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In the last two decades, evidence from human and animal studies suggests that paternal obesity around the time of conception can
have adverse effects on offspring health through developmental programming. This may make significant contributions to the
current epidemic of obesity and related metabolic and reproductive complications like diabetes, cardiovascular disease, and
subfertility/infertility. To date, changes in seminal fluid composition, sperm DNA methylation, histone composition, small non-coding
RNAs, and sperm DNA damage have been proposed as potential underpinning mechanism to program offspring health. In this
review, we discuss current human and rodent evidence on the impact of paternal obesity/overnutrition on offspring health, followed
by the proposed mechanisms, with a focus on sperm DNA damage underpinning paternal programming. We also summarize the
different intervention strategies implemented to minimize effects of paternal obesity. Upon critical review of literature, we find that
obesity-induced altered sperm quality in father is linked with compromised offspring health. Paternal exercise intervention before
conception has been shown to improve metabolic health. Further work to explore the mechanisms underlying benefits of paternal
exercise on offspring are warranted. Conversion to healthy diets and micronutrient supplementation during pre-conception have
shown some positive impacts towards minimizing the impact of paternal obesity on offspring. Pharmacological approaches e.g.,
metformin are also being applied. Thus, interventions in the obese father may ameliorate the potential detrimental impacts of

paternal obesity on offspring.
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INTRODUCTION

The global rise in obesity has become a major health challenge
due to increased risk of chronic diseases such as type 2 diabetes
mellitus (T2DM), cardiovascular disease (CVD), kidney disease,
cancer, and infertility thereby decreasing quality of life across the
world [1]. Genetic factors, decreased physical activity, stress and
environmental factors (e.g., availability of energy dense foods,
endocrine disrupting compounds such as bisphenol A, dichlor-
odiphenyltrichloroethane) are considered risk factors for the
current epidemic [2, 3]. Recently parental pre-conceptional/peri-
conceptional exposure to overnutrition has been found to
increase the risk of obesity and associated metabolic and
reproductive disorders in offspring, independent of genetic
makeup [4, 5]. While maternal health status and nutrition during
gestation and lactation have a larger contribution than the father’s
on offspring health, paternal influences cannot be neglected [6].
Emerging evidence shows that paternal obesity can have
substantial negative impacts on the metabolic and reproductive
health of offspring [7, 8]. Recent evidence shows that interven-
tions in obese fathers can reduce the negative impact of paternal
obesity on offspring [9-11]. In this review, we examine recent
studies on the effects of paternal obesity on offspring health,

including the proposed mechanisms, particularly the role of sperm
DNA damage. We also examine studies on paternal interventions,
particularly exercise, dietary modification, micronutrient supple-
mentation and glucose lowering drug which have been found to
offer promise in minimizing the adverse effects of paternal obesity
on offspring.

DEVELOPMENTAL ORIGINS OF HEALTH AND DISEASE
(DOHAD)

“Developmental origins of health and disease” (DOHaD) or simply
“developmental programming” refers to a permanent alteration in
the physiology, metabolism, and epigenome of an offspring by
the exposures (e.g., overnutrition, undernutrition, smoking) of that
offspring’s father or mother before conception or during gestation
or exposures during an early stage of that offspring’s life, which
increase susceptibility to disease in adulthood of that offspring
[4, 12]. Hence, the “DOHaD” concept links the state of health and
disease risk in adult life with the environmental conditions during
early life (i.e., conception, pregnancy, infancy, childhood adoles-
cence, and early adulthood) [13]. This concept evolved from the
“Barker hypothesis” postulated by Barker [14] and the “Thrifty
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phenotype hypothesis” proposed by Hales and Barker [15]. Both
hypotheses primarily focused on how nutritional status of a
mother during gestation could program offspring health. Very
recent reviews of the evidence to date propose that both paternal
and maternal pre-conceptional health is critical for future health
outcomes [4, 5]. Our review will particularly focus on the effects of
paternal pre-conception state on offspring health outcomes since
these outcomes have been relatively less well documented than
maternal programming.

PATERNAL ORIGINS OF HEALTH AND DISEASE (POHAD)
Emerging evidence from both human and rodent studies suggests
that a father's pre-conceptional health status may have a critical
impact on embryo development (see review [16]), as well as the
metabolic and reproductive health of future generations (see
Tables 1-3). Table 1 summarizes the relevant human studies of
paternal programming effects on offspring while Tables 2 and 3
summarize relevant animal studies of obesity-induced paternal
programming effects on offspring metabolic and reproductive
health respectively. With such evidence, a new concept “Paternal
Origins of Health and Disease” (POHaD) was introduced by
Houfflyn et al to stress the potential role of paternal pre-
conceptional exposures in passing current environmental infor-
mation to their future generations [8]. Hence, the paternal
environment should not be overlooked. The basic concept of
developmental programming induced by paternal obesity is
illustrated in Fig. 1.

OBESITY COMPROMISES SPERM

Mounting evidence across species suggests that obesity can
have negative impacts on conventional sperm parameters
(sperm count, concentration, motility, viability, and morphology)
[11,17-23]. In a recent mice study, it is demonstrated that high-
fat-diet (HFD)-induced obesity during childhood can cause
irreversible damage to sperm quality in later life [23]. It is also
evident that obesity is associated with increased reactive
oxygen species (ROS) production and DNA damage in sperm
[11, 24-29]. Such increased sperm DNA damage has been linked
with adverse consequences in pregnancy [30] and offspring
health outcomes, discussed later in this review. Given the
current state of the global obesity epidemic, the number of
fathers with obesity planning to conceive is increasing [31].
Therefore, an increasing impact on offspring health in years to
come can easily be postulated.

