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Mendelian Randomization for
Strengthening Causal Inference in
Observational Studies: Application
to Gene � Environment Interactions

George Davey Smith
Department of Social Medicine, University of Bristol, Bristol, United Kingdom

Abstract
Identification of environmentally modifiable factors causally influencing disease risk is fundamental to public-health improvement
strategies. Unfortunately, observational epidemiological studies are limited in their ability to reliably identify such causal
associations, reflected in the many cases in which conventional epidemiological studies have apparently identified such
associations that randomized controlled trials have failed to verify. The use of genetic variants as proxy measures of exposure
—an application of the Mendelian randomization principle—can contribute to strengthening causal inference. Genetic variants
are not subject to bias due to reverse causation (disease processes influencing exposure, rather than vice versa) or recall bias,
and if simple precautions are applied, they are not influenced by confounding or attenuation by errors. The principles of
Mendelian randomization are illustrated with specific reference to studies of the effects of alcohol intake on various health-
related outcomes through the utilization of genetic variants related to alcohol metabolism (in ALDH2 and ADH1B). Ways of
incorporating Gene � Environment interactions into the Mendelian randomization framework are developed, and the
strengths and limitations of the approach discussed.
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In 1875, George Darwin, the second son and fifth child of

Charles Darwin, reviewed evidence on the putative detrimental

effects of cousin marriages on offspring health, something of

personal interest to him as he was the product of such a union

(G.H. Darwin, 1875). He concluded by reviewing the most

comprehensive studies of the issue and described what may

be the first presentation of Gene � Environment interaction

informed by at least some understanding of heredity. In 1864,

George Darwin stated that, ‘‘Dr. Mitchell had come to the con-

clusion that under favorable conditions of life, the apparent ill

effects were frequently almost nil, whilst if the children were

ill-fed, badly housed and clothed, the evil might become very

marked. This is in striking accordance with some unpublished

experiments of my father, Mr. Charles Darwin, on the in-and-in

breeding of plants; for he has found that in-bred plants; when

allowed enough space and good soil, frequently show little or

no deterioration, whilst when placed in competition with

another plant, they frequently perish or are much stunted.’’ The

unpublished findings of Charles Darwin were later published in

his 1876 book The Effects of Cross and Self Fertilization in the

Vegetable Kingdom (C. Darwin, 1876).

The effects of cousin marriage, which would now be

considered to reflect disorders generated by homozygosity for

uncommon variants, were apparently mainly seen in subopti-

mal environmental circumstances. There are clearly echoes

here of celebrated contemporary Gene � Environment interac-

tions, such as that between genetic variation in the serotonin

transporter gene (5-HTTLPR), stressful life events, and the risk

of depression (Caspi et al., 2003). Unlike recent examples of

Gene � Environment interaction in the molecular genetic

age (Caspi et al., 2003, 2007), which have failed to stand

up to rigorous attempts at replication (Risch et al., 2009; Steer,

Davey Smith, Emmett, Hibbeln, & Golding, in press), the

interesting claims made by Dr. Mitchell have not been

formally followed up in this way. In this review, I suggest that
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Gene � Environment interactions can provide useful evidence

as to the causal effect of the environmental exposure on disease,

and that, in some circumstances, this could have more utility for

strategies to improve population health than would focusing on

other aspects of the interactions themselves. To illustrate this, I

utilize examples from the alcohol and health area, one of the

many contested fields in which disparate claims based on obser-

vational data have been made. I will briefly outline the use of

genetic main effects in the basic Mendelian randomization

approach for strengthening causal inference. I discuss how Gene

� Environment interactions can also be utilized in this regard

and discuss the typology of Gene � Environment interaction

in some of the framework I advance. Finally, I conclude by

briefly outlining the limitations of this approach.

Mendelian Randomization: What Is It and
How Does It Work?

The basic reasoning utilized in the Mendelian randomization

approach is that if genetic variants either alter the level of or mir-

ror the biological effects of a modifiable environmental expo-

sure that itself alters disease risk, then these genetic variants

should be related to disease risk to the extent predicted by their

influence on exposure to the risk factor. Common genetic poly-

morphisms that have a well-characterized biological function

(or are markers for such variants) can therefore be utilized to

study the effect of a suspected environmental exposure on dis-

ease risk (Davey Smith, 2006a; Davey Smith & Ebrahim,

2003; Davey Smith & Ebrahim, 2004; Davey Smith & Ebrahim,

2005; Davey Smith, Timpson, & Ebrahim, 2008; Ebrahim &

Davey Smith, 2008; Lawlor et al., 2008). The variants should not

have an association with the disease outcome except through

their link to the modifiable risk process of interest.

It may seem counterintuitive to study genetic variants as

proxies for environmental exposures rather than measure the

exposures themselves. However, there are several crucial

advantages of utilizing functional genetic variants (or their

markers) in this manner that relate to the problems with obser-

vational studies outlined above. First, unlike environmental

exposures, genetic variants are not generally associated with

the wide range of behavioral, social, and physiological factors

that can confound associations. This means that if a genetic

variant is used as a proxy for an environmentally modifiable

exposure, it is unlikely to be confounded in the way that direct

measures of the exposure will be. Further, aside from the

effects of population structure, (Palmer & Cardon, 2005), such

variants will not be associated with other genetic variants,

except through linkage disequilibrium (the association of

alleles located close together on a chromosome).

Second, inferences drawn from observational studies may

be subject to bias due to reverse causation. Disease processes

may influence exposure levels, such as alcohol intake, or mea-

sures of intermediate phenotypes, such as cholesterol levels and

C-reactive protein. However, germline genetic variants associ-

ated with average alcohol intake or circulating levels of inter-

mediate phenotypes will not be influenced by the onset of

disease. This will be equally true with respect to reporting bias

generated by knowledge of disease status in case-control stud-

ies and to differential reporting bias in any study design.

Finally, a genetic variant will indicate long-term levels of

exposure, and, if the variant is considered to be a proxy for such

exposure, it will not suffer from the measurement error inherent

in phenotypes that have high levels of variability. For example,

differences between groups defined by cholesterol level-related

genotype will, over a long period, reflect the cumulative differ-

ences in absolute cholesterol levels between the groups. For

individuals, blood cholesterol is variable over time, and the use

of single measures of cholesterol will underestimate the true

strength of association between cholesterol and, for instance,

coronary heart disease (CHD). Indeed, use of the Mendelian

randomization approach predicts a strength of association that

is in line with randomized controlled trial findings of effects

of cholesterol lowering, in which the increasing benefits seen

over the relatively short trial period are projected to the

expectation for differences over a lifetime (Davey Smith &

Ebrahim, 2004).

In the Mendelian randomization framework, the associa-

tions of genotype with outcomes are of interest because of the

strengthened inference about the action of the environmental

modifiable risk factors that the genotypes proxy for rather than

what genotypes say about genetic mechanisms per se. Mende-

lian randomization studies are aimed at informing strategies to

reduce disease risk by influencing the nongenetic component of

modifiable risk processes.

Mendelian Randomization: Is the
Principle Sound?

The principle of Mendelian randomization relies on the basic

(but approximate) laws of Mendelian genetics. If the probabil-

ity that a postmeiotic germ cell that has received any particular

allele at segregation contributes to a viable conceptus is inde-

pendent of environment (following from Mendel’s first law),

and if genetic variants sort independently (following on from

Mendel’s second law), then, at a population level, these var-

iants will not be associated with the confounding factors that

generally distort conventional observational studies. This par-

ticular strength of genetic studies was explicitly recognized by

the pioneering statistician R.A. Fisher from the 1920s onwards,

as illustrated in his 1951 Bateson memorial lecture

Genetics is indeed in a peculiarly favored condition in that Provi-

dence has shielded the geneticist from many of the difficulties of a

reliably controlled comparison. The different genotypes possible

from the same mating have been beautifully randomized by the

meiotic process . . . Generally speaking, the geneticist, even if he

foolishly wanted to, could not introduce systematic errors into the

comparison of genotypes, because for most of the relevant time he

has not yet recognized them. (Fisher, 1952)

Empirical evidence that there is lack of confounding of

genetic variants with factors that confound exposures in
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conventional observational epidemiological studies comes

from several sources. For example, consider the virtually iden-

tical allele frequencies in the British 1958 birth cohort and Brit-

ish blood donors (Wellcome Trust Case Control Consortium,

2007). Blood donors are clearly a very selected sample of the

population, whereas the 1958 birth cohort comprised all births

born in 1 week in Britain with minimal selection bias. Blood

donors and the general population sample would differ consid-

erably with respect to the behavioral, socioeconomic, and phys-

iological risk factors that are the confounding factors in

observational epidemiological studies. However, they hardly

differ in terms of allele frequencies. Similarly, we have demon-

strated the lack of association between a range of single nucleo-

tide polymorphisms of known phenotypic effects and nearly

100 sociocultural, behavioral, and biological risk factors for

disease (Davey Smith, Lawlor, et al., 2008).

