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ABSTRACT
One of the challenges in developing risk assessments of exposures to trace levels of chemicals in the environment is integrating knowledge of the biological bases of toxicity at the molecular, cellular and organ level with an understanding of dose-response data derived from high-dose studies.  While many examples can be derived from lab animal studies, datasets of human exposures and associated mortality/morbidity outcomes for which the mode of action of a chemical agent is generally accepted in the scientific community are limited.  In this case study we have used the quantitative dose-response data relating human “high-dose” exposures to ethanol to mortality and morbidity (liver cirrhosis) to explore the validity of low-dose linear extrapolation assumptions.  The primary health effects of concern associated with ethanol exposures include liver cirrhosis, breast cancer, neurodevelopmental effects amongst children exposed in utero and of course acute neurological impairment. These exposures are operationally considered “high-dose” exposures for this analysis in order to distinguish them from low, environmentally relevant exposures that everyone experiences from ingestion of trace levels of ethanol in common foods (e.g., fruits, juices, breads, etc.). In this case study, quantitative dose-response relationships are defined using published information on the relationship between chronic high levels of ethanol consumption and both the incidence of liver cirrhosis and mortality related to this disease.  Then, this dose response data are used to evaluate three methods for extrapolation: 1) the traditional NOAEL (or BMDL) method with adjustment factors (“safety” or “uncertainty” factors); 2) the arithmetic linear, no-threshold conceptual model recommended by the authors of the NRC Science and Decisions (NRC, 2009) report; and 3) use of the a probit model in BMDS for estimating population risks. These dose-response models are used to predict theoretical estimates of human risk of mortality and morbidity from ethanol-induced cirrhosis.  Theoretical risk estimates were evaluated both for ingestion of ethanol at levels associated with consumption of alcoholic beverages and for low levels of exposure experienced across the entire population resulting from ethanol’s presence as a component in a normal diet.  The results are then compared and discussed to shed light on the universality, or lack thereof, of assuming a low-dose arithmetic linear extrapolation model for risk assessment of chemical exposures at environmentally relevant concentrations. 
1. INTRODUCTION

The NRC report Science and Decisions (NRC, 2009) recommends a unified approach for dose-response assessment – for both carcinogens and non-carcinogens - that at face value involves linear arithmetic extrapolation to zero, similar to what is the current practice for conducting dose-response assessments for genotoxic carcinogens.  It has long been held that exposures to noncarcinogens are likely to exhibit a threshold, non-linear dose-response relationship whereby low exposures, exposures below the threshold, are not likely to result in any adverse effects. EPA has typically used this “NOAEL-adjustment factor” (or the equivalent “BMDL-uncertainty factor”) method to derive Reference Doses (RfD) for systemic (non-cancer) toxicants.  Exposures below the RfD have been viewed as a daily exposure level likely to be without appreciable risk of deleterious health effects over a lifetime, for both the typical population and sensitive subgroups.
   
Despite decades of practice in the risk assessment community and a fundamental biological explanation for the existence of thresholds for non-carcinogens (and quite possibly carcinogens), the recommendation for low dose linear extrapolation from the Science and Decisions authors would fundamentally change the way quantitative risk assessment of chemical exposures is conducted.  To scientifically prove a negative – to prove that thresholds exist and that there are no effects at low exposures would require vast amount of data, and a complete understanding of toxicant-induced disease pathogenesis in humans.  Thus it is nearly impossible to prove the existence of a threshold for any compound, both at the level of the individual and at the population.
The purpose for this case study is to explore the question of low-dose linearity of toxicity using the human dose response relationships for ethanol-induced mortality and morbidity for liver cirrhosis. This may prove to be a particularly illustrative example, since human exposures to ethanol occur not only from ingestion of alcoholic beverages, which account for “high doses” in most human epidemiological studies investigating exposures and associated adverse health effects, but also to low doses from inhalation of trace levels from volatilized fuels and from ingestion as a natural constituent of foods (e.g., fruits, breads, juices, etc.). One can use this analysis to probe issues pertaining to linearity / threshold of the dose response at individual and population levels.  And since the mode of action of ethanol induced hepatic toxicity is fairly well understood, the analysis may be amenable to a key events dose-response (mode of action) analysis.

2. METHODS

The scientific literature was reviewed to identify the most robust and recent studies relating chronic alcohol consumption to the incidence of liver cirrhosis and the mortality rates associated with the same disease.  Information on the mode of action of ethanol-induced hepatotoxicity and cirrhosis and sources of background exposures to ethanol were also researched.  Dose response modeling was performed using US EPA’s benchmark dose modeling software ( http://www.epa.gov/ncea/bmds/ ).
3. RESULTS

One of the challenges in evaluating appropriate dose response methods for assessing potential risks to humans from low, environmentally relevant levels of exposures is the sparseness of human dose response data that a) involve a chemical entity that is clearly associated with human morbidity/mortality, b) for which there is both high dose and low dose human exposures that have been adequately estimated, and c) for which a mode of action has been generally agreed upon in both the toxicological and medical communities. Ethanol meets these requirements since there is human dose response data on ethanol and human disease and the mode of action of hepatic toxicity is well understood, and we can obtain solid estimates of both “high dose” and low, environmentally relevant, levels of ethanol exposures.  

