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Abstract

Health problems related to lifestyle and behaviour are increasingly common in modern societies.
However, while factors such as alcohol abuse and excess body weight endanger well-being,
other dietary habits could have positive health effects. Recent studies have indicated that the
common liver enzymes, gamma-glutamyltransferase (GGT) and alanine aminotransferase
(ALT), can be used as disease biomarkers which not only reflect liver function but are also
associated with various extrahepatic conditions. It has therefore been suggested that these liver

enzymes may be useful for assessing overall health status.

In order to cast further light on the association between lifestyle factors and liver enzyme
levels and on the concepts of normality and abnormality in liver enzyme levels, the associations
between alcohol consumption, body mass index (BMI), coffee drinking, GGT and ALT were
assessed in a large population recruited for The National FINRISK Studies. The material had
been collected from six geographical areas in Finland in the years 1997, 2002 and 2007 and
comprised an age and gender-stratified random sample of 18,899 apparently healthy individuals
in the age range 25-74 years, with a mean age of 48 years and a gender distribution of 47% men
and 53% women. Alcohol consumption, coffee drinking and smoking habits were analysed
using detailed questionnaires. In this population, 7% were abstainers, 3% were former drinkers
of alcohol, 86% were moderate drinkers, and 4% were heavy drinkers, whereas 90% were
regular coffee drinkers. 48% of the men and 32% of the women were overweight (BMI > 25 and
< 30 kg/m?), and obesity (BMI > 30 kg/m?) was found in 15% of both the men and women. The
individual and joint effects of the lifestyle factors studied here on GGT and ALT were assessed
using analyses of variance (ANOVA) and the Bonferroni post hoc test for multiple comparisons
and appropriate covariates to control for the possible effects of confounding factors. The present
data were also used to determine the upper reference limits for GGT and ALT enzymes based on

values recorded for normal-weight non-drinkers.

The data showed distinct age and gender-dependent effects of alcohol consumption and

overweight on both liver enzymes. The impact of alcohol consumption on GGT activity was



found to be markedly more pronounced in individuals over 40 years of age, so that even rather
low levels of regular consumption (14 doses weekly for men below 40 years and 8 doses for
those above 40 years and 7 and 4 doses, respectively, for women) led to increased GGT levels.
Excess body weight was another major determinant of increased liver enzyme levels, and more
strikingly so in women. Coffee consumption modulated the effect of ethanol on serum GGT
activities in a dose and gender-dependent manner, so that a daily consumption of > 5 cups of
coffee, especially in a subpopulation of men consuming > 280 grams alcohol per week, was
associated with a significant reduction in GGT activities as compared with those having a
similar consumption but no coffee intake. Early changes in ALT also varied according to the
amount of alcohol consumed and the presence or absence of overweight, the latter being a
relatively stronger determinant of ALT activities, especially among men below 50 years of age

(adjusted for BMI, smoking and coffee drinking, as appropriate).

The upper reference limits for GGT and ALT calculated from the present population-based
sample for normal-weight non-drinkers were clearly lower than those previously suggested for
the Nordic countries: GGT 52 U/L for men and 42 U/L for women, ALT 47 U/L for men and 37
U/L for women. GGT upper reference limits were also influenced by age, being 48 U/L in men
below age 40 years and 53 U/L in those above 40 years and 34 U/L and 47 U/L, respectively, in

women.

In summary, the present data based on a large, apparently healthy Finnish population-based
sample indicate that serum GGT and ALT activities respond in a sensitive manner to both
alcohol consumption and excess body weight. These data should be considered when assessing
the health risks associated with lifestyle factors and when revisiting the concept of reference
limits in the clinical evaluation of liver enzymes. Regular coffee drinking may be associated

with GGT reduction and hepatoprotective effects in alcohol consumers.
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1. Introduction

Excess alcohol drinking and obesity are ranked among the most serious threats to health in
Western societies. Current statistics indicate that per capita alcohol consumption in Finland has
increased over the past decades and now averages approximately 10 litres of absolute alcohol
per year (Varis and Virtanen 2014). At the same time there have been increases in the
prevalence of diseases which can be specifically attributed to excessive ethanol consumption
(Lieber 1995, Rehm et al. 2003, Qureshi et al. 2010, Bagnardi et al. 2013).

Health problems due to excess caloric intake and obesity have also increased in the manner
of an epidemic. Current national statistics indicate that over half of all men (66%) and
practically a half of all women (46%) are at least overweight (BMI > 25 and < 30 kg/m?), and
about 20% are obese (BMI > 30 kg/m?) (Méannisto et al. 2012). Obesity increases the risk of
many common diseases, including diabetes and non-alcoholic fatty liver disease (NAFLD)
(Dixon 2010, Kotronen et al. 2010, Welsh et al. 2013). The latter is the main cause of chronic
liver disease worldwide (Vernon et al. 2011, Yki-J&rvinen 2014). In Finland approximately 75%
of subjects with elevated serum aminotransferases have NAFLD and 25% alcoholic fatty liver
disease (Kotronen et al. 2010).

Excessive alcohol consumption together with excess body weight may create detrimental
health effects and abnormalities in liver function in a synergistic manner (Ruhl and Everhart
2005c¢, Puukka et al. 2006, Alatalo et al. 2008, Loomba et al. 2009). Interestingly, recent studies
have indicated that other factors related to lifestyle, such as coffee consumption, may modulate
the health risks associated with disturbed liver function. Coffee is consumed in abundance in
Finland, the average consumption (12.5 kg per capita per year) being among the highest in the
world (International Coffee Organization 2012). Coffee drinking has been associated with
various health effects, some beneficial and some harmful in nature. Most lines of studies in the
field of liver diseases have suggested that coffee can be hepatoprotective (reviewed by
Freedman et al. 2012, Chen et al. 2014, Saab et al. 2014), but relatively little information has
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been available so far on the early-phase interactions between alcohol, excess body weight and

coffee consumption in individuals with no apparent liver disease.

The purpose of this work was to investigate the individual and joint effects of alcohol,
overweight and coffee consumption on liver enzymes in a large series of apparently healthy
individuals in Finland. We also wished to define reference limits for the common liver enzymes,
serum gamma-glutamyltransferase (GGT) and alanine aminotransferase (ALT), which is of
crucial importance in order to to pick up subclinical liver diseases in their early phase and for

more successful implementations of treatment programs.
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2. Review of the literature

2.1 The liver and lifestyle

2.1.1 Normal function of the liver and its assessment

The liver is a large abdominal organ with a central role in carbohydrate, protein and fat
metabolism. It is involved in many crucial functions, including waste product metabolism and
detoxification, destruction of old red blood cells, bile synthesis and the formation of plasma
proteins and clotting factors (Giannini et al. 2005). Most food and drug products pass directly
from the gastrointestinal tract to the liver via the portal venous system (Giannini et al. 2005),
allowing the liver to clear potentially toxic substances out of the blood stream and avoid their

circulation to the other organs of the body.

Liver function can be assessed by both non-invasive and invasive methods, employing
imagery, liver biopsies and blood tests. These methods should be used in connection with a
careful examination of the patient, including interviews focused on lifestyle factors.
Ultrasonography and computed tomography (CT), proton magnetic resonance spectroscopy (*H-
MRS) and magnetic resonance imaging (MRI) are useful tools for detecting moderate to severe
fatty changes and liver status in general (Schwenzer et al. 2009). Ultrasonography has been the
recommended first-line imaging modality, providing a qualitative assessment of hepatic fat
content (Ratziu et al. 2010, Chalasani et al. 2012, Anstee et al. 2013), but its sensitivity is
limited (60-90%) when < 33% of the hepatocytes are steatotic (Saadeh et al. 2002, Dasarathy et
al. 2009, Schwenzer et al. 2009). By contrast, the more sensitive CT, H-MRS and MRI
modalities allow more precise quantitative assessments of hepatic triglyceride content (Thomas
et al. 2005, Schwenzer et al. 2009, Bian et al. 2014) and potentially of lipid composition
(Cobbold et al. 2009, Cobbold et al. 2010), but are not widely available in clinical practice.

The "gold standard™ for the diagnosis of fatty liver is the confirmation of steatosis by liver

biopsy and clinical exclusion of other causes, e.g. alcohol, obesity, viral or autoimmune causes
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(Adams et al. 2005, Brunt 2011). Histological examination of a liver biopsy provides
information on the degree of fatty change, cell death, inflammation and fibrosis. On the other
hand, as alcoholic liver disease (ALD) and non-alcoholic liver disease (NALD) are
histologically indistinguishable, histology cannot differentiate between these two conditions.
The cut-off limit for alcohol intake that distinguishes between alcoholic and non-alcoholic fatty
liver disease is also not known, although 20 grams per day for women and 30 grams per day for
men is commonly used (Adams et al. 2005). For more detailed accounts on ALD and NALD see
Sections 2.2.3.2 and 2.4.2.2.

Many causes of liver disease can be excluded by taking a careful patient history, physical
examinations and specific blood tests. It is possible to exclude viral hepatitis,
haemochromatosis, autoimmune hepatitis, chronic cholestatic disease, al-antitrypsin deficiency
and Wilson's disease, for instance, through appropriate serological or genetic testing (Adams et
al. 2005).

Laboratory tests of liver function also include a wide variety of biomarkers that are not
disease-specific but reflect the status and severity of derangement in hepatic function (Giannini
et al. 2005), but it should be emphasized that extrahepatic conditions can also cause abnormal
values in such blood tests. The most commonly used laboratory tests for liver function are

summarized in Sections 2.7.1-2.7.2.

2.1.2  Common lifestyle factors and related current health recommendations

While it is widely acknowledged that a healthy diet and a proper amount of exercise promote
good health and reduce the risk of health problems, it is far from easy to assess the impact of

such recommendations in real life.

An increasing amount of information is currently becoming available on specific food and
dietary patterns which are expected to promote good health (Mente et al. 2009, Brennan et al.
2010, Sofi et al. 2010, Wirfalt et al. 2013), and such information has also served as the basis for
formulating dietary recommendations which are believed to lead to optimal development and
function of the body and to reduce the risk of certain chronic diseases (Nordic Nutrition

Recommendations, Part 1, 2014). These guidelines emphasize the role of particular food
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patterns together with sufficient physical activity. Due to their cultural and culinary traditions,
different countries may have further modified their national guidelines, as exemplified by the
National Nutrition Council in Finland, whose recommendations have been revised
approximately every 10 years — the latest update having been published in 2014 (Valtion
ravitsemusneuvottelukunta 2014).

Typical Westernized dietary patterns are dense in energy and characterized by high intakes of
fat and saturated fatty acids. There are also innumerable products with added refined sugars, fat
and salt, the amounts of which are disproportionate in relation to those of essential vitamins and
minerals. In plant food-dominated dietary patterns the balance between essential minerals and
vitamins, fats and carbohydrates are generally more favourable and a number of bioactive
components such as antioxidants, phenolic compounds, and phytoestrogens are present which
have been associated with protection against many chronic diseases (Nordic Nutrition
Recommendations, Part 5, 2014).

The replacement of any part of one's food intake with alcoholic beverages will impair the
quality of one's diet. The consumption of dairy products, fruits and vegetables appears to
decrease when the intake of alcohol is increased (Nordic Nutrition Recommendations, Part 13,
2014). Alcohol consumption may also result in impaired absorption of nutrients and increased
nutrient loss (Salaspuro 2003). It is therefore also reasonable from a nutritional point of view to
recommend moderation in alcohol intake, and current guidelines suggest that its consumption
should be infrequent, with a maximum intake of one unit (women) or two units (men) per day
(Valtion ravitsemusneuvottelukunta 2014). Nutritional status is always compromised in heavy
drinkers of alcohol (Lieber 1988), and deficiencies in thiamine, pyridoxine, riboflavin, folic
acid, ascorbic acid, vitamins A, D, E and K, selenium, magnesium, zinc, phosphorus and iron

may develop (Salaspuro 2003).

Alcohol consumption in Finland has increased rapidly since the 1970s concomitant with the
increased availability of alcoholic beverages (Figure 1) and the current estimate is
approximately 10 litres of 100% alcohol per capita per year, corresponding to a consumption of
12 standard drinks per week for each Finn (Varis and Virtanen 2014). Since excessive alcohol
consumption is a well-known threat to national health and wellbeing, attempts have also been
made to prevent alcohol-related problems through legislation and taxation. Although alcohol

consumption has shown distinct alterations in response to such policies, these measures have not

17



litres per capita

been sufficient to prevent an overall increase in alcohol consumption and related morbidity
(Figure 1).

The increased prevalence of overweight has also imposed a serious burden on our health care
system during the past decades. Body weight among men in Finland started to increase rapidly
during the 1970s, whereas the clearest increase among women was noted in the 1980s (Figure
1). Although this progressive development in BMI seems to have flattened out during the past
years, about two thirds of all Finnish men and a half of the women are currently at least
overweight (BMI > 25 kg/m?), and about 20% of the population are obese (BMI > 30 kg/m?)
(Mannisto et al. 2012). The prevailing Western lifestyles and dietary overconsumption are likely
explanations for this phenomenon and the consequent increase in obesity-associated morbidity
(Obesity (adults): Current Care Guidelines Abstract 2013, Nordic Nutrition Recommendations,
Part 8, 2014).

Alcohol consumption BMI > 25 kg/m? Coffee consumption
12 70 14
<
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10 /v_/f"\ . < 60 men o 12
° 5 ] Fw
~ 2 50 ° g
’ & 40 ~—1 g
4 5] ]
e =2 > 4
2 g 30 S
S =2
0 —— < 20 r r . . . r 0 —
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Figure 1. Per capita alcohol consumption in litres of 100% alcohol (left), percentages of overweight
individuals (BMI > 25 kg/m? in the 15-64 year age group) (middle), and consumption of unroasted
coffee per capita in kilograms (right) in Finland during the past decades. (Helldan et al. 2013, Kahvi.net
2014, Varis and Virtanen 2014).

Oxidative stress has been suggested to play a role in health problems created by both excess
alcohol consumption (see Section 2.2.3.1) and obesity (Lieber 2004, Wu et al. 2006, Alatalo et
al. 2008, Bondia-Pons et al. 2012). It is defined as a condition where the balance between the
endogenous generation of reactive oxygen (ROS) and nitrogen species (RNS) and the
antioxidant defence system is disrupted (McCord 2000). The free radicals ROS and RNS are
formed continuously in the body, partially through normal cellular oxidative metabolic reactions
(Miller and Britigan 1997, McCord 2000, Tohyama et al. 2004, Naviaux 2012), but they may
also develop in excessive amounts in several disease conditions (Willcox et al. 2004, Roberts
and Sindhu 2009, Chen et al. 2012, Zhao and Zhao 2013). Antioxidants (e.g. glutathione, GSH),
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some vitamins and certain enzymes (e.g. catalase, superoxide dismutase and various

peroxidases) are substances that delay or prevent such processes (Willcox et al. 2004).

In addition to endogenous antioxidant defence systems, diet is an important contributor to the
antioxidant defence status of the individual (Lindsay and Astley 2002, Nordic Nutrition
Recommendations, Part 14, 2014). Foods containing high levels of antioxidants, including
berries, fruits and vegetables, have been recommended as an essential part of the diet (Lindsay
and Astley 2002), and one further major possible dietary source of antioxidants is coffee.
Finland has one of the highest average rates of coffee drinking in the world: 12.5 kg per capita
per year (International Coffee Organization 2012) (Figure 1). Coffee contains no extra calories
and has a high content of bioactive compounds with antioxidative potential, such as chlorogenic
acid, caffeic acid, and hydroxyhydroquinone, which may be related to protection from the
hazardous effects of free radicals (Butt and Sultan 2011). Coffee consumption has therefore
been considered healthy for most individuals, although it is not free from side-effects, such as
anxiety, insomnia and other sleep problems (Nawrot et al. 2003, Freedman et al. 2012, Bhatti et
al. 2013, Torres and Harrison 2013).

2.2 Alcohol consumption and health

2.2.1 General aspects

Excessive alcohol drinking is a global problem which compromises both individual and social
well-being. Almost all tissues in the body are affected, and consequently it has been shown to be
closely related to more than 60 distinct medical conditions (Rehm et al. 2003), including a wide
array of both physiological and mental problems (Lieber 1995). The impact of ethanol intake on
diseases and various types of tissue injury is dependent on two separate but related dimensions
of drinking, namely the amount of alcohol consumed and the pattern of drinking. A chronic
heavy drinking pattern generates different types of health effects from those created by acute
(binge) drinking, while moderate drinking has even been thought to have some beneficial effects
on cardiovascular health (Bagnardi et al. 2004, Corrao et al. 2004, Krenz and Korthuis 2012,
Walker et al. 2013).
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Ethanol is a simple water-soluble molecule. Upon ingestion, it is absorbed rapidly throughout
the gastrointestinal tract, mainly in the small intestine (Lieber 1998). It is freely distributed in
the body, especially to organs with a rich blood supply such as the brain and lungs. Exposure to
alcohol is greatest in the liver, since blood is received directly from the stomach and small
bowel via the hepatic portal vein (Foster and Marriot 2006). As ethanol is mostly metabolized in
the liver, this organ is a major target for ethanol toxicity (Lieber 1995). Alcoholic liver disease
is currently a highly prevalent group of hepatic diseases in Finland, causing about 1,000 deaths
per year (see Section 2.2.3.2) (Jokelainen 2013, Karlsson et al. 2013). In addition, there are
numerous health problems related to chronic alcohol effects on extrahepatic tissues (Section
2.2.3.3). A significant proportion of the alcohol-related disease burden is also due to acute
alcohol intake, including unintentional and intentional injuries, road traffic accidents, violence
and suicides (Rehm et al. 2003, Corrao et al. 2004). Alcohol consumption has been estimated to
be responsible for 3.8% of global mortality and 4.6% of disability-adjusted life-years lost due to
premature death (Rehm et al. 2009, World Health Organization 2011b).

Some studies have suggested that moderate ethanol ingestion could have beneficial health
effects. Moderate drinkers of alcohol have been shown to have a reduced risk of cardiovascular
mortality relative to teetotallers (Bagnardi et al. 2004, Costanzo et al. 2010). Thus a J-shaped
dose-response curve has been proposed for the relationship between alcohol and total mortality,
i.e. the risk relative to abstainers declines at a low level of alcohol consumption while excess
consumption is associated with markedly increased risk levels. A possible protective effect of
alcohol is seen at levels of around 1 to 2 drinks per day (Di Castelnuovo et al. 2006, Jayasekara
et al. 2014). A recent meta-analysis gave a 10% lower mortality risk for an intake of up to 29
grams per day compared with abstention (Jayasekara et al. 2014). It has also been postulated that
moderate consumption may reduce the risk of gallstones, coronary artery disease and type 2
diabetes (Goldberg et al. 1999, Klatsky 2007). It should be noted, however, that these positive
effects could readily be achieved by other means such as regular exercise and a proper diet
without the health risks related to alcohol consumption or the potential for developing serious

dependence, which may take place at any level of consumption.
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2.2.2 Main features of alcohol metabolism

In contrast to other energy-yielding macronutrients, the body has no capacity to store ethanol,
and its metabolism starts immediately after absorption (Foster and Marriott 2006). Small
amounts (2-10%) are eliminated unchanged, however, and these can be utilized for assessing
alcohol consumption based on urine or breath samples (Lieber 1998). The rest of the ethanol
ingested is detoxified and eliminated primarily in the liver, via a series of oxidative metabolic
reactions (Lieber 1998, Setshedi et al. 2010). The main steps in this process are

1) reversible oxidation of ethanol to acetaldehyde, which is a highly reactive and toxic

metabolite,
2) non-reversible metabolism of acetaldehyde to acetate, and

3) breakdown of acetate to water and carbon dioxide.

In the first step the alcohol is oxidized to acetaldehyde through three main enzyme pathways,
alcohol dehydrogenase (ADH) in the cytosol, cytochrome P450 (CYP450) enzymes in the
endoplasmic reticulum, and catalase in the peroxisomes (Figure 2) (Foster and Marriott 2006).
ADH, which consists of a family of isoforms, is the main ethanol-oxidizing enzyme and has a
high affinity for ethanol (Holmes 1994, Freeman et al. 2005). In addition to hepatic ADH,
gastric first-pass metabolism takes place via a gastric ADH isoenzyme in the stomach (Lieber
1998). Alcohol oxidation is generally limited by the maximum capacity of ADH (Cederbaum
2012). The family of cytochrome P450 enzymes consist of heme enzymes with multiple
functions including the metabolism of xenobiotics, drugs, toxins, carcinogens and endogenous
substrates such as fatty acids and steroids (Leung and Nieto 2013). The highest levels occur in
the liver, mainly in the endoplasmic reticulum, while low levels are also found in mitochondria.
As a result of adaptation to chronic ethanol intake, the minor microsomal ethanol-oxidizing
system (MEQOS) pathway involving hepatic CYP450 enzymes (mainly CYP2EL) is induced
(Ohnishi and Lieber 1977, Lieber 1997), and this accelerates alcohol oxidation in heavy
drinkers. Minor amounts of alcohol may also be oxidized via the catalase pathway. Human
catalase is a peroxisomal heme-containing enzyme that requires hydrogen peroxide for the
oxidation reaction (Keilin and Hartree 1945, Lieber 1998).
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Figure 2. Main characteristics of ethanol metabolism (modified from Foster and Marriott 2006,
Cederbaum 2012). MEOS, minor microsomal ethanol-oxidizing system; TCA cycle, tricarboxylic
acid cycle

In the second step of ethanol metabolism, acetaldehyde is rapidly oxidized further to acetate by
aldehyde dehydrogenase (ALDH), which has both cytosolic and mitochondrial isoforms
(Cederbaum 2012). In the third step, this acetate is released from the liver into the circulation
and converted to non-toxic acetyl co-enzyme A (acetyl CoA) by the acetyl-CoA synthetase
enzyme in other tissues (Foster and Marriot 2006). Acetyl CoA is also the key metabolite
produced from all major nutrients such as carbohydrates, fat and proteins. It is further oxidized
to CO, and water, fatty acids, ketone bodies and cholesterol in peripheral tissues via the
tricarboxylic acid (TCA) cycle, depending on the energy state and nutritional and hormonal
conditions (Foster and Marriott 2006, Cederbaum 2012).

2.2.3 Specific alcohol-related health effects

2.2.3.1  Pathophysiological features of excessive alcohol consumption

When the above-mentioned oxidative mechanisms in alcohol metabolism become overloaded,
acetaldehyde, a highly toxic metabolite can accumulate and exert toxic effects on cells and
tissues (Eriksson 2001, Setshedi et al. 2010). The electrophilic nature of acetaldehyde (Freeman
et al. 2005) enables it to bind and form adducts, covalent chemical addition products, with

proteins, lipids, and DNA (Setshedi et al. 2010), which in turn can play an important pathogenic
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role in the tissue toxicity that arises from alcohol abuse (Jokelainen et al. 2000, Niemeld 2001,
Seitz and Stickel 2007, Thiele et al. 2008).

All the pathways of ethanol metabolism contribute to the induction of oxidative stress and a
build-up of ROS, which is a major contributor to alcohol-induced tissue injury (Lieber 1997,
Wou et al. 2006, Albano 2008, Zhou et al. 2013). Ethanol metabolism has been shown to promote
glutathione depletion, lipid peroxidation and mitochondrial damage in tissues (Setshedi et al.
2010). One central pathway of the oxidative stress process seems to be the induction of CYP2E1
in the MEOS pathway (Lieber 1997, Lucas et al. 2005, Wu et al. 2006), which metabolizes and
activates many toxicological substrates (including ethanol) to more reactive products, and it is
induced under a variety of physiological and pathophysiological conditions (Ohnishi and Lieber
1977, Lieber 1998). CYP2E1 generates ROS, e.g. the superoxide anion radical and hydrogen
peroxide, and, in the presence of iron catalysts, also hydroxyl radicals (Zakhari 2013), which
may cause damage to cells, including structural changes in DNA, activation or inhibition of
genes related to growth and cell death, increased cell motility, vasodilation and angiogenesis (Lu
and Cederbaum 2008, Walker et al. 2013).

One interesting recent finding to emerge from experimental studies is related to the
degradative autophagy pathway (promoting lipid droplet degradation in liver hepatocytes,
lipophagy) and CYP2E1 action (as reviewed by Wu et al. 2012). The regulation and function of
autophagy pathway and lipid metabolism are reciprocally related in the sense that inhibition of
autophagy causes lipid accumulation, which inhibits autophagy (Amir and Czaja 2011, Dong
and Czaja 2011). Autophagy is also involved in the regulation of alcoholic liver injury since
acute ethanol consumption increases autophagy, probably as a means of protection against
ethanol toxicity, whereas inhibition of autophagy increases ethanol toxicity and steatosis (Ding
et al. 2010). This led Wu et al. (2012) to postulate that CYP2E1-derived ROS inhibit autophagy,
which leads to accumulation of lipid droplets and promotes ethanol-induced hepatotoxicity,

steatosis and oxidative stress via CYP2EL.

Activation of Kupffer cells (specialized macrophages located in the liver) and release of pro-
inflammatory cytokines appear to play an important role in the progression of ALD and related
fibrogenesis. TNF-a is an inflammatory cytokine the role of which in the progression of ALD is
well established (Kitazawa et al. 2003). A significant overall association of the TNF-« variant

238A (rs361525 G>A) with alcoholic cirrhosis has been confirmed by meta-analysis (Marcos et
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al. 2009). The exact mechanism by which TNF-a increases alcohol toxicity has not been firmly
established, however. CD14 is a protein responsible for binding lipopolysaccharides (LPS),
endotoxins present in the acute-phase immune system. Some studies have suggested that
polymorphisms in the promoter of the CD14 gene may increase susceptibility to advanced ALD
(Jarvel&inen et al. 2001, Campos et al. 2005).