Mendelian Randomization in Practice

The principle of using genetic variation to proxy for a modifi-

able exposure was explicitly utilized in observational studies

from the 1960s (Birge, Keutmann, Cuatrecasas, & Wheedon,

1967; Honkanen et al., 1996; Lower et al., 1979; Newcomer,

Hodgson, Douglas, & Thomas, 1978), with the term Mendelian

randomization being introduced by Richard Gray and Keith

Wheatley in 1991 (Wheatley & Gray, 2004) in the context of

an innovative genetically informed observational approach

to assess the effects of bone marrow transplantation in the

treatment of childhood acute myeloid leukemia. More

recently, the term has been widely used in discussions of

observational epidemiological studies (Clayton & McKeigue,

2001; Davey Smith & Ebrahim, 2003; Fallon, Ben-Shlomo,

Elwood, Ubbink, & Davey Smith, 2001; Keavney, 2002;

Youngman et al., 2000). Further discussion of the origin of

this approach is given elsewhere (Davey Smith, 2006a).

There are several categories of inference that can be drawn

from studies utilizing the Mendelian randomization approach.

In the most direct forms, genetic variants can be related to the

probability or level of exposure (‘‘exposure propensity’’) or to

intermediate phenotypes believed to influence disease risk.

Less direct evidence can come from genetic variant-disease

associations that indicate that a particular biological pathway

may be of importance, perhaps because the variants modify

the effects of environmental exposures. Several examples

from of these categories have been given elsewhere (Davey

Smith 2006b; Davey Smith & Ebrahim, 2003; Davey Smith

& Ebrahim, 2004; Davey Smith, Timpson, & Ebrahim,

2008; Ebrahim & Davey Smith, 2008); here, I will focus on

studies of alcohol and various health and social outcomes that

can be informed by this approach.

Alcohol Intake and Blood Pressure

The consequences of alcohol drinking for health range from

the well-established (effects on liver cirrhosis and accidents)

to the uncertain (CHD, depression, and dementia)—for

example, the possible protective effect of moderate alcohol

consumption on CHD risk remains highly controversial (Bovet

& Paccaud, 2001; Klatsky, 2001; Marmot, 2001). Nondrinkers

may be at a higher risk of CHD because health problems (per-

haps induced by previous alcohol abuse) dissuade them from

drinking (Shaper, 1993). As well as this form of reverse causa-

tion, confounding could play a role, with nondrinkers being

more likely to display an adverse profile of socioeconomic or

other behavioral risk factors for CHD (Hart, Davey Smith,

Hole, & Hawthorne, 1999). Alternatively, alcohol may have

a direct biological effect that lessens the risk of CHD—for

example by increasing the levels of protective high density

lipoprotein (HDL) cholesterol (Rimm, 2001). It is, however,

unlikely that a randomized control trial (RCT) of differential

levels of alcohol intake, which tests whether there is a protec-

tive effect of alcohol on CHD events, will ever be carried out.

Alcohol is oxidized to acetaldehyde, which in turn is used by

aldehyde dehydrogenases (ALDHs) to oxidize to acetate. Half

of Japanese people are heterozygotes or homozygotes for a null

variant of ALDH2, and peak blood acetaldehyde concentrations

after alcohol challenge are 18 times and 5 times higher among

homozygous null variant and heterozygous individuals (respec-

tively) in comparison with homozygous wild-type individuals

(Enomoto, Takase, Yasuhara, & Takada, 1991). This renders

the consumption of alcohol unpleasant through facial flushing,

palpitations, drowsiness, and other symptoms. As Figure 1

shows, there are considerable differences in alcohol consump-

tion according to genotype among men (Takagi et al., 2002).

The principles of Mendelian randomization apply here: two

factors that would be expected to be associated with alcohol

consumption (age and cigarette smoking) and that confound

conventional observational associations between alcohol and

disease are not related to genotype despite the strong associa-

tion of genotype with alcohol consumption.

It would be expected that the ALDH2 genotype influences

diseases known to be related to alcohol consumption, and it has

been shown that ALDH2 null variant homozygosity—associated

with low alcohol consumption—is indeed related to a lower

risk of liver cirrhosis (Chao et al., 1994). Considerable evidence,

ALDH2 genotype
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Fig. 1. Relationship between alcohol intake and ALDH2
genotype. Data from Takagi et al. (2002).

Mendelian Randomization 529

529 by guest on October 27, 2010pps.sagepub.comDownloaded from 

http://pps.sagepub.com/


including data from short-term randomized controlled trials,

suggests that alcohol increases HDL cholesterol levels (Burr,

Fehily, Butland, Bolton, & Eastham, 1986; Haskell et al.,

1984), which should protect against CHD. In line with this, the

ALDH2 genotype is strongly associated with HDL cholesterol in

the expected direction, given the positive association between

alcohol intake and HDL cholesterol levels in epidemiological

studies (Takagi et al., 2002). With respect to blood pressure,

observational evidence suggests that long-term alcohol intake

produces an increased risk of hypertension and higher prevailing

blood pressure levels—the results from different studies vary,

and there is clearly a very large degree of potential confounding

between alcohol and other exposures that would influence blood

pressure. As in the case of vitamin E intake and CHD, we could

be looking at a confounded association rather than a causal asso-

ciation. Indeed, evidence of controversy in this area is reflected

by newspaper coverage of a recent study suggesting that moder-

ate alcohol consumption has beneficial effects, even for hyper-

tensive men (Beulens et al., 2007).

Evidence on the association of alcohol drinking and alcohol

consumption blood pressure can come from studies of the

ALDH2 genotype and blood pressure. A meta-analysis of such

studies suggests there is indeed a substantial positive effect of

alcohol on blood pressure (Chen, Davey Smith, Harbord, &

Lewis, 2008). As shown in Figure 2, alcohol consumption is

strongly related to genotype among men, and despite higher

levels of overall alcohol consumption in some studies, the

shape of the association remains similar. However, in compar-

ison with men, there is no evidence of association between

drinking and genotype among women who drink very little.

Figure 3 demonstrates that men who are homozygous for

the wild type have nearly two and a half times the risk of

hypertension than men who are homozygous for the null var-

iant. Heterozygous men who drink an intermediate amount of

alcohol have a more modest elevated risk of hypertension than

men who are homozygous for the null variant. Thus, a dose-

response association of hypertension and genotype is seen,

which is in line with the dose-response association between

genotype and alcohol intake. Among men who are homozygous

for the null variant and who drink considerably less alcohol

than those who are homozygous for the wild type, systolic and

diastolic blood pressures are considerably lower. By contrast,

there is no association between genotype and blood pressure

among women, for whom genotype is unrelated to alcohol

intake (Fig. 4). The differential associations between genotype

and blood pressure in men and women suggest that there is no

other mechanism linking genotype and blood pressure than that

relating to alcohol intake. If alternative pathways existed, then

both men and women would be expected to have the same asso-

ciation between genotype and blood pressure.

In this example, the interaction is between a genetic variant

and gender. Gender indicates substantial differences in alcohol

consumption, which lead to the genotype being strongly

associated with alcohol consumption in one group (males) but

not in the other group (females) because of very low levels of

alcohol consumption, irrespective of genotype, among the lat-

ter group. The power of this interaction is that it indicates that it

is the association with alcohol intake and not any other aspects

of the function of the genotype that is influencing blood pres-

sure. If it were due to a pleiotropic effect of the genetic varia-

tion, then the association between genotype and blood pressure

would be seen for women as well as men.

