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Abstract
Substantial evidence suggests that individuals born to overweight and obese parents suffer detrimental health consequences that dramatically 
decrease healthy aging. The number of obese individuals worldwide now exceeds the number of under- and malnourished individuals. This 
obesity epidemic is responsible for approximately 4 million deaths worldwide each year, and predisposes sufferers to a range of age-related 
diseases such as cardiovascular diseases, and metabolic syndrome. Additionally, obesity is associated with an accelerated onset of age-related 
ailments, such as cancers and in�ammation. The importance of dietary interventions to reduce the incidence of obesity is magni�ed by 
emerging evidence that parental physiology can predispose future generations to poor health outcomes. Characterizing and understanding 
these effects, and how they are mediated, is important if we are to continue to drive improvements to population health. In this article, we 
synthesize evidence for the intergenerational and transgenerational phenotypic effects of parental obesity. We concentrate on how the fruit �y 
Drosophila melanogaster can be used as a model to study these effects. Fruit �ies are highly tractable, and their conserved nutrient signaling 
and metabolic pathways make them an ideal model for studying nutritional effects on metabolic, reproductive, and aging phenotypes.
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Over the last century, average life expectancy has been steadily 
increasing, and shows no signs of slowing (1,2). Dietary interventions 
to further extend and improve healthy life span into the future are a 
major focus of biogerontology (3). In general, moderate restriction of 
food intake, through either restricting calories or restricting overall diet 
nutrients (CR, DR) or modi�cation of dietary nutrient balance, can 
augment life span�an effect evident in model organisms from yeast to 
primates (4). Furthermore, a growing body of evidence points to bene-
�cial metabolic and physiological effects of CR, including reductions 
in body fat, in both lean and overweight humans when administered 
during early- to mid-life (5,6). These �ndings are exciting because they 
highlight the promise of deploying dietary interventions as a tool to 
improve healthy aging within the general population. Moreover, the 
practical utility of such dietary interventions is ampli�ed by recent 
reports of negative health effects in children born to overweight and 
obese parents. Negative intergenerational effects of obesity are not well 
understood, but researching the prevalence and magnitude of these ef-
fects will be key to addressing the health and economic costs associated 
with obesity in contemporary human populations (7,8).

Here, we synthesize evidence from experimental studies that have 
investigated the effects of parental obesity on reproduction and life 
span of future generations. In particular, we highlight the utility of 
the fruit �y Drosophila melanogaster as a model for the study of 
inter- and transgenerational obesity, given its short generation time, 
small containment footprint, conserved metabolic pathways, well 
characterized diet, and a readily available suite of advanced genetic 
tools. We address whether experiments conducted in Drosophila can 
be used to inform likely responses in humans, by critically evaluating 
whether experimental �ndings from studies of Drosophila are con-
sistent with those that have come from studies of mice. We con-
clude that the study of Drosophila offers a powerful means to better 
understand the mechanisms involved in the regulation between nu-
trition and health, across generations.

Why Do We Eat Unhealthy, Imbalanced�Diets?
The role of nutrition in health is complex. Diets consist of dozens of 
components that are required in proportions that vary as a function 
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of the supply of other nutrients, as well as the consumer�s genome, 
microbiota, life stage, and condition (9). In general, too little or too 
much of a nutrient is detrimental to an organism�s health (10). Thus 
to maximize �tness, organisms must perform a multinutritional 
balancing act to ingest and absorb nutrients in suitable proportions. 
First, this is achieved by nutrient-speci�c appetites that can alter the 
relative consumption of different ingredients to achieve and main-
tain homeostasis (11). When organisms eat, however, the proportion 
of nutrients in their food may not match requirements. Consumers 
must therefore make compromises on the balance of nutrients they 
ingest, and where possible, ameliorate those compromises by mixing 
foods with complementary nutritional pro�les (12,13). The precise 
nature of these compromises is determined by the relative priority 
with which each nutrient effects appetite and satiety�a function of 
the speci�c evolutionary history of each organism (14).