2.2.3.2  Alcoholic liver disease (ALD)

The liver is the main target for ethanol toxicity due to its primary role in ethanol metabolism.
Alcoholic liver disease (ALD) is a condition which commonly results from chronic excessive
ethanol intake (European Association for the Study of the Liver 2012). Morphologically, it
consists of a wide spectrum of abnormalities, ranging from fatty liver (steatosis) to more severe
manifestations, including alcoholic hepatitis, fibrosis and cirrhosis (Diehl 1998). These injuries
usually develop sequentially, but may also exist in combinations (Diehl 1998, Day 2006). The
clinical symptoms of ALD vary from asymptomatic hepatic steatosis to malaise, anorexia,
weight loss, abdominal discomfort, tender hepatomegaly and jaundice, which are characteristic

of more advanced forms of the disease (Rehm et al. 2013).

Immediately after alcohol intake, ethanol becomes the main substrate for oxidation in the
liver (Foster and Marriot 2006). Oxidation of fatty acids is inhibited, which leads to triglyceride
accumulation in the liver (Day 2006). The initial and most common response to this process is
alcoholic fatty liver, which is characterized by the accumulation of triglycerides in the
hepatocytes. This develops in most heavy drinkers, in fact in more than 90% (Gao and Bataller
2011), and in most cases causes no clinical symptoms except for an enlarged liver
(hepatomegaly). Steatosis may appear even after a few days of excessive alcohol consumption,
and is usually reversible upon abstinence for about 4-6 weeks (Lieber 1995, Diehl 1998, O'Shea
et al. 2010).

In some cases alcohol consumption accompanied by hepatic lipid deposition may cause a
serious inflammatory response known as alcoholic hepatitis or steatohepatitis. Although these
conditions do not normally cause irreversible hepatocellular changes, they may lead to fibrosis
and sclerotic changes in the liver. This results in liver cirrhosis due to the replacement of

hepatocytes with connective tissue and subsequent liver failure (Gao and Bataller 2011, Rehm et
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al. 2013). Liver cirrhosis typically requires over 10 years of heavy ethanol intake to develop in
men, whereas in women it may take only two years to develop (Jokelainen 2013). Interestingly,

only about 30% of heavy drinkers develop more severe forms of ALD (Gao and Bataller 2011).

The diagnosis of ALD is based on typical clinical and laboratory findings and confirmation
of alcohol as the primary aetiological factor (European Association for the Study of the Liver
2012). ALD can usually be differentiated from non-alcoholic liver disease through
documentation of a history of regular excess alcohol consumption of 20 grams of pure ethanol
per day for women and 30 grams of pure ethanol per day for men (Adams et al. 2005, Rehm et
al. 2013). However, as the risk for liver disease appears to increase exponentially with the
amount of alcohol consumed, ALD is typically associated with higher levels of consumption
than those quoted above (Dawson et al. 2008, Rehm et al. 2010). Laboratory tests can be useful
for assessing the severity of ALD and the specific role of ethanol in the etiology of liver
problems (Section 2.3.3). Imaging techniques such as ultrasound and magnetic resonance (MR)
spectroscopy may help in determining the presence of fibrosis. The golden standard for
determining the stage of alcoholic liver disease is a liver biopsy (Schwenzer et al. 2009).
However, as yet there are no good tools which enable prediction of those at risk for advanced
fibrosis and cirrhosis.

A number of risk factors for susceptibility to ALD have been identified to date (see recent
reviews by Tsukamoto et al. 2009, O'Shea et al. 2010, Gao and Bataller 2011):

1) Female sex is a well-documented risk factor, for a variety of reasons. The smaller body size
of women and the higher proportion of body fat will cause higher blood ethanol
concentrations than in men after the same ethanol intake. Also, due to the lower levels of
gastric ADH, the rate of first-pass metabolism is lower and higher levels of ethanol may
enter the circulation (Schenker 1997). It has also been suggested that estrogen may also
increase both CD14 and LPS binding protein in the liver, which would lead to sensitization
of the liver to endotoxin and thereby augment the ethanol-induced liver injury (Sato et al.
2001).

2) Obesity accelerates liver fibrosis and its progression towards cirrhosis (Naveau et al. 1997,
Raynard et al. 2002, Zakhari 2013). Experimental studies also indicate a synergistic effect of
obesity and chronic alcohol abuse in inducing endoplasmic reticulum cell stress, the

activation of inflammatory cells and adiponectin deficiency (Gao and Bataller 2011, Xu et
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al. 2011). The combination of alcohol with a high fat diet or high iron intake has also been
found to lead to more severe manifestations of the disease in experimental animals
(Tsukamoto et al. 1995).

3) Regular (daily or near-daily) heavy drinking, especially when starting at an early age, can
increase the risk of the development of severe forms of ALD as compared with episodic or
binge drinking (Hatton et al. 2009, Gao and Bataller 2011).

4) Genetic factors may influence the risk of advanced ALD. Recent studies have shown that
carriers of the patatin-like phospholipase-3 (PNPLA3) 1148M variant have an increased risk
of liver cirrhosis due to alcohol (Trépo et al. 2011, Chamorro et al. 2014) (see Section 2.2.5).

5) Long-term alcohol drinking has synergistic effects with hepatitis virus B or C and/or human
immunodeficiency virus infection, NALFD and disorders such as iron overload or heavy
smoking, all of which may influence disease progression through multiple mechanisms
when co-existing with alcohol consumption (Szabo et al. 2010, Gao and Bataller 2011,
Zakhari 2013).

A more profound understanding of the interactions between alcohol and its co-morbidities is
clearly needed in order to design better therapies for the future. It should be noted, however, that
abstinence with a proper diet has always been the cornerstone for a successful intervention in

cases of alcohol-related liver disease.

2.2.3.3  Extrahepatic health effects

In addition to liver-related health consequences, chronic alcohol consumption is associated with
a wide variety of detrimental extrahepatic effects, including risks of pancreatitis, hypertension,
arrhythmias, cardiomyopathy, gastrointestinal problems, infections, psoriasis, hormonal
disturbances, bone diseases, neurological symptoms and psychiatric disorders (Bode and Bode
1997, Corrao et al. 2004, Klatsky et al. 2006, Zhang et al. 2008, Qureshi et al. 2010, Welch
2011, Bagnardi et al. 2013, Herreros-Villanueva et al. 2013, Rachdaoui and Sarkar 2013).
Alcohol consumption at a heavy or even a moderate level also increases the risk of cancers
(Corrao et al. 2004), so that approximately 3.6% of cancers worldwide derive from chronic
drinking (Seitz and Stickel 2007). Even light drinking, up to 1-2 drinks per day, may increase
the risk of cancers of the oral cavity and pharynx, oesophagus, gastrointestinal tract and female
breast (Seitz and Stickel 2007, Bagnardi et al. 2013). Some studies have suggested that the
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increased risk of cancer among light to moderate drinkers could be due to underreporting of
their intake (Klatsky et al. 2014), but several lines of investigation have established that local
accumulation of acetaldehyde, the reactive metabolite of ethanol, can play a carcinogenic role in
critical locations such as the oropharynx or gastrointestinal tract even when associated with the
consumption of relatively small amounts of ethanol (Jokelainen et al. 1996, Homann et al. 1997,
Yokoyama et al. 1998).

Similarly, toxic ethanol metabolites may be responsible for the harmful effects of ethanol for
the foetus, which cannot detoxify ethanol and its metabolites. A severe disruption of
development may thus result following the consumption of even rather small amounts of alcohol
by the mother at any stage of pregnancy (Autti-R&mo et al. 2008, van Faassen and Niemela
2011, Warren et al. 2011).

2.2.4 Alcohol and ageing

Alcohol consumption has recently been shown to have increased rapidly among the elderly
Finnish population (aged 65-79 years) (Karlsson et al. 2013) (Figure 3). The prevalence of
alcohol drinking among elderly men has increased from 60% to 80% over the past 25 years, and
that among elderly women has doubled from approximately 30% in 1985 to 60% in 2011

(Figure 3). This increase in consumption applies to both occasional and regular drinking.
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Figure 3. Prevalence of alcohol consumers (%) in the elderly population (aged 65-79 years) in Finland
in 1985 and 2011 (Karlsson et al. 2013).

It has also been shown that elderly individuals are more vulnerable to the effects of alcohol than
younger people (Aalto et al. 2011). This is partially due to age-related physiological changes,
the number of co-morbid conditions and the common use of medications in this age group
(Ferreira and Weems 2008, Meier and Seitz 2008). Drinking at the same level and with the same
pattern as earlier in life can lead to several health problems such as unintentional injuries
(Sorock et al. 2006, Grundstrom et al. 2012). The largest subgroup currently affected by
alcohol-related injuries consists of individuals above the age of 60 years (Karlsson et al. 2013).
It appears that the disease burden related to alcohol among older age groups is an object of
increasing concern in public health circles, which may in part be explained by the rapidly

growing numbers of people reaching an advanced age (World Health Organization 2011a).

2.2.5 Genetic aspects of alcohol-related health problems

Unlike many other chronic liver diseases, alcoholic liver disease is potentially avoidable, since
excess alcohol consumption is a prerequisite for its development (Stickel and Hampe 2012).
However, alcohol consumption per se may not be the only explanation, since ALD progression
is sometimes seen only in a minority of heavy drinkers. Although liver steatosis evolves in most

heavy drinkers, only about 30% develop significant necroinflammation and fibrosis and only in
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about 10% does this progress to cirrhosis (Stickel and Hampe 2012, Jokelainen 2013). This
variability in the natural course is believed to result from a complex interplay between

environmental, individually acquired and inherent modifying factors.

A recent genome-wide association study identified a genetic polymorphism of the patatin-
like phospholipase-3 (PNPLA3) 1148M variant (rs738409 C>G) encoding for an isoleucine-to-
methionine substitution, a gene coding for a transmembrane protein most prominently expressed
in the hepatocytes (Romeo et al. 2008, Huang et al. 2010). This variant leads in vivo to
triglyceride accumulation in hepatocytes, thus appearing to be the strongest determinant of
human steatosis (Romeo et al. 2008, He et al. 2010). This variation was also found to be
associated with elevated levels of liver enzymes in healthy subjects (Yuan et al. 2008) and with
disease severity, especially steatosis and fibrosis, in NAFLD (Valenti et al. 2010, Yki-Jarvinen
2014). It also confers a higher risk of cirrhosis and liver damage in alcoholic liver disease (Tian
et al. 2010, Trépo et al. 2011, Stickel and Hampe 2012, Dongiovanni et al. 2013, Chamorro et
al. 2014).

Several other genetic variants have been suggested to contribute to individual susceptibility
to ALD. These include variants of alcohol-metabolizing enzymes, variants of genes involved in
regulating oxidative stress and and those involved in endotoxin-mediated inflammation (Stickel
and Hampe 2012, Wu et al. 2012). Polymorphisms in the ADH and ALDH genes may affect the
rates of acetaldehyde generation and metabolism and thereby influence acetaldehyde toxicity
(Setshedi et al. 2010). Some enzyme variants may metabolize ethanol at a faster rate, or be
unable to process acetaldehyde. Accumulation of acetaldehyde, even after small amounts of
ethanol, causes a condition known as Oriental flushing syndrome, with clinical manifestations
that include flushing, sweating, tachycardia, nausea and vomiting (Setshedi et al. 2010). Gene
variants underlying this syndrome are commonly found in Asians but rarely in Caucasians
(Brennan et al. 2004). In addition, a low ALDH activity phenotype increases the risk of upper
aero-digestive, head and neck cancers, and the risk of malignancies in general mainly in
Japanese (Ohhira et al. 1996, Yokoyama et al. 1998, Munaka et al. 2003, Brennan et al. 2004,
Seitz and Stickel 2007, Setshedi et al. 2010). In addition, there may be racial differences in the
sensitivity of the liver to different toxic stimuli, e.g. alcohol-induced acetaldehyde accumulation
(Chan 1986), or to the risk of alcohol consumers gaining weight (Yokoyama et al. 2013).

Variations in genes that encode antioxidant enzymes, cytokines and other inflammatory
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mediators may also have a role in disease susceptibility (Stickel and Osterreicher 2006, Gao and
Bataller 2011).

2.3 Assessment of alcohol consumption

2.3.1 Definition of consumption patterns

The adverse health consequences associated with ethanol consumption are determined by both
the amount and the pattern of drinking. Different forms of drinking behaviour can be classified

into five basic patterns (Saunders and Lee 2000, Saunders 2006):
1) Teetotallers, or (lifelong) alcohol abstainers.

2) Moderate drinkers, who generally avoid becoming intoxicated, so that drinking does not

cause problems either for the drinker or for society.

3) Hazardous drinkers, who show no obvious immediate health disorders but consume large
amounts of alcohol on certain occasions (binges), or relatively large amounts frequently.

Alcohol-related problems are likely to emerge in the future.

4) Harmful drinkers, who have physical or mental problems brought on by drinking, although

these do not fulfil the criteria for alcohol dependence.

5) Alcoholics meet the criteria for alcohol dependence, including a craving for alcohol and the

presence of tolerance and withdrawal symptoms.

In addition to these pre-defined current criteria, a classification as former drinkers is often
important in research settings to avoid bias due to individuals who have stopped drinking on
health grounds (Di Castelnuovo et al. 2006, Alatalo 2011).

In general, the amounts that define "excessive™ drinking are associated with the risk of acute
or chronic damage. The actual assessment of "moderate” and “excessive" drinking is
nevertheless challenging due to the variable threshold limits quoted in the sources or advocated
in particular countries. In Finland a standard drink contains 12 grams of pure alcohol, which is
equivalent to 33 cl of regular beer, 12 cl of wine or 4 cl of spirits. Drinking is considered to be
excessive in males who consume 24 standard drinks or more per week on average, or 7 standard

drinks or more on a single occasion (Sillanaukee et al. 1992), the respectively limits for females
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being 16 drinks or more and 5 drinks or more. These limits may be considered to represent quite
heavy consumption as compared with the guidelines that apply in some other countries, but
general threshold limits should in any case not be taken as safe limits because of individual
differences in the responses of the body to alcohol. Thus, ethanol-induced harmful health
consequences may emerge at consumption levels that are notably lower than those given in any
national guidelines. The definitions of excess alcohol consumption are based primarily on
epidemiological studies of healthy adult populations (Bagnardi et al. 2004, Di Castelnuovo et al.
2006, Kerr et al. 2011).

The various drinking patterns may also affect alcohol-related morbidity (as reviewed by
Plunk et al. 2014). Studies considering overall drinking frequencies (Mukamal et al. 2003),
drinking together with meals (Stranges et al. 2006), drinking more than once per day (Britton
and Marmot 2004), drinking at weekends (Mgrch et al. 2007) and average consumption at
different drinking frequencies (Baglietto et al. 2006) have all concluded that there is a consistent
association of low to moderate drinking frequencies with a low health risk (Mukamal et al.
2003, Kerr et al. 2011), while increased risks are associated with both binge drinking and heavy
drinking (Murray et al. 2002).

2.3.2  Self-reports of alcohol consumption

Self-reports represent the standard method used to obtain drinking data at the individual level.
Several techniques are available for obtaining such data (Del Boca and Darkes 2003), the most
straightforward of which are quantity or frequency measures involving reports of how often
alcohol is typically consumed and how many drinks are consumed on each occasion. Findings
consistently show, however, that individuals tend to under-report their drinking when these
methods are used (Leeman et al. 2010).

A widely used procedure for obtaining reports on alcohol drinking is the timeline follow-back
(TLFB) (Maisto et al. 1982), in which the number of standard drinks consumed on each day
during a specified period of time is recorded. The resulting data can be used to construct a
summary of drinking patterns representing the most common styles: daily drinking, weekend or
holiday drinking, or drinking on special occasions (Allen et al. 1992). These data have been
shown to be valid for retrospective reports stretching back as long as 12 months from the time of
data collection (Leeman et al. 2010).
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The Alcohol Use Disorders Identification Test (AUDIT) was developed for the recognition of
persons in the early phase of alcohol abuse who have no significant alcohol-related organ
damage (Saunders et al. 1993). This procedure has 10 questions and the highest score is 40
points. The first three questions deal with the actual alcohol intake, while the remaining
questions address negative consequences of drinking. The standard cut-off point at which a
subject is considered to be a heavy drinker has been at least 8 points (Babor et al. 2001, Reinert
and Allen 2007, Aalto et al. 2011). Given that the time for such assessments is often limited in
clinical settings, several abbreviated AUDIT questionnaires have been developed (Aalto et al.
2009). The first two and three-question AUDIT sets, referred to as AUDIT-QF and AUDIT-C,
respectively, identify the amount and frequency of alcohol consumption, while the AUDIT-3
consists of only the third question from the original AUDIT, regarding binge drinking (Bush et
al. 1998). Aalto et al. (2011) reported that AUDIT and AUDIT-C are accurate in screening for
heavy drinking among the elderly (65-74 years), provided that the cut-off points are properly
assessed for this age group. They suggested optimal cut-off points of at least 5 points for
AUDIT and at least 4 points for AUDIT-C, as defined by ROC analysis.

2.3.3 Biomarkers of ethanol consumption

Laboratory tests play an essential role in the early diagnosis of alcohol intoxication or chronic
drinking, the assessment of alcohol-related organ damage and the outcomes of alcoholism
therapy, and in many specific applications such as forensic medicine. Excessive alcohol
consumption can be detected by direct measurements of ethanol or its metabolites in various
body fluids, or indirectly, by using biomarkers which are sensitive to ethanol consumption. As
chronic ethanol abuse induces significant liver damage, many current alcohol markers are more
related to liver injury than to alcohol consumption per se (see also Section 2.7). The most widely
used methods for assessing ethanol consumption are measurement of the ethanol concentration
in body fluids, the enzyme gamma-glutamyltransferase (GGT), carbohydrate-deficient
transferrin (CDT) or mean corpuscular volume (MCV, red blood cell size), and a
mathematically formulated combination of CDT with serum gamma-glutamyltransferase (GGT-
CDT) (Table 1).
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Table 1. Common biomarkers of ethanol consumption (modified from Niemeld 2007).

Marker Half-life, Clinical characteristics

(abbreviation) elimination rate

Blood ethanol 19g/1h/10kg Suitable for emergency clinics. Levels exceeding 1.5%o

(EtOH) without evidence of intoxication or 3%o at any time
indicate ethanol tolerance.

Carbohydrate-deficient 2-3 weeks Specific for chronic alcohol abuse. Suitable for

transferrin differential diagnosis of alcoholic versus non-alcoholic

(CDT) liver disease. Specificity reduced by genetic variants of
transferrin.

Mean corpuscular volume  2—4 months More sensitive in women. Specificity reduced by

of erythrocytes vitamin B12 or folic acid deficiency, liver diseases,

(MCV) haematological diseases, hypothyroidism, reticulocytosis
and smoking.

Gamma- 2-3 weeks A sensitive but inexpensive marker. Related to oxidative

glutamyltransferase stress.

(GGT)

GGT-CDT combination 2-3 weeks A mathematically formulated combination that improves

(GGT-CDT) sensitivity without a loss of specificity. Correlates with

recent ethanol intake.

The ethanol concentration in blood, breath or urine can be used to assess recent alcohol
consumption, but when combined with clinical observations such measurements may also

provide information on long-term drinking habits (Niemeld 2007).

Carbohydrate-deficient transferrin (CDT) is currently the most widely used marker of
chronic alcohol intake. Since the increasing of CDT levels requires rather high levels of alcohol
consumption, at least 50-80 grams of ethanol daily for two to three weeks (Hietala et al. 2006),
CDT is considered to be an insensitive tool for screening alcohol misuse in the general
population. It may nevertheless be useful for monitoring the effect of treatment for alcoholism
(Anton et al. 2002), and as it is not sensitive to the effects of liver disease, it is also suitable for
the differential diagnosis of alcoholic versus non-alcoholic liver disease.

Increased mean corpuscular volume (MCV, red blood cell size) is typical among individuals
with chronic excessive ethanol intake (Niemeld 2007). Increased MCV in non-anaemic men is
usually due to excessive alcohol consumption, whereas the prevalence of other causes of

macrocytosis is higher in women. The sensitivity of MCV for detecting harmful drinking is
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usually less than that of CDT or GGT but it is a commonly used marker, especially in

combination with these other markers.

Gamma-glutamyltransferase (GGT) is a sensitive biomarker of liver injury (Whitfield 2001,
Niemel& 2007) and a widely used index of excessive ethanol intake (Anton et al. 2002, Niemel&
2002, Conigrave et al. 2003, Hietala et al. 2005). Its sensitivity has usually proved to be higher
for men than for women (Yersin et al. 1995, Mundle et al. 2000). Increased GGT concentrations
usually return to normal during alcohol abstinence within 2—-3 weeks. Persistently abnormal

GGT during abstinence suggest liver disease.

CDT combined with serum GGT using a mathematically formulated equation [GGT-CDT =
0.8 x In(GGT) + 1.3 x In(CDT)] improves the sensitivity of detecting heavy drinking without
any loss in assay specificity (Hietala et al. 2006). This marker is increased in a higher
percentage of alcohol abusers than either GGT or CDT alone (Niemel& 2007).

2.4  Obesity and health

2.4.1 General aspects of obesity

When calorie consumption exceeds daily energy expenditure, the body responds by storing
energy, mainly in the form of triglycerides in the subcutaneous and visceral fat (Lewis 2013).
This may be associated with ectopic fat deposits in tissues such as the liver, heart and skeletal
muscle. Obesity is a condition in which excess body fat has accumulated to the extent that health
may be impaired (World Health Organization 2000). In 2013, the American Medical
Association has defined obesity as a disease state involving multiple pathophysiological aspects
which require interventions, treatment and prevention (American Medical Association 2013).

They identify the following common criteria for the disease:

1) An impairment of the normal functioning of the body, involvement in a multi-metabolic and
hormonal disease state including impaired functioning of appetite regulation, abnormal
energy balance, endocrine dysfunction, infertility, dysregulated adipokine signalling,
abnormal endothelial function and hypertension, NAFLD (see Section 2.4.2.2),

dyslipidaemia, and systemic and adipose tissue inflammation.
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2) Characteristic signs or symptoms, including an increase in body fat and symptoms
pertaining to the accumulation of body fat, such as joint pain, immobility, sleep apnoea, and

low self-esteem.

3) Morbidity. The physical increase in fat mass associated with obesity is directly related to co-
morbidities including type 2 diabetes, cardiovascular disease, some cancers, osteoporosis
and polycystic ovary syndrome. In addition to these co-morbidities mentioned in the criteria
also stroke, sleep apnoea, gout, gallbladder disease, osteoarthritis and asthma are common
(Dixon 2010). Obesity preceding or during pregnancy has also been thought to create
adverse effects both to the mother and the offspring (dos Santos Silva et al. 2008, Reynolds
et al. 2013, Luoto et al. 2014).

Obesity rates have doubled among adults in the past 20 years and tripled among children in a
single generation. A recent report by the Robert Wood Johnson Foundation (Brill 2013, Preston
et al. 2014) has predicted that by 2040 roughly half of the adult population in the United States
may be obese. Current statistics show that more than one-third of adults and 17% of young
people are obese, although the prevalence has remained fairly stable in the past few years
(Ogden et al. 2014). There has been a significant decrease in obesity among 2 to 5-year-old
children, whereas it has become more common among women aged 60 years or more. In
Finland, recent statistics indicate that two thirds of the men and nearly half of the women are
overweight and about 20% of both genders are obese (Ménnisto et al. 2012). The incidence of

obesity appears to have plateaued in both countries, however.

2.4.2 Obesity-related health problems

2.4.2.1  Pathophysiology of adipose tissue

Adipose tissue is not only a specialized means of storing and mobilizing lipids but it is also an
active endocrine organ (Kaur 2014). Adipose tissue contains in addition to adipocytes,
preadipocytes, endothelial immune cells such as macrophages, leucocytes and lymphocytes
(Halberg et al. 2008). Hypoxia generated by a reduced blood supply to enlarged adipocytes has
been postulated to be a possible inciting aetiology for adipocyte cell death and macrophage
infiltration into adipose tissue. This may trigger an overproduction of proinflammatory

mediators, adipocytokines and several other biologically active metabolites (Trayhurn and
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Wood 2004, Cinti et al. 2005). As a consequence, local inflammation in the adipose tissue will
induce overall systemic inflammation, a condition which could contribute to dysfunction in
other tissues such as the liver (Brunt 2011, Yki-Jarvinen 2014).

2.4.2.2  Non-alcoholic fatty liver disease (NAFLD)

Non-alcoholic fatty liver disease (NAFLD) is currently the most common liver disease
worldwide, affecting 15-30% of adults and 13-18% of adolescents (Browning et al. 2004,
Vernon et al 2011, Huang et al. 2013, Yki-J&rvinen 2014). It represents a spectrum of hepatic
pathology which ranges from simple steatosis to non-alcoholic steatohepatitis (NASH), which
may further progress to fibrosis and ultimately cirrhosis (Anstee et al. 2013). Its definition
requires evidence of hepatic steatosis, either by imaging or by histology, and the absence of any
cause for secondary hepatic fat due to conditions such as alcohol consumption, the use of
steatogenic medication, hepatitis or hereditary disorders (Scaglioni et al. 2011, Chalasani et al.
2012, Yki-Jarvinen 2014). Interestingly, NAFLD and ALD are very similar in their
histopathological spectrum and pathogenesis, although they differ in their aetiology and
epidemiology (Scaglioni et al. 2011, Kleiner and Brunt 2012). NAFLD is closely connected
with metabolic disturbances in the body (Browning et al. 2004) and shows a close association
with central obesity, disturbed lipid metabolism, cardiovascular disease, insulin resistance and
type 2 diabetes (Leite et al. 2009, Kotronen et al. 2010, Speliotes et al. 2010). In fact, NAFLD
can be considered a manifestation of metabolic syndrome in the liver (Kotronen et al. 2007, Yki-
Jarvinen 2014).

