major difference between direct-acting and indirect-acting agents.
· Direct-acting agents are those which can "immediately" react with a substance because the parent chemical -- i.e. the initial form -- is chemically reactive
· Thus it does not require metabolic bioactivation by P450 or other enzymes
· Conversely, indirect-acting agents are not initially reactive and so they require that activation step
· Alright, more on direct-acting agents now.  Discuss some of their pertinent properties.
· They often contain reactive electrophilic group in molecular structure
· They are either monofunctional = single reactive group...
· …or bifunctional = 2 reactive groups
· They are usually short-lived in environment (minutes, hours) because they are so reactive
· The reactions are usually rapid hydrolysis by water, rain, damp air
· For the same reason, toxicity may be acute (e.g. eyes, skin) -- although it can also be delayed (e.g. lungs, other internal organs, fetus)
· Discuss some examples of direct-acting agents.
· Chemical mustards -- chemical warfare (WMD), cancer chemotherapy
· Isocyanates -- pesticide manufacturing, paints and plastics 
· Even in workplaces we can get them in trace amounts and cause problems i.e. allergies, damage to the lungs, etc.
· What are some characteristics and examples of indirect-acting agents?
· Phase-1 P-450 reactions often create reactive metabolites containing an epoxide or other electrophilic group
· Example:
· acetaminophen (Tylenol) -- if you take it overdose or with alcohol…you get reactive chemical intermediates that are electrophonic
· So even common drugs in worst case scenarios can be indirect acting agents
 

Direct-acting electrophilic chemicals example: alkylating agents

· Discuss the 3 examples of direct-acting alkylating agents which were presented in class.
· First we have methyl methanesulfonate, which is a strong mutating agent but a weak carcinogen (will explain why later)
· The structure of the molecule is a methyl group + methanesulfonate (S--O--CH3), and this is electrophilic because the sulfur and oxygen draw charge away from the methyl on the end
· This makes the methyl electrophilic, and so it can add itself onto the DNA nucleotide bases and cause trouble (i.e. mutations, etc.)
· Notably however, it is only a WEAK carcinogen because DNA methylation can be reversed by repair enzymes in the cell
· We also have lactones, which are like epoxides except that they have an extra carbon -- so it is a square arrangement
· As with epoxides, the oxygen draws away charge from the carbon and so it is highly electrophilic in addition to being part of a strained ring
· Again (for the same reason as the methyl methanesulfonate) it is a weak carcinogen
· A notable example of this is B-propriolactone, which is used in paints and plastics
· A third example is nitrogen mustard, and it is different because it is BIFUNCTIONAL, meaning that there are 2 locations on the molecule which are electrophilic
· It's basically a nitrogen connected to two ethyl chloride groups, and so we have an electrophilic situation because the chlorine draws the electron density away from the carbon adjacent to it, and this happens on BOTH branches
· Thus each branch can bind to something (let's say that different strands in a DNA helix) and effectively attach the strands together
· We call this a covalent bridging arrangement or a "crosslink" between DNA strands
· This not only attaches them together but also distorts the helix
· The final result is that the DNA is permanently stuck together (covalent is stronger than hydrogen bonds) and cannot separate itself for cell division (called "cytostasis")
· What are better and worse ways of handling cytostasis?
· Well we could try to remove the group using the DNA repair system
· Sometimes this is successful and that's why we see cytostasis for a few days but then it goes back to normal
· But other times this is not possible and so we do the emergency thing which is to take out a whole segment of DNA -- but this is risky b/c we are removing genetic information -- we have corrupted the genetic code for that gene
· So this is an example of error-prone repair
· Errors are mutations!  So these are not only cytostatic agents but also mutagenic -- and ironically it is the faulty repair system that causes the mutations, not the agent itself
 

Sulfur mustard (mustard gas) has been used as a chemical warfare agent and as a WMD

· What is up with this?
· World War 1 saw the widespread use of chemical warfare agents, which commonly included the use of ‘mustard gas’ (sulfur mustard) and other toxic agents
· At this point they were "blister" gases -- exposed persons get a corrosive reaction on their skin which becomes blisters (almost like a 2nd degree burn)
· However, these would heal slowly and perhaps imperfectly unlike normal blisters b/c there is residual scarring etc.
· Also they screw up the eye -- possibly permanent -- b/c you scar the cornea so badly
· If you have a gas mask it's somewhat ok b/c your lungs are protected
· But if you lack one and you breathe it, it'll get into your lungs and into the alveolar air sacs…and cause the same reaction
· So you get tons of edema and bad reaction -- so you are choking and struggling to breathe … you die choking on your own respiratory secretions
· In 1988, over 5000 civilian Kurds were killed in the town of Halabja in northern Iraq by a bombing attack using mustard gas. 
· Many of the survivors still suffer from lung and organ damage, elevated rates of cancer, and serious fetal malformations.
· The CDN army used mustard on its own troops -- they wanted to train the troops in the appropriate use of protective equipment…they didn't know whether the protection would suffice so out in Shiloh, Alberta they tried it out…they took a bunch of recruits and told them that they would try that out on them
· And the protection only partially worked and now the soldiers are pissed
 

Direct-acting electrophile - methyl isocyanate (MIC): Bhopal pesticide plant

· What happened here?
· The plant had a venting pipe -- a big smoke stack -- with an incinerator thing at the top of the thing and close to it is a water spray tower -- at the top the material would be vented -- a water would mix with the e-philic stuff and hopefully neutralize it
· And the material stored in the holding tanks was a compound methyl isocyanate
· It is very simple (see diagram) - it is a raw material quite useful if you want to make pesticide…you can take it, combine it with another simple chemical, then form a chemical pesticide called carbaryl
· You have to store the MIC carefully b/c if it combines with water (i.e. seeping in), it will react spontaneously in a reaction that is very exothermic
· So one day some water came in -- and reacted and there was so much pressure built up.  The tank didn't erupt, but the stacks at the top opened and released the MIC when the incinerator and the water spray were NOT FUNCTIONAL -- and so lots of MIC just came free into the environment
· Now, immediately outside the property line there were 250000 people living in a residential area
· They started wheezing and stuff and they didn't know why, and when they started to run they couldn't go fast enough
· So they either died, or even the people who got away had effects similar to what you would expect with mustard gas -- scarring of the skin, etc.
· The worldwide reaction was crazy, and we started to be much more careful in how we store these compounds
· MIC along with cyanide is regulated is regulated more stringently in Canada than other agent
· They are still used a lot in making plastics -- even though they are both super toxic
 

Electrophilic Reactant Groups

· Perspective check: most electrophiles are potentially toxic and/or carcinogenic unless detoxified.  Alright cool…given this, why is GSH so good?  Discuss at length.
· Basically, GSH can detoxify various electrophiles by reacting with them so that they cannot damage the truly vulnerable cellular components
· In fact, GSH has so much affinity that we may functionally define an electrophilic agent as something that can react with glutathione
· There are 3 main electrophile types that GSH can interact with, and we will comment on each:
· Haloalkyl compounds (benzyl chloride): the electronegative chlorine creates electron deficient methylene carbon (i.e. adjacent carbon has positive charge)
· Furthermore, Cl-provides a good leaving group for GSH addition rxn
· Epoxides (epoxyethylbenzene): electronegative ring oxygen creates electron-deficient epoxy carbon (again it's the one adjacent)
· Thus we have high ring strain provides energy for rxn
· acyl dienes (diethyl maleate): the acetyl ester group creates electron deficient diene carbon
· Basically we are saying that the oxygens in the ester group take away charge from a carbon in the double bond, resulting in a partial positive charge
· Thus we get an easy GSH addition rxn on diene bond
· Remember that glutathione can do the reaction just by itself (it's that good!)
 