EVIDENCE ON PATERNAL PROGRAMMING OF OFFSPRING
HEALTH AND DISEASE

Human studies

In humans, there is limited evidence showing a causal effect of
paternal obesity on future generations. Most of the studies to date
have reported associative data (i.e., retrospective or cross-sectional
studies). Therefore in this section we briefly discuss the effects of
paternal undernutrition, birthweight, body mass index (BMI) as
well as overnutrition and metabolic syndrome (MS) to gain some
insight into how paternal environmental factors could program
offspring health. Table 1 summarizes 33 human studies showing
paternal programming effects on offspring health outcomes
(sequentially listed based on paternal factors from prenatal to
pre-conception exposures in father). It is evident that the father's
prenatal exposure to undernutrition has been found to impact
their offspring bodyweight. Veenendaal et al. reported that the
adult offspring from prenatally undernourished fathers during the
1944-1945 famine in the Netherlands (Dutch Famine Birth Cohort
Study) had increased bodyweight (+4.9 kg) and BMI (+1.6 kg/m?)
[32]. An association was also observed between father and
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offspring birthweight. Two separate studies from the same group
reported that fathers of large for gestational age (LGA) infants
were 180 g heavier [33] and fathers of small for gestational age
(SGA) infants were 181 g lighter [34] at birth compared to fathers
of non-LGA and non-SGA infants respectively. It thus suggests a
positive association of father’s birthweight with their offspring’s
birthweight. However, prenatal nutritional exposure of father
underpinning increased birthweight was not mentioned in those
studies [33, 34].

It is concerning that paternal nutritional status before puberty
can affect the health outcomes of their offspring as well as grand-
offspring. In the Overkalix study by Kaati et al, nutritional
restriction in fathers during their slow-growth-period (SGP
between 9 and 12 years of age) protected their sons from CVD-
related death. Interestingly, paternal grandfather’s overnutrition
during their SGP increased the risk of diabetes-related death of
their grand-offspring (Odds Ratio 4.1, p=10.01) [35]. Work from
the same group reported that a grandchild’s longevity can be
shortened if the paternal grandfather experienced overnutrition
during his SGP in comparison with the grandchild whose
grandfather experienced undernutrition during SGP [36]. They
also found that the transgenerational effect was sex specific,
whereby paternal grandfather’s food supply was only linked to
the mortality risk of grandsons, while paternal grandmother’s
food supply was only associated with the granddaughters’
mortality [37].

Emerging evidence suggests that a high paternal pre-
conception BMl is a potential risk factor in compromising embryo
development and pregnancy health. In a study among couples
undergoing assisted reproductive treatment in South Australia,
increased paternal BMI was associated with decreased pregnancy
rate, implantation rate, blastocyst development rate and live birth
[38]. Furthermore, human studies highlighted a paternal contribu-
tion (BMI and/or waist circumference (WC)) to increased birth-
weight [39-41], increased risk of offspring developing obesity in
infancy (0-3 years) [40-42], childhood (4-12 years) [41, 43-54],
adolescence (13-19 years) [48, 53-55], early adulthood (20-30
years) [56] and late adulthood (40-50 years) [44, 57, 58].

Very recently, MS in fathers before conception has been
reported to be associated with increased preeclampsia of mother
during pregnancy [59, 60], preterm birth, low birthweight and
NICU stay [60]. It is also concerning that not only offspring
adiposity but also associated metabolic comorbidities in child-
hood [50-52, 54, 61], adolescence [54, 62] and adulthood [62]
have been closely linked with paternal BMI. Interestingly, some sex
specific impacts of paternal BMI on offspring health outcomes
were observed. In a Chinese birth cohort study Chen et al reported
that paternal BMI before conception was associated with fetal
growth of male offspring but not female offspring [63].

Paternal obesity has been shown to be associated with altered
epigenetic marks in offspring. Work by Soubry et al. reported a
negative association between paternal obesity and DNA methyla-
tion in offspring suggesting that increased paternal BMI was
associated with hypomethylation at the differentially methylated
regions (DMRs) of the imprinted insulin-like growth factor-2 (IGF-2)
[64], mesoderm specific transcript (MEST), paternally expressed
gene-3 (PEG3), and neuronatin (NNAT) [65] genes in umbilical cord
blood leukocytes of offspring. IGF-2 [66], MEST, PEG3 [67] and
NNAT [68] play significant role in prenatal and postnatal growth
regulation and dysregulation of any of these genes are associated
with developing obesity. These studies indicate that paternal
obesity can impair fetal growth which might relate to the
increased risk of offspring developing obesity in childhood and
adulthood as discussed previously.

However, unlike paternal nutritional status before puberty, the
effects of paternal BMI and/or WC on the health outcomes of
grandoffspring have not been well documented. Therefore,
further human studies are warranted to investigate the potential
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Risk of obesity, glucose
intolerance, insulin resistance
and associated metabolic and
reproductive complications in
subsequent generations

M.M. Billah et al.