The prevalence of NAFLD is significantly increased in patients with type 2 diabetes or
metabolic syndrome, and 30-70% of NAFLD patients present with metabolic syndrome
(Browning et al. 2004, Kotronen et al. 2010, Birkenfeld and Shulman 2014). Based on the recent
FIN-D2D survey, its prevalence among middle-aged individuals in Finland may even be 3-fold
higher than that of ALD (Kotronen et al. 2010). It should be noted, however, that the exact
numbers of patients with NAFLD can only be roughly estimated due to the lack of reliable non-
invasive markers and histological definitions of the disease status (S6derberg et al. 2010, Brunt
2011, Schuppan and Schattenberg 2013). NAFLD is usually an asymptomatic condition and
most patients have normal serum liver enzyme levels (Yki-Jarvinen 2014). On the other hand,
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NAFLD appears to be the most common cause of elevated liver enzymes in western countries
(Clark et al 2003, Ekstedt et al. 2006, Yki-Jarvinen 2014).

Genetic variation in PNPLA3 seems to confer susceptibility to NAFLD (Hyysalo et al. 2014,
Yki-Jérvinen 2014) (see Section 2.2.5). Half of the people with NAFLD carry at least one
variant in the gene, which is associated with high liver fat content. In such genotypes, NAFLD

appears not to be necessarily associated with features of metabolic syndrome.

2.4.3 Obesity and ageing

The high prevalence of obesity among rapidly ageing populations creates problems related to the
co-occurrence of these two trends (World Health Organization 2011a, Mathus-Vliegen et al.
2012, Helldan et al. 2013). Ageing per se is associated with changes in body composition and
metabolism (Kennedy et al. 2004). Body composition changes as the fat-free mass progressively
decreases by about 40% between the ages of 20 and 70 and the proportion of fat mass
correspondingly increases. After the age of 70 years, the fat-free mass and fat mass decrease in
parallel. The fat distribution also changes with age, in that there is an increase in visceral fat and

fat is increasingly deposited in the skeletal muscle and liver (Mathus-Vliegen et al. 2012).

Obesity and ageing share the characteristics of a low-grade inflammatory state and are both
associated with endocrine changes. More pro-inflammatory adipokines are produced from the
central and visceral fat deposits than from the subcutaneous ones, which results in an increased
inflammatory status (Schrager et al. 2007). A low-grade inflammatory state is related to a loss of
lean body mass, reduced immune function, cognitive decline, atherosclerosis and insulin
resistance (Mathus-Vliegen et al. 2012). Indeed, many of the inflammatory molecules that are
overproduced, such as TNF-a and interleukins, not only have catabolic effects on muscle mass
but are also related to involuntary loss of skeletal muscle mass in the elderly, resulting in a
decline in physical performance, mobility restrictions and fragility (Kennedy et al. 2004, Florez
and Troen 2008, Waters et al. 2010). In addition, the hormonal changes that occur with normal
ageing seem to be exaggerated in the presence of abdominal obesity and insulin resistance
(Kennedy et al. 2004).
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2.5 Assessment of excess body weight

2.5.1 Body mass index (BMI)

The most commonly used parameter for assessing obesity is the body mass index (BMI), which
is defined as weight in kilograms divided by the square of height (kg/m?) (Eknoyan 2008).
According to the recommendations put forward by the World Health Organization (2000), BMI
< 18.5 kg/m? represents an underweight individual, BMI 18.5-24.99 kg/m? normal weight, BMI
25.0-29.99 kg/m? overweight and BMI > 30 kg/m® obesity. The risk of obesity-related

comorbidies is increased in proportion to obesity.

While BMI correlates with body fat in the young and middle-aged, it might not be the best
measure of adiposity in the elderly (Mathus-Vliegen et al. 2012). Due to changes in body
composition and loss of height as a consequence of vertebral compression and kyphosis, the
BMI calculation can underestimate the degree of fatness. Thus the relationship between BMI
and the risk of disease is weaker in the elderly than in younger people. The optimal BMI and

definition of overweight or obesity among elderly individuals is still controversial.

2.5.2 Waist circumference

Another method for assessing adiposity is waist circumference, which correlates well with total
and intra-abdominal fat. It is widely believed that abdominal obesity induces more health
problems than peripheral obesity, and thus waist circumference is usually a better predictor of
diseases than BMI. Therefore, waist circumference rather than BMI has been included in most
definitions of metabolic syndrome, including a cluster of factors (central obesity, raised
triglycerides, reduced high-density lipoprotein (HDL) cholesterol, raised blood pressure, raised
fasting plasma glucose) that predict cardiovascular disease and type 2 diabetes (Alberti et al.
2009, Yki-Jéarvinen 2014).

For populations of European origin the threshold limits of waist circumference at which the
risk starts to increase (warning limits) are > 94 cm for men and > 80 cm for women, whereas
values of > 102 cm and > 88 cm, respectively, indicate abdominal obesity and an already

increased risk (Alberti et al. 2009). Waist circumference might be a better predictor of the
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adverse health effects of obesity in the elderly, but as yet there are not enough data to define
appropriate threshold values for this age group (Mathus-Vliegen et al. 2012).

2.6 Coffee consumption and health

2.6.1 General aspects of coffee

Coffee is a brewed beverage with a distinct aroma and flavour, prepared from the roasted beans
of the coffee plant, which apparently originated from the highlands of Ethiopia. There are 70
known species of coffee plant, the most common of which are Coffea arabica and Coffea
canephora, (Butt and Sultan 2011). The various species differ in taste, appearance and caffeine
content. The processing of coffee involves picking of the beans, drying, roasting, grinding and
brewing. Decaffeination and filtration can be carried out to remove caffeine and lipids. It is clear
that coffee undergoes various changes in its flavour and physicochemical properties in the above
processes (Parras et al. 2007, Sacchetti et al. 2009, Butt and Sultan 2011).

As a beverage, coffee has been an important part of the human diet since the 15th century,
and in its various forms it is one of the most widely consumed products in the world, partly be
due to its mild mood-enhancing effects (Chen et al. 2014). It contains over 1,000 biologically
active compounds, among which caffeine is the most important (Butt and Sultan 2011). Caffeine
is an alkaloid with a wide spectrum of biological activities including nervous system stimulation
and bronchodilation, which may contribute to the habit-forming nature of the beverage. Coffee
is a rich source of caffeine, with 240 ml of instant coffee containing about 100 mg of caffeine
(Belay et al. 2008). It has been estimated that 70% of the caffeine contained in human nutrition
comes from coffee, whereas soft drinks and tea provide 16% and 12%, respectively (Frary et al.
2005, Butt and Sultan 2011). Coffee is consumed in abundance in Finland, the average
consumption (12.5 kg per capita per year) being among the highest in the world (International
Coffee Organization 2012). It has been recommended that daily caffeine consumption in the diet
should not exceed 400-450 mg in adults, 300 mg in pregnant women, or 45 mg in children aged
4-6 years (Nawrot et al. 2003).

Other important bioactive constituents of coffee are chlorogenic acid, caffeic acid and
hydroxyhydroquinone (Ky et al. 2001, Farah and Donangelo 2006, Brezova et al. 2009). These
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components are potent antioxidants which may protect the body from the hazardous effects of
free radicals and conditions such as diabetes or cardiovascular diseases (Celik et al. 2010, Butt
and Sultan 2011, O'Keefe et al. 2013). The potential health effects of decaffeinated coffee are
probably attributable to polyphenol antioxidants, lignans and certain minerals (Huxley et al.
2009), although some compounds in coffee such as diterpenes (cafestol and kahweol) may have
opposite actions, such as a cholesterol-raising potential or chemopreventive effects (Urgert et al.
1996, Poikolainen and Vartiainen 1997, Lee and Jeong 2007, Taylor and Demmig-Adams
2007).

As a large proportion of the general population are coffee drinkers, and as they usually
consume it habitually throughout adult life, even small potential health benefits or risks
associated with coffee intake may have important public health implications (Bhatti et al. 2013),
especially in countries like Finland. Previous experimental and clinical trials have indicated
either neutral or beneficial effects of coffee on risk factors for cardiovascular disease or other
chronic diseases, long-term health and life expectancy (Mukamal et al. 2009, Bhatti et al. 2013,
von Ruesten et al. 2013). Several lines of investigation have also indicated beneficial health
effects of coffee in protecting against diseases of the liver (Saab et al. 2014) (see Section
2.6.2.2), and possibly also against Parkinson's or Alzheimer's diseases (Johnson-Kozlow et al.
2002, van Hooren et al. 2005, van Gelder et al. 2007, Santos et al. 2010, Cropley et al. 2012).

The potential health risks associated with coffee consumption are largely related to its
caffeine content (Nawrot et al. 2003, Bhatti et al. 2013). With increasing doses, caffeine can
cause stomach problems, anxiety, insomnia and other sleep disturbances, and a high coffee
intake may also increase the risk of bone fractures, especially in women, through a negative
calcium balance caused by increased urinary and faecal calcium excretion (Liu et al. 2012).
Evidence of a possible causal role of coffee in cardiovascular disorders and some forms of
cancers has been presented in some studies (Mukamal et al. 2009), and high coffee consumption
(> 28 cups per week) may be associated with increased all-cause mortality after adjusting for
potential confounders and fitness level (Liu et al. 2013). Moreover, coffee consumption can
reduce the efficacy of certain cardioprotective medicines such as statins (Ye et al. 2008). Also, a
high caffeine intake results in addiction, and withdrawal from the habit brings discomfort,
headache and muscle pain (Butt and Sultan 2011).
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2.6.2  Specific coffee-related health effects

2.6.2.1  Coffee and total mortality

The results of studies on coffee consumption and total mortality have so far been contradictory
(Klatsky et al. 1993, Lopez-Garcia et al. 2008). Freedman et al. (2012) recently suggested
decreased risks of both total mortality and cause-specific mortality rates in a large elderly
population aged 50-71 years (see Section 2.6.3). Also, a recent meta-analysis conducted by Je
and Giovannucci (2014) has indicated that coffee consumption is associated with a reduced risk
in terms of total mortality. Interestingly, regional differences were observed in the relative risks,
with inverse associations tending to be stronger in European and Japanese populations than in
the U.S. (Je and Giovannucci 2014).

2.6.2.2  Coffee and the liver

Several lines of investigation pursued during the last 20 years have indicated that there may be
hepatoprotective effects associated with coffee consumption. The risks of contracting liver
fibrosis, cirrhosis, non-alcoholic fatty liver disease and hepatocellular carcinoma may all be
lower in coffee drinkers (Chen et al. 2014, Saab et al. 2014), and similar effects have also been
found in the case of liver diseases of alcoholic aetiology (Table 2).

There is increasing epidemiological and clinical evidence to indicate that coffee consumption
reduces the severity of NAFLD (Table 2). In a recent National Health and Nutrition
Examination Survey caffeine intake was reported to be independently associated with a
decreased risk of NAFLD (Birerdinc et al. 2012), leading Catalano et al. (2010) and Gutiérrez-
Grobe et al. (2012) to suggest a beneficial effect of coffee drinking on the risk of NAFLD on the
basis of abdominal imaging data. Case—control studies pointed to less fatty deposits among
coffee drinkers, and an inverse association with adiposity and insulin resistance (Catalano et al.
2010). Similar results were also reported regarding the effects of coffee intake on the severity of
hepatic steatosis (Gutiérrez-Grobe et al. 2012). Furthermore, coffee drinking was associated
with a decreased risk of fibrosis among NASH patients (Molloy et al. 2012). Regular coffee
consumption was also found to be associated with reduced liver fibrosis in morbidly obese
NAFLD patients undergoing bariatric surgery (Anty et al. 2012). Interestingly, this effect was
found among consumers of filtered coffee, but not in espresso drinkers. Such findings have also
been confirmed in histological examinations of liver biopsies (Molloy et al. 2012).
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Table 2. Associations between coffee consumption and liver disease (modified from Saab et al. 2014).

Effect of coffee Type of study n
Reference
Reduces serum GGT
Nilssen et al. 1990 Cross-sectional 21,782
Casiglia et al. 1993 Prospective cohort 2,240
Nilssen and Fgrde 1994 Prospective cohort 2,438
Pintus and Mascia 1996 Cross-sectional 4,803
Tanaka et al. 1998 Cross-sectional 12,687
Nakanishi et al. 2000 Cross-sectional 1,353
Honjo et al. 2001 Cross-sectional 7,313
Skurtveit and Tverdal 2003 Cross-sectional 16,805
Increases serum GGT
Poikolainen and Vartiainen 1997  Cross-sectional 6,010
Reduces serum ALT
Casiglia et al. 1993 Prospective cohort 2,240
Honjo et al. 2001 Cross-sectional 7,313
Ruhl and Everhart 2005a Cross-sectional 5,944
Ikeda et al. 2010 Cross-sectional 12,020
Increases serum ALT
Urgert et al. 1996 Randomized controlled trial 46

Protects against NAFLD
Catalano et al. 2010
Birerdinc et al. 2012
Gutiérrez-Grobe et al. 2012
Protects against fibrosis and cirrhosis
Corrao et al. 1994
Corrao et al. 2001
Gallus et al. 2002
Tverdal and Skurtveit 2003
Ruhl and Everhart 2005b
Klatsky et al. 2006
Anty et al. 2012
Molloy et al. 2012
Protects against alcoholic liver disease
Corrao et al. 1994
Corrao et al. 2001
Klatsky et al. 2006

Case—Control
Case—Control
Case—Control

Case—Control
Case—Control
Case—Control
Retrospective cohort
Retrospective cohort
Retrospective cohort
Cross-sectional
Case—Control

Case—Control
Case—Control
Retrospective cohort

137 cases / 108 controls
1,782 cases/16,768 controls
73 cases / 57 controls

115 cases / 167 controls
274 cases / 458 controls
101 cases / 1,538 controls
51,306

9,650

125,580

195

180 cases / 126 controls

115 cases / 167 controls
274 cases / 458 controls
125,580

ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyltransferase;
NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis
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The histologically assessed benefits of a daily coffee intake of least two cups among patients
with chronic liver diseases include lower rates of hepatic fibrosis (Modi et al. 2010). A large
cross-sectional U.S. follow-up study showed regular intake of coffee to be associated with a
decreased risk of chronic liver disease, and those who consumed at least two cups of coffee
daily showed only half the rate of chronic liver disease noted in those who drank less than one
cup daily (Ruhl and Everhart 2005b). In addition, Corrao et al. (2001) have suggested that the
relationship between caffeine intake and the risk of cirrhosis could be dose-dependent (Corrao et
al. 1994, Corrao et al. 2001).

Coffee consumption may also protect against cirrhosis. Case-control studies have pointed to
an inverse relationship between coffee drinking and cirrhosis of the liver, an effect that was also
noted in a long-term follow-up of coffee consumption covering at least 40 years (Gallus et al.
2002) and confirmed in a Norwegian cohort study (Tverdal and Skurtveit 2003). The results of
two large follow-up studies in the U.S. revealed that coffee might provide protection against
both hospitalization and death arising from alcoholic cirrhosis (Klatsky and Armstrong 1992,
Klatsky et al. 2006).

Two decades ago there were two studies performed in Norway that reported an inverse
relationship between coffee consumption and serum GGT values (Arnesen et al. 1986, Nilssen
et al. 1990), and these results were later confirmed in a longitudinal assessment of a subset of
the Tromsg Study (Nilssen and Fgrde 1994). More recently similar findings have been reported
in other populations (Casiglia et al. 1993, Pintus and Mascia 1996, Tanaka et al. 1998, Honjo et
al. 2001) (Table 2). In one of the largest health survey, including over 12,000 subjects in Japan,
high coffee consumption was found to have an association with decreased GGT activity in male
alcohol drinkers (Tanaka et al. 1998), although it was only weakly associated with GGT levels

in women.

Population surveys in Italy, Japan and the United States have also reported an inverse relation
of ALT levels to coffee intake (reviewed by Saab et al. 2014). Approximately 10% lower ALT
values were observed in elderly Italians (aged > 65 years) who drank at least three cups of
coffee per day as compared with subjects drinking less coffee or none at all (Casiglia et al.
1993), and a large Japanese study of middle-aged and elderly men also found an inverse
relationship between coffee intake and ALT values (lkeda et al. 2010). Other groups of

investigators have further shown that increasing coffee and caffeine consumption are associated
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with lowered ALT levels among individuals at a high risk of developing liver injury due to
factors such as excess body weight, viral hepatitis, impaired glucose metabolism, iron overload
or alcohol abuse (Ruhl and Everhart 2005c).

Nevertheless, despite all the persuasive epidemiological data, the cellular and molecular
mechanisms by which coffee consumption exerts its hepatoprotective effects have remained
unclear. First, it is possible that lifestyle factors other than caffeine consumption are responsible
for such effects. It should be noted that in previous studies adjustments for all possible
confounding factors such as alcohol use, smoking, increasing age, BMI, ethnicity, the serum
marker for hepatitis virus infection and other potential clinical factors known to cause alterations
in liver enzyme activities have not been systematically carried out (for references, see Table 2).
If the association is causative, caffeine may benefit liver function by inducing lipophagy
coupled with mitochondrial beta-oxidation, thereby burning hepatic fat (Ding 2014, Sinha et al.
2014). Metabolomic analyses of hepatic acylcarnitines and nucleotides from a rodent model of
NAFLD have indeed indicated alterations in beta-oxidation and oxidative phosphorylation
pathways among patients with NAFLD (Sinha et al. 2014). On the other hand, the inverse
association of GGT activities with coffee drinking would suggest that the antioxidative
properties of coffee could play a role in mediating the hepatoprotective effects.

2.6.2.3  Coffee and cardiovascular diseases

The American Heart Association has categorized several risk factors for cardiovascular health,
including high cholesterol, a high homocysteine level, previous atherosclerotic vascular disease,
and others (Butt and Sultan 2011). Despite this complex aetiology, such phenomena may be

preventable through fairly modest modification in dietary patterns (Ramaa et al. 2006).

Findings on the associations between coffee consumption and cardiac health have so far been
ambiguous. The polyphenol antioxidants in coffee have been thought to decelerate the process
of inflammation, which in turn provides protection against the hazardous effects of free radicals
and endothelial damage (Butt and Sultan 2011). This could mean that coffee drinking inhibits
inflammation and reduces the risk of cardiovascular and other inflammatory diseases (Andersen
et al. 2006). Furthermore, an association has recently been pointed out between habitual coffee

consumption and improved endothelial function in elderly individuals (aged 66-91) (Siasos et
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al. 2013). In addition, chlorogenic acid (a bioactive compound present in coffee) improves the
overall antioxidative status of the body and reduces low-density lipoprotein (LDL) oxidation
(Yukawa et al. 2004, Cornelis and EI-Sohemy 2007), and regular coffee consumption (> 1 cup
per day) has also been shown in a previous cross-sectional study to reduce serum C-reactive

protein levels in healthy women (Kotani et al. 2008).

In two recent meta-analyses, coffee has shown J-shaped associations with the incidence of
heart failure (Mostofsky et al. 2012) and the relative risk of stroke (Larsson and Orsini 2011).
Most of the studies reviewed provided relative risk estimates that were adjusted for age,
smoking, alcohol consumption, history of diabetes, body mass index, history of hypertension or
measured blood pressure, physical activity and dietary factors other than total energy intake and
tea consumption. The clearest inverse associations were observed at the levels of four and two
cups of coffee per day, respectively. Meanwhile, U-shaped relationships have been reported
between coffee consumption and cardiovascular events (Freedman et al. 2012, O'Keefe et al.
2013). Interestingly, Mesas et al. (2011) reported an association between caffeinated coffee
ingestion and increased systolic and diastolic blood pressures (4-12 mmHg, 3-10 mmHg,
respectively, relative to decaffeinated coffee) in hypertensive individuals, an effect that lasted
about 3 hours. Regular long-term coffee consumption tends to normalize these differences,
however (Sudano et al. 2005, O'Keefe et al. 2013).

The pathophysiological mechanisms which account for the effects of coffee on the
cardiovascular system are unclear. One generalized hypothesis emphasizes the effects of
caffeine on blood pressure, as it increases arterial stiffness which in fact should increase the risk
of cardiovascular disease (Butt and Sultan 2011). Likewise, some components present in
unfiltered coffee, such as cafestol and kahweol, raise serum lipids, which are risk factors for
cardiovascular disorders. The drinking of 8 or more cups of coffee per day may aggravate
cardiac arrhythmias and raise plasma homocysteine concentrations (Verhoef et al. 2002, Butt
and Sultan 2011), although it has been suggested elsewhere that habitual coffee drinking could
reduce the risk of serious cardiac arrhythmias (Klatsky et al. 2011). Furthermore, possible
associated unhealthy habits, including smoking and alcohol consumption, could affect the risk
of coronary heart disease or death. The mildly increased cardiovascular and all-cause mortality
observed among male heavy coffee drinkers could indeed be explained in part by the effects of

smoking and a high serum cholesterol level (Kleemola et al. 2000, Butt and Sultan 2011).
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2.6.2.4  Coffee and diabetes

Systematic reviews and meta-analyses have indicated that high coffee consumption is associated
with a lower risk of type 2 diabetes and metabolic syndrome. This association appears not to be
dependent on race, gender, geographical distribution of the populations or the type of coffee
consumed (van Dam 2008, Huxley et al. 2009, Natella and Scaccini 2012). The bioactive
ingredients of coffee have a beneficial influence on glucose and insulin metabolism through
their modulating effects on the related enzymes (Rodriguez de Sotillo and Hadley 2002,
Greenberg et al. 2006, Shearer et al. 2007, van Dijk et al. 2009, Floegel et al. 2012). Animal
experiments have suggested that caffeine may affect glucose metabolism through increased
uncoupling of protein expression and lipid oxidation, which leads to a reduction in glucose
storage capacity (Greenberg et al. 2006). Interestingly, a large epidemiological study among
U.S. women aged 26-46 years, the Nurses' Health Study Il, which involved participants without
any history of diabetes at baseline, reported a higher risk of type 2 diabetes associated with the
consumption of sweetened caffeine-containing beverages (Bhupathiraju et al. 2013). It is
apparently not caffeine that is mainly responsible for the hypoglycaemic potential, as the
cumulative effects of other components, including chlorogenic acid, also play a role (Shearer et
al. 2007, Butt and Sultan 2011). Decaffeinated coffee consumption, for instance, has been
reported to be associate with lower fasting C-peptide concentrations (Wu et al. 2005), while
chlorogenic acid has been reported to improve both glucose metabolism and insulin sensitivity
(O'Keefe et al. 2013). Increased plasma adiponectin, antioxidation, anti-inflammation, and the
thermogenic effects of coffee have also been suggested as contributing to the lower risk of type
2 diabetes (Greenberg et al. 2006, Natella and Scaccini 2012).

2.6.2.5 Coffee and cancer

Lifestyle plays an important role in the prevalence and progression of cancer, so that
civilizations having traditional dietary patterns which are rich in bioactive components such as
antioxidants show a decreased risk (Divisi et al. 2006, Ramos 2008, Butt and Sultan 2009).
Several meta-analyses have indicated inverse relationships between coffee consumption and the
risks of colorectal, liver, breast, prostate, endometrial and bronchogenic cancers (Divisi et al.
2006, Friberg et al. 2009, Li et al. 2013, Sang et al. 2013, Tian et al. 2013), and there is also an
inverse association between coffee consumption and hepatocellular carcinoma (Gelatti et al.
2005, Ohishi et al. 2008, Hussain and El-Serag 2009). While several possible mechanisms have
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been suggested to account for such positive effects, the most important denominator has been
summed up as being "the rich phytochemistry of coffee" (Divisi et al. 2006, Huber et al. 2008).

2.6.3 Coffee and ageing

According to findings from the large NIH-AARP Diet and Health Study (National Institutes of
Health, American Association of Retired Persons), involving 400,000 elderly individuals aged
50-71 years, Freedman et al. (2012) suggested dose-dependent inverse associations between
coffee drinking and both total mortality and a number of cause-specific mortality rates (e.g.
heart disease, respiratory disease, stroke, injuries and accidents, diabetes and infections) after
adjusting for potential confounders (most importantly, smoking status). Consumption of at least
6 cups of coffee per day led to a 10% lower risk of death in men and 15% in women as
compared with not drinking coffee. Caffeine could have positive consequences on blood
pressure, especially in an elderly population, as a postprandial fall might be attenuated by
caffeine, and coffee drinking could prevent intermittent falls in blood pressure (Heseltine et al.
1991).

One commonly mentioned coffee-related beneficial effect among the elderly is associated
with the occurrence of neurodegenerative disorders, including Alzheimer's and Parkinson's
diseases. Several epidemiological studies have suggested that a regular, lifelong, moderate
consumption of coffee slows down physiological and age-related cognitive decline, especially in
women and in those above 80 years of age (Johnson-Kozlow et al. 2002, van Hooren et al. 2005,
van Gelder et al. 2007, Santos et al. 2010, Cropley et al. 2012).

2.6.4 Genetics in coffee-related health consequences

It has been suggested that genetic aspects may contribute to the possible beneficial or
detrimental effects of coffee consumption in human diseases, i.e. multiple genotypes and gene-
environment interactions may apparently account for the associations observed (Larsson and
Orsini 2011).