Of the many nutrients in a diet, carbohydrate, fat, and protein are 
the three major energy-contributing nutrients. These play a key role in 
determining evolutionary �tness and are important determinants of 
diet choice (15). The exact strategy for nutrient mixing varies across 
species, and not all nutrients have an equal in�uence on feeding be-
havior. For some primates (including humans), mice and Drosophila 
larvae, data indicates that protein is the primary determinant of appe-
tite and satiety (14,16�20). Thus, within limits, food is consumed to 
keep protein intake within a tight range of values, and a much broader 
range of lipid and carbohydrate intake is tolerated. This can be under-
stood in light of the fact that protein underconsumption leads to a 
decrease or cessation in reproductive output, while overconsumption 
can carry metabolic and physiological costs associated with excretion 
(3,21). By contrast a broader range of sugar and fat consumption can 
be tolerated as excess energy can be stored as body fat and be ad-
vantageous as a buffer against seasonal variations in energy supply 
(22,23). The capacity for protein levels to shape feeding behavior 
can be exploited to facilitate loss of body fat by curtailing appetite 
through consumption of high protein diets. By contrast, meeting a 
protein intake target when consuming low protein foods can result in 
overconsumption of sugar and fat, which in the long term can lead to 
obesity (18). Together, this has led to the hypothesis that the current 
obesity epidemic in developed countries is fuelled (at least in part) by 
the unprecedented abundance of low protein, energy dense foods that 
are highly palatable, yet have little satiety value (24).

Health and Body�Fat
The number of obese individuals worldwide now exceeds the number 
of under- and malnourished individuals. Obesity predisposes sufferers 
to a plethora of age-related diseases such as type 2 diabetes, cardiovas-
cular diseases, and metabolic syndrome, and is responsible for approxi-
mately 4 million deaths worldwide each year (25,26). Additionally, 
obesity sufferers are more likely to be af�icted by age-related condi-
tions, such as cancers and chronic in�ammatory diseases (26).

Body mass index (BMI) estimates body fat, and is calculated by 
body mass in kilograms divided by the square of the person�s height 
in meters, and is a useful correlate of health outcomes. BMI from 
18.5 to 24.9 (�normal� range) is considered �healthy� and without 
weight-related adverse health consequences (26). The categories of 
underweight (BMI <18.5), overweight (BMI 25�29.9) to obese (BMI 
� 30), however, are associated with increased risks of certain dis-
eases, costs to reproductive performance, and reduced life expect-
ancy (27�31). Importantly, for studying the mechanistic bases of 
these poor outcomes, the obese state can be modeled in mice and �ies 
to varying degrees of accuracy. By providing highly palatable, energy 

dense diets with low satiety value to model species, the percentage 
of body fat increases and is accompanied by negative outcomes for 
reproduction and life span, analogous to the pattern observed in hu-
mans (32�34).

Modeling Obesity in Murids and�Flies
Murids
Feeding high-energy diets, supplied as excess fat or sugar, to mice or 
rats leads to a higher percentage of body fat compared to those fed 
a control diet. These obesogenic diets also lead to a suite of altered 
metabolic markers similar to changes found in humans, such as: in-
creases in rates of diabetes; poor insulin sensitivity; high circulating 
blood glucose; and increased incidences of some cancers (35�37). 
Furthermore, fertility and life span also decrease in overweight mice, 
similar to what is observed in humans (38�40). These detrimental 
effects of obesity on female fertility can occur whether the mice are 
hyperphagic (over-eating), or feeding on diets high in fat and or sugar 
(41�43). Although obesity has generally negative effects, some recent 
studies have shown that altering dietary macronutrient balance can 
modify the propensity of an obese individual to suffer from later-life 
pathologies such as type II diabetes and heart disease (40,44,45). 
These effects are fascinating and warrant further investigation.