Electrophile (Ep) defense enzymes

· What are ARE's and EpRE's?
· They are antioxidant response elements or electrophile response elements
· Basically, they are "defensive genes" that are induced in response to electrophilic stressors to make enzymes that will fight off the electrophiles
· Discuss some specific examples of the Ep defense genes (Phase-2 metabolism) we are talking about.
· glutathione-S-transferase (GSTA1): this allows GSH (glutathione) to bind to an electrophile to make ep-SG, which is an electrophile-glutathione conjugate
· Note that there are important species involved in the making of glutathione as well:
· GGT is the first enzyme in the biosynthetic pathway, so it determines the rate of synthesis
· Methionine contributes sulfur groups which in turn contribute cysteine which in turn contribute thiol groups
· NADPH-quinone oxidoreductase (NQO1): these are for quinones, and they INACTIVATE them
· However, we should be aware that they can be subsequently RE-activated, thus it is important to excrete them and not just detoxify them
· Notably, NADPH is part of this reaction and we in turn get NADPH from the oxidation of glucose-6-phosphate
· Recall that NADPH is important because it supplies reducing equivalents, which oppose oxidation (a damaging reaction)
· aldehyde dehydrogenase (AHD4): these guys take care of the detoxification of aldehydes
· glucuronyl transferase (UGT1): previously discussed
· So on a higher level, how does this defense system work?
· It is not unlike P450's, when specific xenobiotics trigger upregulation
· So here it is similar except we call it "genetic induction" -- we have a "battery of enzymes" whose synthesis is induced when EpRE detects a need
· Note that the implicit message is that these EpRE/ARE are not on all the time -- we don't always have/need high levels of this stuff in the cell
 

Induction of ARE (EpRE) genes by Keap1:Nrf2 (redox switch)

· Explain what the Keap1:Nrf2 switch is, and how it controls the induction of ARE/EpRE as we were discussing earlier.
· Alright, well we have Keap1, which is bonded to Nrf2 in the cytoplasm…good times
· The bond is covalent but relatively loose -- important later
· But the thing is that Keap1 has 2 thiol groups (SH), and so if excessive electrophiles come into the cell, these thiol groups will be attacked by them
· Either we get the inducer bound to the sulfide groups
· Or the sulfide groups bound to each other
· Or one inducer per sulfide groups
· Conveniently, attack on the electrophiles will change the structure of Keap1 so that Nrf2 is no longer bound to it
· This is called "allosteric shift"
· Now Nrf2 (also allosterically shfited) is free to go to the nucleus and do stuff
· Once it gets here it binds to Maf, a small molecule and forms a heterodimer (2 dissimilar bonded elements)
· And this dimer is able to bind to certain segments of DNA -- and in particular it will bind to the "response element" portion of the Phase 2 genes -- i.e. the section of DNA that controls transcription
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Nuclear receptor mediated toxicity - P450 enzyme induction by dioxins and PCBs

· Quick reminder: what are some relevant properties of polyaromatic hydrocarbons?
· They are products of incomplete combustion -- we are talking about methylcholanthrene and benzo-a-pyrene
· Recall that they are hydrocarbon molecules made of multiple benzene rings
· This means that they are: co-planar, lipophilic, unreactive
· Although they are unreactive, remember that they are readily interact with P450 enzymes:
· They can induce their synthesis (although the halogenated PAH's are even better at this)
· They can also be metabolized by P450 enzymes and may be thus bioactivated: once they are bioactivated, many PAH compounds are genotoxic -- recall the lengthy discussion on BPDE
· Since bioactivation is necessary we would refer to them as procarcinogens -- they are not inherently harmful but can be bioactivated to be so
· Now let's discuss halogenated PAH's.  Review the relevant elements of the chemical structure of the major types.
· Alright, so often these guys will involve multiple benzene rings (usually 2) and the major variation is in how the benzene rings are attached:
· There could be a dioxin in between, in which case we get stuff like tri-chloro-dibenzo-dioxin:
 

 

 

 

 

· Also we could have a furan in between, which is similar to a dioxin with one less oxygen, in which case we get tetra-chloro-dibenzo-furan:
 

 

 

 

· Or we could have no significant structure between the benzene rings, but just a C-C bond in which case we get stuff like tetrachlorobiphenyl:
 

 

 

 

· Another significant aspect of the variations is that depending on what links the benzene rings together, they will either be coplanar (essentially flat) or not
· When it is a single C-C bond between them, it is free to rotate and so the rings will not always be coplanar
· When we have a dioxin or a furan, it is not free to rotate and so the rings are coplanar
· Explain the concept of congeners, and what their relevance is to this discussion.  Discuss one congener which is particularly gangster.
· "Congeners" refer to isomers of a molecule which have the same core structure but differ in a) number of substituents and b) location of substituents
· Obviously they are relevant to our discussion of HPAH's because HPAH's are characterized by having halogen substituents -- and so we see that something like dioxin (for example) in fact refers to a GROUP of HPAH's which share a dioxin element in the middle but differ in the number and location of substituents
· Also notable is that of all the different dioxins (recall that they are one of THREE HPAH's that we discussed), 2,3,7,8-TCDD is the worst congener because of the number of chlorines it has, and the location of them
· It is toxic to many different regulatory systems in the body i.e. liver, reproductive organs, skin, lungs -- it is the most toxic of all manmade toxins
· Discuss the consequences to human health of the different HPAH's.
· Well in general, they are all pretty bad:
· HPAH's often resist Phase-1 metabolism by P450 enzymes (recall that they induce Phase 1 enzyme production but the Phase 1's cannot actually break them down because all the halogens act as blocking groups
· In addition, many HPAH are endocrine disruptor chemicals (EDC's) -- they mimic hormones or other regulatory stuff like growth factors
· These include cortisone, estrogen, testosterone, thyroid hormone, etc.
· In particular, we notice that dioxins and furans are worse than the polychlorinated biphenyls -- some suggest that this is due to the fact that dioxins and furans are coplanar (as previously discussed) while PCB's are not, but we will leave the justification for that to another discussion
· However we do have proof: although pcb have similar effect to dioxins and furans, they do so with less potency -- it takes larger quantities of pcb's (milligram quantities) to do the same level of toxicity as compared to dioxins and furans (microgram quantities)
· So we have established that PCB's are not as bad as dioxins and furans.  Comment on the prevalence of PCB's in the environment to justify why this fact comes as a relief to us.
· Basically, we are happy to hear this because PCB's are still everywhere in the environment: from 1920 to 1980 we made millions of tons of it, and since they are resistant to biodegradation and are persistent in the environment, they are still around
· For example:
· A lot of times we used pcb as cooling fluids in the transformers for older buildings, and they become especially hazardous if there is a fire because pcb's could vaporize
· And when that happens, they break down and make dibenzofurans and dibenzodioxins which are WAY MORE TOXIC
· Pcb's are also found in waste dumps -- -chemical waste dumps, etc….basically any electrical equipment before 1980 will probably have pcb oil in the condenser, transformer, etc. 
· Also consider the use of pcb's in the canadian arctic (?): we were always scared that russians would come over the north pole with bombers, and so we built radar stations -- distant early warning systems
· And radar takes up a lot of power and so we had a huge generator that was full of pcb's and every so often we have to service/replenish them so we bring up huge tanks of pcb's
· But at the end of the cold war they just left the stations and didn't touch the pcb's and so now we have all these radar stations that are leaking…have tons of poorly stored quantities of pcb's
 

Dioxins, furans, and other HPAHs are endocrine disrupting chemicals (EDCs)