Demographic differences are known to exist in the metabolism of coffee, so that caffeine

metabolism is slower in Japanese than in Western populations (Derby et al. 2008). Three genetic
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variants related to coffee metabolism have been recognized: 1) polymorphism of the cytochrome
P450 1A2 (CYP1A2) gene encoding the enzyme which metabolizes caffeine (Cornelis et al.
2006), 2) functional polymorphism of the catechol-o-methyltransferase (COMT) gene encoding
the main enzyme responsible for the metabolism of circulating catecholamines (Eisenhofer et al.
2001), and 3) polymorphism of the gene encoding adenosine A2A receptors and op-adrenergic
receptors (Renda et al. 2012).

Cornelis and co-workers (2006) examined whether the CYP1A2 genotype modifies the
association between coffee intake and the risk of non-fatal myocardial infarction (reviewed by
Happonen et al. 2006) and found that coffee consumption was associated with an increased risk
of non-fatal myocardial infarction among individuals showing slow caffeine metabolism.
COMT activity exhibits functional polymorphism in that those who are homozygous for the
low-activity allele (about 25% of most Caucasian populations) have barely half of the enzyme
activity of the other variants (Syvénen et al. 1997). These differences are likely to be more
pronounced in heavy consumers of coffee, because caffeic acid directly inhibits COMT activity
(Kumada et al. 1976) and caffeine inhibits adenosine deaminase (Saboury et al. 2003), resulting
in changes in homocysteine metabolism (Zhu 2002). The findings of an increased incidence of
acute coronary events among heavy coffee drinkers in the low-activity COMT category suggests
that catecholamine-mediated chemical stress could induce manifestations of coronary events
(Gidron et al. 2002, Happonen et al. 2006). Gene polymorphisms related to adenosine A2A
receptors and ay-adrenergic receptors have in turn been put forward as playing a key role in the
alterations in blood pressure induced by coffee consumption (Renda et al. 2012).

2.6.5 Other aspects of coffee and health

Previous discussions have also emphasized possible differences in the physiological effects of
coffee based on how it is prepared (Urgert et al. 1996, Poikolainen and Vartiainen 1997, Parras
et al. 2007, Butt and Sultan 2011, Anty et al. 2012), considering filtered, unfiltered and espresso
coffee and their various roast profiles (medium vs. dark) (Sacchetti et al. 2009), since darker
roasts will have been exposed to higher roasting temperatures. The caffeine content can vary
from decaffeinated coffee (0 mg per cup) to generic brewed coffee, espresso and generic instant
coffee (95-200 mg, 40-75 mg, and 27-173 mg per cup, respectively) (Saab et al. 2014). Filtered

coffee does not contain cafestol and kahweol, but filtration preserves the chlorogenic acids in
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coffee better than does the espresso method (Anty et al. 2012). Interestingly, some studies of
liver diseases have indicated a hepatoprotective role for filtered coffee in particular and a
potentially deleterious effect for unfiltered coffee (Urgert et al. 1996, Poikolainen and
Vartiainen 1997). The latter form has also been shown to raise serum total and low-density

lipoprotein cholesterol levels.

To avoid heterogeneity among investigations into coffee and health issues, unhealthy forms
of behaviour which may be related to high coffee consumption, such as cigarette smoking,
should be assessed as residual confounding factor (Larsson and Orsini 2011). Also, attention
should be paid to the different types of coffee. Finally, there may be notable variation between
study designs. Discrepancies have been reported, for instance, between cohort and case—control
studies of the role of coffee intake as a risk factor for coronary heart disease (Kleemola et al.
2000). It has been postulated that coffee drinking has mainly acute or short-term effects, which

cohort studies with extended follow-up periods would be likely to miss.

2.7 Assessment of lifestyle effects on liver

2.7.1 Main liver enzymes

2.7.1.1  Gamma-glutamyltransferase (GGT)

Gamma-glutamyltransferase (GGT) is a membrane-bound glycoprotein enzyme derived mainly
from the hepatocytes and biliary epithelial cells, renal tubules, pancreas and intestine (Giannini
et al. 2005). Increased serum GGT activity has long been used in clinical practice as a marker of
both liver dysfunction and excessive alcohol intake (Whitfield 2001) (see Section 2.3.3). GGT is
known to increase in all forms of liver disease, especially in cases of biliary obstruction, with
small increases (2-5 times normal) observed in connection with fatty liver, so that GGT is of
limited value for the purpose of screening alcohol consumption per se in patients with non-

alcoholic liver diseases or in hospitalized patients, for instance (Salaspuro 1999, Niemel& 2007).

A wealth of data has emerged in recent years to improve our knowledge on the physiological

functions and clinical associations of GGT enzyme levels. It has been suggested that the main
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biological function of GGT at physiological concentrations lies in maintenance of the
intracellular levels of glutathione and the metabolism of glutathione conjugates (Zhang and
Forman 2009), since glutathione is the major antioxidant in mammalian cells. GGT may thus
regulate oxidative stress and thereby contribute to the development of superoxide ions, hydrogen
peroxide and unintended oxidation of low-density lipoprotein within the vascular endothelium
(Emdin et al. 2005). GGT activities could also be considered to act as markers of oxidative

stress and proinflammatory status in the body.

GGT has been suggested to be a risk marker for numerous extrahepatic chronic diseases
which are associated with oxidative stress, including cardiovascular diseases, diabetes and
metabolic syndrome, cancer, neurodegenerative diseases and rheumatoid arthritis (Willcox et al.
2004, Lippi et al. 2007, Strasak et al. 2008, Fraser et al. 2009, Fentiman and Allen 2010,
Franzini et al. 2010, Franzini et al. 2013). Elevated GGT may be a marker of increased
cardiovascular risks, especially in men with simultaneous ultrasonographic evidence of hepatic
steatosis (Haring et al. 2009).

2.7.1.2  Serum aminotransferases (ALT, AST)

Hepatocellular injury, whether acute or chronic, results in an increase in serum concentrations of
aminotransferases. Alanine aminotransferase (ALT) originates primarily from the hepatocytes,
whereas aspartate aminotransferase (AST) is found additionally in the heart, skeletal muscle
tissue, kidney and brain. As a consequence, serum AST may also increase in response to
pathological processes in the heart or skeletal muscle (Pratt and Kaplan 2000), while serum ALT
is considered a fairly specific marker of liver disease. Elevated serum aminotransferase levels
can be found in asymptomatic patients for a variety of reasons, e.g. excessive alcohol intake,
overweight, viral or autoimmune hepatitis, haemochromatosis, Wilson's disease, al-antitrypsin
deficiency, coeliac sprue, genetic disorders in muscle metabolism, acquired muscle diseases, or

strenuous exercise (Pratt and Kaplan 2000).

When interpreted together, aminotransferases can provide useful information on the aetiology
of liver disease, an elevation in the enzyme activity ratio AST/ALT, for example, having been
considered suggestive of an alcoholic aetiology (Nalpas et al. 1984, Salaspuro 1987, Sheth et al.
1998, Pratt and Kaplan 2000). However, a recent study by Kotronen et al. (2010) reported
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similar enzyme ratios in the course of diseases when comparing ALD and NAFLD. It has been
suggested that a drinking-related deficiency in pyridoxal 5'-phosphate (vitamin B6, an active
enzyme cofactor) in patients with more advanced liver disease may reduce ALT serum activity
and contribute to the increase in the AST/ALT ratio that is frequently observed in alcoholic
patients (Diehl et al. 1984). It has also been suggested that alterations in the relative activities of
AST and ALT may be related to the occurrence of hepatic mitochondrial damage and skeletal or
cardiac muscle injury (alcoholic myopathy), which are common among alcoholic patients
(Nalpas et al. 1984).

2.7.2 Other common markers of liver function

Alkaline phosphatase (ALP) is an enzyme that transports metabolites across cell membranes.
Pathological elevations are commonly observed in liver and bone diseases, although the enzyme
may originate from several other tissues (Fishman 1990). The synthesis and release of hepatic
ALP is stimulated by cholestasis, and when released, its half-life in the circulation is about 7
days (Giannini et al. 2005). Since elevated ALP is a somewhat unspecific parameter, it needs to

be interpreted in the context of a clinical diagnosis and other laboratory markers.

Bilirubin is an insoluble breakdown product of haemoglobin located within the
reticuloendothelial system. Unconjugated bilirubin is transported to the liver, where it is
conjugated to glucuronic acid, which makes it water-soluble and enables its excretion into the
bile (Giannini et al. 2005). The most common conditions related to unconjugated
hyperbilirubinaemia in adults are haemolysis or hereditary diseases, mainly Gilbert's syndrome,
which is a benign genetic defect in bilirubin conjugation (Fevery and Blanckaert 1986).
Conjugated hyperbilirubinaemia suggests hepatocellular dysfunction or biliary obstruction
(Kamath 1996), and also acute viral hepatitis or ischaemic liver injury when observed together
with markedly elevated ALT levels (Giannini et al. 2005).

Hepatocytes produce both albumin and coagulation factors (Giannini et al. 2005, Kotronen et
al. 2011). Therefore these can be used for monitoring the synthetic function of the liver. The
half-life of circulating albumin is long (about 20 days), whereas that of blood clotting factors is
quite short (about 1 day). Albumin levels below 25 grams per litre in patients with liver disease

have been found to indicate a poor prognosis (Giannini et al. 2005).
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2.7.3 Interactions between alcohol and obesity affecting liver enzymes

The composition of the diet (loannou et al. 2009) and obesity (Ruhl and Everhart 2005c, Alatalo
et al. 2008) contribute to the liver toxicity of alcohol consumption. When occurring together,
they may also lead to elevated liver enzyme levels (Adams et al. 2008, Alatalo et al. 2008). As
obesity and associated NAFLD are known to readily increase serum liver enzymes (Daeppen et
al. 1998, Lam and Mobarhan 2004, Lawlor et al. 2005, Puukka et al. 2006), the effects of
obesity and alcohol drinking being additive with respect to each other, they may synergistically
increase the risk of liver injury (Alatalo et al. 2008). ALT activities respond to ectopic fat
deposition and decline upon weight loss (Luyckx et al. 1998, Tiikkainen et al. 2003, St George
et al. 2009), whereas the co-occurrence of alcohol consumption and adiposity increases the risk
of abnormal aminotransferase activities (Ruhl and Everhart 2005c, Alatalo et al. 2008). Serum
aminotransferases activities exceeding the upper reference limits two-fold indicate a high risk of
liver injury and are common even in moderate drinkers who are overweight (Alatalo et al.
2008).

ALT is associated with hepatic fat content, and thus also with NAFLD, metabolic syndrome
and type 2 diabetes (Clark and Diehl 2003, Kotronen et al. 2007, Schindhelm et al. 2007, Ghouri
et al. 2010). NAFLD patients typically present with mildly elevated aminotransferase levels, and
GGT levels can be elevated up to three-fold relative to the upper reference limit in nearly a half
of all patients in the absence of ethanol consumption (Brunt 2004). On the other hand, it should
be noted that over half of subjects with conditions such as NAFLD have normal serum liver
enzyme concentrations (Browning et al. 2004, Kotronen et al. 2007). Therefore, recent efforts
have been focused on the development of specific algorithms for combining several clinical and
laboratory parameters in order to improve the accuracy of detecting conditions such as steatosis
in NAFLD (Kotronen et al. 2009) or the development of fibrosis, which is a major determinant
of the prognosis in a variety of liver diseases (Niemeld and Alatalo 2010, Poynard et al. 2012).

The activities of liver enzymes may also have predictive value in the assessment of liver
diseases (Nakanishi et al. 2004, Goessling et al. 2008, Yun et al. 2009, Wannamethee and
Shaper 2010). An AST/ALT ratio greater than 1, as observed in 61% of patients with advanced
fibrosis and 24% of patients with no or only initial fibrosis, is suggestive of advanced liver
disease (Angulo et al. 1999, Giannini et al. 2005).
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2.8 Reference intervals for liver enzymes

2.8.1 Definition of reference intervals in clinical laboratories

Reference intervals are important tools that aid differentiation between values to be regarded as
normal or abnormal in clinical work. They are usually determined on the criteria described in
detail by the International Federation of Clinical Chemistry and Laboratory Medicine (IFCC)
(Solberg 1987). A summary of the key terms used in defining reference intervals is presented

below:

A reference individual is a healthy person fulfilling certain defined criteria. All reference
individuals belong to a reference population, from which an adequate number of individuals are
selected to form a reference sample group. A reference value is then measured for each
reference individual by an appropriate clinical chemical method, and the statistical distribution
of the reference values, the reference distribution, is used to produce the reference limits.
Finally, the area between and including both the lower and upper reference limits, called the
reference interval, serves as a basis for laboratory testing by denoting the range of acceptable
values for healthy individuals. In a modern automated laboratory, a value is flagged by the
laboratory information system if it is not within the reference interval. This indicates to the

physician that the patient may need further examinations (Alatalo 2011).

A reference interval is usually defined as the interval that 95% of the reference values fall
into, leaving 2.5% of the reference values below the reference limit, and 2.5% above. When
assessing reference intervals, it is crucial to select a proper method for calculating what is an
adequate size for the reference sample group in order to achieve a reasonable degree of
precision. The calculation of reference limits is mainly based on parametric and non-parametric
methods (Horn and Pesce 2003). A parametric method estimates the reference intervals using
the mean and two standard deviations (SD) of the data in the case of a Gaussian distribution. If
the distribution is not Gaussian, the data can be adjusted by logarithmic or square root
transformations, for instance (Grésbeck 2004). In this case, the mean + 2SD is calculated from
the transformed data and the reference limits are obtained by transforming these back to the
original units. The distribution of the transformed data must be Gaussian. When a parametric

method is used the reference limits and confidence intervals can be calculated even for a rather
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small sample sizes (< 100) and in this respect quality management becomes more the
responsibility of the investigator. In contrast to parametric methods, a non-parametric method
makes no assumption about the distribution of the data. The values are ranked directly by
ordering them from the lowest to the highest and the 2.5 and 97.5 percentiles are obtained as the
0.025 x (n + 1) and 0.975 x (n + 1) ordered observations (Linnet 2000). If the values obtained
are not integers, linear interpolation is carried out. A non-parametric method is reasonable for
large sample sizes, at least 120 values being needed to produce a 90% confidence interval for

the resulting limit (Horn and Pesce 2003).

2.8.2 Current reference intervals for liver enzymes in Finland

The current reference intervals for liver enzymes in Finland originate primarily from the
recommendations of the Nordic Reference Interval Project (NORIP), which set out in the late
1990s to establish common reference intervals for the 25 most commonly measured clinical
chemical parameters (Rustad et al. 2004a, Rustad et al. 2004b). The project was supported by
the Nordic Society for Clinical Chemistry (NFKK), and was a joint action among all five Nordic
countries (Denmark, Finland, Iceland, Norway and Sweden). The samples, which were evenly
distributed according to age and gender, were collected from a total of 102 Nordic laboratories,
mainly in 2000. The project group then published recommendations for these reference intervals
in 2004, after having concluded that partitioning by country was not necessary (Rustad et al.
2004a, Rustad et al. 2004b). These reference intervals have been implemented in most routine

clinical chemistry laboratories in Finland. (Alatalo et al. 2010).
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3. Aims of the study

Health problems that are attributable to lifestyle, diet and behaviour are common in our society.
Alcohol drinking, excess body weight and smoking are typical examples of well-known factors
which readily lead to detrimental health effects, including derangements in liver function and an
increase in the oxidative stress burden imposed on the body. Recent studies have indicated that
coffee consumption could in turn be associated with beneficial liver effects and improvement of
the oxidative stress status. The early-phase interactions between the various possible risk-

modulating factors and liver function have nevertheless remained poorly known.

The aims of the study were

1 to examine the relationship between alcohol consumption and serum liver enzymes (GGT

and ALT) in different demographic categories of apparently healthy individuals,

2 to study the individual and joint impacts of ethanol ingestion, body weight, age and gender

on serum liver enzyme concentrations,

3 to study the interactions between coffee and alcohol in affecting serum liver enzymes in

apparently healthy persons with different degrees of alcohol and coffee consumption, and

4 to define upper and lower reference limits for GGT and ALT based on non-alcohol-drinking

normal weight individuals.
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4. Materials and methods

4.1 Subjects

The present work included subjects from three independent, cross-sectional population health
surveys (The National FINRISK Studies), which had been carried out in six geographical areas
in Finland in the years 1997, 2002 and 2007. In each year an age and gender-stratified random
sample of persons aged from 25 to 74 years of age was drawn from the population register. The
survey included a detailed questionnaire on health status, medical history, alcohol and coffee
intake as well as physical measurements and laboratory tests. The self-administered
questionnaire also covered information on current health status, medical history and
socioeconomic factors. The medical examinations had been conducted using the standardized
protocol of the WHO MONICA project (Monitoring trends and determinants in cardiovascular
disease) (World Health Organization 1988) and the more recent recommendations of the
European Health Risk Monitoring project (Kuulasmaa et al. 2006). Measurements of height and
weight were carried out and body mass index (BMI, kg/m?) was calculated as a measure of
relative body weight.

Alcohol and coffee consumption and smoking status at baseline were assessed with a set of
standardized questions. The alcohol consumption data were based on detailed questionnaires
including the amounts and patterns of alcohol intake, the type of alcoholic beverage consumed,
the frequency of consumption, and the numbers of drinks consumed during the previous weeks
and one year prior to sampling. The amounts of ethanol (grams) in the beverages were
quantified based on the following estimates for standard drinks: one bottle (330 ml) of beer (12
g), one bottle (330 ml) of strong beer (15.5 g), one bottle (330 ml) of long drink (15.5 g), one
standard drink (4 cl) of spirit (12 g), one glass (12 cl) of wine (12 g), one bottle (330 ml) of cider
(12 g). The participants were also asked to quantify the frequency and quantity of their coffee
consumption and the data were recorded as the number of cups of coffee per day. Smoking
status was classified into current smokers, ex-smokers and non-smokers according to The
FINRISK Study protocol. The data on current smoking were expressed as the number of
cigarettes per day. Ex-smokers were individuals who had previously been been daily or non-
daily smokers, had smoked more than 100 cigarettes in their lifetime and had given up smoking
at least one month prior to the study.
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The present sample included data on the subjects who both filled out the questionnaire and
attended the medical examination. The response rates ranged from 64% to 71%. In order to
obtain a representative sample of apparently healthy individuals, the following exclusion criteria
were used: pregnancy, diagnosis of myocardial infarction, stroke, cerebral haemorrhage or
embolism, diabetes or glucose intolerance or signs of active infection or any other significant
disease at the time of the examination. Exclusions were also made due to hypertension, use of
statins or lipid-lowering agents as described in detail in the original studies I-1V. In addition,
exclusions were made due to missing variables. The final populations in the GGT survey
comprised 18,899 individuals, 8,807 men and 10,092 women, with a mean age of 48 + 13 years
(range 25-74 years). The distribution of the study population into subgroups is summarized in
Table 3.

Table 3. Main characteristics and distribution of the study population into subgroups (percentages of the
total population in each category).

Characteristic Men Women
All <40/>40yrs All <40/>40yrs
Age, years, mean £ SD 48 +13 32+4/55%9 47 £13 32+4/54+9
<40 yrs /> 40 yrs, % (n) 30 (2602) /70 (6204) 31 (3161) / 69 (6930)
BMI, kg/m?
< 18.5, % (n) 0.3(30) 0.6 (16)/0.2 (14) 1(115)  2(79)/0.5 (36)
>18.5 and < 25, % (n) 32(2853) 44 (1142)/28 (1711) 46 (4688) 64 (2010) / 39 (2678)
> 25 and < 30, % (n) 49 (4289) 42 (1102) / 51 (3187) 34 (3418) 24 (768) / 38 (2650)
> 30, % (n) 19 (1634) 13(342)/21(1292) 19 (1870) 10 (304) /23 (1566)
Alcohol consumption
Abstainers, % (n) 4 (383) 4 (103) /5 (280) 9 (915) 4 (139) /11 (776)
Former drinkers, % (n) 4 (315) 1(34)/5(281) 3(314) 3(88) /3 (226)
Moderate drinkers, % (n) 86 (7575) 89 (2311) /85 (5264) 86 (8690) 91 (2889) /84 (5801)
Heavy drinkers, % (n) 6(533) 6 (154) /6 (379) 2(172)  1(45)/2(127)
Coffee consumption
Coffee drinkers, % (n) 91 (7992) 87 (2274) /92 (5718) 89 (8968) 80 (2519) / 93 (6449)
Smoking
Smokers, % (n) 28 (2475) 37 (957) / 24 (1518) 20 (2046) 27 (851) /17 (1195)

BMI, Body mass index; Alcohol consumption groups defined according to standard drinks per week:
abstainers and former drinkers 0, moderate drinkers < 24 drinks (men) or < 16 drinks (women), heavy
drinkers > 24 drinks (men) or > 16 drinks (women).
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The comparisons of GGT and ALT included 6,269 individuals, 2,851 men and 3,418 women,
with a mean age of 45 = 12 years (range 25-74 years), because ALT concentrations were
available only for The FINRISK Study of the year 2002.

4.2 Ethical aspects

All the surveys were conducted in accordance with the Declaration of Helsinki and the ethical
rules of the National Public Health Institute. Approval for the work was received from the

Coordinating Ethics Committee of the Helsinki Hospital District.

4.3 Laboratory measurements

The various biochemical parameters were measured in the laboratory of the National Public
Health Institute of Finland using standard clinical chemical methods. Serum ALT and GGT
activities were measured by standard kinetic methods following the recommendations of the
European Committee for Clinical Laboratory Standards (ECCLS) (Leino et al. 1995) on an
Abbott Architect clinical chemistry analyser (Abbott Laboratories, Abbott Park, IL, USA).
Serum lipids (total cholesterol, high-density lipoprotein (HDL) cholesterol, low-density
lipoprotein (LDL) cholesterol and triglycerides) were measured by enzymatic methods (Thermo
Electron Corporation, Waltham, Massachusetts, USA), and serum C-reactive protein was

measured using a sensitive immunoturbidimetric method (Orion Diagnostica, Espoo, Finland).

4.4  Statistical methods

Values are expressed as means + SD or means = 95% confidence interval (Cl), as indicated.
Logarithmic transformation of GGT and ALT data was used to obtain non-skewed distributions
with homogeneity of variance. Differences between the groups were determined with the
analysis of variance (ANOVA) using the Bonferroni post hoc test for multiple comparisons. In
order to avoid the effect of possible confounding factors, ethanol consumption (drinks/week),
age (years), BMI (kg/m?), coffee consumption (cups/day) and smoking (cigarettes/day) were

used as covariates as indicated. Correlations were calculated using Pearson's product-moment
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correlation coefficients or partial correlation coefficients using ethanol consumption, BMI or
smoking as a covariate. Differences between correlations were analysed with the Z-test for
correlation coefficients. The SPSS 19.0 and 21.0 statistical software packages for Windows
were used for the statistical analyses (SPSS Inc., Chicago, IL, USA), and a p-value < 0.05 was

considered statistically significant.

Reference limits were calculated on the basis of the population of normal-weight non-
drinkers according to previously described protocols, employing Dixon's test for the detection
and exclusion of outliers (Dixon 1953, Rustad et al. 2004a, Rustad et al. 2004b, Alatalo et al.
2010). An age of 40 years was used as a cut-off for group stratification, based on previous
findings showing an increase in the 97.5 percentile of GGT in both genders at the age of about
40 years (Stremme et al. 2004). The analyses were carried out using Analyse-it v.2.21 for
Microsoft Excel (Analyse-it Software Ltd., Leeds, UK).
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5. Results

5.1 Age, gender and the relationship between alcohol drinking
and serum GGT (1)

GGT levels in serum were recorded for the total population of 18,899 apparently healthy
individuals, which included 1,298 abstainers, 629 former drinkers of alcohol, 16,267 moderate
drinkers and 705 heavy drinkers. In the comparisons between these groups the lowest mean
GGT values in both the men and women were recorded for the abstainers (27.7 U/L; 18.4 U/L),
the activities being significantly different from those observed in moderate drinkers (31.8 U/L;
20.1 U/L) (p<0.001 for both genders) or heavy drinkers (56.9 U/L; 30.8 U/L), respectively
(p < 0.001 for both genders). No significant differences in GGT levels were found between the
abstainers and former drinkers, however, the latter showing mean GGT values of 27.0 U/L
(men) and 17.5 U/L (women).

When the GGT levels were compared in subgroups of those below or above 40 years of age,
significant age-dependent features were noted, the alcohol-induced GGT increases being
markedly more pronounced in individuals above 40 years of age. When threshold doses which
initiated significant elevations in GGT relative to the abstainers were determined separately for
the younger and older age groups, the limit at which the GGT levels first exceeded the abstainer
levels among men below 40 was 14 drinks per week, whereas in those over 40 it was only 8
doses (Figure 4). The corresponding thresholds for the women were seven and four drinks,

respectively.
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Figure 4. Threshold ethanol doses initiating GGT increases in the age groups < 40 and > 40 years. The
current national limits for heavy drinking (Sillanaukee 1992) are shown for comparisons.

5.2 Individual and joint impacts of alcohol consumption, BMI,
age and gender on serum GGT (II)

The examination of the individual and joint effects of alcohol consumption, BMI, age and
gender on serum GGT levels in Paper Il pointed to significant individual effects of alcohol
consumption (p < 0.001), body mass index (p < 0.001), age (p < 0.001) and also smoking (p <
0.001), while the two-factor interaction analyses showed a significant interaction between
alcohol consumption and age in the men (p < 0.001). Alcohol consumption was found to be a
stronger determinant of increased GGT levels among the older men, especially once it exceeded
16 drinks per week. The correlations between GGT and ethanol intake were also strongest in the
older male age groups. The interaction between ethanol intake and age was not significant in the

women.