Flies
Similar to murids, it is possible to manipulate the proportion of 
adult body fat in �ies. In the wild, �ies consume a diet of rotting 
fruit, sourcing carbohydrates from the fruit and the remainder of 
their nutrients (including additional carbohydrates) from yeast (46).
These diets contain very little fat (approximately 1% of mass), and 
in the lab, growth, reproduction, and life span can be readily sup-
ported with diets containing only sugar and yeast. A� typical ex-
ample of one such diet used in our laboratory supplies energy from 
protein: carbohydrate: fat in proportions ~55:40:5 (corresponding 
to ~45�g/L protein, 35�g/L carbohydrate, and 2�g/L fat) (47,48). Data 
from studies that have supplemented this natural nutritional pro�le 
with fat show universally detrimental physiological outcomes and 
shortened life span (49�52). However, it is not yet possible to discern 
if these unfavorable changes mimic the costs that mammals suffer on 
high fat obesogenic diets, or if they simply re�ect novel pathologies 
caused by dietary fat levels that are well above what �ies have evolved 
to experience in the wild. We postulate a more ecologically relevant 
approach to increasing body fat in �ies is by increasing the carbohy-
drate (sugar) component of the diet (53,54), and for this reason we 
will restrict our discussion to those studies that manipulate parental 
sugar. Both female and male �ies get fatter with increasing dietary 
sugar concentrations and this does not appear to be acutely toxic 
since there is no cost to life span for values of dietary carbohydrates 
of up to ~80% of total energy (3,34,47,55,56). In contrast, female 
fecundity is maximized at intermediate dietary carbohydrate levels 
(up to ~50% of total energy), when body fat remains low. As dietary 
sugar and body fat rise beyond this point, egg laying sharply declines 
(Figure 1) (3,34,47,55,56).

Inter- and Transgenerational Consequences of 
Parental Obesity
It is becoming increasingly apparent that obesity susceptibility is 
transmitted from generation to generation. These effects can be 
intergenerational (transmitted from parent (F0) to offspring (F1)) 
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and even transgenerational (transmitted from parent (F0) to the F2 
generation and beyond; Figure 2). Distinguishing between these in-
heritance modes is important for understanding the mechanisms 
of susceptibility transfer, since in the case of intergenerational ef-
fects, the offspring may experience the predisposing parental en-
vironment (eg, while in utero), while for transgenerational effects, 
the affected offspring have no direct experience of the predisposing 
grand-parental environment. Thus, in oviparous species, like fruit 
�ies, transgenerational effects are those transmitted to the grand off-
spring (F2) generation, but in mice and humans, they are the effects 
transmitted to the great-grand offspring generation (F3) because the 
primordial germ cells of the F2 generation are present in the F1 fe-
male fotus while in utero, and are thus subject to the grand-maternal 
environment.

Transgenerational Plasticity
Inter- or transgenerational phenotypic plasticity describes the situ-
ation when the parental environment or phenotype impacts the 
phenotype of the offspring, beyond the effects of gene transfer 
alone (57,58). The most commonly studied effects are those of ma-
ternal diet on offspring physiology, which are thought to result from 
transmission of epigenetic markers, antibodies, hormones, and/
or nutrients (59). Since selection typically favors the total lifetime 
reproductive success of parents (rather than reproductive success 
during any one bout), both negative and positive maternal effects 
can be favored if they enhance maternal �tness (57). This will de-
pend on the life expectancy of the mother, resource availability, en-
vironmental conditions, and the interaction between the costs of 
producing an offspring phenotype and the bene�ts of that pheno-
type (57). Maternal effects that confer a positive impact on offspring 
quality are often referred to as �adaptive maternal effects.� These 
are more likely to occur in predictable environments when mothers 
prime offspring to be suited to the same environmental stresses she 
experienced (59). Maternal transgenerational plasticity may also be 
disadvantageous, however, if the postnatal environment differs from 

the intrauterine one, such as if a fetus is subjected to a malnour-
ished environment and is thus �programmed� for a more energy 
ef�cient metabolism, but is raised in a nutrient abundant environ-
ment, predisposing the offspring to obesity (60). Although evidence 
is mounting for adaptive transgenerational anticipatory effects, pro-
gress has been hindered by a paucity of experimental studies testing 
that employ fully-factorial designs in which both parents and off-
spring are challenged with both a control diet and a novel diet (58).