The relationship between chronic alcohol consumption and liver cirrhosis has been studied extensively.  From a historical perspective, it has been shown that the mortality rates associated with liver cirrhosis among the US population has roughly tracked the per capita consumption rates (Figure 1).  During the years of prohibition, the age adjusted death rates reduced substantially and then rose again after prohibition.

Studies relating alcohol consumption with liver cirrhosis have either used measures of morbidity (incidence of liver cirrhosis) or mortality (death rate associated with liver cirrhosis).  Some meta-analyses of the liver cirrhosis literature have grouped the two types of outcomes together (Corrao et al., 1998; 2004).  However, recently it has been shown that the two outcomes have different dose-response relationships, with mortality being the more potent (Rehm et al., 2010; Figure 2; see discussion section of this paper).   

Figure 1. Age adjusted death rates in the U.S. from liver cirrhosis (source Mann et al. 2004)
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Figure 2 Age-adjusted death rates of liver cirthosis by gender, 1910-1932 in death
registration States, and 1933-1997 in entire United States. U.S. cirrhosis mortality
rates were high at the beginning of the 20th century, declined precipitously with the
introduction of Prohibition, and increased again when Prohibition ended. Mortality
rates continued to increase until the early to mid—1970s, when these rates began to
approach the levels seen in the first decade of the century. In the mid-1970s
cirrhosis mortality rates began to decline again, as they had with the introduction of
Prohibition, and they have continued to decline.

INSET (shaded area): Per capita alcohol consumption for the years 1935 to 1999,
illustrating the link between alcohol consumption and cirthosis mortality.

SOURCES: Mortality rate data adapted from Yoon et al. 2001; consumption data
from Nephew et al. 2002.





Figure 2. Dose-Response Relationships for Ethanol Ingestion and Morbidity and Mortality Caused by Liver Cirrhosis (source Rehm et al. 2010).
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Analysis of the key events in the sequence of ethanol induced liver cirrhosis is presented in the Appendix to this case study.  This analysis revealed that even though the pathogenesis of ethanol-induced cirrhosis is well characterized in humans, for many of the intermediate to late stage effects, information on dose response is not readily available.  Nevertheless, for both the early events (persistence of fatty liver) and the late stage events (induction of cirrhosis) dose thresholds have been described in the literature (see Appendix for complete discussion).
3.1 Mortality Caused by Cirrhosis 
Lachenmeier et al. (2010) conducted benchmark dose (BMD) modeling of a meta-analysis of studies relating excess risks for mortality relating to liver cirrhosis (Rehm et al., 2010).  BMD modeling was conducted for data on males and females, separately.  A 1.5% excess risk was chosen as the benchmark response (BMR).  Both BMD and BMDL (benchmark dose lower limit – 95% confidence limit) were calculated. 
3.1.1 Mortality: Threshold Model

Using the “threshold/adjustment factor” extrapolation model, the BMDLs for males (25.7 g/day) and females (27.2 g/day) were used to calculate a Human Toxicity Reference Value (akin to an EPA Reference Dose). Since the dose response data are from humans, there is no need for an animal-to-human adjustment factor or allometric scaling. Assuming that the epidemiological data represent the average human in the population comprised of both the most sensitive and least sensitive individual, a 10-fold adjustment factor is likely adequate.  Therefore, the Human Toxicity Reference Value would be 2.6 g/day (37 mg/kg/day). 
3.1.2 Mortality: Arithmetic Low Dose Linear Model
The BMDLs for males (25.7 g/day) and females (27.2 g/day) were also used to calculate the dose associated with a 1e-5 excess risk level (the level of response recommended in the NRC report).  The assumption was made that the dose response relationship is arithmetic linear, in accordance to the recommendations of the authors of Science and Decisions. Table 1 provides the calculations associated with this exercise.  Averaging results for males and females indicates that the ethanol dose associated with a 1e-5 excess risk of mortality related to liver cirrhosis in the US population would be 0.018 g/day (0.3 mg/kg-day). 
Table 1:  Calculation of daily alcohol dose associated with 1e-5 excess risk for mortality associated with liver cirrhosis.  Benchmark dose modeling adapted from Lachenmeier et al. (2010). 

	 
	BMR (1.5% or 1.5e-2)
	BMDL*
(g/day)
	Target Response (1e-5)
	Linear extrapolation
	Dose @ 1e-5 Extra Risk (g/day)