Obesogenic
environment

F, founder

POHaD

F; offspring
S AN
Fo dam
Decreased pregnancy rate,
blastocyst outgrowth, delayed
embryo and fetal development,
reduced fetal and placental size
and weights

Fig. 1

“~

N (D)

Decreased sperm count, motility,
increased sperm reactive oxidative
stress, DNA damage, altered sperm
epigenetic profile and reduced
fertilization capacity

Schematic demonstration of paternal origins of health and disease (POHaD) (created with BioRender.com). Obesogenic

environment (e.g., high caloric diet, sedentary lifestyle) can compromise father’s sperm quality (increase sperm oxidative DNA damage,
increase sperm epigenetic modification, reduce fertilization capacity) which may have substantial negative impacts on embryo and fetal
development, thus predisposing the future generation to metabolic and reproductive complications. Thus, a perpetuating cycle can ensue.

impacts of paternal obesity during conception on the health
outcomes of future generations.

Given these epidemiological and clinical findings, it is clear that
the prenatal to pre-conception paternal environmental factors
could be potential contributors in programming health outcomes
of future generations. However, in human given the inter-
generational time, it is very difficult to observe the effects of
male obesity on several successive generations. It is also difficult
to obtain specific tissue samples from the offspring to ascertain
the effects of paternal obesity at the cellular and molecular level.
Therefore, animal models are of particular interest in exploring the
transmission of paternal effects to future generations.

Animal studies

Most animal studies on paternal programming effects have been
performed in rat and mouse models. Emerging evidence from
animal studies suggested that obesity in fathers can negatively
program embryo development as well as the metabolic (Table 2)
and reproductive (Table 3) health outcomes of multiple
generations.

Paternal programming of embryo development. Animal studies
suggest that diet-induced paternal obesity is closely associated
with impaired embryo development leading to associated
complications. In this setting, Binder et al. revealed in mice that
HFD-induced paternal obesity could delay fertilization of the
oocyte, cell cycle progression during the second and third
cleavage event of embryo development, reduce blastocyst
outgrowth, fetal and placental weight, crown-rump length and
thus impair fetal development [69, 70]. Furthermore, they found
that paternal obesity can affect the placenta in a sex-specific
manner as indicated by decreased expression of Ppara, Casp12 in
only male placenta, while female placenta had increased global
DNA methylation [71]. Reduced expression of Ppara, Casp12 is a
clear indication of increased cellular damage [72] while increased
DNA methylation could lead to fetal growth restriction, even fetal
death [73]. Interestingly, sex-specific effects on the development

International Journal of Obesity (2022) 46:901-917

of the embryo could also be observed before the pre-implantation
period. For example, microarray analysis of blastocysts from obese
mice fathers revealed that 49 differentially abundant transcripts
were upregulated in male blastocysts, while in female, most of the
differentially abundant transcripts were downregulated (47 down,
2 up) [74]. Given this evidence, it is becoming apparent that
paternal obesity can negatively program embryos across various
stages of developments.

Paternal programming of F; metabolic health. It is evident that
offspring metabolic health can potentially be programmed by
paternal overnutrition as demonstrated across many rodent
studies (Table 2).

The effect of diet-induced paternal obesity on offspring health
outcomes was pioneered by our laboratory in 2010. We reported
that female offspring of chronic HFD fed rat fathers had impaired
glucose metabolism, pancreatic beta-cell dysfunction [75], ageing
and chronic degenerative disorders related gene expression
changes in retroperitoneal white adipose tissue (RpWAT) and
pancreatic islets [76]. Two subsequent findings from our lab
demonstrated that male offspring from obese fathers can also be
affected as indicated by reduced bodyweight, impaired lipid
deposition with tubular changes in kidney [77], altered growth
hormone, insulin-like growth factor-1 (IGF-1) production,
decreased adipogenesis marker in fat pads and upregulated
lipogenic genes in muscle [78].

Mounting evidence from other rodent studies has also
demonstrated adverse programming effects of diet-induced
paternal obesity on metabolic health particularly bodyweight,
adiposity and glucose metabolism of F; offspring (Table 2). In
rodents, feeding HFD (for 6-15 weeks) in fathers was found to
increase weaning bodyweight in male offspring [79], increase
bodyweight, impaire glucose metabolism in both male and female
offspring [80-85]. Western style diet (WD, containing HFD plus
high sucrose) induced paternal obesity has also been shown to
increase bodyweight, impair glucose metabolism and insulin
sensitivity in male and female mice offspring [86].
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Increased risk of fat deposition and inflammation in liver has also
been seen in offspring from obese fathers. Ornellas et al. reported
that paternal HFD for 8 weeks in mice induced lipogenesis and
liver steatosis in male and female offspring [81]. Further evidence
was provided by Terashima et al. indicating dysregulated
expression of lipogenesis genes in livers of male mice offspring
from HFD fed fathers [87]. Evidence from animal models also
support that paternal obesity can exert sex-specific metabolic
effects on their offspring [80, 88] (see description in Table 2).

It is thus apparent that diet-induced paternal obesity can
compromise the metabolic health of offspring. Interestingly, diet-
induced obesity in fathers can also predispose their offspring to a
latent metabolic syndrome which could be unmasked if the
offspring are exposed to a post weaning dietary challenge. Cropley
et al. reported that CD fed male mice offspring from obese fathers
did not develop glucose intolerance, hyperinsulinemia, abnormal-
ities in hepatic lipid metabolism until they were exposed to post
weaning WD challenge compared to WD fed offspring sired by
lean father, suggesting a latent predisposition of hepatic insulin
resistance in male offspring by obese father [89].

