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Endocrine Disruptor Vinclozolin Induced Epigenetic
Transgenerational Adult-Onset Disease

Matthew D. Anway, Charles Leathers, and Michael K. Skinner
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The fetal basis of adult disease is poorly understood on a
molecular level and cannot be solely attributed to genetic
mutations or a single etiology. Embryonic exposure to envi-
ronmental compounds has been shown to promote various
disease states or lesions in the first generation (F1). The cur-
rent study used the endocrine disruptor vinclozolin (antian-
drogenic compound) in a transient embryonic exposure at the
time of gonadal sex determination in rats. Adult animals from
the F1 generation and all subsequent generations examined
(F1–F4) developed a number of disease states or tissue abnor-
malities including prostate disease, kidney disease, immune
system abnormalities, testis abnormalities, and tumor devel-

opment (e.g. breast). In addition, a number of blood abnor-
malities developed including hypercholesterolemia. The in-
cidence or prevalence of these transgenerational disease
states was high and consistent across all generations (F1–F4)
and, based on data from a previous study, appears to be due
in part to epigenetic alterations in the male germ line. The
observations demonstrate that an environmental compound,
endocrine disruptor, can induce transgenerational disease
states or abnormalities, and this suggests a potential epige-
netic etiology and molecular basis of adult onset disease.
(Endocrinology 147: 5515–5523, 2006)

THE ETIOLOGY OF disease involves genetic, nutri-
tional, and environmental factors. The fetal basis of

adult onset disease has been demonstrated (1), but the
molecular mechanisms involved are poorly understood.
Epigenetic mechanisms involving DNA methylation have
been shown to influence several disease states (2, 3), in-
cluding cardiovascular and intestinal abnormalities (4, 5).
Endocrine disruptors are an example of a class of envi-
ronmental toxicants that interfere with specific endocrine
signaling and, after fetal or postnatal exposure, promote
disease states in the adult (6, 7). Recently, we have made
the observation that a transient embryonic exposure to
endocrine disruptors at the time of gonadal sex determi-
nation can cause an epigenetic transgenerational disease
state of subfertility and spermatogenic defects in F1
through F4 generations (8). Altered DNA methylation was
observed in two different genes in F1–F4 generations after
endocrine disruptor exposure (8). Several recent observa-
tions suggest that abnormal fetal conditions (e.g. caloric
restriction) (9) and fetal exposure to therapies (e.g. dieth-
ylstilbesterol) (10) can cause abnormalities in the F2 gen-
eration. This includes the development of an abnormal
reproductive tract (11) and a diabetes-like condition (9,
12). The previous observations (8) led to the hypothesis
tested in the current study that a transient embryonic
exposure to an endocrine disruptor at the time of gonadal
sex determination leads to transgenerational disease states
in adults.

The endocrine disruptor used in the current study was
vinclozolin, which is a fungicide used in agricultural crops
such as grapes grown for the wine industry (13, 14). Vin-
clozolin is an antiandrogenic compound (13) that is metab-
olized into more active (i.e. higher affinity binding to the
androgen receptor) compounds (13). Embryonic exposure to
vinclozolin can influence sexual differentiation, gondal for-
mation, and reproductive functions in the F1 generation (13,
15–18). Vinclozolin also promotes a transgenerational phe-
notype in the testis that affects male reproduction (8). Al-
though steroid production in the developing fetal gonad is
negligible, androstenedione is produced by the fetal adrenal.
The androgen and estrogen receptors appear to be expressed
in germ cells, Sertoli cells, and precursor peritubular cells in
the embryo, such that the fetal gonad may be responsive to
endocrine disruptors (19, 20). However, potential toxicology
of these environmental compounds also needs to be consid-
ered. Vinclozolin has been shown to promote an epigenetic
alteration in the germ line that appears to transmit a trans-
generational disease state (8). The previous study euthanized
the majority of animals at less than 120 d of age to assess
tissue abnormalities and the primary lesion identified was a
spermatogenic defect and male infertility phenotype (8). In
the current study, the progeny of previously treated F0
mothers (8) were analyzed together with progeny from
new sets of treated F0 mothers. All progeny (F1–F4) were
maintained for 6 –12 months of age. The current study
confirms the original observations but also documents a
more extensive disease phenotype in the older adult an-
imals. The ability of an environmental factor to promote a
variety of different disease states or abnormalities at high
frequency for multiple generations suggests a novel mech-
anism for disease etiology involving epigenetic transmission
through the germ line.
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Materials and Methods
In vivo procedures