	Male
	0.015  
	25.7
	0.00001
	1500
	0.017

	Female
	0.015 
	27.2
	0.00001
	1500
	0.018

	
	AVERAGE
	26.45
	
	
	0.018


* for lifetime extra risk of mortality
3.1.3 Mortality: Probit Model
Using a probit and log-probit model, the excess mortality from liver cirrhosis in males and females (Lachenmeir et al., 2010) were used to estimate the dose associated with a 1e-5 excess risk level (the level of response recommended in the NRC Science and Decisions report).  "Probits" are probability units based on the Gaussian population dose response relationship. As such, probit extrapolation models provides a probability estimate of an adverse effect in the population.  Fits of the log-probit model (linearized) to the excess mortality data from Lachenmeir et al. (2010) are provided in Figure 3.
  Model predictions for the ethanol dose corresponding to a 1e-5 risk of mortality from liver cirrhosis were 1e-3 and 9e-12 g/day in males and females respectively. The marked difference between males and females is a reflection of the slopes of the dose response curves. 
Figure 3. Log-Probit: Excess Mortality from Consumption of Alcoholic Beverages (Lachenmeir et al., 2010)
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3.2 Morbidity Caused by Cirrhosis
Corrao et al. (1998) conducted a meta-analysis of both mortality and morbidity associated with liver cirrhosis.  They re-evaluated the dose-response information for each study and fit each to a log-linear model with relative risk (RR) as the response measure and grams of daily alcohol consumption as the dose metric (Figure 4).  The slope (beta) and standard error about the slope were reported for each study included in the meta-analysis.  The studies involving morbidity as the outcome were evaluated to determine which ones reported background incidence information so as to allow calculation of extra risk.  Klatsky and Armstrong (1992) measured incidence of admissions to hospitals for liver cirrhosis that were alcohol related (total rate of 0.53 per 1000 admissions over a ten year period) and nonalcoholic related (total rate of 0.26 per 1000 admissions over a ten year period).  The prevalence of liver cirrhosis in the US is approximately 400,000 (NIH, 1994).  The incidence of new diagnoses is 26 per 100,000 admissions to the hospital (Klatsky and Armstrong, 1992) and there are 34,667,000 hospital admissions per year in the US (CDC, 2007), making for an incidence of approximately 9000 cases/year in the US or an incidence rate of 9000/305,000,000 (3e-5).  
Figure 4. Dose response relationships from studies included in Corrao et al. (1992) meta-analysis.  Function of each dose response model was LN(RR)=beta * AI, where beta is the slope of the linear term and AI is the alcohol intake (g/day).
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3.2.1 Morbidity: Threshold Model
For consistency with the threshold approach used for mortality as the outcome, a 1.5% excess risk was used as the BMR for the threshold approach for morbidity as the outcome.  Using the upper 95th percentile of the slope for the log-linear model derived by Carrao et al. (1998) fitting the Klatsky and Armstrong (1992) analysis, a POD of 55 g/day was derived and used to calculate a Human Toxicity Reference Value (akin to an EPA Reference Dose). Since the dose response data are from humans, there is no need for an animal-to-human adjustment factor or allometric scaling. Assuming that the epidemiological data represent the average human in the population comprised of both the most sensitive and least sensitive individual, a 10-fold adjustment factor is likely adequate.  Therefore, the Human Toxicity Reference Value would be 5.5 g/day for morbidity associated liver cirrhosis.  
3.2.2 Morbidity: Arithmetic Low Dose Linear Model
Using the upper 95th percentile of the slope on the relation between RR and daily dose of alcohol (g/day) in the Klatsky and Armstrong study (as reported by Corrao et al., 1998), and assuming linear extrapolation of this dose response relationship, the dose of alcohol associated with a 1e-5 extra lifetime risk of developing liver cirrhosis is 0.11 g/day (1.6 mg/kg-day) (Table 2).  

Table 2:  Calculation of dose associated with 1e-5 extra risk of developing liver cirrhosis using linear low-dose extrapolation.

	Dose-Response Model
	 

	Study
	Klatsky & Armstrong, 1992

	beta
	0.0358

	SE
	0.004

	 
	 

	Background Incidence of Liver Cirrhosis
	 

	Cases per 100,000 hospital visits
	26

	Hospital admissions/yr in US
	34667000

	Background incidence of cirrhosis cases/yr
	9013

	US population
	305000000

	Background Incidence rate
	2.96E-05

	 
	 

	Extra Risk
	 

	Lifetime Rate
	2.07E-03

	Tolerable extra cases
	1.00E-05

	Target cases
	2.08E-03

	Target RR
	1.004834

	 
	 

	Dose @ Target RR (g/day)
	0.11


3.2.3 Morbidity: Probit Model for Population Risk

A probit and log-probit model were fit to the underlying data from Klatsky and Armstrong (1992). Klatsky and Armstrong used drinks/day as the dose metric in their analysis.  Both the probit and log-probit models provided good fits to the data, with the log-probit yielding slightly better fits.
  The dose associated with the 1e-5 extra risk using the probit and log-probit models are 0.08 drinks/day and 0.09 drinks/day, respectively.  Assuming 10g of ethanol per drink, this equates to doses of 0.8 and 0.9 g/day, with an average of 0.85 g/day.
4. DISCUSSION
The data obtained from the scientific literature indicate mortality is more sensitive an endpoint than morbidity related to liver cirrhosis.  This has been found from meta-analyses of the various outcomes (Rehm et al., 2010).  It has been hypothesized that this results from “alcohol drinking, especially heavy consumption, having been shown to worsen existing liver disease considerably and to have detrimental effects on the immune system, thus negatively affecting the course of existing liver disease and increasing the chance of death” (Rehm et al., 2010). 
4.1 Excess Risk from Consumption of Alcoholic Beverages

A comparison of risk estimates based on the threshold, liner arithmetic and probit dose response models is presented in Table 3. The Population Reverence Values of 2.6 g/day for mortality and 5.5 g/day for morbidity were derived using the typical method for establishing “acceptable” or “safe” exposure levels by determining a point of departure and then applying adjustment factors to yield daily exposure levels likely to be without appreciable risk of deleterious effects in the population (including sensitive subgroups) over an entire lifetime. This provides a useful metric for evaluating population estimates of risk derived by other dose-response extrapolation models.
Table S1. Estimates of population reference values using threshold approach, arithmetic linear extrapolation, and probit/log-probit models methods of low-dose extrapolation.
	Method of Dose-Response Extrapolation
	Population Reference Values (PRV) (g/day)a
	Ethanol Ingestion (drink/day) @ the PRVc