Paternal programming of F, metabolic health. Emerging evidence
from rodent studies suggests that diet-induced obesity in fathers
can also program the metabolic health of F, and even F3
generation. For instance, newborn and adult F; rat offspring from
HFD fed grandfather had reduced bodyweight and glucose
tolerance respectively, similar to F; offspring [88]. Cropley et al.
reported in mice that WD induced grandpaternal obesity
predisposed their F, males to mild hyperinsulinemia and slightly
impaired glucose tolerance. They also showed that the pro-
grammed but latent metabolic phenotype (glucose intolerance
and defective hepatic lipid metabolism) in control fed F; males of
obese mice father could be transmitted to WD fed F, and F3; males
suggesting that F; males in the absence of the dietary challenge
can transmit metabolic defects to their F, and F3 progeny [89]. It is
also evident that paternal obesity can alter metabolic phenotype
in grand-offspring in a parental lineage (F;) and sex (F,) specific
manner (see Table 2) [80, 84]. Additional evidence supporting sex
specific transgenerational effects of paternal obesity in rats was
reported by de Castro et al. where CD fed F, female (but not F,
male) sired from obese grandfather had reduced insulin levels
during a glucose tolerance test [88].

It is thus evident that the metabolic outcomes in the offspring
and grandoffspring is affected by a number of factors including
the diet consumed, exposure time before conception, species (and
strain), level of metabolic defects in the parents and challenges
faced by the offspring and grandoffspring. Clearly such findings
strongly indicate an impact of the paternal pre-conceptional
environment (obesity/overnutrition) on the metabolic health of
subsequent generations, underlining the need to intervene.

Paternal programming of F; and/or F, reproductive health. Repro-
ductive health (e.g., oxidative stress level and fertilization capacity
of sperm and oocyte, embryo development, sex hormone
regulation, metabolomic, histometric and volumetric analysis of
reproductive organ) of subsequent generations can be perturbed
like metabolic health by paternal obesity before conception as
evidenced by several rodent studies (detailed in Table 3). In this
context, Fullston and colleagues reported several remarkable
outcomes in mice. For instance, paternal obesity has been shown
to decrease sperm motility, sperm fertilization capacity, increase
ROS level and sperm DNA damage in F; male [85], both F; and F,
male [90] and decrease oocyte fertilization capacity, increase ROS
level in oocytes of female offspring up to the second generation
[90]. In another study, Fullston et al., reported that F; females born
to HFD fed F, male founders produced embryos with delayed
development (especially during 2-cell and 8-cell stage), blastocysts
with impaired quality (increased trophoblast cell number and
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decreased proportion of embryoblast). They also observed that
such abnormalities in embryo and blastocysts development could
be associated with molecular alterations in these offsprings’
ovaries and increased lipid accumulation in cumulus/oocyte
complexes [91]. A recent study in Wistar rats reported that both
F; and F, males born to high fat high sugar (HFHS) diet fed F,
males had early prepubertal development, altered volumetric
density of testicular compartments, epididymis, seminal vesicle
and seminiferous tubule [92]. Crisostomo et al. reported in
C57BL6/J mice that both F; and F, males born to HFD fed F,
males had altered testicular metabolites associated with insulin
resistance, oxidative stress and defective sperm quality (count,
motility, viability and morphology) [79].

Like metabolic programming, reproductive health of future
generations has also been found to be affected by paternal
obesity in a sex-specific way. An evidence supporting sex-specific
reproductive complications has been shown in a recent rat study
where paternal obesity strongly perturbed hypothalamic pituitary
gonadal axis of HFD fed male but not female offspring [83].
Overall, it is thus apparent that the paternal obesity at conception
can compromise sperm and oocyte quality, perturb embryo
development and increase oxidative stress in the sperm and
oocyte of their offspring. Such induction of oxidative stress could
lie behind the transgenerational effects of paternal programming,
as further discussed in the next section.

Mechanisms underlying obesity-induced paternal
programming

As discussed earlier, it is now well documented from both human
and animal studies that obesity can impair sperm quality in father.
This impaired quality of sperm in father may result in compromised
pregnancy health, impaired embryo development, fetal growth
and increased risk of developing obesity and associated metabolic
and reproductive complications in subsequent generations
[38, 69, 70, 93]. Such predisposition may lead to a vicious cycle
of obesity and associated comorbidities across several generations
(depicted in Fig. 1 above). Sperm is the most critical element
affected by the fathers health status that contributes to program
offspring health. However, the underlying mechanism(s) respon-
sible for obesity-induced paternal programming remains unclear.
Several mechanisms underpinning obesity-induced paternal pro-
gramming of offspring health have been proposed. One possible
mechanism is molecular alteration of seminal composition which
can perturb sperm integrity [94]. Emerging evidence from both
human [95-98] and animal [99, 100] studies suggest that obesity
has detrimental impact on seminal fluid composition. Another
possible pathway is obesity-induced sperm epigenetic modifica-
tion (microRNA, DNA or histones methylation, or acetylation) in
father which might perturb transcription and translation of
paternally derived genes during early embryogenesis [93]. A
growing number of studies revealed the potential role of sperm
epigenetic marks e.g., DNA methylation changes [88, 101, 102],
histone  modification  [87], small  non-coding  RNAs
[80, 86, 88, 103, 104], tRNA-derived small RNAs [104, 105],
microRNAs, ribosomal RNA-derived small RNAs and long non-
coding RNAs [104] in the context of paternal programming. Lastly,
obesity-induced sperm oxidative DNA damage in fathers, leading
to de novo mutations in embryos [106-108] is also being
considered another possible mechanistic pathway. It is believed
that epigenetic modification and oxidative DNA damage (mea-
sured as 8-OHdG, a ubiquitous and stable marker of oxidative DNA
damage) in sperm are closely associated with each other
[109, 110]. However, the likely role of paternal sperm DNA damage
on subsequent offspring health has not been clearly documented.