Gestating outbred Sprague Dawley rats from timed pregnant colonies
housed at the Washington State University Vivarium were given ip daily
morning injections of vinclozolin (100 mg/kg�d) from embryonic d 8–14
(E8–E14) of gestation (F0 generation) as previously described (21). A
previous study has demonstrated that 100 vs. 200 mg/kg�d doses in-
duced a similar phenotype, but a 50 mg/kg�d dose was more variable
(18), such that 100 mg/kg�d was selected for the current study. The
sperm-positive vaginal smear date was designated embryonic d 0. Ges-
tating control mothers received vehicle alone (i.e. dimethylsulfoxide and
sesame oil). At least six different lines (individual F0 injected gestating
females) were generated for both controls and vinclozolin generation
groups for these analyses. The majority of animals from a previous study
(8) were used by 120 d of age, and all by 180 d of age. The current study
used the progeny from four F0 mother lines from the previous study (8)
and two completely new sets of F0 mothers progeny for a total of six F0
control and six F0 vinclozolin-treated mothers. Male and female rats
from control and vinclozolin generations were collected at 6–14 months
of age for analyses. Some animals were euthanized at earlier ages (e.g.
6–14 months) due to the development of a clinical disease or abnormality
requiring euthanasia. F1 vinclozolin generation males at postnatal d 60
(P60) were bred to P60 F1 vinclozolin generation females to generate the
F2 vinclozolin generation; F2 vinclozolin males were bred to F2 vinclo-
zolin females to generate the F3 generation; and the F3 generation rats
were bred in the same manner to generate the F4 generation. Rats for the
control groups were bred in the same manner for all the generations. No
inbreeding or sibling crosses were generated. A vinclozolin outcross
(VOC) experiment involved breeding an F2 vinclozolin generation male
with a wild-type female to generate an F3 generation VOC. Wild-type
is defined as the same Sprague Dawley strain but not from the control
generation population. A reverse VOC (RVOC) experiment involved
breeding an F2 vinclozolin generation female with a wild-type male to
generate an F3 generation RVOC. All procedures were approved by the
Washington State University Animal Care and Use Committee. The
number of male animals used for replicates in the experiments (i.e. n
value) for vinclozolin treatment are as follows: F1 (control 6, vinclozolin
9); F2 (control 5, vinclozolin 6); F3 (control 4, vinclozolin 16); and F4
(control 13, vinclozolin 10 and VOC 19). The total number of female
animals used was as follows: RVOC, 6; F1–F4 (control, 12; and vinclo-
zolin, 13).

Histology

Tissues were fixed in 10% neutral buffered formalin or Bouin’s
(Sigma, St. Louis, MO), embedded in paraffin, sectioned, and then
stained with hematoxylin and eosin according to standard procedures.
Multiple sections were obtained for each tissue for comparison to allow
a representative histology to be selected. The Center for Reproductive
Biology, Histology Core Laboratory, and the Washington Animal Dis-
ease Diagnostic Laboratory assisted with these procedures.