	Mortality
	
	

	-  Threshold
	2.6
	¼ drink/day

	-  Arithmetic Linear
	0.018b
	1/500 drink/day

	-  Log-Probit model
	1e-3 (male), 9e-12 (female) b
	1/10,000 drink/day (male)

1/1,000,000,000,000 (female)

	
	
	

	Morbidity
	
	

	-  Threshold
	5.5
	½ drink/day

	-  Arithmetic Linear
	0.11b
	1/100 drink/day

	-  Probit model
	0.85b
	1/10 drink/day


a – Results reported as average for male and female unless otherwise noted.

b – population risk of 1e-5

c – assuming the average drink contains 10 g of ethanol. This amount is equal to 10 ounces (300 cc) of regular beer (5% alcohol content); 3-4 ounces of wine (12% alcohol content); or 1 ounce of hard liquor (40% alcohol content, 80 "proof.” http://www.emedicinehealth.com/alcohol_intoxication/article_em.htm
Using the NRC recommended approach -- assuming linear extrapolation for non-cancer effects -- a 1e-5 risk would be predicted from ethanol exposures of 0.018 g/day for mortality and 0.11 g/day for morbidity related to liver cirrhosis.  For mortality, the Human Toxicity Reference Value of 2.6 g/day, derived using the threshold-adjustment factor model, is approximately 150-fold greater than the dose associated with a theoretical 1e-5 risk level derived from arithmetic linear extrapolation to zero.  For morbidity, the 5.5 g/day Human Reference Value is approximately 50-fold greater than the 1e-5 risk level (0.11 g/day) derived from arithmetic linear extrapolation to zero.
The average alcoholic drink contains 10 to 13 grams of alcohol.
  If the dose response analysis is assumed to be arithmetic linear, and the individual risk target of 1e-5 risk is selected as the appropriate level of protection, then this analysis suggests that for protecting against mortality, the approach recommended by the NRC Science and Decisions panel would indicate that a person
 could consume only a single beer once every 555 days (to protect against mortality) or 90 days (to protect against development of liver cirrhosis).
, 
The Human Toxicity Reference Value of 2.6 g/day for mortality from liver cirrhosis would correspond to consumption of approximately ¼ of a drink every day (or one drink every four days).  Based on the probit model, the population risk target of 1e-5 risk of mortality from liver cirrhosis  (1e-3 and 9e-12 g/day for males and females, respectively) would correspond to consumption of approximately 1/10,000 of a drink or 1/1,000,000,000,000 of a drink per day for men and women, respectively (or one drink every 10,000 or 1,000,000,000,000 days). 

4.2 Excess Risk from Exposures to Naturally Occurring Ethanol by Consumption of Food Products

Even those individuals who abstain from drinking alcohol are exposed to ethanol because trace levels are natural constituents of many fruits, breads and other foods.  One common source of trace levels of ethanol exposure is fruit juices.  Typical doses of ethanol from fruit juices have been calculated to be approximately 0.35 grams/day per individual (Table 4).  Ethanol has also been found to be endogenously produced in the human gut via bacterial degradation of carbohydrates, and there is some evidence that ethanol may be produced in normal cells within the body (Jones, 1985).  When these background and endogenous sources are accounted for, the NRC approach of linear extrapolation and setting the “acceptable risk” at 1e-5 would yield a margin of safety of less than 1.
Table 4: Calculation of Ethanol Consumption from Fruit Juice

	Average Consumption of fruit juice in U.S.a 
	42.8 L/yr  

	Concentration of ethanol in orange juice (Davis, 1971)
	3 gr/L

	Ethanol consumption from fruit juice                              (42.8 * 3/365=0.35 g/day)
	0.35 g/day


a http://www.nationmaster.com/graph/foo_fru_jui_con-food-fruit-juice-consumption 
Assuming linear extrapolation of the dose response relationship, the dose of alcohol associated with a 1e-5 extra lifetime risk of developing liver cirrhosis is 0.11 g/day.  If this holds true, then this would “predict” approximately 3e-5 “risk” of developing alcoholic liver cirrhosis simply from consumption of fruit juices (0.35/0.11 grams/day).  For alcohol-induced mortality from hepatic cirrhosis, the linear extrapolation method would “predict” a 20e-5 “risk” of mortality from cirrhosis solely from consumption of fruit juices (0.35/0.018 grams/day).  