Sperm DNA damage and programming of offspring health

Evidence from human studies supporting a detrimental impact of
sperm DNA damage in programming offspring health is mostly
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limited to fertilization, pregnancy rates, embryo developments
and live birth rates [111-115]. Studies including couples under-
going assisted reproductive technology (ART) have found a clear
association between sperm DNA fragmentation index (DFI, a
marker of sperm DNA damage) and ART success. DFI is negatively
correlated to embryo development (from day 2 to day 5),
implantation rates and post-implantation embryo development
[112, 113]. Increased sperm DFI has also been linked to increased
pregnancy loss among couples seeking ART [97]. It should be
noted that sperm DNA damage is most likely induced by oxidative
stress, rather than defective apoptosis [116-118].

Unlike human studies, animal studies have been able to
demonstrate a potential role of sperm DNA damage on offspring
body composition, metabolic health, and mortality rates in
addition to the effects on embryo and pregnancy outcomes. In
mice, increased ROS in sperm (a measure of sperm DNA damage)
induced by in-vitro H,O, treatment has been linked with
increased adiposity and impaired glucose metabolism in adult
female offspring and increased adiposity in male offspring at
4 weeks of age [106]. In another mice study from the same lab,
paternal diet restriction (70% ad libitum intake of control diet) for
17 weeks was found to increase sperm oxidative DNA lesions in
father. This sperm DNA damage (as measured by 8-OhdG
positive sperm) was negatively correlated with bodyweight of
male offspring from PND5 to PND21 (p <0.001) indicating a
postnatal growth restriction induced by increased sperm DNA
damage in father [119]. It has been shown that prenatal and early
postnatal growth restriction is associated with increased
adiposity in later life [120]. Hence the likely role of sperm DNA
damage on developing obesity in adult offspring could easily be
speculated. However, literature supporting the effect of sperm
DNA damage is very limited in the setting of an obesity model.
Very few studies have been reported where the likely role of
obesity-induced sperm oxidative DNA damage on paternal
programming of embryo development [11] and reproductive
health of subsequent generations [90] (see detailed in Table 3)
were investigated in mice. McPherson et al revealed that the
increased sperm DNA damage (8-OHdG level) in father was
linked to elevated oxidative DNA damage in paternal pronuclei,
reduced percentage of embryonic 2-cell cleavage rates,
increased fetal weight, decreased placental weight and increased
fetal placental weight ratio [11]. However, no studies have
particularly focused on the impact of obesity-induced sperm
DNA damage on metabolic health of offspring.

Given the effect of obesity-induced sperm DNA damage on
fetal outcomes and offspring reproductive health, further
paternal programming of offspring metabolic and reproductive
health could easily be speculated. Hence sperm DNA damage
could be considered as potential mechanistic pathways under-
pinning obesity-induced paternal programming which requires
further attention.

INTERVENTIONS TO MINIMIZE PATERNAL OBESITY-INDUCED
ADVERSE PROGRAMMING OF OFFSPRING HEALTH

It is now clear that paternal obesity can have adverse effects on
offspring health through developmental programming, which
may have significant contributions to the current epidemic of
obesity and related health complications. Since obesity is a
major contributor to the compromised sperm, interventions
lowering obesity and obesity-induced sperm damage, sperm
epigenetic modifications or promoting healthy sperm and
seminal plasma may help reduce this cycle of POHaD (depicted
in Fig. 1). The duration of spermatogenesis in human is 74 days,
while it is 54 and 35 days in rat and mice respectively [121], any
potential intervention should be implemeted to cover this
sensitive time window before conception to rescue sperm from
previous damage.
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Several strategies can be applied to improve paternal obesity,
most of which involve weight loss commonly via dietary
regulation, exercise and lifestyle changes [122]. In a recent study,
a 12-week weight loss intervention consisting of healthy diet and
daily exercise among 121 obese individuals has been shown to
reduce BMI by 8.2% which resulted in reduced sperm DNA
damage (measured by DFI) by 13.4%, indicating a positive
association of weight loss with sperm DNA damage reduction
[27]. A similar intervention in another study among 43 obese
adults for 14 weeks was found to reduce BMI by 15%, which was
associated with significant increased total sperm count, semen
volume, normalized sperm morphology, increased serum testos-
terone, sex hormone-binding globulin (SHBG), and anti-Mdillerian
hormone [20]. In the case of morbid obesity, individuals are
increasingly undergoing bariatric surgery to promote immediate
weight loss and rectification of comorbidities [123]. In a recent 12
year follow up study among 1156 patients, bariatric surgery was
shown to be very effective in reducing bodyweight and obesity-
associated comorbidities (e.g., T2DM, hypertension, dyslipidaemia)
[124]. Notably, massive weight loss from bariatric surgery was
associated with improved sex hormone, sperm motility, count,
viability and decreased seminal interleukin-8 levels (a marker of
male genital tract inflammation) and sperm DFI [125]. Further-
more, in a recent systematic review and meta-analysis, sustained
weight loss post-bariatric surgery has been reported to increase
circulating testosterone, LH, FSH, SHBG, erectile function and thus
improve sex regulating hormone in obese males [126]. There is
also evidence in the literature that, many anti-obesity strategies
have been linked to improve sperm epigenetic profile in human
[127-130]. However, in humans, positive effects of weight loss by
any intervention are limited to obese father; no intervention study
has been conducted to examine the effects of paternal weight loss
on offspring health. For practical reasons, such questions are more
readily implemented in animals, and rodent studies have revealed
the potential effects of various interventions designed to interrupt
paternal obesity-induced programming of offspring health. To
date, five types of intervention in obese rodents, namely exercise,
shift to healthy diet/low-calorie diet, combined exercise and
dietary modifications, micronutrient supplementation and drug
treatment have been performed, with the potential effects
followed in offspring (summarized in Fig. 2).