Alcohol and Illegal Substance Use: Testing
the Gateway Hypothesis

In many contexts, people who drink alcohol manifest higher

rates of illegal substance use. This could reflect common social

and environmental factors that increase uptake of several beha-

viors or underlying genetic vulnerability factors. An alternative

is the gateway hypothesis that postulates that alcohol use itself

increases liability to initiate and maintain use of nonalcohol

substance use (Irons, McGue, Iacono, & Oetting, 2007; Kandel

& Yamaguchi, 1993; Kandel, Yamaguchi, & Chen, 1992). The

Mendelian randomization approach has been applied in a study

of East Asian Americans, all born in Korea but living in the

United States from infancy, among whom ALDH2 status was

associated with alcohol use and alcohol use was associated with

tobacco, marijuana, and other illegal drug use. However,

ALDH2 variation was not robustly associated with nonalcohol

substance use, which provides evidence against the gateway

hypothesis (Irons et al., 2007).

Maternal Drinking, the Intrauterine
Environment, and Offspring Outcomes

The influence of high levels of alcohol intake by pregnant

women on the health and development of their offspring is well

recognized in the form of fetal alcohol syndrome (Gemma,

Vichi, & Testai, 2007). However, outside of this extreme situ-

ation, the influence of alcohol is less easy to assess, particularly

as higher levels of alcohol intake will be related to a wide array

of potential sociocultural, behavioral, and environmental con-

founding factors. Furthermore, there may be systematic bias

in how mothers report alcohol intake during pregnancy, which

could distort associations with health outcomes. Therefore,

Fig. 2. ALDH2 genotype by alcohol consumption (g/day). (5 studies,
N ¼ 6,815; Chen et al., 2008.)
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outside of the case of very high alcohol intake by mothers, it is

difficult to establish a causal link between maternal alcohol

intake and offspring developmental characteristics. Some stud-

ies have approached this within the Mendelian randomization

framework by investigating alcohol-metabolizing genotypes

in mothers and offspring.

Studies have generally utilized a variant in the alcohol dehy-

drogenase gene (ADH1B*3 allele). Alcohol dehydrogenase

metabolizes alcohol to acetaldehyde and the ADH1B variant

influences the rate of such metabolism. The ADH1B*3 variant

has a reasonable prevalence among African Americans and is

related to faster alcohol metabolism. This can relate to a lower

level of drinking, possibly because the faster metabolism

leads to a more rapid spike in acetaldehyde with its aversive

effects. At a given level of drinking, a faster metabolism will

clear blood alcohol more rapidly, so the levels do not rise as

high and they fall more quickly. Both of these processes, if

occurring in the mother, would protect the fetus from the

effects of alcohol. Some studies have selected mothers who

have a universally high level of alcohol consumption and the

alcohol-metabolizing genotypes among these mothers will

relate to alcohol levels that could have a toxic effect on the

developing fetus but not to their drinking, which is universally

high. In this circumstance the genotypic differences will mimic

the differences in level of alcohol intake with regard to the fetal

exposure to maternal circulating alcohol. Although sample

sizes have been low and the analysis strategies are not optimal,

studies applying this approach provide some evidence to sup-

port the influence of maternal genotype, and thus of alcohol,

on offspring outcomes (Gemma et al., 2007; Jacobson et al.,

2006; Warren & Li, 2005). Studies that have been able to ana-

lyze both maternal genotype and fetal genotype find that it is

the maternal genotype that is related to offspring outcomes,

as anticipated if the crucial exposure related to maternal alco-

hol intake and alcohol levels.

As in other examples of Mendelian randomization, these

studies are of relevance because they provide evidence of the

influence of maternal alcohol levels on offspring development

and not because they highlight a particular maternal genotype

that is of importance. In the absence of alcohol drinking, the

maternal genotype would presumably have no influence on off-

spring outcomes. Studies utilizing maternal genotype as a

proxy for environmentally modifiable influences on the intra-

uterine environment can be analyzed in a variety of ways. First,

22vs11 (Male)                                                   
Saito et al, 2003                                               -13.90 (-20.45, -7.35)
Tsuritani et al, 1996                                           -6.80 (-13.06, -0.54)
Amamoto et al, 2002                                             -8.40 (-13.13, -3.67)
Yamada et al, 2002                                              -6.80 (-11.28, -2.32)
Takagi et al, 2001                                              -5.90 (-9.15, -2.65)
Subtotal (I-squared = 18.0%, p = 0.300)                                  -7.44 (-9.49, -5.39)

22vs11 (Female)                                                 
Amamoto et al, 2002 0.90 (-3.33, 5.13 )
Takagi et al, 2001                                              0.10 (-3.07, 3.27)
Subtotal (I-squared = 0.0%, p= 0.767)                                       0.39 (-2.15, 2.93)

Fig. 4. ALDH2 genotype and systolic blood pressure (Chen et al., 2008).
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Fig. 3. Forest plot of studies of ALDH2 genotype and hypertension (Chen et al., 2008).
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the mothers of offspring with a particular outcome can be com-

pared with a control group of mothers who have offspring with-

out the outcome, in a conventional case-control design, but

with the mother as the exposed individual (or control) rather

than the offspring with the particular health outcome (or the

control offspring). Fathers could serve as a control group when

autosomal genetic variants are being studied. If the exposure is

mediated by the mother, then maternal genotype, rather than

offspring genotype, will be the appropriate exposure indicator.

Clearly, maternal and offspring genotype are associated, but

each are conditional based on the other—it should be the mater-

nal genotype that shows the association with the health out-

come among the offspring. Indeed, in theory it would be

possible to simply compare genotype distributions of mothers

and offspring, with a higher prevalence among mothers

providing evidence that maternal genotype, through an intrau-

terine pathway, is of importance. However, the statistical

power of such an approach is low, and an external control

group, consisting of either fathers or women who have off-

spring without the health outcome, is generally preferable.

Other Examples of Mendelian
Randomization: A Brief Catalog

Mendelian randomization has now been utilized in a wide vari-

ety of specific situations. Many of these relate to intermediate

phenotypes; genotypic differences in such intermediate pheno-

types can be related to genotypic influences on outcomes to

investigate whether the intermediate phenotype causally influ-

ences disease outcome. Proof of this approach comes from

situations in which the answer is known. For example, several

genetic variants that are associated with blood cholesterol lev-

els are also associated with CHD risk, in line with the substan-

tial amount of evidence, including that from RCTs, that higher

blood cholesterol levels causally increase disease risk (Davey

Smith, Timpson, & Ebrahim, 2008).

These studies demonstrate another strength of the

Mendelian randomization approach, in that the observed asso-

ciation of genotype with CHD is larger than that predicted from

its effect on cholesterol levels and the magnitude of association

of cholesterol levels with CHD risk identified in RCTs. This is

Fig. 5. The observed effects of FTO variation on metabolic traits. HDL ¼ high density
lipoproteins; LDL ¼ low density lipoproteins; SBP ¼ systolic blood pressure; DBP ¼ diastolic
blood pressure; ALT ¼ alanine aminotransferase; GGT ¼ gamma-glutamyltransferase. Adapted
from Freathy et al. (2008).
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to be expected, as RCTs only lower cholesterol for a few years,

and atherosclerosis is a life-long process; in addition the

genetic variants indicate differences in cholesterol levels over

many decades, whereas RCTs produce relatively short-term

changes. Genotypic differences in intermediate phenotypes can

provide evidence of life-long, as opposed to short-term, influ-

ences of intermediate phenotypes on disease.

Another example of intermediate phenotype is seen in stud-

ies of the association of high body mass index (BMI) and a

variety of cardiovascular risk factors. A variant in the FTO

gene is robustly associated with differences in BMI, and, as

shown in Figure 5, FTO variation predicts risk factor level

to the degree expected, given its effect on BMI and a causal

association between BMI and these risk factors (Freathy

et al., 2008). Conversely, another intermediate phenotype,

C-reactive protein (CRP), has been found to be strongly predic-

tive of Type 2 diabetes and CHD risk. Genetic variants in the

CRP gene that are related to differences in circulating CRP

levels do not influence the risk of these diseases, suggesting that

the observed associations are not causal (Lawlor et al., 2008;

Timpson et al., 2005). This suggests that developing methods

to pharmacotherapeutically lower CRP levels would not reduce

disease risk, despite the strong observational associations.