In contrast, the Human Toxicity Reference Values of 2.6 g/day for mortality and 5.5 g/day for morbidity would predict no individual or population risk for developing ethanol-induced cirrhosis or ethanol-induced mortality from consumption of ethanol as a natural constituent of fruit juices.  In fact, to exceed the Human Toxicity Reference Values of 2.6 g/day or 5.5 g/day would require an individual to consume – day in and day out, each day for a lifetime - approximately 7- to 15-times the average daily juice consumption rate for the U.S. population.   The probit predictions for mortality risk from an intake of 0.35 g/day are 1e-3 (males) and 6e-3 (females). For morbidity, the probit model would predict that the daily average consumption of ethanol in fruit juices would correspond to a population risk of 4e-6.
5. CONCLUSIONS
This case study was undertaken to further the discussion in the toxicology and risk assessment scientific community on the universality, or lack thereof, of assuming a low-dose linear extrapolation model for risk assessment of chemical exposures at environmentally relevant concentrations. Ethanol may be one of the few chemicals for which enough human data exists (or personal experience exist) to investigate the validity of assuming a linear, low-dose response.   For almost every other chemical, the data does not exist to scientifically ‘prove’ or ‘disprove’ a threshold and no personal experience exists to anchor our reasoning or common sense judgments.  However, there is nothing unique or special about ethanol to suggest it is different from every other chemical compound.  Thus, proving and arguing for either a linear or non-linear dose-response relationship for other chemicals will be based on ancillary evidence, primarily on our understanding of the underlying biological processes involved including the relationship between dose and effects and dose and time dependent transitions from the normal state to an adaptive state and from an adaptive state to the disease state.  In this regard, ethanol may be a good prototype for illustrating biological bases for justification of a dose response extrapolation method for evaluating human exposures to low, environmentally relevant levels of exposures.  

There have been numerous reports in the literature arguing that the development of liver cirrhosis associated with consuming alcohol exhibits a threshold at low doses, typically around 1 drink per day (e.g., 10-12 g Ethanol/day) (Rehm et al., 2010).  For other endpoints associated with excess alcohol exposures (most notably ischemic heart disease) there are indications for a J shaped curve (i.e., health protective at low doses) (Corrao et al., 2004).  The exact estimates of potential thresholds for alcohol consumption are complicated by the dose metrics most often used; number of drinks per day, with categories ranging from <1 drink/month, <1 drink/day, 1-2 drinks/day, etc.).  Recall bias in these types of studies is always another complicating factor.  Despite this, it is only for a compound like ethanol, where numerous studies have been conducted, that discussions about thresholds in humans and comparison to theoretically derived risk estimates from non-threshold models can even be attempted.  

The quantitative analyses presented in this case study raise several questions of the biological plausibility of these risk predictions:

· Given what is known about the incidence of liver cirrhosis and the biological pathways of ethanol induced hepatotoxicity, is it biologically plausible that ingestion of low levels of ethanol  truly cause such risks in humans as predicted by the low-dose arithmetic linear model?   Or is the threshold individual/threshold population model more scientifically plausible? 
· Does the population probit or log-probit model provide a scientifically supportable approach for quantifying potential population risks below the point of departure?  
· Is it biologically plausible that the average level of consumption of fruit juice – with its natural level of ethanol – could be responsible for hepatic cirrhosis-induced morbidity of 3 in 100,000 and mortality of 20 in 100,000 in the U.S. population?  
· Or, is it more plausible that there is a threshold dose of ethanol– at both the level of an individual and the population – such that there is essentially no risk whatsoever of development of alcohol-induced cirrhosis – no risk of cirrhosis (morbidity or mortality) – from ingestion of low, environmentally relevant levels?  
· In what way do these results provide support for adopting the NRC Science and Decision panel’s recommendation to employ low-dose arithmetic linear dose response for non-cancer risk assessments of chemical exposures at environmentally relevant concentrations? 
For an individual?  For the populations?
· In what way do these results provide support for the threshold-adjustment factor method for determining risks for an individual? For the population? 
In our opinion, the assumption of low dose arithmetic linear extrapolation for estimating risks of cirrhosis from ethanol ingestion results in estimates of risk that are at odds with epidemiology literature and in contrast to medical opinion.  This procedure is at odds with the concept of threshold and falls short of achieving a scientifically reasonable replacement of the threshold-adjustment factor method.    While the probit model of BMDS appears to provide a means to readily estimate risk below a Human Toxicity Reference Value (e.g., a RfD), the widely disparate calculations of mortality risks indicates further investigation of probit methods is warranted prior to adoption as a preferred method. 
Based on this analysis as well as consideration of the theoretical basis of thresholds in biological responses (Rhomberg et al., 2011), we conclude that a threshold dose of ethanol exists, below which there is essentially no individual or population risk for development of hepatic cirrhosis.  Ingestion of low, environmentally relevant levels of ethanol is safe. The threshold dose of ethanol, at or below which there would be no risks of adverse hepatic effects, is not known with certainty, but an educated guess would suggest that this threshold is no less than 30 to 150 mg/kg-day (approximately 2,000 mg/day to 10,000 mg/day for a 70 kg individual). This takes into consideration 1) endogenously produced ethanol (perhaps as high as 2000-2500 mg/day), 2) intake of ethanol as a constituent of the normal diet, and 3) the derived population reference values (Table 3 Threshold model: 5500 mg/day for morbidity and/ 2600 mg/day for mortality).
 