On the other hand, the two-factor analyses indicated a significant interaction between ethanol
and BMI among the women (p = 0.010), with the obese women (BMIs > 30) apparently being
more prone to higher GGT levels with increasing ethanol intake than the other BMI subgroups.
This was also seen in the men, although the interaction did not reach statistical significance in
this case (p = 0.149).
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5.3 Coffee, alcohol and GGT (lII)

Paper Il concentrated on the interactions between coffee drinking and GGT activity in
individuals with different levels of alcohol consumption. In this material 89.8% of the subjects
reported their level of coffee consumption, which ranged from 0 to 25 cups of coffee per day
(mean consumption 4 + 3 cups per day). The data on alcohol consumption showed that 6.9%

were abstainers, 86.1% moderate drinkers, 3.7% heavy drinkers and 3.3% former drinkers.

The highest GGT levels after adjustment for age, BMI and smoking were found in the heavy
drinkers who did not drink coffee, whereas the activities were significantly lower in male heavy
drinkers reporting a coffee intake of > 5 cups per day (p < 0.05 for 5-6 cups, p < 0.01 for > 6
cups). A similar trend was also observed in the women, but this did not reach statistical
significance. The increase in GGT levels in the male moderate drinkers was most pronounced
among the groups consuming 1-6 cups of coffee, whereas not in abstainers or in those
consuming > 6 cups. In the women a slight GGT increase was seen in the moderate drinkers

who reported drinking 1-2 cups of coffee per day.

5.4 Impacts of common lifestyle factors on serum ALT and GGT
activities (1V)

The effects of the various lifestyle factors — alcohol consumption, BMI, coffee drinking and
smoking — on two liver enzymes, ALT and GGT, were compared in Paper IV. Significant main
effects of alcohol consumption (p < 0.001), BMI (p < 0.001) and age (p < 0.001) on both ALT
and GGT were noted, while comparisons between the genders showed the levels of ALT and
GGT in both men and women to be significantly influenced by alcohol consumption (ALT: p <
0.05 for men; p < 0.001 for all other comparisons) and BMI (p < 0.001). There was also a
significant main effect of age on GGT (p < 0.001) and on ALT in the men (p <0.001), but not in
the women. Smoking significantly influenced GGT levels in both genders (p < 0.001).

The impact of ethanol intake in men as assessed by both ALT and GGT was found to become
significantly more pronounced with increasing age, but interestingly, overweight was found to
be a relatively stronger inducer of ALT activities in the younger male age groups. The presence

of overweight or obesity also significantly potentiated GGT activities in both the men and
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women who consumed alcohol. Analyses of the two-factor interactions between the lifestyle
variables also showed statistically significant interactions between alcohol consumption and

smoking and between alcohol and coffee consumption (Table 4).

Table 4. Summary of significant two-factor interactions between lifestyle factors affecting ALT and
GGT in apparently healthy individuals.

Two-factor interaction Men Women
ALT GGT ALT GGT
ethanol x age 0.008 0.001 0.295 0.197
ethanol x BMI 0.301 0.038 0.537 0.048
ethanol x smoking 0.398 0.094 0.794 0.001
ethanol x coffee 0.534 0.260 0.138 0.001
BMI x age 0.003 0.067 0.502 0.788

The analyses were carried out using ANOVA on SPSS 21.0 for Windows statistical
software. Alcohol consumption, BMI, smoking and coffee consumption were used as
covariates, as appropriate. Statistically significant p-values (< 0.05) are underlined.

The correlations between ALT, GGT and various metabolic and inflammatory markers (total
cholesterol, HDL, LDL, triglycerides, C-reactive protein (CRP), BMI and waist circumference)
indicated significant associations between the liver enzymes and the lipid profile, CRP and
indices of overweight. There were also distinct differences in these correlation coefficients
between the men and women and between the subjects above or below 40 years of age, with
stronger correlations between liver enzymes and indices of lipid status (cholesterol,

triglycerides) to be found in the men.

When the lower and upper reference limits for ALT and GGT were defined here by
calculating 2.5th and 97.5th percentiles of the data based on the present material for normal-
weight non-drinkers, the resulting upper reference limits for both enzymes were found to be
significantly lower (ALT 18-33%, GGT 24-54%) than the limits currently used as reference

values in the Nordic countries (Stramme et al. 2004; see Table 5).
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Table 5. Upper reference limits for liver enzymes as calculated for normal-weight abstainers, and their
comparisons with the current reference values used in the Nordic countries.

Liver enzyme n Upper limit Difference from
U/L previously established
upper limit*
%
ALT
Men 162 47 =33
Women 523 37 -18
GGT
Men
<40yrs 55 48 -40
>40yrs 107 53 -54
Women
<40yrs 228 34 24
> 40 yrs 294 47 =37

* Reference, NORIP, Stramme et al. (2004).
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6. Discussion

6.1 Alcohol, age and GGT (I, II, IV)

The present data based on a large sample of apparently healthy Finnish individuals with a wide
range of alcohol consumption indicates distinct age and gender-dependent interactions between
ethanol intake and serum GGT levels. This work also provides quantitative estimates to link
ethanol intake and GGT activation. Interestingly, even doses regarded as moderate drinking in
most Western countries appear to lead to GGT elevation, which should be considered when
assessing what are safe limits for alcohol consumption both in the general population and in
distinct demographic categories. The present findings on the effects of age on GGT activities
should also be considered when interpreting earlier findings with regard to GGT as a biomarker
of ethanol intake in different age-categorized populations (Nystrom et al. 1993, Sillanaukee et
al. 1998, Conigrave et al. 2002, Daeppen et al. 2004).

Previous epidemiological data have suggested that the levels of approximately 300 grams of
ethanol for men and 200 grams for women per week are limits beyond which there is a notable
increase in the risk of medical problems (Corrao et al. 2004, Gunzerath et al. 2004). These
figures have also been widely used to define heavy drinking (Saunders 2006). The present data
indicate that GGT activity increases once regular alcohol consumption exceeds 50 grams
(women) or 100 grams (men) per week, supporting the view that alcohol may have detrimental
effects at markedly lower levels than those currently accepted as the limits of heavy drinking
(Sillanaukee et al. 2000, Di Castelnuovo et al. 2006, Alatalo et al. 2008, Mukamal and Rimm
2008).

The present observations underscore the importance of age in the clinical evaluation of GGT
activity. In the present population, a cut-off age of 40 years was used here for group
stratification purposes in the light of previous findings of an increase in GGT levels at this point
(Stremme et al. 2004), and the outcome was that GGT increased in those over 40 years of age at

ethanol consumption levels which were only 60% of those found in the below 40 age group.
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Comparable age-related GGT responses have been found previously in series consisting of
heavy drinkers (Puukka et al. 2006). Individuals aged over the age of 40 could thus be expected
to be more vulnerable to ethanol-induced adverse health consequences (Sturgill and Lambert
1997, Finkel and Holbrook 2000).

Alcohol abuse is currently a growing problem among elderly people (Royal College of
Psychiatrists 2011). Based on the present data and on existing knowledge of age-associated
metabolic changes it may be recommended that men over the age of 65 should not exceed 11
standard drinks of alcohol per week or women 7 drinks. Unfortunately, current surveys of
alcohol consumption in Finland and elsewhere have indicated a rapid increase in consumption
among the elderly (Helldan et al. 2013), which may be predictive of an increasing alcohol-
related disease burden in the near future (Sorock et al. 2006, Grundstrom et al. 2012). Such age-
associated health risks have also been supported by the results of a recent large U.S. population-
based study, which observed a high mortality rate among older men consuming ethanol (Moore
et al. 2006). Ageing may also promote the induction of serum liver enzymes and steatohepatitis
in response to a high fat diet (Fontana et al. 2013). Thus, both dietary recommendations for
persons of advanced age and possible safe limits for their ethanol intake clearly need further

attention.

6.2 Interactions between alcohol consumption, age, gender and
BMI in influencing GGT levels (11, 1V)

Given that Paper | had suggested that age and gender-dependent interactions could exist
between ethanol intake and serum GGT, Paper Il set out to explore further the interactions
between these and other factors possibly influencing early-stage GGT activation. The results
indicated that the doses of ethanol required to generate a significant GGT elevation vary
markedly, not only as a function of age and gender but also in relation to BMI. These findings
are in line with previous suggestions that alcohol consumption and obesity, which frequently co-
exist, can generate cumulative effects on liver-derived serum enzyme activities (Ruhl and
Everhart 2005c, Puukka et al. 2006, Alatalo et al. 2008).

This study further showed that while alcohol consumption appeared to be a major

determinant of GGT activities in men over 40 years, increased BMI was found to influence

66



GGT in a more dominant manner in women. A common mechanism postulated recently for
changes in GGT activities in the circulation is oxidative stress (Kazemi-Shirazi et al. 2007, Lee
and Jacobs 2009). GGT changes even within the current reference limits in apparently healthy
individuals may mark enhanced oxidative stress and a need to maintain intracellular levels of
glutathione (Dey and Cederbaum 2006). Persons of advanced age may be more susceptible to
oxidative stress and the consequent accumulation of oxidatively modified proteins in tissues
(Sohal and Weindruch 1996, Niemel&d 2001). The combination of obesity with the effects of
ethanol may further increase the risk and eventually lead to liver injury, especially in older
individuals (Lee et al. 2009, Loomba et al. 2009, Fontana et al. 2013). Previous studies have
shown that even single bouts of heavy ethanol consumption may lead to hepatic fat
accumulation and a rise in blood GGT enzyme levels (Suter 2005). Ethanol administration both
enhances GGT activity and stimulates an increased release of GSH into the circulation (Speisky
et al. 1985, Langa and Israel 1991). GGT activation also seems to be associated with the
development of superoxide ions and hydrogen peroxide, the unintended oxidation of
lipoproteins, and the generation of a proinflammatory status in the body, all of which are crucial
pathways for oxidative stress (Emdin et al. 2005). The oxidative stress induced by ethanol can

further be aggravated by a high-fat diet (Tsukamoto et al. 1995).

Several lines of previous evidence have also postulated a role for GGT as a biomarker of
oxidative stress (Ruttmann et al. 2005, Lee et al. 2006, Kazemi-Shirazi et al. 2007, Alatalo et al.
2008, Lee and Jacobs 2009, Mason et al. 2010), and as a disease risk marker in conditions
involving oxidative stress, such as atherosclerosis-related events, fatty liver disease, diabetes,
metabolic syndrome and various malignant and inflammatory diseases (Lee et al. 2003, Willcox
et al. 2004, Ruttmann et al. 2005, Lee et al. 2006, Kazemi-Shirazi et al. 2007, Lippi et al. 2007,
Strasak et al. 2008, Fentiman and Allen 2010, Franzini et al. 2010, Tsai et al. 2011, Franzini et
al. 2013). It has also been suggested that high GGT levels in women may predict carcinogenesis
(Fentiman and Allen 2010), whereas men seem rather to show increased cardiovascular
mortality risks, especially when there is simultaneous evidence for hepatic steatosis (Haring et
al. 2009). When there is one aetiology strong enough to induce fatty liver, i.e. ethanol or
obesity, the generation of an additional oxidative stress through a second aetiology increases the
risk of progressive liver damage (Day and James 1998, Diehl 2004, Dey and Cederbaum 2006).
Future studies should address the question of whether this theory of two hits could also apply to
health risks outside the liver and whether GGT could be a mediator between hepatic and

extrahepatic health risks (Kozakova et al. 2012).
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In addition to alcohol consumption, obesity was found to be another major determinant of
elevated liver enzymes. The association between obesity and elevated liver enzymes may also
be related to the pathophysiology of non-alcoholic fatty liver disease (NAFLD) (Yki-Jarvinen
2014). Overeating, especially excess simple sugars, and physical inactivity predispose
individuals to both NAFLD and metabolic syndrome. Excess sugars are converted into
intrahepatocellular triglycerides in the liver via de novo lipogenesis, which is increased in
NAFLD. The adipose tissue of patients with NAFLD is hypoxic and contains dead adipocytes
surrounded by macrophages and bioactive lipids, which contribute to insulin resistance and the
expression of multiple cytokines and chemokines in this tissue. Consequently, damaged
hepatocytes release increased amounts of ALT, AST and GGT. (Lazo et al. 2013, Yki-Jarvinen
2014).

6.3 Joint effects of coffee and alcohol on GGT (l11)

As Finland tops the world in annual coffee consumption (over 12 kg per person per year), the
present Finnish material offers an excellent basis for exploring the biological responses of coffee
in apparently healthy individuals with a wide range of coffee and alcohol consumption habits.
The present data indicate that coffee consumption can modulate the GGT activities induced by
ethanol. Thus where levels of alcohol intake exceeding 280 grams per week in men, i.e.
corresponding to heavy drinking, was found to lead to an approximately 3-fold increase in GGT
activities as compared with the corresponding group of abstainers, simultaneous regular
consumption of > 5 cups of coffee per day was found to reduce GGT activities in this
subpopulation by at least 30%. Factors such as BMI, smoking and age were used as covariates

in the analyses and should thus not confound the associations reported here.

The above findings are consistent with a possible protective effect of coffee on liver injury
(Klatsky and Armstrong 1992, Tverdal and Skurtveit 2003, Klatsky et al. 2006, Ikeda et al.
2010). Previous studies of alcoholic liver disease have suggested that the risk of both alcoholic
cirrhosis and hepatitis can be reduced by coffee consumption, and although the mechanisms
underlying such possible beneficial effects have remained obscure, several lines of evidence
have emphasized the antioxidative properties of coffee and its various bioactive ingredients

(Freedman et al. 2012). It appears that some components of coffee (kahweol and cafestol) can
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induce gamma-glutamylcysteine synthetase, the rate-limiting enzyme in GSH synthesis, and the
role of GGT is to break down extracellular GSH to provide cysteine upon adaptation to
oxidative stress (Zhang et al. 2005, Huber et al. 2008).

Based on the present findings, it appears that the protective actions of coffee may not be
activated until a particular oxidative stress level has been reached and may not be seen with low
doses of coffee. Previous follow-up studies by Ruhl and Everhart (2005a, 2005b) showed
clinically significant hepatoprotective effects of coffee consumption in consumers of > 2 cups of
coffee per day, although these were restricted to high-risk persons such as those who were
overweight or had a heavy alcohol intake, diabetes or an excess iron burden. Interestingly, a low
or moderate intake of coffee in the present moderate alcohol drinkers here was associated with
slightly elevated GGT activities, suggesting possible hormetic effects of coffee and alcohol on
liver enzymes. Previously either positive or J-shaped associations between coffee and the risk of
coronary vascular disease have been reported (Higdon and Frei 2006, Floegel et al. 2012).

Interestingly, the present data suggest that the effects of coffee are more evident among men.
This could obviously be due to the smaller number of women in the present series of heavy
drinkers and a consequent lack of statistical power in the analyses. It should be noted, however,
that sex steroids have been previously shown to play a role in the regulation of oxidant stress
status and could also account in part for the differences observed in the present comparisons
(Alatalo et al. 2009).

6.4 Lifestyle factors, serum liver enzymes and their reference
limits (1V)

Analyses of the individual and joint impacts of various lifestyle factors on both GGT and ALT
showed that alcohol drinking and excess body weight significantly influence both enzymes and
should be considered in the definitions of reference limits for these liver enzymes. The activities
of both enzymes were influenced by alcohol consumption, BMI and smoking in an age and
gender-dependent manner. The data also suggest some differences in the reactivities of ALT and
GGT towards the metabolic burdens created by the various lifestyle factors.
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While GGT levels may be more specifically linked with the process of oxidative stress
(Speisky et al. 1990, Lanca and Israel 1991, Emdin et al. 2005, Lee et al. 2008, Zhang and
Forman 2009), alterations in ALT activities may rather reflect disturbed liver cell integrity (Kim
et al. 2008), and although both enzymes readily responded to alcohol consumption and obesity,
ALT appeared to be more sensitive to obesity, especially in young male age groups. The
correlations between lipid status and liver enzymes were also strong among young men, which
could be related to a lifestyle involving overconsumption of the "Western diet” (Lee et al. 2009,
Montonen et al. 2011, Fontana et al. 2013). The present observations also suggest significant
synergistic effects of alcohol and smoking, which is in accordance with other recent
observations (Breitling et al. 2009, Breitling et al. 2011).

Increased ALT and GGT levels commonly co-occur with the accumulation of triglycerides
and liver steatosis, and there has also been a wealth of data in the past decade to link such
phenomena to extrahepatic health risks, such as type 2 diabetes, metabolic syndrome, insulin
resistance and cardiovascular morbidity (Lee et al. 2003, Ruttmann et al. 2005, Lee et al. 2006,
Kazemi-Shirazi et al. 2007, Targher et al. 2007, Fraser et al. 2009, Kotronen et al. 2010,
Kozakova et al. 2012, Tsai et al. 2012). Serum GGT activities may even predict mortality from
cardiovascular or cerebrovascular events (Ruttmann et al. 2005, Ghouri et al. 2010, Montonen et
al. 2011, Kozakova et al. 2012). While the mechanisms underlying such observations have
remained obscure, it should be noted that recent studies have suggested a role for GGT as a link
between fatty liver and the development of atherosclerosis, due to its ability to trigger iron-
dependent oxidation of LDL in coronary plaques (Kozakova et al. 2012). It is therefore, of
interest to note the significant correlation between LDL cholesterol and GGT levels in the

present material, especially in men.

According to the present analyses, the upper reference limits of ALT and GGT in their
clinical use as disease biomarkers should be substantially lower than those currently used in
most clinics (Rustad et al. 2004a, Ruhl and Everhart 2012). As biomarker reference intervals are
important tools for differentiating between healthy and diseased populations, the definition of
upper reference limits for the common liver enzymes is an important matter. This work has
previously been hampered by a lack of dose response information on the relation between
ethanol intake and biomarker levels, inconsistencies regarding the definition of safe levels of
ethanol intake and ignorance of excess body weight in sample populations. In particular, age-

dependent associations should apparently be considered more carefully. Correct reference
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intervals and harmonization of the analytical goals for biomarkers are also needed for the
successful implementation of early treatment programmes for reducing alcohol and obesity-

induced morbidity.

6.5 Possible limitations of the present research

The cross-sectional setting of the present survey can be regarded as a limitation, as some
biomarkers may show day-to-day variation. The lack of follow-up data also prevents any
analysis of the specific relationships between enzyme elevations and the duration of drinking or
obesity status. Thus future prospective studies appear warranted to explore the above questions.
Also, disease status was self-reported, so that the exclusions might not be fully accurate, leading
to the conservative estimate of a healthy population. It is also possible that the alcohol recall
techniques overestimate the proportion of those not drinking alcohol at all (Duffy and Alanko
1992). Indeed, current national statistics indicate that approximately 15% of the adult population
are heavy drinkers, whereas only 4% of the present subjects exceeded the limits for heavy
drinking. It is possible, however, that the issues mentioned above could also have diluting
effects on the results, so that the real associations and interactions might be even stronger. No
analyses of hepatitis serology were carried out in the present instance, on account of both
financial and ethical considerations. This should not constitute a significant confounding factor,
however, due to the low prevalence of viral hepatitis in Finland (observed rates of 1-2 cases per

10,000 blood donors per year).

6.6 Future considerations

Taken together, the present data provide novel information on the individual contributions of
various lifestyle factors to the early-phase activation of liver enzymes and shows that even
moderate drinking may lead to significant enzyme elevations in an age, gender and BMI-
dependent manner. Recent data have also suggested mechanistic roles for liver enzymes as links
between hepatic and extrahepatic disease manifestations, which appears to warrant further
studies in large prospective trials. There is also a need for future follow-up surveys to analyse
the relationships between enzyme elevations, the duration of drinking or obesity status and the

predictive value of liver enzymes for monitoring possible disease progression.
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The present findings should also be taken into account when defining reference intervals for
liver enzymes in current health care. Future studies are also needed to explore the physiological
responses to ethanol and overweight in different demographic categories. It also remains to be
established in such studies whether the use of waist circumference instead of BMI could be of

additional value.
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7. Conclusions

The following conclusions can be derived from the present work:

Even rather low levels of regular alcohol consumption can lead to increased mean GGT
activities in apparently healthy individuals. Also, the impact of alcohol consumption on
GGT activity is more pronounced in those over 40 years of age, a fact which should be

considered when defining safe levels of consumption for different age categories.

In addition to alcohol consumption and age, overweight and smoking are major determinants
of increased GGT levels. Such factors may also have detrimental health effects in a
synergistic, gender-dependent manner.

Coffee consumption can modulate the effect of ethanol on serum GGT activities and be

associated with beneficial liver effects through protection from oxidative stress.

The early changes in both ALT and GGT enzymes in response to alcohol consumption or
overweight show distinct age and gender-dependent variations, and these should be taken
into account when assessing the health risks associated with such lifestyle factors and when

re-examining the reference limits for liver enzymes in clinical use.
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Abstract — Aims: While serum gamma-glutamyltransferase (GGT) enzyme activity is a well established biomarker of excessive
alcohol consumption and liver dysfunction, recent studies have also implicated it as a predictor of morbidity due to extrahepatic
causes. Therefore, further information on the associations between ethanol intake and GGT activities in apparently healthy indivi-
duals appears warranted. Methods: Data on alcohol consumption and serum GGT activities were collected from 18,899 individuals
(8807 men, 10,092 women), mean age 48 years and range 25-74 years, who participated in a national cross-sectional health survey.
Alcohol use was assessed by detailed questionnaires and the study population was subsequently divided into subgroups according to
age and gender. Body mass index and smoking were used as covariates in all analyses. Results: In men over 40 years, a reported
regular consumption of 8 standard ethanol doses (‘dose’ =12 g ethanol) or more per week was found to lead to a significant eleva-
tion in serum GGT activities, whereas those below 40 showed first significant changes not until the reported ethanol intake exceeded
14 doses per week. For women, the corresponding threshold levels were four and seven standard ethanol doses, respectively.
Conclusion: The data pertaining to the present population sample indicate that rather low levels of reported regular ethanol consump-
tion lead to elevated levels of GGT and that age over 40 markedly enhances the impact of alcohol consumption on GGT activity.
The present findings should form the basis for defining safe levels of ethanol consumption and in recalibrating goals for normal

doi: 10.1093/alcalc/ags072

limits in the clinical use of GGT measurements.

INTRODUCTION

The gamma-glutamyltransferase (GGT) enzyme is expressed
in a wide variety of tissues, including the liver, kidney, lung,
pancreas and vascular endothelium (Ikeda and Taniguchi,
2005). It plays a pivotal role in the extracellular metabolism
of glutathione and thereby regulates oxidant stress status in
vivo (Lee et al., 2004; Zhang and Forman, 2009; Mistry and
Stockley, 2010). While serum GGT activities have long
been used as a biomarker of excessive alcohol consumption
and liver dysfunction (Niemeld, 2007), several lines of recent
evidence have shown that it is also predictive of mortality
associated with liver disease, cardiovascular diseases, type 2
diabetes and metabolic syndrome (Ruttmann ez al., 2005; Lee
et al., 2006b; Mason et al., 2010; Ryu et al., 2010; Targher,
2010).

Consequently, there has been growing interest in the
significance of alterations in serum GGT levels as a general
indicator of health and disease. A trend towards increased
mean GGT activities at population level has been observed
in several recent surveys, which has been linked with
increased alcohol consumption and prevalence of obesity in
populations (Sillanaukee er al., 2000; Lee et al., 2006a;
Alatalo et al., 2008). It has been further hypothesized that
changes in serum GGT could be considered a marker of oxi-
dative stress (Lee et al., 2004) and to have prognostic value
in predicting cardiovascular events (Ruttmann et al., 2005).
Although heavy alcohol drinking is known to elevate the
levels of serum GGT, studies of GGT response to mild or
moderate ethanol intake in large populations have, however,
been limited. This work investigates the association between
GGT and alcohol consumption in a large age- and gender-
stratified population of apparently healthy individuals with
different levels of alcohol consumption.

SUBJECTS AND METHODS

Three independent, cross-sectional population health surveys
(The National FINRISK studies) were carried out in six geo-
graphic areas in Finland in 1997, 2002 and 2007. In each
year, an age- and a gender-stratified random sample was
drawn from the population register according to an inter-
national WHO MONICA (Monitoring trends and determi-
nants in cardiovascular disease) project protocol. The survey
included a detailed questionnaire on health status and
alcohol intake, physical measurements and laboratory tests.
The questionnaire covered information on current health be-
haviour, health status, medical history and socioeconomic
factors. The medical examinations were conducted using a
previously described standardized protocol (The World
Health Organization, 1988). Measurements of height and
weight were carried out and body mass index (BMI, kg/m?)
was calculated as a measure of relative body weight. Serum
GGT (U/1) was measured by standard kinetic methods fol-
lowing recommendations of the European Committee for
Clinical Laboratory Standards (ECCLS) (Leino et al., 1995).
All the surveys were conducted in accordance with the
Declaration of Helsinki according to the ethical rules of the
National Public Health Institute. Each time, application for
approval for the FINRISK studies was made to relevant
ethics committees.

The present sample included data from the subjects who
both filled out the questionnaire and attended the medical
examination. The response rates for the sample ranged from
64 to 71%. Exclusion criteria for these analyses were preg-
nancy (n=137), diagnosis of myocardial infarction (n=
627), stroke, cerebral hemorrhagic or cerebral embolism (n =
517), diabetes or glucose intolerance (n=1137) or signs of
active infection at the time of the study (n=837). In
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addition, exclusions were necessary due to missing variables
(n=1780). The final population thus comprised 18,899 indi-
viduals: 8807 men and 10,092 women; mean age 48 years
and range 25-74 years.