Pathology

Disease diagnoses were identified by the Washington Animal Disease
Diagnostic Laboratory (WADDL) located at Washington State Univer-
sity. All animals submitted to WADDL had a complete necropsy with
histopathology and bacteriological analyses. Animal identification and
treatment group were blinded to all pathologists for analysis. Data were
tabulated for each abnormality based on the percentage of tissue with
pathological changes per total tissue per cross-section in two to five
tissue cross-sections. Rats developing tumors were submitted as whole
animals or excised formalin-fixed tissue for tumor identification. All
tissue cross-sections were stained with hematoxylin and eosin for anal-
yses. The testis cross-sections were determined to be abnormal if the
number of tubules with atrophy, vacuoles or germ cell agenesis was
greater than 20% of the total tubules present in the testis cross section,
examining a minimum of 100 tubules. Renal lesions were diagnosed by
an increase in morphologically identified tubular damage. The kidney
was considered abnormal if more than 30% of the tissue contained
tubular lesions. Kidney tubular changes involved extreme dilation with
protein-rich fluids, fluid-filled cystic tubules, thickening of the Bow-

man’s capsule surrounding the glomerulus, as well as reduced glomer-
ular area. Ventral prostate tissue was considered abnormal if more than
30% of the prostatic ducts were atrophic and contained no columnar
secretory epithelial cells. Cross-sectional views of the ventral prostate
samples were sectioned so that distal, intermediate, and proximal re-
gions were visible. Ventral prostate lesions were not region specific in
the samples analyzed as previously described (23). Lateral and dorsal
prostatic lobes were analyzed as well, but no gross morphological
changes between control and vinclozolin generations were found in the
animals analyzed in this study. Immune-related abnormalities were
defined as rats having excessive macrophage and lymphocyte invasion
into multiple organs and was generally accompanied by bacterial in-
fection. The immune-related abnormalities involved several types of
inflammation of the inner ear (otitis), inflammation in the lower limbs,
inflammation in the lower respiratory tract (pneumonia), and develop-
ment of subdermal abscesses, which grew in size and caused septicemia
(widespread infection). Immune-related abnormalities were defined as
increased macrophage and lymphocyte invasions into multiple tissues
and at least one form of inflammation. Occasionally, vinclozolin gen-
eration rats did not have widespread inflammation but did have in-
creased macrophage and lymphocyte invasion into a single organ such
as the lung, spleen, seminal vesicles, or ventral prostate. These rats were
not included as an immune-related abnormality due to variability be-
tween animals. Premature aging-related abnormalities were defined as
rats developing poor grooming behavior, causing hair to become dis-
colored and coarse, along with reduced mobility and some weight loss.
All blood analyses were performed by the Clinical Pathology Laboratory
at Washington State University, Veterinary Teaching Hospital with stan-
dard procedures previously described. For the blood counts (red and
white) data were collected on a Horiba ABX Hematology Analyzer
System 910 � CP, with all differentials analysis done manually. The
metabolic panel/profile was done on a Cobras MIRA Plus Analyzer
(Roche, Indianapolis, IN). The testosterone serum concentrations were
determined by the Center for Reproductive Biology Assay Core Labo-
ratory. Body and tissue (i.e. prostate, kidney, spleen, and testis) weights
were monitored in age-matched adults.

Statistical analysis

When indicated, the values were expressed as the mean � sem and
data were analyzed using a SAS program (JMP version 3.1.6; SAS In-
stitute Inc., Cary, NC). Statistical analysis was performed and the dif-
ference between the means of treatments and respective controls was
determined using a Student’s t test. Statistical analysis of the disease
prevalence in the total population of control vs. vinclozolin F1–F4 gen-
eration animals used a Fisher’s exact test analysis for a 2 � 2 tables using
Minitab (Minitab Inc., State College, PA) and was performed by the
Statistics Consulting Service of the Department of Statistics at Wash-
ington State University. In vivo experiments were repeated with six to
16 individuals for each data point. A statistically significant difference
was defined at P � 0.05.