Because ethanol can be viewed as a prototypical systemic toxicant  - a small organic molecule that is rapidly absorbed, metabolized to an active intermediate in the liver, that at repeated exposures to high enough doses over time causes non-cancer, target-organ adverse health effects - this case study implies that the threshold-adjustment factor model is likely more universally applicable than an arithmetic linear extrapolation model for risk assessment of hepatotoxic effects of chemical exposures at environmentally relevant concentrations. 
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APPENDIX: KEY EVENTS DOSE RESPONSE ANALYSIS

A.1 Mode of Action of Ethanol-Induced Liver Damage
Following ingestion, ethanol is rapidly absorbed and distributed in body water. Almost 90% of an ingested dose is metabolized by liver hepatocytes; the remaining is excreted unchanged by the kidney or in expired air. In vivo, the two main pathways of ethanol metabolism in the hepatocyte are (1) the alcohol dehydrogenase (ADH) pathway (cytosolic) and (2) the microsomal ethanol oxidizing system located in the endoplasmic

reticulum.  Ethanol is oxidized initially to acetaldehyde, which is subsequently enzymatically converted by aldehyde dehydrogenase to acetate. .  The blood alcohol elimination time course generally follows zero order kinetics; an average value of 100 – 150 mg/kg/hr has been reported (King et al., 2002; Dancygier 2010). For a 70 kg individual, this corresponds to a daily elimination of 200 to 240 g of ethanol.   Genetic variations and polymorphisms of ethanol metabolism have been described (King et al, 2002; NIAAD, 2003; Liebermann and Marks, 2009). Levels of acetaldehyde are dependent on genetic factors, and genes associated with increased levels of acetaldehyde, causing facial flushing, are more common in Asian populations. After repeated high doses of ethanol there can be an alteration in cellular biochemistry and metabolic disturbances, such as hyperlactacidemia, acidosis, hyperglycemia, hyperuricemia and fatty liver. A microsomal ethanol oxidizing system is also involved -- the ethanol-inducible CYP2E1. There can be a 10-fold induction in CYP2E1 arising from chronic ethanol ingestion (Lieber, 1997) which leads to increased acetaldehyde generation and production of oxygen radicals that cause lipid peroxidation and cell damage. ADH, acetaldehyde dehydrogenase and CYP2EI exits as a family of isozymes.  The ADH1 dehydrogenases are present in high quantities in hepatocytes and have high affinity for ethanol (Liebermann and Marks, 2009). Figure A1 depicts the metabolism of ethanol. Continued excessive ethanol exposure can lead to a cycle of repeated liver injury, cell death, inflammation, regenerative hyperplasia that leads to fibrosis. The hepatic sinusoids narrow, limiting blood flow that contributes to portal hypertension. Extensive fibrosis is associated with an attempt at regeneration, resulting in liver nodules. The process culminates in cirrhosis.
There have been numerous reports in the literature discussing the threshold of ethanol ingestion with respect to development of liver cirrhosis. In adults, it has been reported that for men, consumption of 5 to 6 standard drinks per day (50 to 60 g/day; approximately 750 mg/kg-day) for a period of 20 years “constitutes a threshold dose of alcohol that will result in symptomatic liver disease” (Blocker et al.,2003).  Rehm et al., 2010, suggested that the threshold dose and duration is on the order of 1 drink per day (10,000 mg/day or approximately 150 mg/kg-day for an average male adult).
  
Figure A1. Ethanol metabolism (source: NIAAA
)
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Pathological manifestations of excessive prolonged ethanol exposure include fatty liver, alcoholic hepatitis and cirrhosis.  The pathogenesis of cirrhosis is depicted in Figure A2. Fatty liver is the initial effect. Fat droplets of triglycerides accumulate in hepatocytes, often displacing the hepatocyte nucleus. Fatty liver has been shown to be reversible, although in many cases marked enlargement of the liver is seen.  In alcoholic hepatitis, pathological effects include various degrees of fatty liver, diffuse liver inflammation and liver necrosis. Marked narrowing of the sinusoids and terminal hepatic venules occurs. Cirrhosis is the terminal manifestation of prolonged repeated ethanol-induced toxicity to hepatocytes and other liver cells.  Alcoholic cirrhosis usually takes at least 10 years or more of excessive alcohol consumption to develop.  In cirrhosis, the normal liver architecture is destroyed.  The cirrhotic liver is characterized by broad bands of fibrous tissue separating regenerative nodules of hepatocytes.
Figure A2.  The current view of the pathogenesis of alcohol-induced liver damage leading to cirrhosis. (From: Management strategies in alcoholic liver disease.  Herbert Tilg and Christopher P Day.  Nature Clinical Practice Gastroenterology & Hepatology (2007) 4, 24-34 doi:10.1038/ncpgasthep0683)
[image: image6.png]| Chronic ethanol |

- consumption
CYP2E1 lADH
Acetaldehyde
Hydroxyethy" \
Metabolic  Oxidative stress  Hepatocyte injury | .
— . oalll ——* £ Liver fibrosis
stress ' (H,0,, "OH, 02°~)  (lipid peroxidation) | |- i |
l tExtracellular
Fatty liver matrix (collagen)
HSC
Liver sinusoidal
endothelial cells
CD14 IL-1q, IL-1p. TGF-p1
(o] -6 .l
o ©O \‘ Inflammatory
\utegeriveg O/ NADPH™—= H,0, —= Angiotensin Il _cell recruitment
© endotoxin oxidase (T cells, neutrophils)
 Chronic ethanol