Mendelian Randomization and RCTs

RCTs are clearly the definitive means of obtaining evidence on

the effects of modifying disease risk processes. There are simi-

larities in the logical structure of RCTs and Mendelian rando-

mization as illustrated in Figure 6, which draws attention to the

unconfounded nature of exposures for which genetic variants

serve as proxies (analogous to the unconfounded nature of a

randomized intervention), the impossibility of reverse causa-

tion as an influence on exposure-outcome associations in both

Mendelian randomization and RCT settings, and the

importance of intention to treat analyses (i.e., analysis by group

defined by genetic variant, irrespective of associations between

the genetic variant and the exposure for which this is a proxy

within any particular individual).

The RCT analogy is also useful with respect to one

objection that has been raised in conjunction with Mendelian

randomization studies. Researchers have stated that the envir-

onmentally modifiable exposure for which genetic variants

serve as proxies (such as alcohol intake) is influenced by many

other factors in addition to the genetic variants (Jousilahti &

Salomaa., 2004). This is of course true. However, consider

an RCT of blood-pressure-lowering medication. Blood pres-

sure is mainly influenced by factors other than taking blood-

pressure-lowering medication—obesity, alcohol intake, salt

consumption and other dietary factors, smoking, exercise,

physical fitness, genetic factors and early-life developmental

influences are all of importance. However, the randomization

that occurs in trials ensures that these factors are balanced

between the groups that receive the blood-pressure-lowering

medication and those that do not. Thus, the fact that many other

factors are related to the modifiable exposure does not compro-

mise the power of RCTs, nor does it diminish the strength of

Mendelian randomization designs. A related objection is that

the genetic variants often explain only a trivial proportion of

the variance in the environmentally modifiable risk factor for

which the genetic variants are surrogate variables (Glynn,

2006). Again, consider an RCT of blood-pressure-lowering

medication, in which 50% of participants receive the medica-

tion and 50% receive a placebo. If the antihypertensive therapy

reduced blood pressure by a quarter of a standard deviation

(i.e., a 5-mmHg reduction in systolic blood pressure, given that

systolic blood pressure has a standard deviation of 20-mmHg in

the population) then within the whole study group, treatment

assignment (i.e., antihypertensive use versus placebo) will

explain 5/202 or 1.25% of the variance. In the example of

RANDOM SEGREGATION OF ALLELES 

RANDOMIZED
CONTROLLED TRIAL

EXPOSED: ONE   
ALLELLE

CONTROL:
OTHER
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OUTCOMES COMPARED  
BETWEEN GROUPS 

RANDOMIZATION METHOD 

EXPOSED:  
INTERVENTION

CONTROL:
NO
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RANDOMIZATION

Fig. 6. Comparison of Mendelian randomization and randomized controlled trial designs.
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ALDH2 variation and alcohol, the genetic variant explains

about 2% of the variance in alcohol intake in the largest study

available on this issue (Takagi et al., 2002). As can be seen, the

quantitative association of genetic variants as instruments can

be similar to that of randomized treatments with respect to bio-

logical processes that such treatments modify. Genetic variants

are often equally strong—if not stronger—predictors of uncon-

founded differences in exposures as are the randomized treat-

ments in RCTs.

Mendelian Randomization and Instrumental
Variable Approaches

Mendelian randomization can also be likened to instrumental

variable approaches that have been heavily utilized in econo-

metrics and social science, although rather less so in epidemiol-

ogy. In an instrumental variable approach, the instrument is a

variable that is only related to the outcome through its

association with the modifiable exposure of interest. The

instrument is not related to confounding factors, nor is its

assessment biased in a manner that would generate a spurious

association with the outcome. Furthermore, the instrument will

not be influenced by the development of the outcome (i.e.,

there will be no reverse causation). Figure 7 presents this basic

schema, in which the dotted line between genotype and the out-

come provides an unconfounded and unbiased estimate of the

causal association between the exposure, for which the geno-

type is a proxy, and the outcome. The development of instru-

mental variable methods within econometrics, in particular,

has led to a sophisticated suite of statistical methods for

estimating causal effects, and these have now been applied

within Mendelian randomization studies (Davey Smith,

Harbord, Milton, Ebrahim, & Sterne, 2005b). The parallels

between Mendelian randomization and instrumental variable

approaches are discussed in more detail elsewhere (Lawlor

et al., 2008; Thomas & Conti, 2004). The instrumental vari-

able method allows for the estimation of the causal effect size

of the modifiable environmental exposure of interest and the

outcome together with estimates of the precision of the effect.

Thus, in the example of alcohol intake (indexed by ALDH2

genotype) and blood pressure, it is possible to utilize the joint

associations of ALDH2 genotype and alcohol intake and

ALDH2 genotype and blood pressure to estimate the causal

influence of alcohol intake on blood pressure.

Alcohol, Esophageal, and Head and Neck
Cancer: Gene � Environment Interaction,
Cause, and Mechanism

A different form of Gene � Environment interaction than that

discussed above in relation to gender-specific effects of

ALDH2 and blood pressure applies in the investigation of alco-

hol as a potential cause of esophageal and head and neck can-

cer. For these cancers, alcohol intake appears to increase the

risk, although some have questioned the importance of its role

(Memik, 2003). A meta-analysis of studies of ALDH2 genotype

and esophageal cancer risk (Lewis & Davey Smith, 2005)

found that people who are homozygous for the null variant, and

therefore consume considerably less alcohol, have a greatly

reduced risk of esophageal cancer. The reduction in risk is

close to that predicted from the size of effect of genotype on

alcohol consumption and the dose response of alcohol on eso-

phageal cancer risk (Burd, 2006). A similar picture is seen

when examining the link to head and neck cancer risk (Boccia

et al., 2009).

Thus, with respect to the homozygous null variant and

homozygous wild type, the situation is similar to that of our

blood pressure example: The genotypic association provides

evidence of the effect of alcohol consumption, when researchers

compare a group of infrequent drinkers to a group who drink

considerable amounts of alcohol with no confounding factors

differing between these groups. With respect to both esophageal

and head and neck cancer, acetaldehyde (the metabolite that

is increased in people carrying the null variant who do drink

alcohol) is considered to be carcinogenic (Seitz & Stickel,

2007). Thus, drinkers who carry the null variant have higher lev-

els of acetaldehyde than those who do not carry the variant.

As shown above, people who are homozygous for the null var-

iant drink very little alcohol, but heterozygous individuals

Exposure Outcome

Confounders; reverse causation; bias 

Genotype 

Fig. 7. Mendelian randomization as an instrumental variables approach.
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do drink. When the heterozygotes are compared with wild type

homozygotes, an interesting picture emerges: The risk of eso-

phageal cancer is higher in the heterozygotes, even though they

drink less alcohol than the homozygotes. If alcohol itself acted

directly as the causal factor, cancer risk would be intermediate

in the heterozygotes compared with the other two groups. Acet-

aldehyde is the more likely causal factor, as heterozygotes drink

some alcohol but metabolize it inefficiently, leading to accumu-

lation of higher levels of acetaldehyde than would occur in

homozygotes for the common variant, who metabolize alcohol

efficiently, and homozygotes for the null variant, who drink

insufficient alcohol to produce raised acetaldehyde levels. In

Figure 8, the difference in esophageal cancer risk between

ALDH2 heterozygotes and those homozygous for the wild type

are displayed, stratified by drinking status. In nondrinkers, there

is no robust evidence of any association between genotype and

esophageal cancer outcomes, as would be expected if the under-

lying environmentally modifiable causal factor were alcohol

intake and the mechanism was acetaldehyde levels. In further sup-

port of the hypothesis, amongst people who were drinking alcohol

there was increased risk in heterozygotes, who have higher acet-

aldehyde levels, and this was especially marked in heavy drinkers,

who would have the greatest difference in acetaldehyde levels

according to genotype. A similar analysis has been performed for

head and neck cancer and again demonstrates no association of

genotype and cancer risk in nondrinkers and a graded association

according to alcohol intake level among alcohol drinkers (Boccia

et al., 2009).