Results

Gestating Sprague Dawley rats at the time of gonadal sex
determination, E8–E14, were transiently exposed to vinclozolin
(100 mg/kg�d) and compared with a vehicle (dimethylsulfoxide
buffer)-treated control animals. The F0 generation gestating
mothers were the only animals exposed, although this implies
that the F1 generation embryo and germ cells generating the F2
generation are also exposed. F1 generation progeny at 60 d of
age were bred to generate an F2 generation and breeding con-
tinued out to the F4 generation. No sibling breeding was used
to avoid any inbreeding issues. In addition, littermates were
used for control and treated F0 mothers to reduce any genetic
variation. As previously reported (8, 18), no effects were ob-
served on litter size, pup weights, or gross developmental de-
fects of any of the F1–F4 generation progeny. Both males and
females examined between 20 and 120 d of age showed no
weight differences or gross abnormalities in any tissue (i.e.
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prostate, kidney, spleen) examined except the testis (8). In an-
imals older than 6 months of age, no differences were observed
in body weights (data not shown), and tissue weights were only
different if disease was detected (data not shown). As previ-
ously reported, the testis had increased spermatogenic cell ap-

optosis and subfertility (8). The F1–F4 generation progeny from
control and vinclozolin-treated F0 mothers were aged 6–14
months to assess effects on aging adults. In the event, a clinical
disease state developed (i.e. tumor or infection), the animal was
euthanized and a complete necropsy and blood analysis were
performed. All remaining animals were euthanized by 10–14
months of age according to the Washington State University
Animal Care and Use Committee guidelines, followed by com-
plete necropsies for both control and vinclozolin generation
F1–F4 animals. A number of disease states or tissue abnormal-
ities developed, as discussed below, for all generations.

Tumors developed in 12–33% of the animals (Fig. 1), in
only the vinclozolin F1–F4 generation animals and not the
controls. From the total tumors identified, four were breast
adenomas, one was a breast carcinoma, one was a lung
sarcoma, and one was a skin (i.e. Merkel cell) melanoma, with
the breast adenoma presented (Fig. 2, A and B). Only the lung
sarcoma, Merkel cell tumor and breast carcinoma were ma-
lignant. The numbers of animals at each generation are
shown in Tables 1 and 2. Animals euthanized due to tumor
development are indicated in Table 1. The frequency of tu-
mor development in the males was similar among the F1–F4
vinclozolin generation animals (Fig. 1B). Tumors developed
in females (i.e. breast) at approximately a 10% frequency for
vinclozolin generations (Fig. 1C). No tumors developed in
control F1–F4 generation animals.

Prostatic lesions were detected in 45–55% of F1–F4 vinclo-
zolin generation males (Fig. 1). A regression of prostatic secre-
tory epithelium involving atrophic glands or ducts were ob-
served (51%), along with prostatitis in selected animals (10%)
(Fig. 3, A and B). Abnormal prostate histology was observed in
the distal, intermediate, and proximal regions of the ventral
prostate, but no morphological effects were observed in the
lateral or dorsal prostatic lobes (data not shown). The range of
ventral prostate pathology was from atrophic defects to cystic
hyperplasia and focal prostatitis, with cystic changes as the
most severe pathology. A similar percentage of affected animals
in all the F1–F4 vinclozolin generations were observed with
prostate abnormalities (Fig. 1B). The numbers of animals at each
generation are shown in Tables 1 and 2. Ventral prostatic hy-
perplasia was observed in three rats from vinclozolin genera-
tions and one control animal. Serum testosterone concentra-
tions in the male F1–F4 vinclozolin generation progeny, 1.20 �
0.71 ng/ml, were similar to controls, 1.57 � 0.86 ng/ml, such
that the prostatic abnormalities cannot be attributed to low
serum testosterone.

Renal lesions appeared in 20–50% of males of all F1–F4 vin-
clozolin generations (Fig. 1B). These kidney abnormalities also

FIG. 1. Disease states or abnormalities in vinclozolin and control gen-
eration (F1–F4) animals. A, Males from combined (F1–F4) generation
animals. B, Males from individual (F1–F4) generation animals. C, Fe-
males from combined (F1–F4) generation animals. The percentage
disease prevalence is presented for tumors, prostate disease, kidney
disease, testis (i.e. spermatogenesis) abnormalities and immune abnor-
malities. The total number of animals for each generation (F1–F4) is
listed in Materials and Methods. The absence of a control bar indicates
zero in the control population of animals. All the comparative (A) vin-
clozolin generation animal disease and abnormality prevalence data
provided were statistically different from controls with P � 0.05 using
a Fisher’s exact test analysis as described in Materials and Methods.