| consumption





A2. Key Events Dose Response Analysis 

Given our understanding of the mode of action of ethanol-induced liver injury, we attempted to describe this pathogenesis within a Key Events Dose-Response Analytic framework. The postulated Key Events are illustrated in Figure A3. 
Figure A3. 
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From a biological perspective, it is important to ask what is the evidence for – and against -- thresholds in one or more of the steps in the biological processes involved.  Does the cytotoxicity have to be of a certain magnitude and be sustained for a certain period of time before compensatory hepatic proliferation is stimulated?  With lower doses and durations of exposures, do adaptive and repair processes allow for recovery without any biologically significant increases in cell proliferation? 
To perform the Key Events Dose Response Analysis, we performed a brief search of the scientific literature for dose-response data for each of the postulated key events.  The objective was to define the dose-response curves, both in the range of observation and inference, for the rate limiting key events. Since our dose-response analysis is based on human data, we focused our search on human data for each of the postulated key events. Results are summarized in Table A1.  For early events, data on exposures and pathological responses were available. However, for later events, although the literature search was not comprehensive, we felt it was adequate to conclude that there is insufficient data on dose response in humans to complete the Key Events Dose Response Analysis. But there was sufficient dose response human data for relating ethanol consumption to cirrhosis and mortality.
Table A1. Summary of dose-response data for key events in the pathogenesis of cirrhosis in humans.
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With respect to early responses, the constitutive levels of ethanol metabolizing enzymes can clear 100 mg/kg/hr (2400 mg/kg-day), therefore one would expect rapid and complete metabolism in the liver by the high affinity ADH1 enzyme following the ingestion of 0.35 grams of ethanol per day by a 70 kg adult (5 mg/kg–day) from consumption of fruit juice.  Similarly, this constitutive level of enzymatic activity would be expected to metabolize endogenously produced ethanol, which has been reported to be produced at a level perhaps as high as 2000-2500 mg/day in an adult (approximately 30/mg-kg-day).   Fatty liver, the earliest pathological lesion in the liver, results from accumulation of triglycerides within hepatocytes (hepatic steatosis) and is dose dependent (and duration/frequency dependent).  Ethanol-induced mild- moderate fatty liver is reversible upon cessation of ethanol exposure (Worman, 2006). Given a threshold and readily reversible early response,
Although human dose response data are lacking for intermediate steps in the progression of ethanol-induced chronic fatty liver to cirrhosis, the description by Baker et al, (2010) provides insight into the pathogenesis, from which one can infer stages that may be dose (duration/frequency) dependent: 
“Hepatic steatosis in its bland form is an excessive accumulation of TG [triglycerides] in hepatocytes and, as discussed above, is influenced by lipogenesis and fatty acid oxidation. On the other hand, the death of liver cells and regeneration of surviving hepatocytes, development of steatohepatitis, activation of stellate cells, and progressive and incessant deposition of hepatic fibrosis leading to cirrhosis are all attributed to the "second hit," or multiple hits. This complex progression of simple steatosis to FLD is related to metabolic abnormalities associated with massive steatosis, insulin resistance, and reductions in fatty acid oxidation (1, 4, 8, 10). Steatohepatitis is attributed to TNF-α, free fatty acid toxicity, toxicity caused by dicarboxylic acids, a decrease in mitochondrial and peroxisomal -oxidation, the generation of reactive oxygen species, lipid peroxidation, and many more events that lead to liver cell apoptosis and inflammation (7). Hepatocyte death promotes the accelerated proliferation of surviving hepatocytes (9, 12, 23). The inflammatory reaction and reactive oxygen species are known to activate hepatic stellate cells for the progressive deposition of collagen.”
With respect to late events, there have been numerous reports in the literature discussing the threshold of ethanol ingestion with respect to development of liver cirrhosis. In adults, it has been reported that for men, consumption of 5 to 6 standard drinks per day (50 to 60 g/day; approximately 750 mg/kg-day) for a period of 20 years “constitutes a threshold dose of alcohol that will result in symptomatic liver disease” (Blocker et al., 2003).  Rehm et al., 2010, suggested that the threshold dose and duration is on the order of 1 drink per day (10,000 mg/day or approximately150 mg/kg-day for an average male adult).  See also Table A2 below.
Thus, there is likely a threshold dose of ethanol that can be readily metabolized daily such that doses below this threshold would be expected to pose no risks whatsoever of adverse hepatic effects.   While the exact value of the threshold level is not known with 100% certainty, an educated guess would be no less than 30 to 150 mg/kg-day (approximately 2,000 mg/day to 10,000 mg/day for a 70 kg individual). This takes into consideration 1) endogenously produced ethanol (perhaps as high as 2000-2500 mg/day), 2) intake of ethanol as a constituent of the normal diet, and 3) the derived population reference values (Table 3 Threshold model: 5500 mg/day for morbidity and/ 2600 mg/day for mortality).
Table A2. Additional studies pertaining to dose and duration of exposure and induction of cirrhosis. (Copied verbatim from http://www.gastro.net.au/diets/alcohol.html)

	· A study which determined the risk level for developing cirrhosis in Australian men who drank alcohol found the risk increased significantly when alcohol intake exceeded 40 grams per day. The risk for women was determined to occur at a similar intake level. 40 gms/day (4 standard drinks) was concluded to be the safe maximum level for both men and women. [Batey R et al Med J Aust (1992) 156 (6)].