· Give a high level overview of the consequences to us from dioxins.
· We firstly note that dioxins can produce pleiotropic effects on regulatory processes (i.e. many different results/consequences)
· That is, many different cellular hormone systems are altered or modulated
· In particular, some dioxins or dioxin-like compounds (see later) show anti-estrogenic effects -- i.e. exposure to dioxins causes the effects normally facilitated by estrogen to decrease
· Notably, dioxides, furans, and PCB's all do the same kinds of things and so we often refer to all of them as "dioxin-like compounds"
· Let's hone in on estrogen a bit.  Explain where we have been in terms of thinking about how these "anti-estrogen" effects are caused.
· Well firstly, we thought that TCDD (let this be our dioxin for now) would be similar to Tamoxifen (a breast cancer drug), which works by blocking estrogen receptors on cancerous breast cells such that it cannot receive estrogen (which causes it to grow)
· Interesting notes on tamoxifen:
· It is sometimes used as a chemopreventive drug, but probably best to use it only in people who have a high risk for BC (i.e. not everyone)
· However, we noted that TCDD is not a ligand for ER or other sex hormone receptors -- that is, dioxins are NOT estrogen receptor blockers
· So we continued on from there…and ultimately we found that TCDD stops estrogen signaling at the nuclear level -- doesn't block the binding of estrogen at the receptor but instead it interferes with the signals that the receptor tries to send to the cell nucleus (ummm what?)
· Alright, so if it doesn't act like Tamoxifen, then explain how it works.
· In a sentence: it alters estrogen degradation pathways via CYP 1A1/1A2 induction
· Remember how 1A1/1A2 not only breaks down xenobiotics but also steroid hormones?  Well it turns out that estrogen is one of these, and so if we are able to control the level of 1A1/1A2, then it means that we can control how quickly or slowly estrogen is broken down and made unusable
· The deal is that there is an Ah-receptor (NSAhRM?) system within the cell that acts like a response element (just like Keap/Nrf from before), and TCDD induces this and it sets off a chain reaction that results in more 1A1/1A2 guys being synthesized
· Discuss these "response elements" further and explain the role they play in the tug of war between estrogen and dioxins.
· Remember that a response element is just some sort of system that can respond to a signal (i.e. entry of dioxin or estrogen) and RESPOND by affecting the rate of transcription of some gene (for example)
· So we have already discussed how dioxin -> Ah -> CYP 1A1/1A2 works: and this is an example of an inhibitory dioxin response element (iDRE), because activating it causes something to be inhibited
· However it turns out that there are also ERE (estrogen response elements), which are activated by estrogen and cause the transcription of genes such as c-fos, which are necessary for cell division
· This is why we say that estrogen can cause cell growth
· And so there is a battle between the iDRE's and ERE's because they oppose each other -- and the winner is going to be the one who is induced the most by either dioxin or estrogen, respectively
· What is the big picture?
· The big picture is that TCDD can modulate/reduce the risk of breast cancer because it will inhibit estrogen's effect and thus retard cell growth
 

Dioxin contamination of 2,4,5-T herbicide (Agent Orange) in Vietnam war (1964-73)

· Give a quick description of the history behind Agent Orange, that led eventually to the discovery of dioxin.
· The US was at war with Vietnam, and they found it difficult to deal with the guerrillas because of the dense forest which they could hide in, being their natural habitat and all
· So they decided to spray tens of thousands of tons of herbicide over a large part of Vietnam, which was intended to defoliate the trees so that the army could see better
· The principal component of the herbicide was 2,4,5-T herbicide, which was supposed to be safe for humans
· So they sprayed tons of it onto Vietnam's land, and after a few years the villagers in those areas started to notice abnormalities (more later)
· The 2,4,5-T spray was studied and it was discovered that a foreign and unexpected element -- codenamed "Agent Orange" -- was in the spray
· It turns out that this element was dioxin, and that it had been accidentally created as a byproduct when Dow Chemical (an American chemical company) was manufacturing the 2,4,5-T
· What were some of the clinical indications of TCDD for the villagers who were exposed to it?
· The big picture is that TCDD is a potent teratogenic agent, which means that it will cause birth defects by interfering with regulatory control of the CNS and head development in the embryo.  These include:
· Anencephaly (born with no brain inside the skull)
· Cleft palate (oral deformity)
· Spinal bifida (incomplete closure of the neural tube)
· Also, it was suspected to disrupt the retinoid hormone systems (Vitamin A)
· Also talk about its chronic effects for adults, specifically in the liver and lung.  Explain the mechanism.
· Well as we may recall, it is a super-inducer of P450 1A1 /1A2 enzymes -- meaning that it causes increased enzyme synthesis but is itself NOT broken down by these enzymes because of the halogen blocking groups
· This results in excessive MFO activity, with the (liver) cells becoming overloaded with smooth ER and the enzymes -- this leads to metabolic imbalance and cell death
· We see this especially in the liver and lung, because 1A1 and 1A2 go there a lot
· Now discuss TCDD's potency as an endocrine disruting chemical (EDC).
· The main mechanism by which it disrupts the hormone system is through its anti-estrogen effects: causing an excessive rate of estrogen degradation
· This works because of how it induces 1A1 and 1A2 production, which by chance are also responsible for the degradation of estrogen
· Thus the increased 1A1/1A2 levels will result in excessive estrogen degradation and the ovaries and breasts (especially) are damaged
· Lastly, explain how TCDD can act as a carcinogen.  Explain how it is a unique carcinogen.
· Well firstly, it is unique because unlike most other carcinogens, it does not cause MUTATIONS -- it is a non-genotoxic carcinogen.  
· Instead, it is an epigenetic carcinogen, meaning that it exerts its effects by controlling the expression of genes (more later)
· Discuss the effect that the AMOUNT of TCDD exposure can have on this discussion.
· Usually we say that more of it is needed to cause cancer than to cause some of the other consequences, such as reproductive effects
· The effect on reproduction is worsened because now it affects truly productive members of the population -- it is not just the older people who get cancer, but also young women carrying babies who are greatly affected
· Also relevant to this discussion is that TCDD is VERY P, B, and T: its half life is 10 years
· Lastly, discuss some of the ways that the Vietnamese were exposed.
· Also airborne contamination is an issue -- i.e. aerial spraying of chemicals, pesticides, etc…or on the skin from brushing against vegetation or getting soil on your skin that has been contaminated
· So although most of the time we worry about the food sources, we might also want to think about the exposures that are airborne or in vegetation and soil
 

Attempted assassination by dioxin poisoning President Victor Yushchencko (Ukraine)

· Briefly explain the circumstances surrounding the dioxin poisoning of Victor Yushchencko.
· It was a political thing: he led the anti-Russian party and the pro-Russian party poisoned him
· As one might expect with dioxin, there were no immediate effects (it's not an acute agent) but eventually he also started to get stuff like chloroacne (oily skin, pustules, etc.) and also internal organ damage
· His liver was what almost killed him -- cells became inflamed and some almost died -- they were over-stimulated, produced so much cyp 1a2 etc and it was crazy
· Yushchencko's poisoning gave rise to some discussion of how to combat dioxin poisoning in humans.  What are some of the ideas which have come out of this?
· Firstly, let's review/establish why it is no simple task: it is difficult to increase the excretion rate of dioxin because although P450's are there (hyperinduced, even), they have a hard time breaking down this material and so it remains in a lipophilic form
· And we recall from our discussion on excretion that when we are dealing with lipophiles, they can pass through the intestinal wall or even the kidney
· However there are a few solutions for this:
· One thing we can do is eat lots of fatty food and soak up to the dioxin and excrete it -- but it has to be a certain kind of fat because normal dietary fat will be broken down by digestive enzymes
· Thus we use artificial fat like Olestra (frequently found in potato chips) which cannot be broken down, and thus will hopefully soak up the dioxin and be excreted in the feces
· Another thing we try is breast milk -- remember how we get the mothers to nurse and so the fat can come out from this
· For those who are not pregnant we would give them prolactin, progesterone etc. to try and induce lactation
· Third thing that is sometimes tried -- if the dioxin mostly built up as depot stores in your adipose tissue and you can't get rid of it via metabolism…you could also try liposuction
· However, this doesn’t work too well b/c the dioxin is not located in the correct fat areas
· All in all, the olestra is probably the best of the 3 treatments although none of them is VERY effective
· It was mentioned earlier that the half-life for dioxin is 10 years.  How does dioxin leave during this time, if none of the above-mentioned sources are a) natural and b) effective?
· It comes out in sebaceous glands i.e. it comes out of the skin and makes it oily…etc.
· Over a span of 10 years, if you collected all the sebaceous lipid secreted by the skin it might be a pint…2 pints…and so the dioxin is in this
 

Genetic induction of CYP 1A1 via transcriptional activation by the ligand/AhR/ARNT complex