Smoking was quantified as the amount of cigarettes per
day. Alcohol consumption was assessed with detailed
questions on the type of alcoholic beverage consumed, the
frequency of consumption and the amount of ethanol-
containing drinks consumed regularly during the past weeks
and 1 year prior to sampling. The amount of ethanol in differ-
ent beverages was quantified as follows: beer 12 g (1/3 1),
strong beer 15.5 g (1/3 1), long drink 15.5 g (1/3 1), spirit 12 g
(4 cl), wine 12 g (12 cl) and cider 12 g (1/31). A ‘dose’” was
12 g of pure ethanol (cf. ‘standard drink’). The subjects were
subsequently classified into groups as follows: persons who
reported no alcohol consumption and had been life-long
abstainers were referred to as abstainers (n=1298), persons
who reported no alcohol consumption and had decided to
stop drinking completely although they had used to drink
earlier were referred to as former drinkers (n = 629), moderate
drinkers consumed <24 doses (men) and <6 doses (women)
per week (n=16,232) and heavy drinkers (n = 740) consumed

Table 1. The main characteristics of the study population classified into
subgroups according to alcohol consumption

Former Moderate Heavy
Abstainers drinkers drinkers drinkers
n 1298 629 16,267 705
Sex (men/women) 383/915  315/314 7576/8691 533/172
% of total population 6.9 33 86.1 3.7
Age (<40/240 years) 242/1056  122/507 5201/11,066  199/506
Age
Men 50.8+14.2 55.0+12.5 480132  47.1+115
Women 554+132 489+13.1 46.6+12.8 47.2+10.9
BMI
Men 263+38 27.1+x40 27.0+39 274+4.1
Women 273+52 27.1+x54 26.0+4.8 26.5+5.0
Smoking
Men 12+50 4.0+88 45+8.6 9.6+12.4
Women 05+£27 24+63 24+55 83+x94

Age, BMI and smoking (number of cigarettes/day) are expressed as mean *
SD.
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>24 doses per week (men) or >16 doses per week
(women). The population was also divided into two age
groups: <40 years (range 25-39 years) and 240 years (range
40-74 years). The characteristics of the study population are
summarized in Table 1.

STATISTICAL METHODS

Univariate differences between groups were determined with
analysis of variance using the Bonferroni post hoc test for
multiple comparisons. Logarithmic transformation of GGT
data was used to obtain non-skewed distribution with homo-
geneity of variance. Age, BMI and the amount of smoked
cigarettes per day were used as covariates in all analyses in
order to avoid the effect of possible confounding factors.
Values are expressed as mean + SD. The statistical analyses
were carried out using SPSS for Windows 19.0 (Chicago,
IL, USA). A P-value of <0.05 was considered statistically
significant.

RESULTS

Among the 18,899 study participants, 6.9% of the population
were abstainers, 3.3% were former drinkers, 86.1% were
moderate drinkers and 3.7% were heavy drinkers (Table 1).
Among the subgroups, both men and women showed the
lowest GGT values in abstainers (27.7 +1.6; 18.4 +1.7 U/),
the activities being significantly different from those observed
in moderate drinkers (31.8+1.8; 20.1+1.7 U/1) (P<0.001
for both) or heavy drinkers (56.9 +2.3; 30.8 +2.3 U/l), re-
spectively (P <0.001 for both) (Fig. 1). However, no signifi-
cant differences in GGT levels were found between abstainers
and former drinkers (27.0+1.8; 17.5 + 1.7 U/).

When the study population was further divided into
those below or above 40 years of age, there was a signifi-
cant age-dependent effect of alcohol consumption on GGT
activities such that GGT increase was markedly more pro-
nounced in those over 40 (Table 2). GGT values as classi-
fied according to age and sex are presented in Fig. 2. A
more detailed analysis of BMI-adjusted threshold doses
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— ddkdk
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Fig. 1. GGT values (mean +SD) in the groups of men (A) and women (B), as classified according to alcohol consumption into categories of abstainers,
former drinkers, moderate drinkers and heavy drinkers. Group significantly different from other ***P <0.001.

210z ‘L2 Bnbny uo oselinsianie | 1 /Bioseuinolpioixo-aesfe//:diy wol papeoumoq


http://alcalc.oxfordjournals.org/

560 Tynjild ef al.

initiating significant elevation in GGT revealed that in men
below 40, the limit where GGT levels first exceeded the
levels of abstainers was 14 doses of regular alcohol con-
sumption per week, whereas in those over 40 the corre-
sponding limit was eight doses Accordingly, in women, the
threshold dose for those below 40 was seven doses and
four doses for those above 40.

Table 2. Relative GGT increases as a result of moderate and heavy drinking
in men and women classified according to age

Men ‘Women

Moderate drinkers

Years <40 240 <40 240

% 8.9 15.9 9.4 8.6
Heavy drinkers

Years <40 >40 <40 >40

% 50.7 127 48.9 76.6

Baseline is corresponding mean level of abstainers.

DISCUSSION

Our study in a nationally representative large sample of ap-
parently healthy individuals with different degrees of ethanol
consumption indicates a distinct age-dependent influence of
alcohol consumption on serum GGT activities. This associ-
ation was also found to be notably influenced by gender.
Previous epidemiological data have supported the view that
exceeding the level of 300 g of ethanol per week for men or
200 g for women increases the risk of medical problems
(Corrao et al., 2004; Gunzerath et al., 2004). It is, however,
obvious that in many individuals alcohol-related adverse
effects arise at lower levels (Sillanaukee et al., 2000; Di
Castelnuovo et al., 2006; Alatalo et al., 2008; Mukamal and
Rimm, 2008). The present work indicates that GGT activity
increases after regular alcohol consumption exceeds 50 g
(women) or 100 g (men) per week. Furthermore, those over
40 years of age show GGT increases at alcohol consumption
levels that are approximately only 60% of those found in the
age group below 40. Previously, such age-dependent GGT

A 80
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d*edkk
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Fig. 2. GGT values (mean + SD) in men (upper panel) and in women (lower panel), as classified according to age into groups <40 years and >40 years. The
mean amounts of drinks consumed per week are given on the x-axis. Group significantly different from the corresponding group of individuals reporting no
alcohol consumption (abstainers). *P <0.05, **P <0.01, ***P <0.001.
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responses have also been found among heavy drinkers
(Puukka et al., 2006). The present findings are in accordance
with the view that individuals over 40 could also be more
prone to ethanol-induced adverse health consequences.
Alcohol misuse is currently a growing problem among
elderly people and our data lend further biomedical support
for recent conclusions by the Royal College of Psychiatrists
(2011) indicating that on grounds of metabolic changes asso-
ciated with ageing men over 65 should not exceed 11 doses
or women 7 doses per week.

The present findings should also be considered in the clin-
ical use of GGT as a biomarker of ethanol intake. In the as-
sessment of alcohol-consuming patients, it has been widely
accepted that through more effective early diagnosis, the
prevalence of alcohol-induced morbidity and mortality can
be significantly reduced (Room et al., 2005). However, to
date lack of knowledge of dose responses between ethanol
intake and biomarker levels has hampered the interpretation
of the marker data. The present data provide a rather precise
quantitative approach to link the amount of ethanol con-
sumption and GGT activation in apparently healthy indivi-
duals and show that even doses considered moderate
drinking in most Western countries lead to significant GGT
elevation in an age-dependent manner. The present findings
on the characteristics of GGT response to ethanol consump-
tion may also explain previously observed lack of sensitiv-
ities of GGT as a marker of heavy drinking in certain age
groups (Nystrom et al., 1993; Sillanaukee et al., 1998;
Conigrave et al., 2002; Daeppen et al., 2004) when the def-
inition of normal limits may have received less attention. It
should also be noted that the data in this large population
show no significant differences between GGT levels in
abstainers and former drinkers, an issue which has previous-
ly remained a matter for debate.

In recent years, together with improved knowledge of the
physiological functions of GGT, several novel epidemiologic-
al associations for GGT have emerged. GGT seems to be
linked with a wide variety of high-risk health behaviours and
even mortality from not only liver diseases but also from car-
diovascular causes (Ruttmann et al., 2005; Lee et al., 2006b;
Kazemi-Shirazi et al., 2007; Targher, 2010). Serum GGT ac-
tivity may also predict the development of type 2 diabetes
and metabolic syndrome or insulin resistance (Lee et al.,
2003). Strasak et al. (2008) also reported an association
between GGT and cancer development. Interestingly, the as-
sociation between GGT levels and all-cause mortality may
also be age-dependent (Kazemi-Shirazi et al., 2007; Lee
et al., 2009). Although the primary mechanisms underlying
the aforementioned associations have not been established, it
should be noted that GGT (found in several tissues) plays a
key role in the metabolism of glutathione (GSH), the major
antioxidant in mammalian cells. GGT may mark the process
of oxidative stress and its activation may be associated with
the development of superoxide ion, hydrogen peroxide and
unintended oxidation of low-density lipoprotein within the
vascular endothelium (Emdin et al., 2005). Accordingly,
GGT activation could also be considered a sign of
pro-inflammatory status in the body. It should also be noted
that ageing may render individuals more susceptible to oxida-
tive stress and oxidatively modified proteins are known to ac-
cumulate during aging whereas restriction of caloric intake

lowers steady-state levels of oxidative stress and could retard
age-associated changes (Sohal and Weindruch, 1996).

It should also be noted that there may be gender differ-
ences in physiological responses as a function of age
(Kornhuber et al., 1989). In the present studies, we used a
cut-off of 40 years for both men and women, which is in ac-
cordance with a recent survey by Stromme et al. (2004) of a
population of over 3000 apparently healthy individuals from
Nordic countries showing that GGT activities in men are
higher than in women and that both show a relative increase
at the age of about 40 years. However, future studies appear
warranted to explore the possibility of the physiological
responses to ethanol being different in individuals classified
into more narrow categories of age.

Taken together, the present findings in a large population
of apparently healthy individuals indicate distinct age- and
sex-dependent impacts of ethanol consumption on serum
GGT, on which recent epidemiological studies have cast
light as an independent predictor of morbidity and mortality.
Our findings also emphasize the need for recalibrating goals
for GGT normal ranges for both genders. Current data
should also be considered in the definition of possible safe
limits of ethanol intake in different demographic categories.
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Abstract: Excessive ethanol consumption, obesity and increasing age may all lead to
increased serum levels of gamma-glutamyltransferase (GGT) enzyme, which plays a key
role in the metabolism of extracellular reduced glutathione. However, as yet, the
interactions between the various modulators of GGT activities have remained poorly
defined. We analyzed data from 15,617 apparently healthy individuals (7254 men and
8363 women, mean age 46 + 13 years, range 25-74 years) who participated in a national
cross-sectional health survey in Finland between 1997 and 2007. All subjects underwent
detailed clinical examinations and interviews, including the amount of ethanol use and
smoking habits. GGT levels were measured from all participants, and the individual and
joint impacts of the different study variables on GGT levels were assessed. Significant
individual effects were noted for ethanol use (p < 0.001), body mass index (BMI)
(» < 0.001), age (p < 0.001) and smoking (p < 0.001). In men, significant two-factor
interactions occurred between ethanol use and age (p < 0.020). Among those over 40 years
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of age, ethanol consumption was found to be a stronger determinant of increased GGT
levels than in men below 40 years, whereas in the latter age group, BMI was found to
predominate. In women, a significant two-factor interaction occurred between ethanol and
BMI (p = 0.010), whereas it did not with ethanol use and age. The data underscores the
role of ethanol consumption and age as major determinants of increased GGT levels in
men, whereas in women, a relatively stronger impact was noted for ethanol intake and
BMLI. In light of the ability of GGT enzyme to modulate crucial redox-sensitive functions,
the present findings also support the use of GGT as a biomarker of oxidative stress.

Keywords: alcohol; oxidative stress; ageing; obesity; liver

Abbreviations: BMI, body mass index; GGT, gamma-glutamyltransferase; CI, confidence interval;
GSH, glutathione; MONICA, Multinational Monitoring of Trends and Determinants in Cardiovascular
Diseases; WHO, World Health Organization.

1. Introduction

The increasing prevalence of excess ethanol intake constitutes a major threat to modern
healthcare [1-3]. During the past decades, obesity and its comorbidities have also become a worldwide
epidemic, more than half of the population being currently overweight or obese [4-7]. Both excessive
ethanol consumption and obesity are also well known causes of hepatic fat accumulation and increased
blood levels of gamma-glutamyltransferase (GGT) enzyme [8,9], which is a key modulator of
glutathione (GSH) metabolism and oxidative stress [10,11].

Consequently, there has been growing interest in the biological significance of alterations in serum
GGT, which has been suggested to be useful as a general indicator of oxidative stress [10,12]. GGT
levels may also provide prognostic health information in a wide variety of diseases of the modern
life [13]. The expression of GGT is increased as an adaptive response upon exposure to oxidative
stress, and mild elevations of GGT apparently relate to its biological function to maintain intracellular
levels of GSH [11]. In individuals with high ethanol intake and excess body weight, slight to moderate
increases in GGT levels appear to mark enhanced oxidative stress burden [10,14]. A trend towards
increased mean GGT levels has been observed in recent population surveys in connection with excess
ethanol consumption and increased prevalence of obesity [14-16]. However, so far, studies on the
interactions between ethanol intake, overweight, age and gender on GGT levels have been limited.

In this work, we investigated the individual and joint impacts of ethanol use and body mass index
(BMI) on GGT levels in a large age- and gender-stratified population sample of teetotalers, moderate
drinkers and individuals exceeding the limits of heavy drinking, yet being devoid of apparent health
problems at the time of the study.
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2. Results

Main characteristics of the 15,617 study subjects classified according age, gender, ethanol
consumption, BMI and smoking are presented in Table 1. In the total population, there was a
significant individual effect of ethanol use (p < 0.001), body mass index (p < 0.001), age (p < 0.001)
and smoking (p < 0.001) on serum GGT levels. In men, a significant two-factor interaction was noted
between ethanol use and age (p < 0.020). Among men over 40 years of age, ethanol consumption was
found to be a markedly stronger determinant of increased GGT levels than in men below 40
(Figure 1A). In women, the interaction between ethanol intake and age was not found to be significant
(Figure 1B).

Figure 1. Gamma-glutamyltransferase (GGT) levels (mean + 95% confidence interval
(CI)) in men (A) and women (B) in subgroups divided according to the amount of ethanol
intake and age. (A) In men, there was a significant two-factor interaction between ethanol
use and age (p < 0.001). In men over 40 years of age, GGT levels increased sharply after
ethanol consumption exceeded 16 drinks per week. (B) In women, the interaction between
ethanol and age was not significant. BMI (kg/m?) and smoking (cigarettes/day) were used

as covariates.
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Table 1. Main characteristics of the study population as classified according age, gender, ethanol consumption, BMI and smoking.

Men, age group
25-29 30-39 40-49 50-59 60—69 70-74
N 799 1747 1854 1586 999 269
Ethanol
No intake
n (%) 203 (25%) 417 (24%) 464 (25%) 395 (25%) 315 (32%) 111 (41%)
<280 g/week 100 + 69 102 +70 104 +70 100 + 69 82+ 65 73 £ 60
n (%) 556 (70%) 1223 (70%) 1271 (69%) 1072 (68%) 636 (64%) 153 (57%)
>280 g/week 430 + 175 471 £262 482 +284 464 £201 458 £192 483 £223
n (%) 40 (5%) 107 (6%) 119 (6%) 119 (8%) 48 (5%) 5(2%)
BMI, kg/m’
Underweight
<18.5 18.0£0.5 17.8 £0.8 17.8+ 1.0 18.3+0.2 18.4 +0.1 17.5
n (%) 8 (1%) 8 (0.5%) 5(0.3%) 3 (0.2%) 2 (0.2%) 1 (0.4%)
Normal weight
>18.5 and <25 22.7+1.6 23.0+1.5 23.2+1.4 233+1.4 23.1+1.4 233+1.4
n (%) 437 (55%) 687 (39%) 614 (33%) 493 (31%) 278 (28%) 77 (29%)
Overweight
>25 and <30 27.0+1.4 27.0+1.3 27.1+1.4 273+1.5 272+1.3 27.1+1.3
n (%) 282 (35%) 796 (46%) 935 (50%) 784 (49%) 533 (53%) 154 (57%)
Obesity
>30 32.8+3.0 33.1+£3.0 329+29 32.7+2.8 325+24 324+23
n (%) 72 (9%) 256 (15%) 300 (16%) 306 (19%) 186 (19%) 37 (14%)
Tobacco
No smoking
n (%) 479 (60%) 1132 (65%) 1267 (68%) 1138 (72%) 819 (82%) 233 (87%)
Cigarettes/day 13.4+8.5 15.8+9.0 17.5+9.1 18.2+8.8 17.7+8.7 14.0+7.0
n (%) 320 (40%) 615 (35%) 587 (32%) 448 (28%) 180 (18%) 36 (13%)
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Table 1. Cont.

Women, age group

25-29 30-39 4049 50-59 60—69 70-74
N 1034 2028 2176 1855 1011 259
Ethanol
No intake
n (%) 419 (41%) 793 (39%) 786 (36%) 724 (39%) 475 (47%) 148 (57%)
<190 g/week 57+40 53+40 56 +£42 54+ 40 47 £36 37+31
n (%) 607 (59%) 1198 (59%) 1340 (62%) 1090 (59%) 525 (52%) 110 (42%)
>190 g/week 223 +20 279 +£71 293 + 85 298 + 131 284 + 96 300
n (%) 8 (0.8%) 37 2%) 50 (2%) 41 (2%) 11 (1%) 1 (0.4%)
BMI, kg/m’
Underweight
<18.5 17.8 £ 0.6 17.6 £ 0.7 17.6 £0.9 17.9+£0.5 17.3£0.9 17.9+ 0.6
n (%) 45 (4%) 33 (2%) 17 (0.8%) 8 (0.4%) 4 (0.4%) 4 (2%)
Normal weight
>18.5 and <25 21.8+1.7 222+1.6 22.5+1.6 228+1.5 229+1.5 229+1.6
n (%) 721 (70%) 1,238 (61%) 1,176 (54%) 752 (41%) 327 (32%) 87 (34%)
Overweight
>25 and <30 270+ 1.5 27.1+1.4 271+1.4 271+1.4 273+1.4 27.3+1.5
n (%) 191 (18%) 551 (27%) 674 (31%) 739 (40%) 440 (44%) 103 (40%)
Obesity
>30 343+3.8 342+4.0 33.5+£3.0 33.8+3.6 33.2+3.0 33.7+3.1
n (%) 77 (71%) 206 (10%) 309 (14%) 356 (19%) 240 (24%) 65 (25%)
Tobacco
No smoking
n (%) 730 (71%) 1501 (74%) 1644 (76%) 1520 (82%) 900 (89%) 242 (93%)
Cigarettes/day 9.3+6.0 10.8+6.9 11.6+7.1 12.7+7.0 129+7.5 11.5£8.5
n (%) 304 (29%) 527 (26%) 532 (24%) 335 (18%) 111 (11%) 17 (7%)

11933

Ethanol intake (g/week), BMI (kg/m?) and smoking (number of cigarettes /day) are expressed as the mean + SD. The numbers of observations (1) are also given as

percentages (%) from the total number of observations in each age group.
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Two-factor analyses on ethanol and BMI indicated a significant interaction among women
(» = 0.010), whereas not in men (p = 0.149) (Figure 2). Obese women (BMIs above 30) were found to
be more prone towards increased GGT levels upon increasing ethanol intake than the other BMI-based
subgroups of women.

Figure 2. GGT levels (mean + 95% CI) in men (A) and women (B) as divided to
subgroups according to the amount of ethanol intake and BMI. (A) In men, the interaction
between ethanol and BMI was not significant (p = 0.149). (B) A significant two-factor
interaction (p = 0.010) between ethanol and BMI was noted among women. Age (years)
and smoking (cigarettes/day) were used as covariates.
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In the present material, multiple linear regression analyses showed multivariable adjusted beta
coefficients of 0.22 for GGT versus ethanol intake and 0.26 for GGT versus BMI (adjusted for age, sex
and smoking). Table 2 summarizes the correlations between GGT, ethanol intake and BMI in different
age groups. In men, the correlations between ethanol consumption and GGT were found to be
significantly different between the younger and older age groups, the latter showing significantly
stronger correlations. In women, the correlations between GGT and ethanol intake in the different age
groups were not different. The correlations between GGT and BMI were also found to vary according
to age, the younger subjects showing significantly stronger associations (Table 2).

3. Discussion

Our study in a large and nationally representative sample of apparently healthy individuals with
various levels of ethanol consumption indicates distinct age- and gender-dependent interactions
between ethanol intake, BMI and serum GGT, which has recently been proposed as a biomarker of
oxidative stress [10,12]. In men, especially in those over 40 years of age, ethanol consumption
appeared to be the major determinant on GGT levels, whereas in women, increased BMI was found to
influence GGT activities in a more predominant manner.
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Table 2. Partial correlations between GGT and ethanol intake or GGT and BMI in
different age groups of men and women.

Men Women
Age group GGT vs. GGT vs. " GGT vs. GGT vs. "
ethanol intake BMI ethanol intake BMI
25-29 0.19 0.45 799 0.14 0.30 1034
30-39 0.20 0.43 1747 0.17 0.25 2028
40-49 0.28 * 1T 0.33 *# 11T 1854 0.16 0.25 2176
50-59 0.34 *xx 111 0.27 ¥ 111 1586 0.16 0.27 1855
60—69 0.29 * T 0.20 *** Tffaa 999 0.20 0.20 * 1011
70-74 0.29 0.30 ** 11 269 0.19 0.14 ** 259

Group significantly different from the corresponding group aged 25-29 years: * p < 0.05, ** p < 0.01,
#*% 1 < 0.001. Group significantly different from the corresponding group aged 30-39 years: © p < 0.05,
" p <0.01, " p < 0.001. Group significantly different from the corresponding group aged 40—49 years:
“p<0.05,*p<0.01,* p<0.001. In these comparisons, BMI (kg/m?), smoking (cigarettes/day) and ethanol

intake (drinks/week) were used as covariates, as appropriate.

Both excess ethanol consumption and obesity seriously threaten health and wellbeing in our
societies. In Finland, ethanol consumption currently exceeds 10 L of absolute ethanol per capita, and
almost 70% of working aged men and 50% of women are overweight, 30% of both genders being
obese [17]. Consequently, ethanol and obesity-related health problems are frequently co-existing
phenomena, which can also create supra-additive effects on serum liver-derived enzyme
activities [9,14,18]. In obese subjects, elevated serum liver enzymes have been observed even as a
result of ingesting small to moderate amounts of ethanol on a regular basis [9,14]. Among men,
ethanol consumption has also been shown to interact with smoking in increasing GGT [19]. However,
studies on the interactions between various health risk behaviors and serum GGT have, so far,
been limited.

In accordance with our recent observations [20], notable changes in GGT levels were seen after
ethanol consumption exceeded four (women) or eight (men) standard drinks per week. Mild elevations
of GGT in such individuals could be considered a sign of a need to maintain the intracellular levels of
glutathione [21]. In men over 40 years of age, GGT appeared to increase at ethanol consumption
levels, which were only about half of those found in the age group below 40, suggesting that aging
may render individuals more susceptible to oxidative stress and ethanol-induced adverse health
consequences [20,22]. In agreement with this view, Loomba et al. [23] have previously reported that a
combination of obesity and ethanol intake increases the risk of liver injury, especially in older
individuals. Obviously, safe limits for ethanol intake in individuals with advanced age and in those
with increased body weight need further attention. Interestingly, previous studies have further
indicated that the association between GGT levels and all-cause mortality is also age-dependent, which
may in part be due to age-related differences in the ability of maintaining homeostasis and clearing
xenobiotics [12,24]. There may also be differences with respect to health risks of being overweight,
whether developed in early adulthood or later in life [25].

Currently, the pathophysiological mechanisms linking adverse health effects of ethanol consumption,
obesity and increasing age are poorly known. Even single bouts of heavy drinking may lead to hepatic
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fat accumulation and a rise in blood GGT enzyme levels [26]. Ethanol has a high energy content,
and in experimental animals, ethanol-induced oxidative stress has been shown to be aggravated by
high-fat-diets [27]. Ethanol administration to rats leads to enhanced GGT activities and a loss of GSH
into the circulation [28,29]. GGT activation also seems to be related with the development of
superoxide ion, hydrogen peroxide, unintended oxidation of lipoproteins and generation of a
proinflammatory status in the body [30].

Due to the fact that GGT plays a pivotal role in GSH metabolism and the antioxidant defense
system, several lines of both experimental and clinical evidence have proposed a role for GGT as a
biomarker for oxidative stress [10,12—15,28,29,31-33]. While assays of more specific indicators of
oxidative stress were beyond the scope of the present study, it should be noted that in previous studies,
GGT has shown a correlation with 8-hydroxydeoxyguanosine (8-OHdG), acrolein-lysine adducts and
aldehydic products of lipid peroxidation [34—37]. In humans, increased GGT levels have been reported
in a wide variety of chronic diseases, and several lines of investigation have further emphasized the
role of GGT as a risk marker for conditions involving oxidative stress, including cancer,
neurodegenerative diseases, rheumatoid arthritis, atherosclerosis related events, fatty liver disease,
diabetes and metabolic syndrome [12,13,38—46]. While among women, high GGT levels have been
suggested to predict carcinogenesis [40], men seem to show increased cardiovascular mortality risks
from elevated GGT levels, especially when there is simultaneous evidence of hepatic steatosis [47]. In
the presence of one etiology (ethanol or obesity) strong enough to induce fatty liver, generation of
additional oxidative stress brought about by a possible second etiology is also expected to increase the
risk for progressive liver damage [21,48,49]. It remains to be established in future studies whether (i)
this theory of two hits could also be generalized to health risks outside the liver and (i1) whether GGT
could also be a mediator between the hepatic and extrahepatic health risks [50].