Gene � Environment Interactions
Interpreted Within a Mendelian
Randomization Framework

The meaning of Gene � Environment interactions has a

contested history within human genetics. As James Tabery

(Tabery, 2000, 2007) has discussed, two distinct concepts can

be identified. First, there is a developmental concept, pioneered

by Lancelot Hogben, which considers how gene–environment

interplay influences particular developmental trajectories dur-

ing ontogenesis. This notion can be contrasted with the bio-

metric tradition, exemplified by R.A. Fisher, which considers

interactions with respect to how much (if at all) they contribute

to estimates of heritability. The clearest early statement of

possible categories of Gene � Environment interaction

came from one of the other founders of population genetics,

J.B.S. Haldane, who tabulated the possible outcomes of

gene–environment interplay as he saw them and stated that

‘‘the enumeration is so simple that no one has ever troubled

to make it’’ (Haldane, 1938; see Box 1). What is noticeable

from Haldane’s typology is that many apparent Gene � Envi-

ronment interactions discussed in the molecular genetics era

will fall into his first category, in which there is no clear

cross-over of effects of genotype according to environment but

there is some apparent quantitative difference, with a genotype

having a larger influence on phenotype in one environment

than in another. Haldane considered a Gene � Environment

interaction to be when one genotype was associated with a

 odds ratio
 .2  .5  1  2  5  10  20

 Study
 odds ratio
 (95% CI)  % Weight

 Non-drinkers
 Boonyaphiphat   1.30 ( 0.59, 2.84)   9.8 
 Itoga   2.43 ( 0.26, 22.97)   3.9 
 Yokoyama(2002)   1.13 ( 0.34, 3.76)   7.6 

 Subtotal   1.31 ( 0.70, 2.47)  21.3 

 Other
 Matsuo   1.74 ( 0.82, 3.69)   9.9 
 Boonyaphiphat   1.14 ( 0.42, 3.07)   8.7 
 Itoga   2.58 ( 1.46, 4.57)  10.8 
 Yokoyama(2002)   5.41 ( 3.32, 8.81)  11.2 

 Subtotal   2.49 ( 1.29, 4.79)  40.6 

 Very heavy
 Matsuo   11.50 ( 3.53, 37.44)   7.7 
 Yokoyama(2001)   11.80 ( 7.36, 18.94)  11.2 
 Boonyaphiphat   2.28 ( 0.80, 6.49)   8.4 
 Yokoyama(2002)   6.39 ( 3.51, 11.65)  10.7 

 Subtotal   7.07 ( 3.67, 13.60)  38.1 

 Overall   3.19 ( 1.86, 5.47)  100.0 

Fig. 8. Risk of esophageal cancer in individuals with the ALDH2*1*2 genotype versus those with
the ALDH2*1*1 genotype. Non-drinkers ¼ those who do not or never drink and exdrinkers;
others ¼ those who drink less than 60g of ethanol per day and were not habitual drinkers; heavy
drinkers ¼ 75 mL of ethanol per day for 5 or more days a week. Adapted from Lewis and Davey
Smith (2005).
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beneficial effect in one environment and with an adverse effect

in another environment or vice versa. The latter can be referred

to as qualitative interactions. A focus on qualitative interactions

has clear advantages in that they are scale dependent (Thomp-

son, 1991)—if any effect of genotype exists, then there must

be an interaction on one scale (e.g., additive) if there is no inter-

action on another scale (e.g., multiplicative).

In an important series of papers, Ruth Ottman has explicated

a typology of five models of Gene� Environment interactions.

(Ottman, 1990, 1996, 2006). Here, I consider how these models

Box 1. J.B.S. Haldane on Gene � Environment Interaction

In his polemical book Heredity and Politics, Haldane presented the table below as an exhaustive list of the possibilities

of Gene � Environment interaction. In the first situation, Genotype A is superior to Genotype B in each environment,

and Environment X is more favorable than Environment Y independent of genotype. He considered mastiffs and

dachshunds on a poor or good diet as an example of this—the mastiffs as a group would always be heavier than the

dachshund, and those bred on a good diet would always be heavier than those on a poor diet. Within this basic arrange-

ment, the exact quantitative way in which genotypic and environmental influences combined was not considered

important by Haldane, but it the interactions within this conceptual space have received much attention in the current

era of molecular genetic research.

In the second example, Genotype A performs better than Genotype B in Environment X, and Environment X provides

better outcomes than Environment Y for both genotypes, but Genotype B performs better than Genotype A in Environ-

ment Y. Here Haldane considered Jersey cattle and Highland cattle, as both yield more milk on English pasture than on

the Scottish highland moors, but the Jerseys perform better than the Highland cattle on pasture, and the Highland cattle

perform better than the Jerseys on highland moors. He also used himself as an example of this type of interaction: ‘‘Had

I been born in a Glasgow slum I should very probably have become a chronic drunkard, and if so I might by now be a

good deal less intelligent than many men of a more stable temperament but less possibilities of intellectual achievement

in a favorable environment.’’ The third type of interaction involves Genotype A performing better than Genotype B inde-

pendent of environment, but Environment X being better than Environment Y for Genotype A, whereas Environment Y is

better than Environment X for Genotype B. Here, using the terminology of his day, he considered normal (A) and geneti-

cally mentally defective (B) children and found that although the first group performed better than the second in any type

of school, the second group did better in special schools than in standard schools, and the normal children did better in

standard schools than in special schools. Finally, in his fourth example, Genotype A performs better than Genotype B in

Environment X but worse than Genotype B in Environment Y, and Environment Y produces superior outcomes among

Genotype B but worse outcomes among Genotype A. This is clearly the most marked form of Gene� Environment inter-

action, and for his example Haldane considered how English-origin populations have a longer life span than long-term

African-origin groups when living in England, and how long-term African-origin populations have a longer life span than

English migrants in the African climate.

In Haldane’s examples (also depicted in the figures), crossovers of effect occur when outcomes are tabulated according

to gene and environment combinations. He did not explicitly discuss examples of situations in which a particular genotype

has no influence on outcome in one environment but does influence outcome in another, although this could also be con-

sidered a form of qualitative interaction and has been a particular focus of some studies of Gene�Environment interaction.

Table. Order of Achievement of Four Groups Designated by Genotypes A and B and Environments X and Y

X Y X Y

1. A 1 2 or A 1 3
B 3 4 B 2 4

X Y
2. A 1 4

B 2 3
X Y

3. A 1 2
B 4 3

X Y X Y
4. A 1 3 A 1 4

B 4 2 B 3 2

536 Davey Smith

536  by guest on October 27, 2010pps.sagepub.comDownloaded from 

http://pps.sagepub.com/


would be interpreted within a Mendelian randomization frame-

work. In Model A (Fig. 9), the genotype increases the level of

expression of the risk factor, which in turn influences the risk of

disease. In some definitions, this would not be interaction, but

instead a causal chain of the kind that provide the essence of the

Mendelian randomization approach. For example, the genotype

could be the ALDH2 null variant, which reduces alcohol intake

and, through this, influences blood pressure in the manner dis-

cussed above. An example given by Ottman is of maternal phe-

nylketonuria increasing the risk of mental retardation among

the offspring due to the higher maternal blood levels of

phenylalanine the fetus is exposed to, a form of intergenerational

Mendelian randomization similar to that discussed earlier with

respect to maternal alcohol metabolizing genotypes. The geno-

type has no effect if it is decoupled from the intermediate risk fac-

tor: for example, in a society in which few people drink alcohol

(or among women in societies in which women drink little), a

genotype will not be related to the disease outcomes, but it

will be associated when it is coupled with the exposure (in this

case, alcohol intake). Intermediate phenotype Mendelian rando-

mization studies (e.g., genetic variants influencing cholesterol

levels and through this CHD) are also examples of Model A.

Model B: The genotype exacerbates the effect of the risk factor

Model C: The risk factor exacerbates the effect of the genotype

Model D: Both the genotype and the risk factor are required to raise risk 

Model E: The genotype and risk factor each affect risk: combined effects can be additive or 
nonadditive

Genotype

Risk factor Disease

Genotype

Risk factor Disease

Genotype

Risk factor Disease

Genotype

Risk factor 

Disease

Genotype

risk factor Disease

Fig. 9. Model A: Genotype increases expression of the risk factor. Model B: Genotype
exacerbates the effect of the risk factor. Model C: Risk factor exacerbates the effect of
the genotype. Model D: Both the genotype and the risk factor are required to raise risk.
Model E: Genotype and risk factor each affect risk—combined effects can be additive or
nonadditive.
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In Model B (Fig. 9), the risk factor influences disease risk

and the genotype modifies this, but the genotype will not influ-

ence outcomes on its own. In the absence of alcohol drinking, the

variant will not be related to alcohol-related morbidity, but the

variant will modify the severity of outcome in the presence of

drinking, in the way that maternal ADHD1B is related to offspring

outcomes among mothers who drink. Similarly carrying the

wild-type ALDH2 variant does not increase the risk of esophageal

cancer in the absence of alcohol consumption, whereas alcohol

consumption does increase risk of esophageal cancer risk even

in the absence of ALDH2 wild type, although to a lesser degree.