· Alright, one question from start to finish.  Explain the mechanism by which dioxin can cause the production of 1A1 enzyme.
· First it enters the cell and binds to an AhR receptor -- an aryl hydrocarbon receptor protein, which binds xenobiotics as ligands
· The receptor site of this protein is very specific, meaning that it can only accept certain kinds of xenobiotics -- PAH's and HPAH's
· Binding to the AhR receptor causes it to shift conformation -- an allosteric shift, which sheds it of a chaperone protein it was previously bonded to
· This chaperone protein is Hsp90 or "heat-shock proten 90", and it stabilizes AhR -- keeps it inactive and in the cytoplasm
· But now the AhR is free, and so it enters the nucleus where it binds with the ARNT protein, forming a heterodimer which then binds to "dioxin response elements"
· Dioxin response elements are regulatory sequences on the DNA which control the transcription of the enzymes which will try (!) to RESPOND to the dioxin -- namely, 1A1
· This results in more of the 1A1 being produced
· Talk about frequent misconceptions that people have with this process.
· Ah-R is occasionally referred to as a nuclear receptor, which leads to the misconception that it is a receptor in the nucleus
· This is not true -- it resides in the cytoplasm and only enters the nucleus after being activated by dioxin or some other PAH/HPAH
· We can also refer to the dioxin response elements also as xenobiotic response elements, because other xenobiotics (namely PAH and HPAH) can of course also be inducers
 

Coordinate genetic induction via Ah receptor mediated transcriptional activation by BaP

· What is coordinate induction, and how does it relate to the Ah receptor?
· Coordinate induction is when a single activator protein (i.e. the Ah receptor after a substrate has bound to it) induces the production of multiple genes -- that is, it increases the transcription of more than one gene
· The diagram demonstrates how the Ah receptor does this:
· First (as we have discussed before), it hangs out in the cytoplasm until a PAH or HPAH comes and binds to it
· Then it enters the nucleus, and here is where the coordinate induction happens: it binds to MULTIPLE regulator genes in the DNA, meaning that MULTIPLE enzymes are produced
· In the example we studied, the enzymes included both Phase 1 and Phase 2 and thus the Ah receptor activated all the genes which were needed to bring a PAH molecule from start to finish (i.e. functionalized and then conjugated, then ready for excretion)
· They are: aryl hydrocarbon hydrolase (Phase 1) and UDP glucuronyl transferase (Phase 2)
· What is the drawback of this?
· Well, just think about what the drawbacks are for Phase 1 reactions in general: often the PAH (let's say BAP) can turn into reactive epoxides and cause damage
· Alternately, non-reactive substances can be formed and still cause trouble, and there are 2 theories to explain this:
· Firstly, perhaps they alter metabolic pathways, and mess up toxicokinetic stuff
· Secondly, perhaps the enzymes which are synthesized regulate OTHER processes, and so when you get more or less of these you are causing epigenetic changes
· What could be an ADVANTAGE of this?
· It's back to our earlier discussion about how although TCDD can increase incidence of some cancers, it also reduces the incidence of estrogen-related cancers (i.e. breast cancer)
· When we have a high body burden, it will suppress the effective estrogen and speeding up break down of estrogen metabolically -- thus we say that it's really an ENDOCRINE-DISRUPTING chemical
· Notably, this can affect the estrogen in males as well when "aromatization" occurs, where testosterone is  converted to estrogen
· This means that at intercellular levels, the males' cells are converting testosterone into estrogen
 

Structure-activity relationships (SAR) for level of P450 1A1 induction by different dioxin congeners

· Review: what is a congener, and how is it relevant to our discussion of a structure-activity relationship?
· Congeners are basically related chemical substances -- often derivatives of the same chemical
· In our discussion, we are looking at dioxin congeners: they are all from the same basic dioxin structure, but they differ in terms of:
· chlorine substitution number (1 to 8 Cl)
· positions of Cl atoms on the 2 rings
· They are relevant to our discussion of structure-activity relationship because SAR is basically the study of how the structure of a compound affects its activity
· Since the number and position of chlorine substituents is obviously a significant feature of structure, examining the different congeners goes hand in hand with doing SAR analysis
· How do we do SAR analysis (at least at the start)?
· We just take various types of congeners, add them to liver cells in a Petri dish, and see what kind of P450 is induced, and how much
· Since strong inducing activity is closely related to the actual toxicity in a whole organism, these tests give us a good place to start our analysis from
· Alright, that's fine.  But how do we measure how much P450 is actually induced?
· We can do an EROD assay, to find out what the levels of EROD are
· EROD, or ethoxyresorufin-O-deethylase, an antihypertensive drug that induces large quantities of P45O 1A1/1A2 -- therefore, EROD induction = P450 1A1 induction
· Also, we could take a rat uterus to see if endometrial lining is suppressed when given estrogen -- this would be an example of a reproductive assay
· Recall the relationships which facilitate this test:
· Estrogen causes the uterine lining to grow (menstrual cycle)
· High 1A1 levels would break down the estrogen
· So talk about the family that TCDD is from.
· Well, TCDD -- particularly 2,3,7,8-TCDD -- is the one we hear the most about
· However, the other members of its family (even the closely related ones) are not too bad at all
· For example, 2,3,7,9 is only a moderate inducer!
· Or even tri-chloro instead of tetra-chloro: Trichloro-TCDDs are really weak!  So don't freak out about them!
· And the big point is that in a given (natural) situation, you will probably have many different types of dioxins -- this is why we know Victor was deliberately poisoned, because if he was exposed to TCDD through industrial chemicals, we would've found a lot of other chemicals
· Explain the concept of toxic equivalency, and show how it applies to a few different dioxin congeners.
· Toxic Equivalency Factors (TEFs) are toxicity potency factors that are used by the World Health Organization (WHO) and by scientists and regulators globally as a consistent method to evaluate the toxicities of highly variable mixtures of dioxin compounds. 
· Obviously, 2,3,7,8 TCDD is strongest inducer and in fact is the most dangerous of all HPAH molecules
· It is the standard for assessing other congeners, and so its TEF = 1
· However, a shift of single Cl atom reduces strength of CYP 1A1 induction
· Thus for something like 2,3,7,9 TEQ = 0.1 to 0.01
· Or a shift of 2 Cl atoms abolishes induction: TEQ < 0.01
· We also must consider furans; they are quite bad
· 2,3,7,8 TCDF = 0.5
 

Coplanar structure of polychlorinated dioxins, dibenzofurans, and some biphenyls

· Quickly review the concept of coplanarity, and discuss how it affects toxicity.
· Coplanar is when every molecule in the structure lies on the same geometric plane
· First off: dioxins and furans exclusively coplanar molecular structure
· This is why they are so gangster for our health
· But secondly, we have a group of PCB's called "dioxin-like compounds" which are PARTIALLY coplanar
· This partial coplanarity is because of the fact that there is free rotation around the axis of the bond joining the two rings together
· In other words, there is nothing "locking" the rings into place and so sometimes they could be coplanar while other times they are not
· The result of this is that they are moderately strong inducers, but not as good as dioxins
· Thirdly, we have PCB's that are NEVER coplanar
· This is because the benzene rings have chlorine substituents in the ortho position, and thus when the two rings are joined, the chlorines are very close to each other -- so close that there would be excessive steric hindrance if they were in the same plane
· This results in these guys NEVER being inducers
· Big point: only the coplanar HPAH molecules have toxicity
· Throw this stuff together.  What characteristics do substances need to have in order to be inducers/harmful guys?
· Firstly, they need to be very lipophilic so that they can stick around longer
· Secondly, they should be chloro/halo-substituted: because these bonds are strong, and prevent it from being oxidized by P450
· Thirdly, they also have to be coplanar (as just discussed)
· Fourthly, they have to be rectangular (?)
· In any case, obviously a key feature is geometric shape because we have to think about its ability to bind to the Ah receptor in the cell
 

Predicted structure of ligand-binding site in the Ah-receptor protein deduced from SAR studies

· Speaking of that: what do we know about the Ah receptor in terms of ligand binding?
· Ah receptor prefers ligands that resemble BaP or 2,3,7,8 TCDD
· In other words, they must be:
· flat (coplanar)
· lipophilic
· rectangular (about 10 x 3 A)
· And now you see the relevance of all the stuff we were just talking about!
 