FIG. 2. Histology of representative vinclozolin generation breast fi-
broadenoma. A representative �400 magnification (A) and �200
magnification (B) micrograph is presented from a minimum of five
different animals with breast adenoma analyzed. A closed arrow
indicates a neoplastic glandular epithelial cell population.
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were observed in female F1–F4 vinclozolin generation animals
(Fig. 1C). Tubular nephropathy with protein casts, degenerated
ductal epithelium, and sclerotic glomeruli were the principal
histologic changes observed in 39% of the vinclozolin genera-
tion animals with 20% being severe (Fig. 3, C and D). The

numbers of animals at each generation are shown in Tables 1
and 2. Blood analysis demonstrated an increased blood-urea
nitrogen (BUN) and creatinine in several animals with renal
lesions (Fig. 4). These increased blood markers for renal lesions
correlated to the animals with kidney abnormalities as shown
in the boxed values in Fig. 4.

As previously reported (8), abnormal testis function and ab-
normalities were observed in 15–38% of the F1–F4 generation
animals (Fig. 1B). The numbers of animals affected at each
generation are shown in Tables 1 and 2. The pathology includes
an increased spermatogenic cell apoptosis, gross morphological
defects in spermatogenesis, and complete lack of spermatogen-
esis (8). The testis abnormalities were compiled from animals
with histologic defects in spermatogenesis in greater than 20%
of the seminiferous tubules and those with a complete lack of
spermatogenesis (Fig. 5).

Liver histology was normal in vinclozolin generation ani-
mals (Fig. 5), and serum concentrations of liver markers, alanine
transferase, and alkaline phosphatase, were similar to the con-
trol (Fig. 6). Observations suggest no major hepatic defects. In
addition, no significant lesions were seen in other tissues in-
cluding the adrenal glands, epididymis, seminal vesicles, lungs,
heart, spleen, ovary, and brain of F1–F4 control or vinclozolin
generation animals (data not shown).

Complete blood cell counts (i.e. white blood cell and red

FIG. 3. Histology of representative control (A and C) and vincozolin
(B and D) F2 or F3 generation tissues are presented, ventral prostate
(A and B), and kidney (C and D). A representative �200 magnification
micrograph is presented from a minimum of five animals analyzed.
Insets in A and B are �1000 magnification. A closed arrow indicates
a normal epithelial cell and a red arrowhead an abnormal epithelial
cell, and a closed arrowhead an abnormal tubule and a half-arrow an
increased width of Bowman’s capsule.

TABLE 1. Individual male animal disease states (F1 and F2)

F1 generation Tumor Prostate Kidney Testis Immune Pre-aging Euthanized
(months)

Control generation
1 � � � � � � 14
2 � � � � � � 14
3 � � � � � � 14
4 � � � � � � 14
5 � � � � � � 14
6 � � � � � � 14

Vinclozolin generation
1 � � � � � � 10(I)
2 � � � � � � 6(T)
3 � � � � � � 14
4 � � � � � � 14
5 � � � � � � 14
6 � � � � � � 14
7 � � � � � � 14
8 � � � � � � 14
9 � � � � � � 14

F2 generation
1 � � � � � � 14
2 � � � � � � 14
3 � � � � � � 14
4 � � � � � � 14
5 � � � � � � 14

Vinclozolin generation
1 � � � � � � 12
2 � � � � � � 12
3 � � � � � � 12
4 � � � � � � 10(T)
5 � � � � � � 12(I)
6 � � � � � � 12(T)