Exercise intervention

Several rodent studies have applied pre-conceptional exercise in
fathers to interrupt the programming effects of paternal obesity
on different developmental stages of offspring. In this context,
McPherson et al. reported that an exercise (swimming) interven-
tion for 9 weeks before conception reduced bodyweight, total
adiposity, improved glucose metabolism [9, 131, 132] and
normalized sperm microRNA mir-503, increased abundance of
mir-542-3p, and mir465b-5p [9] in HFD-induced obese mice
founders. Notably this exercise intervention in obese father has
been linked to improved embryo development rates, increased
fetal weight (+16.4%) and crown-rump length (4+6.3%) [131],
reduced bodyweight (—3.5%), fasting plasma glucose (—8.8%),
reduced plasma FFA, triglyceride, improved glucose tolerance
and restored insulin sensitivity in female offspring. They
suggested that normalization of X-linked microRNA mir-503
(regulates cell cycle after fertilization), increased abundance of
mir-542-3p (regulates apoptosis), and mir465b-5p (regulates
female fertility) in the sperm of obese fathers undergoing
exercise intervention could mediate positive effects on female
offspring [9]. In another study from the same lab, exercise
intervention (swimming) for 9 weeks in obese mice founders
reduced adiposity by 10.7%, circulating FFA and cholesterol level
by 7% and 3.7% respectively, improved glucose metabolism and
partially restored the function and morphology of pancreas in
male offspring [132].
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Fig. 2 Schematic demonstration of paternal interventions to target obesity-induced paternal programming (created with BioRender.
com). To date, interventions namely exercise, diet reversal, micronutrient and metformin in fathers have been implemented to combat

paternal obesity-induced programming of offspring health outcomes.

Further evidence supporting beneficial effects of exercise in
obese fathers has been reported in several recent rodent studies.
For instance, 3 weeks of exercise intervention (running wheels)
was found to reduce bodyweight, fasting blood glucose and
insulin, improve glucose tolerance, insulin sensitivity, restore
sperm motility and sperm RNA profile in HFD fed mice founders
[21, 133]. This exercise intervention resulted in reduced body-
weight in adult female offspring [21], improved glucose metabo-
lism in both adult male and female offspring [21, 133] and
restored pancreas morphology in adult male offspring [133].
Interestingly, in comparison with the studies by McPherson and
her colleagues where obese founders were exercised for 9 weeks
[9, 131, 132], it was observed that a 3-week running wheel
intervention [21, 133] was more beneficial in the context of
metabolic outcomes in obese fathers. There might be two possible
reasons for this difference. First, in those studies by McPherson
and colleagues, mice were fed HFD for 9 weeks before the 9-week
intervention started, resulting in a more pronounced weight gain
in HFD founders than in studies by Zheng et al. [133] and Stanford
et al. [21]. Mice in these two latter studies were fed HFD along with
access to running wheels for 3 weeks which prevented weight
gain and development of obesity in the founders fed a HFD.
Therefore, this 3-week intervention protocol had the chance to
counteract HFD-induced damage as it was occurring.

Exercise intervention in obese fathers has also been found to
exert a range of beneficial effects in the offspring. Krout et al.
reported that paternal exercise (running wheels for 3 months)
protected their male offspring from paternal HFD-induced insulin
resistance by increasing expression of insulin signaling genes
GLUT4, IRS1, and PI3K in skeletal muscle, thus decreasing the risk
of developing T2DM [10]. Interestingly, in a recent mouse study,
6 weeks swimming in control diet fed fathers protected their
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offspring from HFD-induced liver steatosis, suggesting that an
exercise intervention, even in fathers eating a healthy diet, can
moderate offspring health outcomes [134]. Taken together it is
apparent from rodent studies that exercise intervention in obese
males may improve embryo development, and metabolic health
of both male and female offspring.