The present findings should be implicated in the clinical use of GGT as a biomarker of ethanol
intake, oxidative stress and liver dysfunction. Although, it has been widely accepted that through more
effective early diagnosis, the prevalence of diseases due to high risk health behaviors can be
significantly reduced [2,3], lack of knowledge on the relationships between ethanol, obesity and GGT
levels and inconsistencies regarding the definition of safe levels of ethanol intake in different
populations have complicated such efforts. The present data provides novel information on the factors
influencing early-stage GGT activation and shows that the doses of ethanol required to reach
significant GGT elevation varies markedly as a function of age, BMI and gender. Our findings also
emphasize the need for recalibrating goals for GGT normal ranges in populations with different
demographic characteristics. Similarly, current data should also be considered in the definitions of safe
limits of ethanol intake in such populations.

4. Subjects and Methods
4.1. Study Protocol

Three independent, cross-sectional population health surveys (The National FINRISK Studies)
were carried out in six geographic areas in Finland in the years 1997, 2002 and 2007. In each year, an
age- and a gender-stratified random sample of persons 25 to 74 years of age was drawn from the



Int. J. Mol. Sci. 2013, 14 11937

population register. The survey included a detailed questionnaire on health status and ethanol intake,
physical measurements and laboratory tests. The self-administered questionnaire covered information
on current health behavior, health status, medical history and socioeconomic factors. The medical
examinations were conducted using a standardized protocol of the WHO MONICA project [51] and
the more recent recommendations of the European Health Risk Monitoring project [52]. Measurements
of height and weight were carried out, and body mass index (BMI, kg/m?) was calculated as a measure
of relative body weight. All surveys were conducted in accordance with the Declaration of Helsinki
according to the ethical rules of the National Public Health Institute. The approvals for the FINRISK
surveys were applied each time from relevant ethics committees.

Serum GGT (U/L) was measured by standard kinetic methods following recommendations of the
European Committee for Clinical Laboratory Standards (ECCLS) [53] using an Abbott Architect
clinical chemistry analyzer (Abbott Laboratories, Abbott Park, IL, USA) showing the following
analytical characteristics: intra- and inter-assay coefficients of variation of 1.2% and 2.3%,
respectively; mean measurement bias of 4.2%; measurement range of 4-1540 U/L, the lower limit of
detection being 4.0 U/L.

The present sample included data from the subjects who both filled out the questionnaire and
attended the medical examination. The response rates ranged from 64% to 71%. In order to obtain a
representative sample of apparently healthy individuals, exclusions were made for the following
reasons: pregnancy (n = 137), diagnosis of myocardial infarction (n = 627), stroke, cerebral hemorrhage
or embolism (n = 517), diabetes or glucose-intolerance (n = 1137), hypertension (n = 2765), use of
statins or lipid lowering agents (n = 1037) or signs of active infection at the time of the study
(n = 837). In addition, exclusions were made due to missing variables (n = 1780). The final population
thus comprised 15,617 individuals; 7254 men and 8363 women.

Ethanol consumption was assessed with detailed questions on the type of alcoholic beverage
consumed, the frequency of consumption and the amount of ethanol-containing drinks consumed
regularly during the past one week and one year prior to sampling. The amount of ethanol in different
beverages was quantified as follows: one bottle (330 mL) of beer (12 g), one bottle (330 mL) of strong
beer (15.5 g), one bottle (330 mL) of long drink (15.5 g), one standard drink (4 cL) of spirit (12 g), one
glass (12 cL) of wine (12 g) and one bottle (330 mL) of cider (12 g). A dose of 12 g of pure ethanol
was considered one standard drink. The subjects were subsequently classified into groups as follows:
persons who reported no ethanol consumption were referred to as abstainers (n = 5250); moderate
drinkers (n = 9781) consumed less than 280 g of ethanol (men) or less than 190 g of ethanol (women)
per week; heavy drinkers (n = 586) consumed over 280 g per week (men) or over 190 g per week
(women). Smoking was quantified as the amount of cigarettes per day. The population was further
divided into subgroups according to body mass index (BMI) and age, as shown in Table 1.

4.2. Statistical Methods

Values are expressed as the mean = SD or the mean + 95% confidence interval (CI). Comparisons
between groups were made with ANOVA using the Bonferroni post hoc test for multiple comparisons
and appropriate covariates as indicated. Factorial ANOVA was used to investigate the interactions
between drinking status, BMI, age and gender on serum GGT. Before the analyses, the data on serum
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GGT were subjected to logarithmic transformation to yield non-skewed distributions with
homogeneity of variance. Correlations were calculated using partial correlation coefficients. The
differences between correlations were analyzed with the Z-test for correlation coefficients. Multiple
linear regression analysis was used to assess the correlates of GGT adjusted for age, sex and smoking.
All analyses were carried out with the use of SPSS 19.0 for Windows statistical software (SPSS Inc.,
Chicago, IL, USA). A p-value <0.05 was considered statistically significant.

5. Conclusions

Our cross-sectional study indicates that in men over 40 years of age, ethanol consumption is a
stronger determinant of increased gamma-glutamyltransferase (GGT) enzyme levels than in men
below 40. In women the interaction between ethanol intake and age was not found to be significant,
whereas a significant interaction emerged between ethanol and body mass index such that obese
women were more prone towards increased GGT levels upon increasing ethanol intake. The data
supports distinct age- and gender-dependent impacts of alcohol consumption and excess body weight
on serum GGT, which plays a pivotal role in maintaining the intracellular levels of glutathione and
could thereby also serve as a biomarker of oxidative stress status in the body.
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Abstract — Aims: Coffee consumption has been recently linked with decreased blood gamma-glutamyltransferase (GGT) activities
and protection from alcoholic liver disease. To explore the relationship and dose response, we assessed the impacts of coffee and
alcohol intake on serum GGT activity in apparently healthy men and women with varying levels of coffee and alcohol consumption.
Methods: Data on coffee, alcohol consumption and serum GGT activities were collected from 18,899 individuals (8807 men and
10,092 women), mean age 48 years, range 25-74 years, who participated in a large national cross-sectional health survey. Body
mass index, smoking index and age were used as covariates in all analyses.

Results: Among the study population, 89.8% reported varying levels of coffee consumption; 6.9% were abstainers from alcohol,
86.1% moderate drinkers, 3.7% heavy drinkers and 3.3% former drinkers. In men, the elevation of GGT induced by heavy drinking
(>280 g/week) was found to be significantly reduced by coffee consumption exceeding 4 cups per day. A similar trend was also
observed among women, which however, did not reach statistical significance.

Conclusion: Coffee modulates the effect of ethanol on serum GGT activities in a dose- and gender-dependent manner. These obser-

doi: 10.1093/alcalc/agtO17

vations should be implicated in studies on the possible hepatoprotective effects of coffee in alcohol consumers.

INTRODUCTION

Coffee is a widely consumed beverage, which is also a rich
source of antioxidants and other bioactive compounds. The
possible health effects of coffee intake have recently received
increasing attention (Floegel er al., 2012; Freedman et al.,
2012). Studies in liver diseases have indicated that the risk of
fibrosis (Modi et al., 2010), alcoholic cirrhosis (Klatsky and
Armstrong, 1992; Tverdal and Skurtveit, 2003), hepatitis
(Freedman et al., 2009; Costentin et al., 2011) or hepatocel-
lular carcinoma (Inoue et al., 2005; Shimazu et al., 2005; Hu
et al., 2008) are decreased in persons who drink coffee. The
causal relationships underlying such phenomena have,
however, remained unclear.

Over the years, several studies have reported negative
associations between coffee consumption and gamma-
glutamyltransferase (GGT) enzyme activity (Arnesen et al.,
1986; Casiglia et al., 1993; Poikolainen and Vartiainen,
1997; Tanaka et al., 1998; Ikeda et al., 2010). GGT enzyme
is expressed in a wide variety of tissues including the liver,
kidney, lung, pancreas and vascular endothelium. It plays an
important role in the extracellular metabolism of glutathione
(GSH) (Lanca and Israel, 1991) and is closely related to the
oxidant stress status in vivo (Lee et al., 2004; Zhang and
Forman, 2009; Mistry and Stockley, 2010). Mean GGT activ-
ities in populations have been shown to change in parallel
with alcohol consumption and the prevalence of obesity (Lee
et al., 2006a; Alatalo et al., 2008). GGT levels may also be
predictive of mortality associated with liver diseases, cardio-
vascular diseases or diabetes (Ruttmann er al., 2005; Lee
et al., 2006b; Kazemi-Shirazi et al., 2007; Mason et al.,
2010; Ryu et al., 2010; Targher, 2010).

Although coffee consumption seems to be inversely asso-
ciated with GGT levels also in alcohol drinkers (Nilssen

et al., 1990; Tanaka et al., 1998; Ikeda et al., 2010), the
interactions and dose responses between coffee and alcohol
intake and GGT levels have, however, remained largely
unclear. The aim of this work was to analyse the impacts of
alcohol and coffee consumption on serum GGT levels in a
large population of apparently healthy individuals with a
wide range of coffee and alcohol consumption.

SUBJECTS AND METHODS

Study protocol

Three independent, cross-sectional population health surveys
(The National FINRISK studies) were carried out in six geo-
graphic areas in Finland in 1997, 2002 and 2007. In each
year, an age- and a gender-stratified random sample was
drawn from the population according to European Health
Risk Monitoring project recommendations. The survey
included detailed questionnaires on health status, medical
history, alcohol and coffee intake, physical measurements
and laboratory tests. The medical examinations were con-
ducted using a standardized protocol, as previously described
(The World Health Organization, 1988). Measurements of
height and weight were carried out and body mass index
(BMI, kg/m?) was subsequently calculated as a measure of
relative body weight. Serum GGT (U/l1) was measured by
standard kinetic methods following the recommendation of
the European Committee for Clinical Laboratory Standards
(Leino et al., 1995). All surveys were conducted according
to the ethical rules of the National Public Health Institute
and all investigations were carried out in accordance with the
Declaration of Helsinki.

The study included data from the subjects who both filled
out the questionnaire and attended the medical examination.

© The Author 2013. Medical Council on Alcohol and Oxford University Press. All rights reserved
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The response rates obtained in the present sample ranged
from 64 to 71%. Exclusion criteria were pregnancy
(n=137), diagnosis of myocardial infarction (n=627),
stroke, cerebral haemorrhage or cerebral embolism (n =517),
diabetes or glucose-intolerance (n=1137) or signs of active
infection at the time of the study (n=837). In addition,
exclusions were made because of missing variables
(n=1780). The final population comprised 18,899 indivi-
duals; 8807 men and 10,092 women; mean age 48 years,
range 25-74 years.

Coffee and alcohol consumption and smoking status at
baseline were assessed with a set of standardized questions.
The participants were asked to quantify the frequency and
quantity of their coffee consumption, and the data were
recorded as the number of cups of coffee per day. Alcohol
consumption was assessed with detailed questions on the
amounts and patterns of alcohol intake including questions
on the type of alcoholic beverage consumed, the frequency
of consumption and the amount of drinks consumed during
the previous weeks and 1 year prior to sampling. In this
study, the amount of drinks consumed during the past 1
week prior to sampling was used as an estimate of the
numbers of drinks consumed currently. The amount of
ethanol in different beverages was assessed as follows: beer
12 g (1/31), strong beer 15.5 g (1/31), long drink 15.5 g (1/
31), spirit 12 g (4 cl), wine 12 g (12 cl) and cider 12 g (1/3
1) (Tynjéld et al., 2012). A dose of 12 g of pure ethanol was
considered as one standard drink. The subjects were also
classified into subgroups as follows: persons who reported
no alcohol consumption and had been life-long abstainers
were referred to as abstainers (n=1298), persons who
reported no alcohol consumption and had decided to stop
drinking completely although they had used to drink earlier
were referred to as former drinkers (n = 629), moderate drin-
kers consumed <24 doses (men) and <16 doses (women) per
week (n=16,232), heavy drinkers (n=740) consumed >24
doses per week (men) or >16 doses per week (women).
Smoking was quantified as the amount of cigarettes smoked
per day. The main characteristics of the study population are
summarized in Table 1.

STATISTICAL METHODS

Results are expressed as means (SD) and 95% confidence
intervals, as appropriate. Differences between groups were
determined with ANOVA using the Bonferroni post hoc test
for multiple comparisons following logarithmic transformation
of GGT data to obtain non-skewed distributions with homogen-
eity of variance. Age, BMI and smoking were used as covari-
ates in all analyses. The statistical analyses were carried out
using SPSS for Windows 19.0 (Chicago, IL, USA). P-values
<0.05 were considered statistically significant.

RESULTS

Among the 18,899 study participants, 89.8% of the population
were coffee consumers, whereas 10.2% reported no coffee
intake. Table 1 summarizes the demographic characteristics of
the study population as further classified into subgroups as
follows: no coffee consumption, 1-2 cups per day, 3—4 cups
per day, 5-6 cups per day or more than 6 cups per day.

The data on the distribution of alcohol consumption in
this population indicated that 6.9% were abstainers, 3.3%
were former drinkers, 86.1% were moderate drinkers and
3.7% were heavy drinkers. As expected, the highest GGT ac-
tivities in both men and women occurred in heavy drinkers
(56.9 £2.3; 30.8 £2.3 U/l, respectively). These values were
significantly higher than those in moderate drinkers
(31.8+1.8; 20.1 £ 1.7 U/), abstainers (27.7+1.6; 18.4 1.7
U/l) or former drinkers (27.0x1.8; 17.5+1.7U/N)
(P<0.001 for all comparisons, respectively). The values in
moderate drinkers also significantly exceeded those of abstai-
ners (P <0.001) or former drinkers (P <0.001).

GGT levels in the different subgroups of coffee and
alcohol consumers as further classified according to the
gender are demonstrated in Fig. 1. In men, the highest GGT
levels were found in heavy drinkers consuming no coffee
(Fig. 1A). In the heavy drinkers reporting >5 cups of coffee
per day, the activities were significantly lower than in the
corresponding group with no coffee consumption (P <0.05

Table 1. The main characteristics of the study population, as classified by daily intake of coffee

Daily coffee intake, cups

0 1-2 34 5-6 >6
n 1937 3483 6198 4626 2655
Percentage of total population 10.2 18.4 32.8 24.5 14.0
Sex (men/women) 814/1123 1379/2104 2550/3648 2357/2269 1707/948
Age
Men 453 +14.0 509+14.6 50.3+13.6 48.0+12.3 449+11.1
Women 40.6+13.3 48.6+14.5 49.3+13.0 48.1+11.5 44.7+104
BMI
Men 26.4+3.9 27.0+4.0 26.9+3.9 27.0+3.8 27.0+4.0
Women 25.1+5.0 26.0+4.9 26.3+4.8 26.4+4.6 26.5+5.1
Smoking
Men 24+7.0 22+6.1 33+74 5.0+89 92+11.3
Women 1.0£3.7 1.2+4.0 1.8+4.6 32+6.3 6.3+8.7
Alcohol consumption
Abstainers (men/women) 81/124 51/187 90/322 871211 74/71
Former drinkers (men/women) 40/52 28/57 82/97 96/62 69/46
Moderate drinkers (men/women) 643/935 1175/1818 2234/3162 2070/1958 1454/818
Heavy drinkers (men/women) 50/12 125/42 144/67 104/38 110/13

The data on age, BMI and smoking (number of cigarettes/day) are expressed as mean + SD.
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Fig. 1. GGT activities (geometric means + 95% confidence intervals) in men (A) and women (B), as classified into groups according to alcohol consumption
and daily coffee intake. *Group significantly different from the corresponding group of individuals reporting no coffee consumption: *P <0.05, **P <0.01,
*##%P <0.001. Age, BMI and smoking were used as covariates in all analyses.

for those consuming 5-6 cups, P <0.01 for those consuming
>6 cups). In women, a similar trend was also observed,
which, however, did not reach statistical significance
(Fig. 1B). In male moderate drinkers, the increase in GGT
levels was most pronounced among the groups consuming
1-6 cups of coffee, whereas not in abstainers or in those con-
suming >6 cups. In women, a slight GGT increase was seen
in moderate drinkers reporting 1-2 cups of coffee per day.
Analyses showed that how coffee was prepared (espresso,

boiled or filtered) did not affect the above associations (data
not shown).

DISCUSSION

The present findings among a population of apparently
healthy Finnish individuals indicate that coffee consumption
modulates GGT activities induced by alcohol drinking in a
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dose- and gender-dependent manner. Because Finland tops
the world in annual coffee consumption (~12 kg per person
being consumed each year), the present large and well-
characterized cross-sectional survey should offer an excellent
basis for examining the biological responses of coffee in
individuals with a wide range of coffee and ethanol intake.

As recently indicated, GGT activities here started to show
distinct changes when mean regular alcohol consumption
exceeded 100 g (men) or 50 g (women) per week (Tynjild
et al., 2012). Consumption of over 24 drinks per week (cor-
responding to 280 g of ethanol) was found to lead to an
~3-fold increase in GGT activities when compared with the
corresponding group of abstainers. Regular consumption of
>5 cups of coffee per day in this subpopulation was in turn
associated with an ~50% reduction in GGT activities. The
levels of alcohol intake exceeding 280 g per week among
men correspond to the widely accepted limits, which also as-
sociate with increased risks for ethanol-induced medical pro-
blems (Corrao et al., 2004; Gunzerath et al., 2004). Thus, the
present data also support the possibility of hepatoprotective
effects of coffee in heavy drinkers (Klatsky and Armstrong,
1992; Tverdal and Skurtveit, 2003; Klatsky er al., 2006;
Kendrick and Day, 2007; Ikeda er al., 2010). Indeed, previ-
ous studies have indicated that the risks for both alcoholic
cirrhosis (Klatsky and Armstrong, 1992; Tverdal and
Skurtveit, 2003; Modi et al., 2010) and hepatitis (Freedman
et al., 2009; Costentin et al., 2011) are decreased in coffee
drinkers, although as yet the doses of coffee required to
produce such effects have remained unclear.

The causal mechanistic explanations by which coffee
exerts its health effects are also still pending. Coffee contains
over 1000 chemically distinct compounds and the beneficial
liver effects have been thought to be largely related to their
antioxidative potential (Bidel et al., 2006; Gressner, 2009;
Freedman et al., 2012). In alcohol consumers, enhanced
oxidative stress is a key mechanism in the initiation of
hepatotoxicity (Lee et al., 2003; Dey and Cederbaum, 2006;
Floegel et al., 2012). GGT enzyme is involved in the metab-
olism of GSH, which, upon alcohol drinking, is lost into the
circulation (Speisky et al., 1985; Lanca and Israel, 1991).
Components of coffee (kahweol and cafestol) in turn can
induce gamma-glutamyl cysteine synthetase, the rate-limiting
enzyme in GSH synthesis (Huber er al., 2002). The levels
of GGT activities in circulation appear to be closely linked
with the processes of free radical species development and
proinflammation and could, thus, also serve as biomarkers
reflecting the oxidative stress status in the body (Lee et al.,
2004; Emdin et al., 2005; Alatalo et al., 2008).

Based on the present findings, it appears that the protect-
ive actions of coffee may not be activated until a particular
oxidative stress level has been reached and may not be seen
with low doses of coffee. Here, the most significant effects
of coffee on GGT activities were seen in male heavy drinkers
of alcohol who drank >5 cups of coffee/day. A previous
follow-up study by Ruhl and Everhart (2005) showed clinic-
ally significant hepatoprotective effects of coffee consump-
tion in consumers of >2 cups per day, which were, however,
restricted to high-risk persons with heavy alcohol intake,
overweight, diabetes and excess iron burden. Interestingly,
low or moderate intake of coffee in moderate drinkers here
were associated with slightly elevated GGT activities, sug-
gesting possible hormetic effects of coffee and alcohol on

liver enzymes. Previously, either positive or J-shaped asso-
ciations between coffee and risk of coronary vascular disease
have also been reported (Higdon and Frei, 2006; Floegel
et al., 2012).

Beneficial health effects of coffee have also been reported
among patients with type 2 diabetes possibly through
mechanisms involving improved insulin sensitivity and bio-
logical responses to insulin (Agardh ez al., 2004; Bidel et al.,
2008). Studies in experimental animals have also demon-
strated that coffee consumption protects from liver damage
caused by a high-fat diet (Vitaglione et al., 2010).
Interestingly, recent studies have also suggested a close link
between hepatic effects and atherosclerosis and that GGT
may represent a link between fatty liver and the development
of early atherosclerosis (Kozakova et al., 2012).

In addition to alcohol consumption, increased GGT activ-
ities in apparently healthy individuals have been shown to
result from obesity (Alatalo er al., 2008), smoking (Breitling
et al., 2009) or advanced age (Tynjild et al., 2012). These
were all used as covariates in the present analysis and, thus,
should not confound the associations reported. The present
data suggest, however, gender differences in GGT responses
to alcohol and coffee. While this may be due to a lower
number of women among heavy drinkers and a consequent
lack of statistical power in the present analyses, it should be
noted that sex steroids may play a role in the regulation of
oxidant stress status in vivo (Grassi et al., 2007; Alatalo
et al., 2009). Women are known to have a greater propensity
than men for ethanol-induced tissue damage at more than
moderate drinking levels.

Taken together, our findings suggest that high intake of
coffee leads to lower GGT levels in heavy alcohol consu-
mers, particularly, among men. The present data should be
implicated in the comprehensive assessment and the treat-
ment of patients with excessive alcohol consumption and in
studies evaluating GGT as a biomarker of liver dysfunction.

Conflict of interest statement — None declared.
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Abstract

AIM: To investigate the impacts of gender, age and
factors of life style (alcohol, overweight, coffee and
smoking) on serum liver enzymes.

METHODS: Serum alanine aminotransferase (ALT)
and gamma-glutamyltransferase (GGT) were measured
from 6269 apparently healthy individuals (2851 men,
3418 women, mean age 45 = 12 years, range 25-74
years) in a national cross-sectional health survey. All
subjects underwent detailed clinical examinations and
interviews including the amount and pattern of alcohol
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use, coffee consumption and smoking habits.

RESULTS: In this population with a mean £ SD alcohol
consumption of 65 + 105 g/wk and body mass index
(BMI) of 26.1 + 4.3 kg/m’, both ALT and GGT were
significantly influenced by alcohol use (P < 0.001) and
BMI (P < 0.001), whereas smoking increased only GGT
(P < 0.001). A significant effect of age on ALT was
seen in men (P < 0.001) whereas not in women. Sig-
nificant two-factor interactions of alcohol use in men
were observed with age (ALT: P < 0.01; GGT: P < 0.001)
and BMI (GGT: P < 0.05). For ALT, a significant interac-
tion also occurred between BMI and age (P < 0.005).
In contrast, women showed significant interactions of
alcohol use with BMI (GGT: £ < 0.05), smoking (GGT: P
< 0.001), and coffee consumption (GGT: £ < 0.001).

CONCLUSION: Life-style associated changes in liver en-
zymes may reflect health risks, which should be consid-
ered in the definition of normal limits for liver enzymes.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Alcohol; Obesity; Aging; Smoking; Liver en-
zymes; Oxidative stress

Core tip: The present study among 6269 apparently
healthy individuals shows that the early changes in
serum alanine aminotransferase and gamma-gluta-
myltransferase levels show distinct age- and gender-
dependent variation according to the amount of alcohol
drinking and the presence or absence of overweight.
Coffee consumption and smoking also modulate the
enzyme levels with different sensitivities between gen-
ders. The data should be implicated in the assessment
of health risks associated with such factors of life style
and when revisiting the concept of normal limits in the
clinical use of liver enzymes.

Danielsson J, Kangastupa P, Laatikainen T, Aalto M, Niemeld
O. Impacts of common factors of life style on serum liver en-
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INTRODUCTION

Since an increasing percentage of the general population
consists of heavy drinkers'™”, and over half suffer from
overweight” ! adverse health effects resulting from such
reasons constitute an inescapable problem in our society.
Elevated serum liver enzymes and accumulation of fat in
hepatic tissue ate among the first manifestations in the
sequence of events leading to morbidity and mortality
due to alcohol drinking or excess body weight™”. Conse-
quently, there has been growing interest on the biological
significance of the early-phase changes in serum liver
enzyme activities and their clinical value as biomarkers of
health and disease.

Recently, changes in serum alanine aminotransferase
(ALT) and gamma-glutamyltransferase (GGT) have also
attracted interest as prognostic parameters in a variety
of extrahepatic conditions"""?, In both prospective and
cross-sectional studies these enzymes have been observed
to associate with diabetes, metabolic syndrome, and
overall mortality™”?!. Studies on the individual and joint
impacts of various common factors of life style on ALT
and GGT levels have, howevert, so far been limited. Simi-
latly, the definitions of normal limits for these enzymes
have remained as a matter of controversy and hampered
the interpretation of the data in clinical trials.

In this work we measured serum ALT and GGT lev-
els from a large age- and gender-stratified population of
apparently healthy individuals with varying body mass
index (BMI, kg/ rnz) and with different levels of well-doc-
umented consumption of ethanol, coffee, and cigarette
smoking. We also determined the normal limits for both
enzymes based on the present sample of alcohol non-
drinkers with normal body weight.