	· 1% of deaths for 1986 were examined in the U.S. Quantity and frequency of alcohol consumption was obtained from each descendant's next of kin. The percentage of deceased with cirrhosis increased sharply with increasing number of drinks per day. An intake of three alcoholic drinks per day was associated with a significantly higher percentage of cirrhosis deaths compared with lifetime abstainers. [Parrish K et al, J Stud Alcohol (1993) 54(4)].

	· 156 papers were reviewed assessing the relation of individual alcohol consumption to risk of physical damage. Evidence was found for a dose-response relationship between alcohol consumption and risk of liver damage. At levels of more than 20-30 grams alcohol/day, all individuals are likely to accumulate risk of harm. [P.Anderson et al. Addiction (1993) 88(11)].

	· In another Danish study, self-assessed alcohol intake was determined in a prospective cohort study of 13,285 men and women (aged 30-79 years). The diagnosis of alcohol-induced liver disease was observed. An estimated relative risk of developing liver disease was determined at an intake of 1 - 6 alcoholic beverages per week, with a steep increase in risk above this intake. Women were found to have a significantly higher relative risk of developing alcohol-related liver disease than men. At 7-13 alcoholic beverages per week for women, and 14-27 for men, the relative risk of developing liver disease was greater than one. [U.Becker et al. Hepatology (1996) 23(5)].

	· An Italian cohort study looked at the prevalence of chronic liver disease. 6534 subjects aged 12-65 were fully examined, and their alcohol intake evaluated with a dietary questionnaire. The risk threshold for developing liver damage was found at ingestion of more than 30gms alcohol/day (both sexes). 21% of the study group were at risk, and 5.5% of this risk group (74 individuals) showed signs of liver damage. Alcoholic cirrhosis was diagnosed in 2.2% of the risk group (ratio men:women, 9:1) and non-cirrhotic liver disease in 3.3%. The authors concluded that in an open population the risk threshold for developing cirrhosis and non-cirrhotic liver damage is 30gms ethanol per day. This risk increases with increased daily intake. [S.Bellentani et al. Gut (1997) 41(6)].


A3. Conclusions
Although the pathogenesis of ethanol-induced cirrhosis is well characterized in humans, for many of the intermediate to late stage effects, information on dose response is not readily available.  Fatty liver, which occurs rapidly after acute ethanol consumption, is generally reversible if ethanol consumption ceases.  Furthermore, such ethanol-induced fatty liver “is not believed to predispose to any chronic form of liver disease if abstinence or moderation is maintained.”
 Therefore, it seems reasonable to conclude that the dose response relationships of early events exhibit a threshold.  In contrast, once cirrhotic, it was generally held that, although cessation of ethanol consumption prevents further damage, liver fibrosis was not reversible. However, recent research suggests that liver fibrosis may be reversible at an early stage of pathogenesis.
 Overall, given the sequence of biological responses and the available information on dose response, the Key Events Dose Response analysis supports a threshold dose response model at the level of the individual. While the exact value of the threshold level is not known with 100% certainty, an educated guess would be no less than 30 to 150 mg/kg-day.
� EPA defines the Reference Dose (RfD) as an estimate (with uncertainty spanning perhaps an order of magnitude) of a daily oral exposure to the human population (including sensitive subgroups) that is likely to be without an appreciable risk of deleterious effects during a lifetime. It can be derived from a NOAEL, LOAEL, or benchmark dose, with uncertainty factors generally applied to reflect limitations of the data used. Generally used in EPA's noncancer health assessments.  � HYPERLINK "http://www.epa.gov/iris/help_gloss.htm" \l "r" �http://www.epa.gov/iris/help_gloss.htm#r� 


�   the curves generated by the probit & log-probit models in BMDS are linear in probit space


� ibid


� � HYPERLINK "http://www.emedicinehealth.com/alcohol_intoxication/article_em.htm" �http://www.emedicinehealth.com/alcohol_intoxication/article_em.htm�and http://www.cdc.gov/alcohol/faqs.htm


� (Since all of the dose response models were derived from human data, if the datasets are taken to be representative of the entire population, one could conclude that the responses actually reflect development of disease by sensitive individuals (by definition) and not simply the “average person.”  Thus the low dose extrapolation estimates derived using the linear arithmetic and probit models would include all individuals in the population, including the most sensitive.  Similarly, for the threshold-adjustment factor model, one could make a case that an adjustment factor of 1 would be justified; however, in this analysis, we elected not to conduct the level of review that would be needed to establish this.)


� This assumes Haber’s rule applies; which does not obviously apply to the endpoint of neurological effects associated with acute alcohol consumption


�   The lower value corresponds to the approximate daily dose due to endogenous ethanol, and the upper value corresponds to the approximate aggregate daily dose of endogenous ethanol, exogenous ethanol from foods, fruits, juices etc. and the human population reference value for ethanol ingestion.


� For women, comparable risks for developing symptomatic liver disease may occur at doses of over 20 years duration at two to three standard drinks per day (approximately 20 – 40 grams ethanol/day) (Blocker, et al., 2003). 


�aspxhttp://www.niaaa.nih.gov/Resources/GraphicsGallery/Liver/Pages/metabolismp286.aspx


� http://www.clevelandclinicmeded.com/medicalpubs/diseasemanagement/hepatology/alcoholic-liver-disease/


� (http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1727904/pdf/v046p00443.pdf).
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