Diet reversal intervention
To date there has been only two studies investigating the benefits
of shifting from an unhealthy diet to control diet before
conception in male rodents. It was reported that when male mice
were switched to control diet for 9 weeks after 9 weeks of HFD
feeding, their bodyweight and total adiposity were reduced, net
lean mass and percentage of lean mass were increased [9, 131],
glucose tolerance was improved, circulating insulin, cholesterol
and leptin level were reduced and sperm microRNAs (mir-503,
mir465b-5p, and mir-542-3p) were normalized [9]. The resulting
blastocysts from the diet switched father had improved develop-
ment as evident by increased number of developing embryo,
blastocyst total cell number, which led to normalized fetal weight,
crown-rump length [131] and increased litter size [9]. Moreover,
female offspring sired by these fathers had reduced bodyweight
until 4 weeks of age, and normalized adipocyte cell size at 10 and
18 weeks of age, restored circulating adiponectin at 10 weeks of
age, reduced circulating cholesterol at 18 weeks of age and
normal glucose tolerance at 8 and 16 weeks of age. These
improved metabolic outcomes in female offspring were argued to
be the result of normalized X-linked sperm microRNAs in diet
reversed obese fathers [9].

These beneficial outcomes demonstrate that reversal to a
healthy diet, around the time of conception, can generate a
positive environment for metabolic health and developing
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sperm in obese males and thus may minimize programming
effect in future generations. However, the duration of the diet
should be adequate to be able to rescue sperm and semen from
previous impacts.

Combined exercise and diet reversal intervention

To date only one study in rodents has been reported combining
both exercise and diet reversal. As expected, combined exercise
and diet intervention for 9 weeks was shown to improve pre-
conception metabolic outcomes (reduce bodyweight, adiposity,
increase glucose tolerance, reduce circulatory glucose, leptin, FFA,
and inflammation level), normalize X-linked sperm microRNAs mir-
503, mir-542-3p, and mir465b-5p in obese mice father. The
combined intervention was also able to restore successful mating
rate to a greater extent than exercise or control diet intervention
alone in obese fathers. F; female offspring from intervened obese
fathers had reduced total adiposity (—11.8%) at 10 weeks of age,
normalized glucose tolerance at 8 weeks of age, restored insulin
sensitivity at 9 weeks of age. Like exercise or diet intervention
alone, normalization of X-linked sperm microRNAs mir-503, mir-
542-3p, and mir465b-5p in fathers by combining exercise and diet
reversal may mediate the positive effects on offspring, as
suggested by the authors [9].

Micronutrient intervention

Micronutrients are vitamins and minerals required in small
amounts in the diet and are essential for normal cellular and
molecular functions [135]. Emerging evidence suggests that
micronutrient deficiencies are highly prevalent in overweight/
obese people compared to normal adults [136-142]. Moreover,
micronutrient deficiency has been linked with decreased sperm
quality [143]. On the other hand, mounting evidence suggests the
beneficial effects of micronutrient supplementation to improve
sperm conventional parameters (e.g., sperm counts, motility,
morphology etc), reduce ROS production, DNA damage, increase
antioxidant capacity, improve DNA integrity of sperm in sub
fertile, and infertile patients [144-149], infertile rodents [150],
undernourished rodents [119] and obese rodents [11]. However,
evidence supporting micronutrient interventions to attenuate
paternal obesity-induced programming of offspring health is very
limited. Very recently, we have shown that micronutrient
supplementation (containing folate, vitamin B6, choline, betaine,
and zinc) for 27 weeks was able to reduce bodyweight, improve
glucose metabolism and reduce hepatic lipid accumulation in HFD
fed rat founders [151]. Most notably, in the same cohort, we have
also shown that purtured testicular antioxidant capacity in father
and their male offspring induced by paternal obesity was restored
by the above mentioned supplementation in HFD fed father [152].
Moreover, male grand-offspring sired by supplemented HFD fed
founders had reduced fat mass indicating potential beneficial
effect of micronutrient supplementation in mitigating transge-
nerational effects of paternal obesity [153]. Furthermore, a
decreased DNA damage in sperm was observed in our supple-
mented HFD fed founders compared to HFD fed founders (data
not published yet). Therefore it could be interesting to see how
sperm DNA damage in obese rat founders could relate with
metabolic and/or reproductive complications in future genera-
tions and how this paternal programming could be mitigated by
micronutrient supplementation.

In SD rats, micronutrient supplement containing folic acid
(5.5 mg/kg diet), vitamin Bq, (0.5 mgg/kg diet), betaine (5g/kg
diet), and choline (5.37 g/kg diet) for 9 weeks in high fat high
sucrose diet (HFSD) fed father has been found to reduce stillbirth
of offspring, reduce fat mass in both adult male and female
offspring. In addition, father who fed supplemented HFSD had an
impact to improve DNA methylation status of adipose tissue and
gut microbiota in offspring of either sex. Interestingly, all these
beneficial effects were observed without any change in body
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composition of supplemented HFSD fed founders compared to
HFSD fed founders. However, supplementation appeared to
improve insulin sensitivity of HFSD fed founders [154]. McPherson
et al. reported that in mice, a 12-day micronutrient intervention
(folic acid 1.5 mg/kg, zinc 61 mg/kg, vit C 700 mg/kg, vit E 78 mg/
kg, lycopene 0.3 mg/kg, selenium 0.44mg/kg and green tea
extract 0.95 mg/kg) after feeding HFD for 10 weeks did not change
bodyweight, adiposity, blood glucose and lipid profile but
strikingly reduced sperm ROS concentrations and sperm oxidative
DNA damage (8-OHdG) in supplemented HFD fed fathers, reduced
the level of 8-OHdG in the male pronucleus, improved embryo
development, and partially restored fetal weight [11]. This 12 days
intervention was aimed to reduce ROS concentration in mature
sperm during epidydimal transit where sperm spends around
9.5 days in mice [155]. However, intervention for 12 days in mice is
not adequate to cover a full cycle of spermatogenesis which is
35 days [121]. In line with this, an intervention over 35 days was
able to improve metabolic outcomes in obese fathers, as reported
in the latest study by the same group [156].