Model B (Fig. 9) also illustrates the influence of smoking

tobacco on bladder cancer risk. Observational studies suggest

an association, but it is clearly confounding and a variety of

biases could generate such an association. The potential carcino-

gens in tobacco smoke relevant to bladder cancer risk include

aromatic and heterocyclic amines, which are detoxified by

N-acetyltransferase 2 (NAT2). Genetic variation in the NAT2

gene leads to slower or faster acetylation states. If particular car-

cinogens in tobacco smoke do increase the risk of bladder cancer,

then it would be expected that those with slow acetylate states,

who have a reduced rate of detoxification of these carcinogens,

would be at an increased risk of bladder cancer if they were smo-

kers, whereas if they were not exposed to these carcinogens (the

major exposure route for those outside of particular industries

being through tobacco smoke) then an association of genotype

with bladder cancer risk would not be anticipated (see Table 1;

Garcia-Closas et al., 2005). The influence of the NAT2 slow acet-

ylation genotype is only appreciable among those also exposed to

heavy smoking. As the genotype will be unrelated to confoun-

ders, it is difficult to reason why this situation should arise unless

smoking is a causal factor with respect to bladder cancer. Thus,

the presence of a sizable effect of genotype in the exposed

group, but not in the unexposed group, provides evidence as to

the causal nature of the environmentally modifiable risk fac-

tor—in this example, smoking. Table 2 illustrates that smoking

has detrimental effects on bladder cancer risk in both genotype

groups, and the somewhat lower risk amongst one group does

not indicate that targeting prevention policies would be a useful

strategy for public health (Davey Smith, Ebrahim, et al., 2005).

In Model C (Fig. 9), the genotype has a direct effect on dis-

ease risk whereas the risk factor does not have this effect when

acting by itself. Examples of this are found in pharmacogenetics,

where an otherwise benign exposure has a detrimental influence

if accompanied by a particular genotype that increases the risk of

adverse outcome even when the exposure is not present. Ottman

discusses the autosomal dominant condition porphyria varie-

gate, which increases risk of various skin conditions. Barbiturate

use is generally benign, but in the presence of porphyria geno-

type it leads to very severe attacks of skin blistering. Model D

(Fig. 9) is similar to Model C, but both modifiable and genetic

risk factor do not produce outcomes alone in the latter case—

they only do so in combination. For example, Stevens-Johnson

syndrome can occur with carbamazepine use among individuals

carrying the HLA-B1502 allele. Models C and D do not allow for

Mendelian randomization focused on the identification of envir-

onmentally modifiable risk factors that influence disease risk in

the whole population, but they benefit from the Mendelian ran-

domization principle in that randomization of the drug therapy is

not required, given that the genotypes are essentially randomized

with respect to use of the drug during periods before the interac-

tions are detected and genetic testing allows for avoiding treating

susceptible individuals. This is a specific example of how obser-

vational studies of unexpected adverse treatment consequences

do not generally suffer from the same problems of confounding

and bias that are experienced in conventional observational stud-

ies of risk factors for disease.

Model E (Fig. 9) refers to the situation in which genotype

and risk factor both independently influence disease risk. The

expected joint effect could be additive or multiplicative (given

the scale dependence issue discussed above) and within model

E the effect can either be of the expected order: either greater

than anticipated (synergistic) or less than anticipated (antago-

nistic). If the genotype serves as a proxy for a modifiable cause

of disease, then Model E is simply an expanded version of any

Mendelian randomization study. The genotype would be

expected to combine with other risk factors in the same way

as would the modifiable risk factor it is a proxy for, with the

advantage that the genotype provides more robust evidence

of the causal effect of the modifiable risk factor. If a directly

measured risk factor is studied, then confounding and bias can

influence how the effect combines with other risk factors. For

example, the joint effect of smoking and alcohol consumption

on health outcomes could be investigated through study of

ALDH2 variation, smoking, and outcome. In some situations,

genetic variation does not directly influence risk factor levels

(as in Model A), but could proxy for such risk factor levels

through influencing response to the risk factor. For example,

genetic variation in the vitamin D receptor which does not

influence vitamin D levels can proxy for such differences

though being related to differential biological response to a

given level of vitamin D. Studying how both levels and genetic

Table 1. Association of NAT2 Slow Acetylation Genotype With
Bladder Cancer

Overall Never Smokers Ever Smokers

1.4 (1.2�1.7) 0.9 (0.6�1.3) 1.6 (1.3–1.9)

Note: Data are odds rations with 95% confidence intervals in parentheses. The
baseline category is the odds ratio for bladder cancer with nonsmokers who
are rapid NAT2 metabolizers. Adapted from Garcia Closas et al. (2005). p < .01.

Table 2. Association of Smoking Status and NAT2 Slow Acetylation
Genotype With Bladder Cancer

Group NAT2 Rapid NAT2 Slow

Nonsmoker 1.0 0.9
Occasional smoker 1.2 1.6
Former smoker 2.4 4.1
Current smoker 5.2 7.5

Note: Adapted from Garcia-Closas et al. (2005).
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variation relate to disease outcomes can provide evidence of

the causal action of vitamin D levels in this situation, as con-

cordance would support a direct biological (as opposed to

biased or confounded) link between vitamin D and disease.

Problems and Limitations of
Mendelian Randomization

The Mendelian randomization approach provides useful

evidence on the influence of modifiable exposures on health out-

comes. However, there are several limitations to this approach.

These have been discussed at considerable length elsewhere

(Davey Smith & Ebrahim, 2003; Ebrahim & Davey Smith,

2008) and therefore only some issues of particular relevance for

Gene � Environment interaction are briefly considered here.

Confounding of Genotype, Environmentally
Modifiable Risk Factors, and Disease
Associations

The power of Mendelian randomization lies in its ability to

avoid the often substantial confounding seen in conventional

observational epidemiology. However, confounding can

be reintroduced into Mendelian randomization studies, and

this possibility needs to be considered when interpreting the

results. First, it is possible that the locus under study is in link-

age disequilibrium (i.e., is associated) with another

polymorphic locus, with the former being confounded by

the latter. It may seem unlikely, given the relatively short

distances over which linkage disequilibrium is seen in the

human genome, that a polymorphism influencing, for

instance, CHD risk, would be associated with another poly-

morphism influencing CHD risk (and thus these being con-

founding between the two genetic variants). There are,

nevertheless, examples of different genes influencing the

same metabolic pathway being in physical proximity. For

example, different polymorphisms influencing alcohol meta-

bolism appear to be in linkage disequilibrium (Osier et al.,

2002).

Second, Mendelian randomization is most useful when it

can be used to relate a single intermediate phenotype to a dis-

ease outcome. However, polymorphisms may (and probably

often will) influence more than one intermediate phenotype,

and this may mean they proxy for more than one environmen-

tally modifiable risk factor. This pleiotropy can be generated

through multiple effects mediated by their RNA expression

or protein coding; through alternative splicing, in which one

polymorphic region contributes to alternative forms of more

than one protein (Glebart, 1998); or through other mechanisms.

The most robust interpretations will be possible when the func-

tional polymorphism appears to directly influence the level of

the intermediate phenotype of interest (as in the cholesterol

example), but such examples are probably going to be less

common in Mendelian randomization than in cases in which

the polymorphism could in principle influence several systems,

with different potential interpretations of how the effect on

outcome is generated.

Linkage disequilibrium and pleiotropy can reintroduce

confounding and thus reduce the potential value of the Men-

delian randomization approach. Genomic knowledge may

help in estimating the degree to which these are likely to be

problems in any particular Mendelian randomization study,

through, for instance, explication of genetic variants that may

be in linkage disequilibrium with the variant under study or

the function of a particular variant and its known pleiotropic

effects. Furthermore, genetic variation can be related to mea-

sures of potential confounding factors in each study, and the

magnitude of such confounding can be estimated. Empirical

studies to date suggest that common genetic variants are

largely unrelated to the behavioral and socioeconomic factors

considered to be important confounders in conventional

observational studies. However, relying on measurement of

confounders does, of course, remove the central purpose of

Mendelian randomization, which is to balance unmeasured

as well as measured confounders.