The absence (�) or presence (�) of a disease or lesion is indicated for individual male animals for F1–F2 control and vinclozolin generation
animals. The age in months the specific animal was euthanized is indicated. If the animal was euthanized due to a clinical condition �i.e. tumor
(T) or infection (I)� is presented respectively with the age of euthanization. Pathology criteria are described in Materials and Methods.
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blood cell counts) were not different between vinclozolin and
control generation animals (data not shown). Inflammation in-
cluding inner ear (otitis), subdermal abscesses and bacterial
infection (e.g. respiratory infection) were observed in 12–33% of
F1–F4 vinclozolin generation animals, but no inflammation was
present in control animals (Fig. 1B). The numbers of animals
affected at each generation are shown in Tables 1 and 2. Ani-
mals euthanized due to infection are indicated in Tables 1 and
2. Although immune abnormalities are observed, the immune
status of vinclozolin generation animals requires further char-
acterization on a molecular level.

Several blood analyses (e.g. glucose, serum protein, sodium,
potassium) were not different between F1–F4 control and vin-
clozolin generation animals (Table 3). The total samples ana-
lyzed were combined and had a composition of 5% F1, 26% F2,
59% F3, and 10% F4 from each generation and showed no
difference. Although serum chloride and magnesium concen-
trations were statistically different between aged control and
vinclozolin generations, the slight changes are likely not phys-
iologically relevant. No major metabolic or physiological effects
were observed from the blood analysis. Interestingly, a signif-
icant increase in serum cholesterol was observed in approxi-

TABLE 2. Individual male animal disease states (F3 and F4)

F3 generation Tumor Prostate Kidney Testis Immune Pre-aging Euthanized
(months)

Control generation
1 � � � � � � 14
2 � � � � � � 14
3 � � � � � � 14
4 � � � � � � 14

Vinclozolin Generation
1 � � � � � � 14
2 � � � � � � 14
3 � � � � � � 14
4 � � � � � � 14
5 � � � � � � 14
6 � � � � � � 14
7 � � � � � � 14
8 � � � � � � 14(I)
9 � � � � � � 14

10 � � � � � � 14
11 � � � � � � 10(I)
12 � � � � � � 12(I)
13 � � � � � � 12(I)
14 � � � � � � 12(T)
15 � � � � � � 10(I)
16 � � � � � � 14(T)

F4 generation
1 � � � � � � 14
2 � � � � � � 14
3 � � � � � � 14
4 � � � � � � 14
5 � � � � � � 14
6 � � � � � � 14
7 � � � � � � 14
8 � � � � � � 14
9 � � � � � � 14

10 � � � � � � 12
11 � � � � � � 12
12 � � � � � � 12
13 � � � � � � 12

Vinclozolin generation
1 � � � � � � 14
2 � � � � � � 14(T)
3 � � � � � � 12(T)
4 � � � � � � 10(I)
5 � � � � � � 14
6 � � � � � � 14
7 � � � � � � 14
8 � � � � � � 14
9 � � � � � � 14

10 � � � � � � 14(I)

The absence (�) or presence (�) of a disease or lesion is indicated for individual male animals for F3-F4 control and vinclozolin generation
animals. The age in months the specific anima was euthanized is indicated. If the animal was euthanized due to a clinical condition �i.e. tumor
(T) or infection (I)� is presented respectively with the age of euthanization. Pathology criteria are described in Materials and Methods.
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mately 35% of 6- to 14-month-old F1–F4 vinclozolin generation
animals, compared with controls (Fig. 6). None of these changes
were observed at 3 months of age and only developed in older
animals. Basal serum cholesterol in the control animals did rise
between 3 and 12 months but increased more dramatically in
vinclozolin generation animals (Fig. 6). Fasting state of the an-
imals did not alter the cholesterol differences between control

and vinclozolin generation animals (data not shown). Serum
cholesterol levels were also elevated in the aged female vin-
clozolin generation animals compared with control female an-
imals (data not shown).