Taurine (an essential amino acid) has beneficial impacts on male
reproduction and metabolic health [157-159]. However very little
is known about the effect of taurine supplement on the paternal
programming of offspring metabolic health. In this context, Freitas
and colleagues investigated how taurine supplementation in
father could attenuate paternal programming of offspring health.
They reported that in C57BI/6 mice taurine supplementation (5%)
for 4 months in HFD fed fathers didn’t change adiposity, glucose
tolerance and insulin secretion in fathers but interestingly
increased glucose-induced insulin secretion, normalized pancrea-
tic B-cell size, increased a-cell size and 6-cell number in their adult
male offspring. However, they didn't investigate the effects of
taurine supplementation on sperm of obese fathers [160].

Having seen the beneficial effects of micronutrient supplement,
micronutrient intervention for a certain duration would be a novel
approach to minimize paternal obesity-induced programming of
offspring health outcomes. However, some care is needed to
prevent negative effects from overdose thus further research is
still warranted to examine whether dietary micronutrient supple-
mentation in obese males can prevent a vicious cycle of paternal
programming of disease in the progeny.

Drug intervention

Apart from exercise, healthy diet/dietary modifications and
micronutrient interventions, very recently metformin (a glucose
lowering drug) for 6 weeks in HFD-induced obese fathers was
found to improve glucose tolerance, insulin sensitivity as evident
by reduced HOMA-IR level (—36.2%), restore testicular morphol-
ogy, sperm motility (+157%), sperm-zona pellucida binding
capacity (+33.1%), reduce sperm intracellular ROS concentrations,
percentage of 8-OHdG positive sperm in obese founders, increase
litter size (+22.7%), fetal weight (+5%) and fetal length (+2.1%)
compared to fetuses from HFD fed fathers. Interestingly these
beneficial effects in obese fathers and their fetuses were observed
without any reduction of bodyweight and adiposity in the obese
fathers [156]. Hence, this study indicates that promoting glucose
tolerance independent of adiposity in fathers could be a new
window to reduce damage in their sperm thus combat paternal
obesity-induced programming of offspring health.

FUTURE STUDIES

Emerging evidence suggests that perturbed sperm quality
(increased sperm oxidative damage, altered sperm epigenetic
profile, and seminal plasma composition) related to consumption
of energy dense foods is linked to obesity-induced paternal
programming of offspring health. However, such links are mostly
derived from association studies. Therefore, there is an urgent
need to conduct interventional studies investigating mechanism
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(s) to verify any causal links of offspring outcomes with increased
sperm DNA damage, altered sperm epigenetic profile or altered
seminal plasma composition of fathers.

To date, interventional studies in rodents (particularly exercise,
healthy diet and micronutrient supplements) before conception in
fathers have been mostly confined to target the effects of paternal
obesity on embryo, fetal outcomes and metabolic health of the
first generation. To the best of our knowledge, no previous studies
have reported whether any intervention in fathers could
ameliorate effects beyond the first generation, which is an
important area for future investigation.

Also, as far we are aware, micronutrient intervention studies in
rodents to ameliorate the effects of paternal obesity on future
generation are mostly limited to using folate, zinc, betaine and
choline intervention in fathers. It is thus necessary to further
investigate interventional studies using other essential micronu-
trients such as vitamin A, vitamin Bg, vitamin B, vitamin C,
vitamin D and vitamin E.

In addition, future studies should investigate whether glucose
lowering drugs such as metformin can be advantageous to
combat the effects of paternal obesity on subsequent generations.
The optimal window for implementing any intervention to
mitigate obesity-induced paternal programming of offspring
health also further needs to be investigated.

The mechanistic and interventional studies related to
obesity-induced paternal programming are largely confined to
animal studies. Therefore, it is important to conduct human
study frequently to determine the likely way of disease
transmission from father to subsequent generations and its
possible interventions.

CONCLUSION

The present literature review strongly suggests that diet-induced
obesity in fathers around the time of conception has substantial
impacts to negatively program the health of multiple generations.
It is thus necessary to increase the community awareness about
the importance of a father’s health for better offspring health
outcomes. This review also implies that sperm oxidative DNA
damage in a father with obesity may have a critical role in the
programming of offspring health.

Evidence from animal studies to date utilizing exercise, healthy
diet, micronutrient supplements and metformin suggest that
lifestyle modification, increasing the micronutrient content in
energy dense food and improving metabolic health of a father
around the time of conception could be ideal approaches to
ameliorate obesity-induced paternal programming. The in-depth
understanding of the mechanism(s) underpinning obesity-
induced paternal programming and the benefits of interventions
can help stop the vicious cycle of obesity and associated
comorbidities across multiple generations.
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