Inter- and Transgenerational Effects of Parental 
Obesity in�Humans
Several recent studies have shown that many individuals born to 
overweight and obese parents suffer detrimental later-life health con-
sequences, particularly when born into a nutrient rich environment 
(61,62) (Figure 2). Developing obesity becomes more likely due to 
critical developmental periods whereby metabolic imprinting (pro-
gramming of metabolism) can occur (26). Critical periods identi�ed 
in the development of obesity are the pre- and neonatal periods (up 
to 2� years old). In the prenatal period, maternal disproportionate 
gestational weight gain, especially in the �rst 20 weeks of pregnancy 
has been identi�ed as a risk factor in the development of obesity 
later in the child�s life (63�65). Even parental weight gained (or 
BMI) prior to fertilization is associated with a child�s later-life BMI. 
A�mother�s prepregnancy and early-pregnancy BMI explains most of 
the variance in a child�s BMI�even when controlling for pregnancy 
complications such as gestational diabetes, and other lifestyle fac-
tors (26). Similarly, paternal BMI could be an important factor for 
later-life progeny health. Historical records have shown that males 

Figure 1.  Relationship between body fat, egg laying and life span in an inbred 
lab strain of female Drosophila melanogaster. Altering the relative proportion 
of sugar and yeast in a �y diet�alters body fat composition. Maximal female 
egg laying corresponds to nutrient compositions at which body fat content 
is very low, and as body fat rises, egg laying declines. In contrast, life span 
remains long, showing only mildly compromised at nutrient compositions 
that promote higher body fat content (data from Skorupa et�al. (34)).

Figure 2.  Obesogenic diets in parents can confer detrimental metabolic 
phenotypes on offspring to the second and third generations. These effects 
appear to be evolutionarily conserved, meaning we can start to examine their 
mechanisms in short-lived, easily housed model organisms. The common 
mechanism to be implicated across taxa involves epigenetic marks that may 
alter the expression of key nutrient signaling pathways. It will be important 
in future work to explore additional possible mechanisms (eg, mito-nuclear 
interactions), using nutrient explicit diets. We also recommend the use of 
fully-factorial diet designs on mothers, fathers and their offspring in order to 
parse the effects of maternal and paternal contribution to health of males and 
females in future generations.

1584� Journals of Gerontology: BIOLOGICAL SCIENCES, 2019, Vol. 74, No. 10
D

ow
nloaded from

 https://academ
ic.oup.com

/biom
edgerontology/article-abstract/74/10/1582/5522245 by M

onash U
niversity user on 29 April 2020



D
ow

nloaded from
 https://academ

ic.oup.com
/biom

edgerontology/article-abstract/74/10/1582/5522245 by M
onash U

niversity user on 29 April 2020



D
ow

nloaded from
 https://academ

ic.oup.com
/biom

edgerontology/article-abstract/74/10/1582/5522245 by M
onash U

niversity user on 29 April 2020



D
ow

nloaded from
 https://academ

ic.oup.com
/biom

edgerontology/article-abstract/74/10/1582/5522245 by M
onash U

niversity user on 29 April 2020



D
ow

nloaded from
 https://academ

ic.oup.com
/biom

edgerontology/article-abstract/74/10/1582/5522245 by M
onash U

niversity user on 29 April 2020



D
ow

nloaded from
 https://academ

ic.oup.com
/biom

edgerontology/article-abstract/74/10/1582/5522245 by M
onash U

niversity user on 29 April 2020