Estradiol-17B metabolic pathways: “good and bad” estrogens and breast cancer risk 

· Tell me a story.
· Alright, the deal is that estrogen can actually be carcinogenic because of the metabolites which are formed when certain enzymes metabolize it
· We start with 17-beta-estradiol, which is a common kind of estrogen: it is strongly estrogenic and (most importantly) chemically unreactive
· But then we can metabolize this using different enzymes:
· 1A1/1A2: makes 2-hydroxyestradiol, which is GOOD because it is weakly estrogenic and only result in minor DNA damage
· 3A4: makes 16-alpha-hydroxyestradiol, which is BAD because:
· It is strongly estrogenic 
· And could be metabolized to an electrophilic metabolite which would mean MAJOR damage
· 3A4/1B1: 4-hydroxyestradiol, which is BAD because:
· It is strongly estrogenic
· It can be oxidized to a quinone metabolite which would mean major DNA damage
· Quinones can be electrophilic or can give rise to other stuffs which is BAD in reproductive health
· How do we ensure the metabolites of estrogen are NOT harmful?
· We might take a bit of dioxin!
· Women who have a high body burden of TCDD have less incidence of breast cancer
·  This means that we might want to look into developing a TCDD pill to prevent breast cancer
· Notice how TCDD upregulates the enzymes for the good pathway, but downregulates the ones for the bad pathway
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Oxidative Stress and Free Radical Toxicity

· What are some characteristics of free radicals?
· They are reactive molecular fragments with a SINGLE UNPAIRED ELECTRONS
· This happens because sometimes a covalent bond (2 electrons) is broken such that one electron goes to each molecule
· So the fragments with single electrons are very chemically reactive because to have one electron is to be unstable - so they want to react with anything that will change this situation for them
· Lastly, we note that the free radicals often attack important cellular macromolecules (more later)
· Talk about some of the cellular targets for the free radicals.
· Their primary target is the phospholipids that make up the various membranes in the cell (the outer membrane, the mitochondrial membrane, even the nuclear membrane)
· Specifically the lipid tail will be attacked in a process called "lipid peroxidation"
· Proteins and DNA can also be attacked 
· This results in genotoxicity, mutation, cancer, etc.
· Explain the notion of oxidative stress in general.
· It is the amount of oxidation reactions which occur in the cells due to free radicals which also interact with oxygen
· As mentioned before, the macromolecules of the cell are frequently targets of these reactions, and so when free radicals come and produce oxidative stress, often the macromolecules bear the brunt of the damage
· Notably, it is not only free radicals which cause damaging oxidative reactions in the cell:
· For example, we can have oxidative phosphorylation -- it is a natural physiological process which makes ATP…but this is a very oxidative series of reactions…
· Mitochondria even more so than the cell membrane is subjected to a lot of oxidative stressors including free radicals -- when they undertake the stuff they get out of control and it causes mitochondrial damage
· Also the smooth ER is a source of problem -- remember that all the p450 are strongly oxidative enzymes so the ser also has a lot of oxidative enzyme reactions taking place -- it too can be damaged b/c it is also made up of phospholipids
· All in all, typically membrane systems in the cell can be damaged b/c they are made up of phospholipids but also they contain p450 (in the ser), oxidative phosphorylation enzymes (mitochondria), and so on
 

Biological Effects of Oxidative Stress

· What are reactive oxygen species, and where do they come from?
· ROS are the larger class of damaging molecules which include free radicals
· Notably, oxygen can also be converted to single-electron molecules (through normal metabolic processes) and thus become reactive oxygen species
· There are 2 main categories of ROS sources:
· exogenous ROS sources (environment)
· So for example, we are talking about air pollution
· Stuff like smog etc is oxidative air pollution -- if we looked at the components we would say it is strongly oxidative -- it will cause crap in the lungs, eyes, skin, heart even, etc.
· Some of the things we breathe in are either free radicals or can give rise to free radical reactions…
· endogenous ROS sources (internal)
· Remember that we can MAKE ROS in natural reactions as well -- and so if the body undergoes some sort of regulatory abnormalities…it can upset the balance of stuff…it can sometimes give rise to oxidative stress and free radical reduction not so much by chemical means but more regulatory means
· Example: some of the endocrine disruptor chemicals like pcb/dioxins aren't oxidative themselves but they can perturb the cells to give rise to oxidative stress, perhaps by inducing the production of enzymes involved in oxidation
· What is a redox state, what is its significance to the cell, and how does the cell attempt to interact with it?
· Redox state is just the state of the cell with respect to oxidants or reductants -- if there a lot of oxidants, then we will tend to see oxidation reactions happening and if there are a lot of reductants we will see more reduction reactions happening
· It is important to the cell because remember -- although oxidation reactions are occasionally useful, they cause damage and we don't want them to happen too much
· So when we have reductants, they can neutralize the undesirable effects of the oxidation
· Thus the cell uses various homeostatic mechanisms and tries to maintain a state of reductants being slightly surplus over the oxidants
· How does the cell maintain its optimum redox state?
· Cells try to maintain optimum redox state by creating and storing reducing equivalents
· i.e. NADPH, GSH, vitamin C, etc
· Basically, these guys serve as reserves of antioxidants
· What happens when we lose "redox control", i.e. it gets out of hand and we get too many oxidative substances?
· the cell undergoes relatively uncontrolled reactions which will cause damage to dna, protein, cell membrane, etc. through phospholipid damage
· These can be "dominoed" as well, whereby damage in one area like phospholipid damage may in turn increase dna damage 
· Other times cells have sensors that can sens oxidative stress -- we know that the nrf2 and the keap system will kick into action and up-regulate a lot of the phase 2 enzymes, antioxidants, etc. 
· Notably however, this is itself a stressor b/c the cell has to deplete its resources to manufacture this material
· If it is really uncontrollable we will get an accumulation of damage to key target molecules…we will also get the molecule breaking down chemically…and when this happens it can give rise to toxic by products 
· Notably, we see that normally the initial attack is bad but the secondary chemical reactions "downstream" can be as bad or worse
· So this is why we say that oxidative stress is not just about free radicals but also about all the different particles and pieces that can be created as a result -- so it screws up metabolism, regulation, organizational structure of the cell, etc.
· So a few things can happen as a result:
· Unregulated cell death (bad because all the stuff will come out) or apoptosis (programmed cell death which is "cleaner" -- this often happens during oxidative stress -- so oxidative stress can kill the cell outright or cause the cell to be damaged so much that it does programmed cell death
· However, other times the cells recover -- they fight off the attack and get back to normal…so this is possible…
· Relate this discussion back to aging.
· We get a burden of oxidative byproducts in cells/tissues over decades -- so many of the theories of why our tissues age are related to this free radical damage
· The theory is that we can never totally eliminiate it -- as we get older, the byproducts form this stuff build up in the cell like a sludge, and these byproducts are either themselves toxic or they represent a byproduct of toxicity
· So if we were to take a small sample of heart tissue from us…the cells would be pretty clean…but if they took it from 58 year old heart…it would have a large quantity of a substance called lipofuscin -- this is seen as an indicator of accumulated oxidative damage
· So by the time we are old like 58, 2 or 3% of all the dry weight material in the heart cell is made up of lipofuscin…and it is simply this sort of accumulated sludge that builds up as a byproduct of years and decades of oxidative stress
· So whether the lipofuscin is toxic or not is debatable…but it is a sign that we get a lot of crud built up -- lipo means that it is lipid rich -- breakdown of natural cellular phospholipids…and fuscin means that it glows purple/pink after you put a dye on it…
· Describe a flow diagram that summarizes this process neatly.
· [See slides, it is important]
· Talk about NADPH, and explain its relevance to this discussion.
· Recall that Vitamin C and GSH help increase the reduction part of the cell because they can neutralize oxidants, but by far the BEST reductant is NADPH
· Recall that it is a molecule that is created by metabolism of fats and sugars and they are strongly reducing because the hydrogen that this molecule carries has 2 electrons 
· So the main cell fuel for reducing power in the cell is nadph and that's why keeping the cell active in terms of metabolism is important -- you have to keep making nadph through glycolysis or oxidative phoshphorylation in order to ensure that we have a good supply of the material
· NADPH is also important because it is linked to the other defense systems, which is why we have that "altered repair and defense capability" box on the flow chart:
· For example, glutathione reductase is an NADPH dependent system…so nadph will feed reducing equivalents into glutathione -- glutathione then feeds it into other defense systems like vitamin C
· so there is a system of interrelated reductive systems in every healthy cell that keeps it in a reduced state…so it is when we lose energy and have an electrophilic or free radical attack and we deplete our glutathione, the cell loses its redox status and we have a problem
· Given the discussion on NADPH, how do anti-oxidants fit into the picture?  What cautions should we take with them?
· Antioxidants are valuable because they can neutralize electrophiles/oxidants and thus maintain our store of NADPH at an acceptable level
· Thus we normally have is a ton of antioxidants that we keep in reserve 
· Given this knowledge, a lot of studies have been done as to whether we can slow down cell damage, prevent aging, etc…reduce the likelihood of cancer…if we use antioxidants -- b/c if they fight the stressors caused by oxidative stress, then increasing the amount of antioxidants we take into our bodies is a good thing right?  Well maybe but may not:
· What has been found is that if we have a healthy diet, it seems to be protective - -a veggie and fruit rich diet show conclusively that it protects against certain kinds of cancer, other oxidative stress mechanisms, increase likelihood of cardio diseases down, etc.
· HOWEVER -- the concept of chemoprevention (i.e. oltipraz, where we increase phase 2 enzymes to prevent liver cancer due to aflatoxins) turn out to be bad ideas -- some studies just take an antioxidant and apply one or a few of these antioxidant substances to people in high doses -- and what has been found is that sometimes the substances are protective -- but other times they INCREASE the rate of cvd etc
· The point is that you can't just give a person one big dose of this stuff and expect it to work well b/c the antioxidant system within the cells and tissue is an interlinked system -- just dumping a lot of Vitamin C is not likely to help if we have inadequate stores of glutathione for example because we need that glutathione to keep the vitamin C in a reduced situation -- in fact, it will create an imbalance and make things worse
 