In some circumstances, the genetic variant will be related to

the environmentally modifiable exposure of interest in some

population subgroups but not in others. The alcohol ALDH2

genotype and blood pressure association affecting men (but not

women), discussed earlier, is an example of this. If ALDH2

genetic variation influenced blood pressure for reasons other

than its influence on alcohol intake—for example, if it was in

linkage disequilibrium with another genetic variant that influ-

enced blood pressure through another pathway, or if there was

a direct pleiotropic effect of the genetic variant on blood pres-

sure—then the same genotype-blood pressure association

should be seen among both men and women. If the genetic var-

iant only influences blood pressure through its effect on alcohol

intake, an effect should only be seen in men, which is what is

observed. This further strengthens the evidence that the associ-

ation between genotype and blood pressure depends on the gen-

otype influencing alcohol intake and that the associations do

indeed provide causal evidence of an influence of alcohol

intake on blood pressure.

In some cases, it may be possible to identify two separate

genetic variants that are not in linkage disequilibrium with each

other but that both serve as proxies for the environmentally

modifiable risk factor of interest. If both variants are related

to the outcome of interest and point to the same underlying

association, then it becomes much less plausible that reintro-

duced confounding explains the association, as it would have

to be acting in the same way for these two unlinked variants.

This can be likened to RCTs of different blood pressure lower-

ing agents, which work through different mechanisms and have

different potential side effects but lower blood pressure to the

same degree. If the different agents produce the same reduc-

tions in cardiovascular disease risk, then it is unlikely that this

is through agent-specific effects of the drugs—rather, it points

to blood pressure lowering as being key. We previously dis-

cussed investigating the effect of alcohol on risk of head and

neck cancer by comparing risk among ALDH2 homozygous
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wild type and ALDH2 homozygous null variant men; the same

issue has been addressed by studying the interaction between

alcohol intake, ADH variation, and head and neck cancer risk

(Fig. 10; Hashibe et al., 2008), in which the influence of gen-

otype among drinkers, but not among nondrinkers, provides

evidence as to the causal role of alcohol. In another context,

two distinct genetic variants acting as instruments for higher

body fat content have been used to demonstrate that greater

adiposity is related to higher bone mineral density (Timpson,

Sayers, Davey Smith, & Tobias, 2009). With the large number

of genetic variants that are being identified in genome wide

association studies in relation to particular phenotypes (e.g.,

more than 50 independent variants that are related to height,

more than 10 that are related to total cholesterol, and more

than 20 related to fasting glucose) it is possible to generate

many independent combinations of such variants and, from

these, many independent instrumental variable estimates of

the causal associations between an environmentally modifi-

able risk factor and a disease outcome. The independent esti-

mates will not be plausibly influenced by any common

pleiotropy or linkage-disequilibrium-induced confounding,

and therefore, any consistency displayed provides strong evi-

dence against any interpretation that reintroduced confound-

ing is generating the associations.

Special Issues With Confounding in Studies of
Gene � Environment Interactions

It must be recognized that Gene � Environment interactions

interpreted within the Mendelian randomization framework as

evidence regarding the causal nature of environmentally modifi-

able exposures are not protected from confounding to the same

extent as main genetic effects. In the example regarding NAT2,

smoking, and bladder cancer, any factor related to smoking—

such as social class—will tend to show a greater association with

bladder cancer within NAT2 slow acetylators than within NAT2

rapid acetylators. Because there is not a 1-to-1 association of

social class with smoking, this will not result in an effect of the

genotype in one social class stratum and no effect in the other

social class stratum, as in the NAT2/smoking interaction, but

rather a qualitative interaction of a greater effect of NAT2 in the

poorer social classes (amongst whom smoking is more preva-

lent) and a smaller (but still evident) effect in the better-off social

classes, amongst whom smoking tends to be less prevalent.

Thus, situations in which both the biological basis of an expected

interaction is well understood and in which a qualitative (effect

vs. no effect) interaction may be postulated are the ones that are

most amenable to interpretations related to the general causal

nature of the environmentally modifiable risk factor.

Canalization and Developmental Stability

Perhaps a greater potential problem for Mendelian randomiza-

tion than reintroduced confounding arises from the develop-

mental compensation that may occur through a polymorphic

genotype being expressed during fetal or early postnatal devel-

opment and thus influences development in such a way as to

buffer against the effect of the polymorphism. Such compensa-

tory processes have been discussed since C.H. Waddington

introduced the notion of canalization in the 1940s (Waddington,

1942). Canalization refers to the buffering of the effects of either

environmental or genetic forces attempting to perturb develop-

ment and Waddington’s ideas have been well developed both

empirically and theoretically (Debat & David, 2001; Gibson &

Wagner, 2000; Hartman, Garvik, & Hartwell, 2001; Hornstein

& Shomron, 2006; Kitami & Nadeau, 2002; Rutherford, 2000;

Wilkins, 1997). Such buffering can be achieved either through

genetic redundancy (more than one gene having the same or sim-

ilar function) or through alternative metabolic routes, in which the

complexity of metabolic pathways allows recruitment of different

pathways to reach the same phenotypic endpoint. In effect, a func-

tional polymorphism expressed during fetal development or post-

natal growth may influence the expression of a wide range of other

genes, leading to changes that may compensate for the influence of

rs1229984 (ADH1B) 
OR            95% CI

Overall 0.56 0.47-0.66 

(P=4x10-11)

By site (? 2
2 = 14.7; Pheterogeneity = 0.001)

Oral/pharynx 0.45 0.35-0.57
Larynx 0.71 0.57-0.88
Esophagus 0.34 0.20-0.56

By age (? 2
1 = 0.23; Ptrend = 0.628)

<50 0.66 0.43-1.02
50-59 0.42 0.30-0.58
60+ 0.63 0.49-0.80

By drinking intensity (? 2
1 = 14.0; Ptrend = 0.0002)

Never drinkers 1.02 0.66-1.56
<Med 0.65 0.50-0.85
>Med 0.42 0.31-0.56

By smoking status (? 2
1 = 3.45; Ptrend = 0.063)

Never smokers 0.74 0.48-1.14
Former smokers 0.58 0.41-0.82
Current smokers 0.53 0.41-0.66

By study (? 2
2 = 1.00; Pheterogeneity = 0.605)

Central Europe 0.49 0.35-0.69
ARCAGE 0.56 0.41-0.74
Latin America 0.61 0.46-0.82 

OR            95% CI

Overall 0.56 0.47-0.66 

(P=2x10-8)

By site (? 2
2 = 7.56; Pheterogeneity = 0.023)

Oral/pharynx 0.70 0.59-0.84
Larynx 0.78 0.65-0.93
Esophagus 0.45 0.32-0.64

By age (? 2
1 = 0.15; Ptrend = 0.699)

<50 0.76 0.55-1.04
50-59 0.61 0.48-0.77
60+ 0.71 0.59-0.86

By drinking intensity (? 2
1 = 3.39; Ptrend = 0.065)

Never drinkers 0.88 0.57-1.36
<Med 0.78 0.63-0.96
>Med 0.61 0.50-0.75

By smoking status (? 2
1 = 0.09; Ptrend = 0.761)

Never smokers 0.79 0.56-1.13
Former smokers 0.58 0.44-0.76
Current smokers 0.73 0.61-0.87

By study (? 2
2 = 4.98; Pheterogeneity = 0.083)

Central Europe 0.54 0.43-0.69
ARCAGE 0.79 0.64-0.98
Latin America 0.72 0.56-0.92 0.4             0.8          1.4        0.4             0.8     1.4

OR                                      OR

rs1573496 (ADH7)

Fig. 10. The interaction between alcohol intake, ADH variation, and head and neck cancer risk. Adapted
from Hashibe et al. (2008).
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the polymorphism. Put crudely, if a person has developed and

grown from the intrauterine period onwards within an environ-

ment in which one factor is perturbed (e.g., elevated cholesterol

levels due to genotype) then they may be rendered resistant to the

influence of life-long elevatedcirculatingcholesterol, throughper-

manent changes in tissue structure and function that counterba-

lance its effects. In intervention trials—for example, RCTs of

cholesterol-lowering drugs—the intervention is generally rando-

mized to participants during their middle age; similarly, in obser-

vational studies of this issue, cholesterol levels are ascertained

during adulthood. In Mendelian randomization, on the other hand,

randomization occurs before birth. This leads to important caveats

when attempting to relate the findings of conventional observa-

tional epidemiological studies to the findings of studies carried out

within the Mendelian randomization paradigm.