MATERIALS AND METHODS
Study protocol

The present data was collected from a cross-sectional
population health survey (The National FINRISK stud-
ies) carried out in six different geographic areas in Fin-
land. An age- and gender stratified random sample of
13437 individuals was first drawn from the population
register according to an international WHO MONICA
(Monitoring trends and determinants in cardiovascular
disease) protocol. The survey included physical measure-
ments, laboratory tests and detailed questionnaires on
health status and alcohol intake, covering also informa-
tion on current health behaviour, medical history and
socioeconomic factors. The medical examinations were
conducted using a previously described standardized
protocollzz’23J. Measurements of height and weight were
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catried out and BMI was calculated as a measure of rela-
tive body weight. Serum ALT and GGT were measured
by standard kinetic methods following recommendations
of the European Committee for Clinical Laboratory
Standards (ECCLS)*" on an Abbott Architect clinical
chemistry analyser (Abbott Laboratories, Abbott Park,
IL, United States). Measurements of serum lipids [total
cholesterol, high density lipoprotein (HDL) cholesterol,
Low Density Lipoprotein (LDL) cholesterol, triglycer-
ides] wete carried out by enzymatic methods (Thermo
Electron Corporation, Waltham, Massachusetts, United
States). Serum C-reactive protein was measured using a
sensitive immunoturbidimetric method (Otion Diagnosti-
ca, Espoo, Finland). All surveys were conducted in accor-
dance with the Declaration of Helsinki according to the
ethical rules of the National Public Health Institute. The
approval for this study was received from the Coordinat-
ing Ethics Committee of the Helsinki Hospital District.

The present sample included data from the subjects
who both filled out the questionnaire and attended the
medical examination. The response rate was 65.5%. All
participants were devoid of any apparent clinical signs of
liver disease. In order to obtain a representative sample
of apparently healthy individuals, exclusions were made
for the following reasons: diagnosis of myocardial infarc-
tion (# = 2306), stroke, cerebral haemorrhage or embolism
(n = 193), diabetes or glucose-intolerance (7 = 4706),
hypertension (#z = 985), use of statins or lipid lowering
agents (7 = 364) or signs of active infection at the time
of the study (# = 342). In addition, exclusions were made
due to missing variables (# = 866). The final population
thus comprised 6269 individuals: 2851 men and 3418
women (mean age 45 £ 12 years, range 25-74 years).

Alcohol consumption was assessed with detailed
questions on the type of beverage consumed, the fre-
quency of consumption, and the amount of ethanol-con-
taining drinks consumed regularly during the past weeks
and one year prior to the data collection. The amount of
ethanol in different beverages was quantitated as follows:
beer 12 ¢ (1/3 L), strong beer 15.5 ¢ (1/3 L), long drink
15.5 g (1/3 L), spirit 12 g (4 cL), wine 12 g (12 cL.) and
cider 12 ¢ (1/3 L). A dose of 12 g of pure ethanol was
considered as one standard drink. The persons who re-
ported no current alcohol consumption wetre referred to
as non-drinkers (z = 2048), moderate drinkers (z = 3993)
consumed less than 280 g of ethanol (men) or less than
190 g of ethanol (women) per week, heavy drinkers (# =
228) consumed > 280 g per week (men) or > 190 g per
week (women). Smoking and coffee consumption were
assessed with a set of standardized questions. The data
on smoking was expressed as the amount of cigarettes
per day and coffee consumption was recorded as the
number of cups of coffee per day.

Statistical analysis

Values are expressed as mean + SD or mean * 95%CI.
Significance tests were carried out using ANOVA for
multiple factors, Bonferroni post hoc test and appropri-
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Table 1 Distribution of study participants (7 = 6269) in subgroups according to age and gender n (%)

Age group (yr)

25-29 30-39 40-49 50-59 60-69 70-74
Men
n 325 714 727 671 345 69
Alcohol, g/wk
0 86 (26.5) 166 (23.2) 169 (23.2) 156 (23.2) 108 (31.3) 27 (39.1)
<280 222 (68.3) 510 (71.4) 515 (70.8) 466 (69.4) 219 (63.5) 39 (56.5)
> 280 17 (5.2) 38 (5.3) 43 (5.9) 49 (7.3) 18 (5.2) 3 (4.3)
BMI, kg/m’
<185 4(1.2) 1(0.1) 2(0.3) 1(0.1) 0(0.0) 0(0.0)
>185and <25 171 (52.6) 260 (36.4) 236 (32.5) 208 (31.0) 101 (29.3) 20 (29.0)
> 25 and <30 113 (34.8) 331 (46.4) 375 (51.6) 322 (48.0) 162 (47.0) 37 (53.6)
=30 37 (11.4) 122 (17.1) 114 (15.7) 140 (20.9) 82 (23.8) 12 (17.4)
Smoking, cigarettes/d
0 189 (58.2) 446 (62.5) 476 (65.5) 469 (69.9) 274 (79.4) 65 (94.2)
1-10 68 (20.9) 94 (13.2) 67 (9.2) 49 (7.3) 22 (6.4) 3(43)
=11 68 (20.9) 174 (24.4) 184 (25.3) 153 (22.8) 49 (14.2) 1(1.4)
Coffee, cups/d
0 62 (19.1) 81 (11.3) 55 (7.6) 59 (8.8) 24 (7.0) 5(7.2)
1-4 143 (44.0) 248 (34.7) 239 (32.9) 246 (36.7) 180 (52.2) 39 (56.5)
>5 120 (36.9) 385 (53.9) 433 (59.6) 366 (54.5) 141 (40.9) 25 (36.2)
Women
n 461 861 860 795 365 76
Alcohol, g/wk
0 190 (41.2) 356 (41.3) 308 (35.8) 289 (36.4) 155 (42.5) 38 (50.0)
<190 267 (57.9) 492 (57.1) 533 (62.0) 489 (61.5) 203 (55.6) 38 (50.0)
=190 4(09) 13 (1.5) 19 (2.2) 17 (2.1) 7 (1.9) 0 (0.0)
BMI, kg/m®
<185 23 (5.0) 12 (1.4) 7(0.8) 1(0.1) 0(0.0) 1(13)
>185and <25 305 (66.2) 508 (59.0) 488 (56.7) 311 (39.1) 126 (34.5) 25 (32.9)
> 25 and < 30 92 (20.0) 245 (28.5) 245 (28.5) 325 (40.9) 153 (41.9) 31 (40.8)
=30 41 (8.9) 96 (11.1) 120 (14.0) 158 (19.9) 86 (23.6) 19 (25.0)
Smoking, cigarettes/d
0 314 (68.1) 616 (71.5) 616 (71.6) 652 (82.0) 326 (89.3) 71 (93.4)
1-10 109 (23.6) 157 (18.2) 141 (16.4) 75 (9.4) 21 (5.8) 2(2.6)
=11 38(8.2) 88 (10.2) 103 (12.0) 68 (8.6) 18 (4.9) 3(39)
Coffee, cups/d
0 145 (31.5) 152 (17.7) 71 (8.3) 62 (7.8) 22 (6.0) 5 (6.6)
1-4 235 (51.0) 440 (51.1) 409 (47.6) 445 (56.0) 240 (65.8) 59 (77.6)
>5 81 (17.6) 269 (31.2) 380 (44.2) 288 (36.2) 103 (28.2) 12 (15.8)
ate covariates as indicated. Logarithmic transformations RESULTS

of ALT and GGT data were used to obtain non-skewed
distributions with homogeneity of vatiance. Correlations

This study cohort of apparently healthy individuals con-

were calculated using Pearson product-moment correla-
tion coefficients. The differences in partial correlations
were analyzed with the Z-test for correlation coefficients.
Calculations of reference limits based on the population
of normal-weight non-drinkers were carried out accord-
ing to previously described nonparametric methods and
Dixon’s test for detection and exclusion of outliers”™.
Age of 40 years was used as a cut-off for group strati-
fication based on previous findings showing an increase
in the 97.5 percentile of GGT in both genders at the age
of about 40 yearsm. The analyses wete cartied out with
the use of Analyse-it v 2.21 for Microsoft Excel (Leeds,
United Kingdom) and SPSS 21.0 (SPSS Inc., Chicago, IL)
for Windows statistical software. A P value < 0.05 was

considered statistically significant.
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sisted of 2851 men and 3418 women, who participated
in a national cross-sectional health survey. The data on
alcohol consumption indicated that 32.7% of the popula-
tion were non-drinkers, 63.7% were moderate drinkers
and 3.6% were heavy drinkers. The mean * SD alcohol
consumption was 65 £ 105 g/wk: men 99 *+ 137 g/wk,
women 37 + 53 g/wk. In this material with a mean BMI
of 26.1 £ 4.3 kg/m” (men 26.7 £ 3.9 kg/m* women 25.6
*+ 45 kg/mz), 16.4% of the subjects were obese (BMI
> 30 kg/ m’) and 38.8% showed BMI levels between 25
and 30 kg/m” indicating overweight. Smokers comprised
28.0% of the population. The demographic characteris-
tics of the study participants, as further classified accord-
ing to age and gender, are summarized in Table 1.

The lower and upper normal limits for ALT and
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Table 2 Lower and upper normal limits for alanine

aminotransferase and gamma-glutamyltransferase based on
non-drinkers with normal weight

Table 3 Summary of main effects and two-factor interaction

statistics for alanine aminotransferase and gamma-
glutamyltransferase

Normal weight non-drinkers Reference'

n  Lower limit Upper limit Lower limit Upper limit

u/L u/L u/L u/L
ALT
Men 162 10 47 10 70
Women 523 8 37 10 45
GGT
Men 162 11 52
<40yr 55 10 48 10 80
=40yr 107 12 53 15 115
Women 522 8 42
<40yr 228 8 34 10 45
=40yr 29 9 47 10 75

'Commonly used values in Nordic countries based on NORIP data”.

GGT as defined here by calculating 2.5" and 97.5" per-
centiles of the data based on normal weight non-drinkers
are shown in Table 2. The observed upper normal limits
for both enzymes were found to be significantly lower
than the currently used limits in Nordic countries used as
reference in the present comparisons™

In the total study material, significant effects of al-
cohol consumption (P < 0.001), BMI (P < 0.001), and
age (P < 0.001) were noted for both ALT and GGT. In
the analyses for main effects and interactions between
the study variables, the levels of ALT and GGT in both
genders were found to be significantly influenced by al-
cohol use (ALT: P < 0.05 for men; P < 0.001 for all other
comparisons) and BMI (P < 0.001) (Table 3). There was
also a significant main effect of age on GGT (P < 0.001)
and on ALT in men (P < 0.001), whereas not in women
(Figure 1, Table 3). Highest ALT levels in men occurred
in those aged 25-50 years whereas in women such age-
dependent variation was not observed (Figure 1). The
highest GGT values were observed in age groups 50-60
years (men) and 60-70 years (women) (Figure 1). Smok-
ing significantly influenced GGT levels in both genders (P
< 0.001) (Table 3).

The impact of ethanol intake in men was found to
become significantly more pronounced upon increasing
age (Figure 2, Table 3). In men over 40 years alcohol con-
sumption exceeding 16 drinks per week was a stronger
determinant of GGT activities than in those below 40
(Figure 2). In women, such interaction was not observed.

The effects of increasing body weight on ALT and
GGT levels in the different age-categories are shown in
Figure 3. Interestingly, in men below 40 years, overweight
was found to be a stronger inducer of ALT activities than
in those above 40 years. In contrast such interaction be-
tween BMI and age was not found among women (Table
3). The analysis of the effect of alcohol drinking in the
different BMI-based subgroups showed that the presence
of overweight or obesity significantly potentiates GGT
activities both in men and women who consume alcohol
(Figure 4). Analyses of two-factor interactions between

Baishidenge ~ WJG | www.wjgnet.com

11746

Men Women
ALT GGT ALT GGT
Main effects
Ethanol <0.050 <0.001 <0.001 <0.001
BMI <0.001 <0.001 <0.001 <0.001
Age <0.001 <0.001 NS <0.001
Smoking NS <0.001 NS <0.001
Coffee NS NS NS <0.050
Two-factor interaction
Ethanol x age 0.008 0.001 0.295 0.197
Ethanol x BMI 0.301 0.038 0.537 0.048
Ethanol x smoking 0.398 0.094 0.794 0.001
Ethanol x coffee 0.534 0.260 0.138 0.001
BMI x age 0.003 0.067 0.502 0.788
BMI x smoking 0.878 0.342 0.904 0.690
BMI x coffee 0.430 0.653 0.261 0.090
Age x smoking 0.831 0.089 0.558 0.342
Age x coffee 0.095 0.117 0.018 0.061

The analyses of main effects and two-factor interactions were carried out
using ANOVA on SPSS 21.0 for Windows statistical software. Alcohol use,
BMI, smoking and coffee consumption were used as covariates, as appro-
priate. NS: Not significant; LT: Alanine aminotransferase; GGT: Gamma-
glutamyltransferase; BMI: Body mass index.

the study variables also showed statistically significant in-
teractions of alcohol use and smoking (GGT: P < 0.001)
as well as between alcohol use and coffee consumption
especially among women (GGT: P < 0.001).

The correlations between ALT, GGT and various
metabolic and inflammatory markers are summarized in
Table 4. Significant correlations emerged between the
liver enzymes and the lipid profile, C-reactive protein
and indices of overweight. However, there were also dis-
tinct differences in the correlation coefficients observed
between the liver enzymes and the other biomarkers
when comparing men and women or subjects below or
above 40 years of age. Stronger correlations between
liver enzymes and indices of lipid status (cholesterol,
triglycerides) were found in men. Significant correlations
also occurred between the liver enzyme levels and waist
circumference, which especially in case of GGT among
men over 40 years was slightly stronger than the corre-
sponding correlation with BMI (Table 4).

DISCUSSION

Our data among a large cross-sectional sample of appar-
ently healthy individuals shows age- and gender-depen-
dent interactions between alcohol use, BMI, smoking and
serum liver enzymes, which have recently been suggested
as important disease risk markers in both hepatic and ex-
trahepatic conditions' >, The data also suggests distinct
differences in the reactivities of ALT and GGT towards
the metabolic burdens created by the various factors of
life style.

In current societies, alcohol and obesity-related health

September 7, 2014 | Volume 20 | Issue 33 |



Danielsson ] et a/. Liver enzymes and life style

Men
50 | 50
40 | 40 .
_ T I

g 307 330
=) 2
= =
I 20 9 20 r

10 10 +

0 0 | | |

25-29 30-39 40-49 50-59 60-69 70-74 25-29 30-39 40-49 50-59 60-69 70-74
Age (yr) Age (yr)
""""""""" P <0.05 - — — — P<o0.01 P < 0.001
Women

50 | 50 |

40 | 40 |
3030 F 0 30 -
S = T
= =
< 20 g 20 L

10 10 +

| | | | | | | | | | | |
25-29 30-39  40-49 50-59 60-69  70-74 25-29 30-39  40-49 50-59 60-69  70-74
Age (yr) Age (yr)
————————————————— P < 0.05 - — — — P<001 P < 0.001

Figure 1 Alanine aminotransferase and gamma-glutamyltransferase levels (geometric mean £ 95%Cl) in men and women classified to subgroups accord-
ing to age. Horizontal lines indicate significant differences between groups, as assessed by ANOVA with Bonferroni post hoc test. Alcohol intake (drinks/wk), BMI
(kg/m?), smoking (cigarettes/d), and coffee consumption (cups/d) were used as covariates. ALT: Alanine aminotransferase; GGT: Gamma-glutamyltransferase.
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Figure 2 Interactions of ethanol intake with age on alanine aminotransferase and gamma-glutamyltransferase levels in men. An aggravated effect of ethanol
was seen in those who were over 40 years of age and consumed over 16 drinks of alcohol per week. In women, the interaction between alcohol use and age was not
significant (Table 3). Smoking and coffee consumption were used as covariates. ALT: Alanine aminotransferase; GGT: Gamma-glutamyltransferase.

problems are often co-existing and may function in a
synergistic manner”' " GGT has previously been
shown to readily increase among alcohol consumers with
obesity“6J as well as in heavily smoking alcohol users!”
which may be related with the pivotal role of GGT in the

metabolism of glutathione (GSH)??Y. Mild GGT eleva-
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tions may be considered a sign of a need to maintain
intracellular GSH levels under conditions of oxidative
stress 7> 1n turn, alterations in ALT activities likely
reflect disturbed liver cell integrity[27j.

According to the present data the upper normal limits
of ALT and GGT enzymes in their clinical use as disease
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Figure 3 Interactions of body mass index with age on alanine aminotransferase and gamma-glutamyltransferase levels. A significant interaction was noted only
on alanine aminotransferase (ALT) levels in men below 40 years of age. Alcohol intake, smoking and coffee consumption were used as covariates. BMI: Body mass index.
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Figure 4 Interactions of ethanol intake with body mass index on alanine aminotransferase and gamma-glutamyltransferase levels. Significant interactions in
both men and women were noted for gamma-glutamyltransferase (GGT), whereas not for alanine aminotransferase (ALT). Covariates used were age (years), smoking,

and coffee consumption. BMI: Body mass index.

biomarkers should be markedly lower than those cur-
rently used in most countries”™, Despite of the fact that
biomarker reference intervals are crucial tools to differ-
entiate between healthy and diseased subjects, as yet we
share no widely accepted upper normal limits even for
these most common liver enzymes. This may have been
due to lack of knowledge on dose responses between
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ethanol intake and biomarker levels, inconsistencies tre-
garding the definition of safe levels of ethanol intake
and ignorance of excess body weight in different sample
populations. For successful implementation of eatly treat-
ment programs to reduce alcohol- and obesity-induced
morbidity, correct definitions of reference intervals and
greater harmonization of analytical goals for biomarkers
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Table 4 Correlations between study variables

Men Women
(n = 2851) (n =3418)
ALT GGT ALT GGT
ALT 0.543" 0.483"
Total cholesterol 0.182" 0.347" 0.105" 0.193"
HDL -0.163" -0.017 -0.098" -0.045"
LDL 0.151° 0.252" 0.118" 0.182"*
Triglycerides 0.266" 0.327"* 0.178" 0.229"*
CRP 0.142° 0.280" 0.104" 0.238"
BMI 0.378" 0351 0.256" 0.284"
Waist circumference 0.367"° 0.395"° 0.253"* 0.303"*
Men < 40 yr Men = 40 yr
(n =1039) (n=1812)
ALT GGT ALT GGT
ALT 0.592" 0.538"
Total cholesterol 0.297* 0.391° 0.164" 0.298'*
HDL -0.201° -0.083" -0.139" 0.003
LDL 0.282" 0.332'° 0.110" 0178
Triglycerides 0.322° 0.373"" 0.256" 0.301"
CRP 0.180° 0.267" 0.137° 0.273"
BMI 0.451" 0.446"° 0.351* 0.284'
Waist circumference 0.459' 0.463"" 0.352'° 0.336"
Women <40 yr Women = 40 yr
(n=1322) (n =2096)
ALT GGT ALT GGT
ALT 0.450" 0.495°
Total cholesterol 0.050 0.087° 0.099° 0.154°
HDL -0.114" -0.054" -0.096" -0.057°
LDL 0.082° 0.104" 0.106° 0.139°
Triglycerides 0.083" 0.115" 0.217" 0.249"
CRP 0.044' 0.154" 0.148" 0.302"
BMI 0.267¢ 0.291¢ 0.231¢ 0.236"
Waist circumference 0.242" 0.292¢ 0.244° 0.267°

P < 0.05 vs Control, °P < 0.01 vs Control, “P < 0.001 vs Control. 1Statistically
significant differences (P < 0.05) in correlation coefficients between men
and women or those below or above 40 years of age (Z-test). ALT: Alanine
aminotransferase; GGT: Gamma-glutamyltransferase; HDL: High density
lipoprotein; LDL: Low density lipoprotein; CRP: C-Reactive protein; BMI:
Body mass index.

with predictive value should be of utmost importance.

In the present study population, 40 years of age was
used as a cut-off for group stratification based on previ-
ous findings, which have shown an increase in GGT lev-
els in both genders at this age point[%]. Among men over
40 years, alcohol consumption even in amounts which
were below the current limits of heavy drinking appeared
to pose a risk towards elevated ALT and GGT levels,
suggesting an increased susceptibility to ethanol-induced
adverse health effects upon increasing agem’m. Intrigu-
ingly, a recent large United States population-based study
also suggested relatively high mortality rates among older
men consuming ethanol™. Although women in general
are known to be more susceptible to ethanol-induced
morbidity, the concept of safe limits for ethanol intake in
different age categories of men also appears to need fur-
ther attention.

The present findings also underscore the impact of
excess body weight in the biological interactions influ-
encing liver enzyme status. Young men presenting with
overweight or obesity were found to show rather high
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baseline ALT levels even in the absence of any other ap-
parent risk factors. The correlations between the lipid
status and liver enzymes were also strong among young
men, possibly indicating accumulation of adverse health
effects due to a lifestyle involving overconsumption of
the Western diet” "', Previously, a high risk of liver in-
jury in combination of obesity and alcohol use has been
observed in studies among older age groupsm]. In ex-
perimental animals aging also promotes the development
of diet-induced steatohepatitis and induction of serum
amino transferase levels™ . It is likely that alcohol intake
by subjects with overweight stimulates oxidative stress in
an additive and more striking manner, as also supported
here by the findings in GGT activities™™*. Alcohol has
a high energy content and in experimental animals the
adverse effects of ethanol are aggravated by high-fat-
diets™. Moreover, genotypic differences in alcohol-
metabolizing enzymes could also contribute to the risk of
gaining body weight in some alcohol consumers'*”

In accordance with previous data"""" the present ob-
servations also point to a significant synergistic effect of
smoking and alcohol use in increasing GGT levels. How-
ever, while previous work reported such effects in male
construction workers'” our data suggests even stronger
interactions among women. This could, however, be ex-
plained by the relatively lower quantities of smoking in
the present material. In addition, coffee consumption was
found to interact with GGT levels such that a high intake
of coffee (= 5 cups/d) in those with the most abundant
amounts of ethanol intake was more likely to be associ-
ated with atypically low GGT levels indicating a possible
protective effect of coffee towards alcohol-induced liver
damage and oxidative stress” .

Increased ALT and GGT levels commonly co-occur
with accumulation of triglycerides and liver steatosis
and compelling evidence from the past decade have also
linked such phenomena with extrahepatic health risks,
such as type 2 diabetes, metabolic syndrome, insulin resis-
tance and cardiovascular morbidity!>"**"*, Serum liver
enzyme activities may even predict mortality from car-
diovascular or cerebrovascular events """, While the
specific mechanisms undetlying such observations have
remained unclear, it should be noted that recent studies
have indicated a role for GGT as a link between fatty
liver and development of eatly atherosclerosis due to the
ability of GGT to trigger iron-dependent oxidation of
LDL also in coronary plaquesm. Therefore, it is notable
that the present data also indicates a strong correlation
between LDL cholesterol and GGT levels, especially in
men.

The cross sectional setting of the survey can be kept
as a limitation of this study as some of the biomarkers
used may have day to day variation. Lack of follow-up
data also prevents analyses on the specific relationships
between enzyme elevations and duration of drinking or
obesity status, which clearly warrant future prospective
studies. Also disease status was self-reported and thus the
exclusions might not be fully accurate causing conserva-
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tive estimate of healthy population. It is also possible that
the alcohol recall techniques overestimate the proportion
of those not drinking alcohol at all”. However, all these
issues most likely have diluting effects to the observed
results and the real associations and interactions might be
even stronger. It should also be noted that due to both
financial and ethical considerations, analyses of hepatitis
serology were not carried out in the present material.
However, due to the low prevalence of viral hepatitis in
Finland (obsetved rates of 1-2 cases/10000 blood donors
per year) this should not create a significant confounding
factor here.

Taken together, the present data provides novel infor-
mation on the individual contributions of vatious factors
of life style on the early-phase activation of liver enzymes
and shows that even moderate drinking may lead to sig-
nificant enzyme elevations in an age-, gendet-, and BMI-
dependent manner. Current data should be considered
in the definition of more accurate safe limits of ethanol
intake in different demographic categories and in the def-
inition of normal values for liver enzymes. The possible
mechanistic roles of liver enzymes as pathophysiological
links between hepatic and extrahepatic disease manifesta-
tions warrant further studies.

COMMENTS

Background

The global burden of liver diseases due to excessive alcohol intake and obesity
has shown a dramatic increase during the past decades. Measurements of liver
enzymes, gamma-glutamyltransferase (GGT) and alanine aminotransferase
(ALT), are widely used tools for detecting liver problems. However, the interpre-
tation of the enzyme data in clinical work has been problematic due to the lack
of knowledge on their early-phase responses towards the various factors of life
style and the cut-offs defining normality in the assays.

Research frontiers

Serum ALT and GGT activities are known to increase as a result of alcohol use
and increasing body weight. In this study among 6269 healthy volunteers, the
authors demonstrate distinct age- and gender-dependent effects of alcohol
use, overweight, coffee consumption and smoking on the activities of these
enzymes.

Innovations and breakthroughs

The present studies demonstrate both individual and joint effects of the various
factors of life style in creating increased activities of serum liver enzymes. The
data also describes the lower and upper normal limits for ALT and GGT based
on the present population of normal-weight non-drinkers.

Applications

By further understanding of the influences created by the various factors of life
style and by more detailed definitions of liver enzyme normal limits, the clinical
value of serum liver enzyme determinations can be markedly improved.

Terminology

Serum ALT and GGT are both commonly used in the diagnosis of liver diseases
and have recently received increasing attention also as biomarkers of prognos-
tic significance in extrahepatic conditions.

Peer review

This study investigated the relationships of liver enzymes and anthropometric
and lifestyle factors in a general population of apparently healthy individuals.
The results are interesting and may provide new insights into the clinical use of
serum GGT and ALT as biomarkers of liver status.
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