Exogenous and endogenous sources of oxidative stress

· What are some exogenous sources of oxidative stress?
· Photochemical air pollutants -- because sunshine is needed to produce these guys via reaction (think smog)
· NO2
· SO2
· O3
· Pesticides
· Paraquat (herbicide) -- thought to be involved with Parkinson's
· Vacor (rodenticide)
· Foods
· Sodium nitrite (food preservative) -- often used with ham, bacon, etc.
· Fava beans
· Drugs
· Sulfonamides (antimicrobials)
· Chloroquinones (antimalarials)
· Bleomycin (antitumor)
· Alloxan (insulin synthesis inhibitor)
· Chemicals
· Naphthalene (mothballs)
· Trinitrotoluene (TNT, an explosive) -- nitro derivatives are dangerous
· List some endogenous sources of oxidative stress, and comment where necessary.
· Reactive Oxygen Species
· Superoxide radical (O2 . ) -- these can be created by physiological reactions OR the reaction of xenobiotics
· Hydrogen peroxide (H2O2) -- it is a direct oxidant (?)
· It is often used as a disinfectant or to bleach hair
· Hydroxyl radical (OH .) -- it is the most reactive -- there is no way to prevent it from reacting with DNA or protein
· Organic hydroperoxides
· Lipid hydroperoxides (LOOH) -- remember that this is what happens as a result of lipid peroxidation
· Other hydroperoxides (ROOH)
· Bioactivated free radicals (substances which have been bioactivated into a radical form)
· Carbon tetrachloride: it is not harmless, but the P450 system in the liver ACTIVATES it into a radical form that is very toxic -- it is hepatotoxic
· BaP radicals (carcinogenic as we know) -- it can become BaP quinones, which are bad
· The BIG message to note here is that both electrophilic (previously discussed) and free radical (here discussed) species can be bad for the body
 

Photochemical Air Pollution

· Where do we see smog, and how is it created?
· First we will discuss how it is created, because then its presence is easier to predict and understand: it is created by action of sunlight (UV radiation) on automotive exhaust and other combustion emissions (industrial, power generation, etc.)
· Thus we mostly see it in urban areas and downwind regions
· Urban areas: because this is where we have a lot of car exhaust, and even power-generation plants to some degree
· Also, we see it in downwind regions because this stuff is a gas and can be blow to different places by wind currents
· For example, we get smog from American midwestern states
· Talk more specifically about the constituents of smog.
· It is a pro-oxidant mixture of toxic gases and particulates
· "Pro-oxidant" means that it causes oxidation reactions to happen in the body (remember we don't like this)
· The toxic gases are a mix of primary and secondary pollutants:
· Primary pollutants (i.e. sulfur oxides) are already in the car exhaust, power plant emission, etc.
· Secondary pollutants are the RESULTS of chemical reactions in the air (catalyzed by the sun) that create oxygen species such as ozone and nitrogen oxides
· The particulates are just small substances that can get into the lungs and cause trouble
· Talk in further detail about some of the pro-oxidant components in smog.
· ozone (O3): it is a strong direct oxidant
· sulfur dioxide (SO2): it is a weak direct oxidant
· Nox: here we are referring to 2 kinds of nitrogen oxides -- nitric oxide NO and nitrogen dioxide NO2
· nitric oxide is a weak free radical and its close relative nitrogen dioxide NO2 is a STRONG free radical
· when you breathe this chemical mixture, your eyes, skin, nose incurs a lot of irritation: it is highly irritating to lung airways and lung parenchyma
· If it happens on a chronic level can give rise to a series of pathological changes that may induce asthma and other respiratory diseases (COPD - chronic obstructive pulmonary disease)
· initiates free radical catalyzed lipid peroxidation reactions in PUFA: this means that the cell membrane will be compromised and its physiological function will be affected
· Let's talk about those PUFA's more. What do we know about them?
· Firstly, PUFA's are polyunsaturated fatty acids 
· Thus the essential fatty acids (linoleic, linolenic, arachadonic acid) make up majority of fatty acids in the biomembranes 
· Being polyunsaturated means that they have 2 or more diene -C=C- bonds
· When these bonds are in fatty acids which make up the cell membrane, we get physical changes: they could be more rigid or more fragile
· Furthermore, these diene bonds are highly vulnerable to free radical attack and lipid peroxidation
· They are a major component of cell membrane phospholipids, where they permit membrane fluidity to allow flexibility and structural integrity
· In particular, complexes which are embedded in the membrane like enzyme complexes and hormone receptor complexes must have an appropriately fluid membrane...and so if they lose that environment, then many physiological functions are blocked!
· Furthermore, after the initial injury, the membrane is compromised and may allow a secondary reaction that's more toxic
 

Photochemical air pollution episodes cause increased mortality rates

· If we looked at a graph of total deaths/day vs. time, and particulate matter vs. time, what would we see?
· We would notice that the curves seem to follow each other: when pollution goes up, it is soon followed by increased deaths
· Specifically, in this graph we saw 3 extra deaths per day during the pollution episode
· So epidemiologists have seen that during smog episodes, you have more dead people -- or even, we are saying a lot of people who die from moderate pollution days!
· On a social level, there isn't a big uproar about smog-related deaths because people die in private -- it isn't a graphic scene like a murder
 

Photochemical air pollution NOx and ozone formation

· How do we get ozone?  Comment where necessary.
· UV (energy from the sun) + VOC (volatile organic compounds - solvents in paints, gases from car etc) + NOx (in the air?) = Ozone
· By definition, we can see that ozone is a secondary pollutant!
· With respect to this equation, we are often concerned with the release of hydrocarbon molecules (VOCs)
· We can see that they not only contribute to ozone formation, but…
· …particles or particulates are created from gas reactions as well
 

Photochemical air pollution helps to create fine particulate matter (PM2.5)

· Compare and contrast the two kinds of particular matter.
· Coarse PM particles are relatively large -- their diameter is from 2.5 um - 10 um
· We often get these from chemical abrasion: wear and tear of tires, construction from digging dirt
· They are not as dangerous as fine PM particles
· Fine PM: here the diameter is less than 2.5 um
· These guys are created by combustion, from wood fires, forest fires
· MOST of it is from ozone, NOx, and SOx 
· These guys are bad for us because:
· They are strongly pro-oxidant
· By virtue of being so small, it's highly inflammatory
 