In some Mendelian randomization designs, developmental

compensation is not an issue. For example, when maternal gen-

otype is utilized as an indicator of the intrauterine environment

(e.g., maternal ADH variation discussed above), then the

response of the fetus will not differ whether the effect is

induced by maternal genotype or by environmental perturba-

tion, and the effect on the fetus can be taken to indicate the

effect of environmental influences during the intrauterine

period. Also in cases in which a variant influences an adulthood

environmental exposure (e.g., ALDH2 variation and alcohol

intake), developmental compensation to genotype will not be

an issue. This also applies in Gene � Environment interactions

that are interpreted with respect to causality of the environmen-

tal factor, as development will not have occurred in the pres-

ence of the modifiable risk factor of interest and thus

developmental compensation will not have occurred.

Lack of Suitable Genetic Variants to Proxy for
Exposure of Interest

An obvious limitation of Mendelian randomization is that it can

only examine areas for which there are functional polymorph-

isms (or genetic markers linked to such functional polymorph-

isms) that are relevant to the modifiable exposure of interest. In

the context of genetic association studies, it has been pointed

out more generally that there may be no suitable marker or

functional polymorphism to allow study of this process in many

cases, even if a locus is involved in a disease-related metabolic

process (Weiss & Terwilliger, 2000). In an earlier paper on

Mendelian randomization (Davey Smith & Ebrahim, 2003),

we discussed the example of vitamin C, as observational epide-

miology appeared to have got the wrong answer related to asso-

ciations between vitamin C levels and disease. We considered

whether the association between vitamin C and CHD could

have been studied utilizing the principles of Mendelian rando-

mization. We stated that polymorphisms exist that are related

to lower circulating vitamin C levels—for example, in the hap-

toglobin gene (Langlois, Delanghe, De Buyzere, Bernard, &

Ouyang,1997)—but in this case, the effect on vitamin C is not

direct and these other phenotypic differences could have an

influence on CHD risk that would distort examination of the

influence of vitamin C levels through relating genotype to dis-

ease. SLC23A1—a gene encoding for the vitamin C transporter

SVCT1, which is involved in vitamin C transport by intestinal

cells—would be an attractive candidate for Mendelian rando-

mization studies. However, by 2003 (the date of our earlier

paper), a search for variants had failed to find any common

SNP that could be used in such a way (Erichsen, Eck, Levine,

& Chanock, 2001). We therefore used this as an example of a

situation in which suitable polymorphisms for studying the

modifiable risk factor of interest could not be located. How-

ever, since the earlier paper was written, researchers have iden-

tified functional variation in SLC23A1 that is related to

circulating vitamin C levels (Timpson et al., 2010). We use this

example not to suggest that the obstacle of locating relevant

genetic variation for particular problems is observational—epi-

demiology will always be overcome—but to point out that rap-

idly developing knowledge of human genomics will identify

more variants that can serve as instruments for Mendelian ran-

domization studies.

Conclusions: What Mendelian
Randomization Is and Is Not

Mendelian randomization is not predicated on the assumption

that genetic variants are major determinants of health and dis-

ease within populations. There are many cogent critiques of

genetic reductionism and the overselling of ‘‘discoveries’’ in

genetics that reiterate obvious truths so clearly (albeit some-

what repetitively) that there is no need to repeat them here

(e.g., Baird, 2000; Berkowitz, 1996; Holtzman, 2001; Stroh-

man, 1993). Mendelian randomization does not depend upon

there being genes for particular traits, and certainly not in the

strict sense of a gene for a trait being one that is maintained

by selection because of its causal association with that trait

(Kaplan & Pigliucci, 2001). The association of genotype and

the environmentally modifiable factor that it proxies for will

be like most genotype–phenotype associations, one that is con-

tingent and cannot be reduced to individual level prediction but

will pertain at a group level within environmental limits (Wolf,

1995). This is analogous to an RCT of antihypertensive agents,

in which the group randomized to active medication will have

lower mean blood pressure than the group randomized to pla-

cebo at a collective level, but many participants randomized

to active treatment will have higher blood pressure than many

individuals randomized to placebo at an individual level.

Group level differences are what create the analogy between

Mendelian randomization and RCTs, as outlined in Figure 13.

Finally, the associations that Mendelian randomization

depend on do need to pertain to a definable group at a particular

time, but they do not need to be immutable. Thus, ALDH2 var-

iation will not be related to alcohol consumption in a society in

which alcohol is not consumed; the association will vary by

gender and by cultural group, and it may change over time

(Hasin et al., 2002; Higuchi et al., 1994). Within the setting

of a study of a well-defined group, however, the genotype will

be associated with group-level differences in alcohol
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consumption, and group assignment will not be associated with

confounding variables.

Critiques of contemporary genetic epidemiology often focus

on two features of findings from genetic association studies:

that the population attributable risk of the genetic variants is

low and that the influence of genetic factors is not reversible

in any case. Illustrating both of these criticisms, Terwilliger

and Weiss suggest the following as reasons for considering that

many of the current claims regarding genetic epidemiology are

hype: (a) that alleles identified as increasing the risk of com-

mon diseases ‘‘tend to be involved in only a small subset of all

cases of such diseases’’ (Terwilliger & Weiss, 2003, p. 532)

and (b) that in any case ‘‘while the concept of attributable risk

is an important one for evaluating the impact of removable

environmental factors, for non-removable genetic risk factors,

it is a moot point’’ (Terwilliger & Weiss, 2003, p. 540). These

evaluations of the role of genetic epidemiology are not relevant

when considering the potential contributions of Mendelian ran-

domization. This approach is not concerned with the popula-

tion attributable risk of any particular genetic variant, but the

degree to which associations between the genetic variant and

disease outcomes can demonstrate the importance of environ-

mentally modifiable factors as causes of disease, for which the

population attributable risk is of relevance to public health

prioritization. Consider, for example, the case of familial

hypercholesterolaemia or familial defective Apoliprotein B.

The genetic mutations associated with these conditions will

only account for a trivial percentage of cases of CHD within the

population (i.e., the population attributable risk will be low).

For example, in a Danish population, the frequency of familial

defective Apo B is 0.08%, and, despite its sevenfold increased

risk of CHD, it only generates a population attributable risk of

0.5% (Tybjaerg-Hansin, Steffensen, Meinertz, Schnohr, &

Nordestgaard, 1998). However, by identifying blood choles-

terol levels as a causal factor for CHD, the triangular associa-

tion between genotype, blood cholesterol, and CHD risk

identifies an environmentally modifiable factor with a very

high population attributable risk: Assuming that 50% of the

population have raised blood cholesterol above 6.0 mmol/l and

that this is associated with a relative twofold risk of CHD, a

population attributable risk of 33% is obtained. The same logic

applies to the other examples discussed above—the attributable

risk of the genotype is low, but the population attributable risk of

the modifiable environmental factor identified as causal through

the genotype–disease associations is large. The same reasoning

applies when considering the suggestion that genotype–disease

associations are not of public health importance as genotype can-

not be modified (Terwilliger & Weiss, 2003). The point of Men-

delian randomization approaches is not to attempt to modify

genotype, but to utilize genotype–disease associations to

strengthen inferences regarding modifiable environmental risks

for disease and then reduce disease risk in the population through

applying this knowledge.

Mendelian randomization differs from other contemporary

approaches to genetic epidemiology in that its central concern

is not with the magnitude of genetic variant influences on dis-

ease, but rather on what the genetic associations tell us about

environmentally modifiable causes of disease. As David B.

Abrams, former director of the Office of Behavioral and Social

Sciences Research at the U.S. National Institutes of Health

has said, ‘‘The more we learn about genes the more we see how

important environment and lifestyle really are’’ (Abrams, 2002).

Many years earlier, the pioneering geneticist Thomas Hunt

Morgan articulated a similar sentiment in his Nobel Prize accep-

tance speech when he contrasted his views with eugenics, the

then-popular genetic approach to disease. He thought that

‘‘through public hygiene and protective measures of various

kinds we can more successfully cope with some of the evils that

human flesh is heir to. Medical science will here take the lead—

but I hope that genetics can at times offer a helping hand’’ (Mor-

gan, 1935). More than seven decades later, it might now be time

for genetic research to strengthen the knowledge base of public

health directly.
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