Fine particulate (PM2.5) air pollution creates oxidative stress / inflammation in lungs & heart

· Look at the title and explain the pathway from start to finish.
· OK, first we discuss the things which affect our body and get the trouble going
· We have the ambient particles of course
· Notably, "ambient" refers to the outdoors but we actually get a lot of indoor air pollution as well, which is much MORE toxic than the outdoor stuff
· Sources of this would include secondary smoke, particulates from frying/cooking foods, etc
· But there are also other risk factors that combine with these particles:
· Existing diseases: such as angina and COPD (the lungs lose their natural integrity)
· Effects of aging (again the lungs just wear down)
· Ozone: we call it a co-pollutant
· This is significant because it demonstrates how oxidative stressors WORK TOGETHER to cause damage, and therefore it is foolish to evaluate air quality by looking only at individual substituents -- instead we should find a way to measure it as a whole
· Now all these things combine and attack the body's cells, resulting in:
· Oxidant stress
· Transcription factor activation (I guess certain things are induced -- maybe cytokines?)
· This results in the production of cytokines, which cause inflammation
· At the end of the day the effects can be local or systemic:
· Local: pulmonary inflammation, edema, exhalation of NO
· Systemic: heart rate, coagulation, acute phase protein production
· Cardiac arrhythmias are actually a big deal here: the major COD from smog is now not lung malfunction but HEART malfunction
 

Direct oxidation of phospholipid by ozone

· Explain this mechanism.
· Well we have a phospholipid -- think about what the tail looks like -- it's just a hydrocarbon chain, maybe with double bonds here and there
· The key is that the ozone molecule (O3) will hit one of these bonds, because the bonds are reactive and thus vulnerable to oxidation
· One O will bind to each carbon in the double bond, and so now we have an "ozonide ring"
· However, this is a STRAING RING structure and so it won't stay this way for very long -- the double bond will break apart, leaving one oxygen with the hydrocarbon host tail (forms an aldehyde) and two oxygens with the part that breaks off (lipid hydroperoxide, think about why)
· What does this strong reactivity allow us to do with ozone?  What are the limitations of this?
· It can be used to disinfect water (effective germicide -- because it will attack these phospholipids)
· However, the drawback is that ozone is so reactive chemically that it breaks down quickly -- thus over long periods of time, it cannot keep stored water germ-free
 

[still have two slides remaining here apparently, were they covered?]

 

[Topic 13 Addendum]

 

Radical-catalyzed (NO2) lipid peroxidation step1 : initiation and propagation

· Alright, remember how we said that free radicals really like to attack membrane phospholipids.  Now let's talk about the specific mechanisms behind that.  First, give a general overview of what goes on.
· The 3 major steps in free-radical reactions are initiation, propagation, and termination
· Initiation is that first step where a free radical comes and stabilizes itself by stealing an electron from some target molecule, leaving THAT target molecule as a free radical
· Propagation is the series of reactions which occur as the free radicals attempt to stabilize themselves by stealing singlet electrons off of other molecule, leaving THEM as free radicals
· Termination occurs when for some reason, the chain stops:
· Maybe a free radical steals an electron from a molecule which is STABLE with only one electron (i.e. Vitamin E -- more later)
· Or two free radicals react together, so one gains an electron to have a full pair, and the other loses one so it no longer has just a single electron
· Walk through the initiation mechanism for the peroxidation of a phospholipid (in this case the arachidonic acid molecule) by the NO2 free radical.
· Firstly, the NO2 free radical seeks out a carbon which is in the middle of two single bonds with double bonds on either side
· The technical term for this is "conjugated carbons", which means that every other bond is a double bond
· It swipes a hydrogen AND an electron from that carbon, leaving the carbon with a single electron (thus a free radical)
· Notably, the carbon-centered free radical which we have at this point actually isn't terribly reactive -- with OTHER substances at least…however, it RE-ARRANGES itself
· The rearranged molecule is now conjugated - so we have a conjugated diene, which means that the pairs of double bonds (the dienes) are separated by just a single bond
· i.e. We have: double - single - double
· Practically though, all this means is that the free radical goes to another carbon in the molecule
· This carbon reacts with regular oxygen (O2), and so THAT single electron is quenched but now on the other end of the O2 there is a singlet electron, and this is REACTIVE!
· At this point, it is called a PUFA peroxyl radical
· Now we are at the stage where PROPAGATION happens
· Walk through the propagation mechanism.
· This is very simple: it is almost like the initiation mechanism, except that instead of NO2 as the free radical, we have the PUFA peroxyl radical
· So this PUFA peroxyl radical will attack other phospholipids which are close to it
· And think about it: in a membrane, each phospholipid has two of these fatty acid tails, and on top of that, many phospholipid are stacked on top of each other!
· So there is the potential for a LOT of propagation to happen
· Note that when the PUFA peroxyl radical quenches itself by making something else a free radical, the original one turns into PUFA hydroperoxide, which is itself dangerous (more later)
· You can see by the diagram (draw one) why it is called hydroperoxide
· So this process continues on and on, and it is called AUTO-OXIDATION
· It's like a house of cards -- you mess one up, and suddenly there is a chain reaction and they are all becoming PUFA hydroperoxides
 

Lipid Peroxidation step 2: peroxide formation and MDA formation

· OK now we will talk about PUFA hydroperoxide.  What are the two pathways which can lead from here into bad things?
· Endoperoxide pathway
· This is what happens when the hydroperoxide reacts with an adjacent alkene groups, and an ozonide ring forms: we get C-O-O-C, so the other end of the peroxide is now reattached to the host molecule
· This is called an endoperoxide, ostensibly because both sides of the peroxide are in the inside of the molecule (?)
· However, after this, homolytic cleavage happens -- meaning that the bond between the two oxygens BREAKS, and we are left with a free radical on EACH oxygen (really dirty)
· In order to quench these free radicals, we steal electrons from the adjacent carbons to form double-bonded C=O's
· In the same step, the molecule on either side breaks off and has a radical on the end
· The structure with double bonded C=O's (draw somewhere) is called malondialdehyde, because it is essentially two aldehyde groups (more later on this)
· Pentane pathway
· The first step here is that P-450 REACTIVATES the PUFA hydroperoxide, stealing off an OH plus an electron so we end up with an oxygen + singlet electron sticking off the molecule
· At this point we get chain fragmentation by the same mechanism describe above -- in order to satisfy the singlet electron on the oxygen, an adjacent carbon donates an electron to create a C=O double bond, and the rest of the molecule breaks off
· The hydrocarbon that breaks off is normally a pentane radical, which can continue to propagate
· This allows us to measure oxidative stress by checking the pentane gas levels in a sample of expired air
· Talk about malondialdehyde.
· Recall from previous discussion that aldehyde is a type of electrophile because oxygen steals electron density away from the carbon it is double bonded to
· The same thing happens here, except with TWO aldehydes -- so it is a bifunctional electrophile
· As a result, its likely action is to create crosslinks -- for example, between complementary strands of DNA
· There are a lot of studies on the link between MDA, cell toxicity (due to oxidative stress), and aging
· This is basically the free radical theory of aging: that oxidative stressors will cause cell to wear out
 

Lipid Peroxidation step 3: termination by vitamin E

· Explain the mechanism by which Vitamin E (also known as ALPHA-TOCOPHEROL) would terminate a free-radical reaction.
· The idea here is that a PUFA peroxyl radical would steal an electron from Vitamin E to stabilize itself, leaving Vitamin E with a single electron
· But the difference here is that Vitamin E is able to handle having an extra electron very WELL:
· It can either stabilize the unpaired electron within its molecular structure so that it is unreactive
· Or it can find another Vitamin E molecule with a single electron, and bond together to form a DIMER where no electrons are unpaired
· Thus we call it a free radical scavenger
· Talk more about this amazing Vitamin E.  Where is it located?  Can it be recharged?  What are its limitations?
· It is the major lipid-soluble anti-oxidant
· It is localized within phospholipid cell membranes and other lipids (fat) 
· This is convenient because the reactions it needs to stop are within phospholipids
· It can be "recharged" to its neutral state using Vitamin C and reduced glutathione
· However, we should be warned that Vitamin C could also lead to oxidative stress
· Lastly, note that Vitamin E is useless for cytoplasmic free radical things because the cytoplasm is watery (read: hydrophilic) whereas Vitamin E is lipophilic
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Topic 14: Toxicodynamic Mechanisms - Free-Radical Toxicity Part II

 

Sources of free radicals and oxidative stress

· Again, what are some endogenous and exogenous sources of free radicals?  Expound where necessary.
· exogenous radicals
· environmental oxidants (O3, NO2)
· metabolic activation of xenobiotics
· ionizing radiation
· phagocytosis and inflammatory immune processes
· free radical sensitizers -- i.e. free radical producers
· endogenous radicals: many of these are generated within the cell through 1-electron transfer, which is when electrons enter biological reactions which they are not supposed to enter, and a single electron gets transferred
· For example this can happen in:
· Mitochondria: ET chain for oxidative phosphorylation (ATP production)
· microsomes (smooth E.R.): ET chain for oxidative P450 reactions
· Lysosomes: oxidative burst in phagocytosis (‘killing action’)
· cell membrane: synthesis of inflammatory mediators (e.g. prostaglandin synthetases)
 

Production of superoxide radical by 1-electron rxn at complex II in the mitochondrial ET chain

· So let's look into an example of how an accidental one-electron transfer can happen.  Give a BRIEF overview of the ET (electron transfer) chain, and explain how an accidental one-electron transfer can occur.
· Well recall that the electron chain is just the process of passing electrons to different complexes which want those electrons more and more -- and so as we pass the electron to something that wants it badly, it goes to a lower energy state and we can use the released energy to pump protons across
· Sometimes we use shuttles to move the electrons from one complex to another:
· Cytochrome C is the shuttle from 3 to 4
· Coenzyme-Q is the shuttle between 1 and 3
· The point is that Co-Q is unfortunately accident prone/sloppy
· Sometimes (1% or less), it will accidentally create a ONE-electron transfer (YIKES!) -- this gives the opportunity to have a superoxide, which you recall is O2-
· And thus we say that this is the leaky part of electron transfer
 

Oxygen toxicity

· What is the big picture here?  What are the two types of oxygen toxicity we are discussing?
· Oxygen toxicity is the idea that having too much OXYGEN can be toxic -- i.e. damaging to the body
· The two types of oxygen toxicity we will explore are:
· Pro-oxidants (i.e. nitrite), and what they can cause with oxygen and heme
· Oxygen toxicity from hyperbaric/100% oxygen
· First explain what the deal is with oxygen and heme.
· Well firstly, recall that the heme group on hemoglobin (Hb) molecule is supposed to carry oxygen around -- so it'll bind to oxygen, bring it somewhere, then let it go (normally to myoglobin, but that is a separate discussion)
· The deal here though is that the oxygen will steal an electron from the heme and become a superoxide radical!  Not good!
· Thus the progression we see is reduced hemoglobin aka hemoglobin (Fe++) -> oxygenated hemoglobin aka oxyhemoglobin (Fe++ -- O2) -> oxidized hemoglobin aka methemoglobin (Fe+++)
· And the thing is that high levels of the pro-oxidant nitrite will drive this reaction forward, and so it is dangerous
· It results in methemoglobin anemia, which is not enough oxygen due to the formation of methemoglobin
· Kids will turn blue/purplish =/
· Explain what the deal is with 100% oxygen/hyperbaric oxygen.
· The mechanism is simplistic:
· Higher levels of oxygen result in the greater production of superoxide radicals
· These guys in turn can damage the:
· Lungs, leading to bronchopulmonary dysplasia
· Retina, leading to retrolental fibroplasia
· Notably, large doses of vitamin E can rapidly reduce retrolental fibroplasia and bronchopulmonary dysplasia because it neutralizes the superoxides
· Explain the contextual issues surrounding this.
· Often it is NECESSARY to give such high doses of oxygen: for example when a baby is premature
· So we give it to them to save their lives, but it can cause tissue damage as a result
 

P-450 production of ROS and radical metabolites (bioactivation of xeniobiotics)

· What was the point of this slide?
· It was showing how P-450 can bioactivate certain xenobiotics by creating a free radical situation where something only has one electron
· The general mechanism is as follows:
· NADPH -> NADP, which allows FAD -> FADH2
· NADPH is our reducing cofactor
· But then FADH2 -> FAD, which allows P450-Fe+++ -> P450-Fe++
· FADH2 is our NADPH/P450 reductase
· But then P450-Fe++ -> P450-Fe+++, which means that an electron is going somewhere
· So we have established how P450 can give up an electron and create some kind of free radical.  What kinds of things can then happen?
· Creation of superoxide from oxygen
· Creation of trichloromethylene radical + Cl anion from carbon tetrachloride: CCl4 -> CCl3. + Cl-
· Carbon tetrachloride used to be a very common chemical cleaner and degreasing agent in electronics, but it's almost totally banned now
· Long experience shows that it's very toxic to the liver and to the lungs
· If you're exposed to it, it's volatile, and if you breathe it in, it's lipophilic and travels largely to the liver -- very toxic to lipid hepatocytes
· Reactivation of lipid hydroperoxides: recall this from previous discussion
 

Phagocytosis of fine particulates (PM 2.5) by macrophage cells producing superoxide radical

· Give the non-biochemistry overview of what this process is.
· The deal is that sometimes we can use the killing power of superoxide radicals to our advantage: for example, if something foreign invades our body, and we have captured it…and now want to kill it
· So the example here would be if our macrophage cell phagocytoses some of those PM 2.5 fine particulates in smog
· When they get into our body, our immune system cells are activated: macrophages, neutrophils, etc.
· And once they have captured the invaders, they kill them with a "respiratory burst": the creation of superoxide radicals which will react with them and kill them
· However, the one bad thing is that you can have a "bystander effect": some of the superoxide radicals leak out and kill surrounding cells
· On a long term basis, it can mean COPD/asthma
· Talk about this biochemically.
· It all starts with glucose-6-phosphate, which is a metabolite of glucose in the glycolysis pathway
· Only instead of going into that cycle, it is oxidized by G6P dehydrogenase to 6-phosphogluconate, which makes NADP -> NADPH
· NADPH oxidase then takes NADPH and steals its hydrogen + electrons, giving them to dehydroascorbate (an oxidized form of Vitamin C) -- making it ascorbate (reduced)
· Now ascorbate passes its electron to oxygen, making it a superoxide radical and from there the fun can begin:
· It can become hypochlorous acid, which is toxic
· Or become peroxynitrite radical, which is toxic
 

Redox cycling and free-radical sensitizers

· What is redox cycling and free-radical sensitizer?
· Redox cycling is when a compound is enzymatically reduced to form free radicals that contain one more electron than the parent compounds
· Once formed, these anion free radicals reduce molecular oxygen to superoxide and regenerate the unchanged parent compound, so we are back to the start (it is a cycle)
· As discussed above, a free radical sensitizer is something which creates free radicals
· Give some background information on paraquat.  Explain how it demonstrates redox cycling and free-radical sensitizer.
· It is a common broad-spectrum herbicide in horticultural use (greenhouses)
· often sprayed by aircraft on illegal marijuana crops
· The way it works is that it will intercept NADPH electrons in ET chain by 1-electron transfer, meaning that when NADPH is about to donate its electrons to the ETC, it will take them -- this results in the generation of a paraquat radical
· But the thing is, the paraquat radical is regenerated to paraquat by electron transfer with O2 -- which makes superoxide radical
· So we see a free radical is formed: thus paraquat is a free radical sensitizer
· And we see that the original paraquat is formed again: this is redox cycling
· What are the consequences?
· The formation of large amounts of superoxide radical damages the lungs
· There is lipid peroxidation -> inflammation -> pulmonary fibrosis (scarring)