Animals from F1–F4 vinclozolin generations also developed
an apparent premature aging phenotype. This was character-
ized as decreased grooming behavior resulting in color distor-
tion, decreased mobility and movement, increased skin abnor-

FIG. 5. Histology of representative control (A, C) and vincozolin (B and D)
F2 or F3 generation tissues are presented for normal testis (A), abnormal
testis (B), and liver (C and D). A representative �200 (A and B) or �400 (C
and D) magnification micrograph is presented from a minimum of five
animals analyzed. A closed arrow indicates a normal epithelial cell and
tubule,whereasa redarrowheadanabnormalepithelial cell andtubule.No
histologic abnormalities were observed in the liver.

FIG. 4. Blood analysis for BUN (A) and creatinine (B) from control
and vinclozolin (F1–F4) generation animals. Scatter plots are pre-
sented with a mean line indicated. Samples in the dashed boxes
correlate with animals with diagnosed morphological kidney abnor-
malities and corresponding renal blood marker increases.

FIG. 6. Blood analysis for combined F1–F4 control and vinclozolin
generation animals. A, Cholesterol concentrations and liver serum
markers of (B) alanine transferase and (C) alkaline phosphatase are
presented (units/liter). Scatter plots are indicated for 3-month-old and
6- to 12-month-old animals with the bar representing the mean. *,
Mean values are statistically different (P � 0.05) from control values
for cholesterol. No statistical differences were detected in B or C
means.

5520 Endocrinology, December 2006, 147(12):5515–5523 Anway et al. • Transgenerational Adult-Onset Disease



malities, and periodic weight loss. These same characteristics
are observed in control animals greater than 18 months old (23),
but none of the 6- to 14-month-old control animals had any of
these characteristics (data not shown). In contrast, 50% of the
F1–F4 vinclozolin generation animals developed this prema-
ture aging phenotype. Although scoring the presence or ab-
sence was done, these premature aging characteristics were
difficult to measure in degrees or quantitate. These conditions
also are present in diseased animals (Tables 1 and 2). Therefore,
the premature aging phenotype could not exclude the possi-
bility that it was simply associated with diseased animals.
Therefore, the premature aging phenotype is only presented as
a subjective measure requiring further investigation. Because
neoplasms, renal lesions, and prostate lesions have been ob-
served in aged (24 months) rats (23, 24), one interpretation of the
data is that the endocrine disruptor induced a potential trans-
generational premature aging phenomena.

The data presented demonstrate that in utero exposure to an
environmental compound, the endocrine disruptor vinclozolin,
has the ability to induce multiple transgenerational disease
states. The prevalence of the disease states or abnormalities
described are consistent among F1–F4 generations with no ap-
parent decline (Fig. 1). However, the F1 generation disease
prevalence was often less than subsequent generations. Most
other organs examined had no gross abnormalities or lesions
such that the effects observed appear to be specific to the pros-
tate, kidney, breast, testis, and skin. Analysis of individual an-
imals and specific disease states demonstrated that many an-
imals had multiple abnormalities and 85% of all F1–F4
vinclozolin generation animals developed a transgenerational
disease state (Tables 1 and 2). The females did have a high
prevalence of tumors and kidney disease in the F1–F4 vinco-
zolin generations (Fig. 1). Vinclozolin generation females also
had increased serum cholesterol concentrations and when renal
defects were present, increased BUN (data not shown).

The previous study (8) demonstrated that the transgenera-
tional disease state (e.g. testis abnormality) was transmitted only
through the male germ line. In the current study, a vinclozolin
outcross (VOC) experiment was performed with an F2 vinclo-
zolin generation male bred to a wild-type female, along with a
reverse vinclozolin outcross (RVOC) experiment involving an
F2 vinclozolin female bred to a wild-type male. The RVOC
demonstrated no significant increase in disease frequency over
control, Fig. 7. As a comparison the F1–F4 vinclozolin and

control generation-treated cross is presented. The VOC animals
had an increase in disease prevalence over control in ventral
prostate, testis, and kidney disease, but at a reduced incidence
to the treated F3 generation cross (Fig. 7). No tumors or immune
abnormalities were detected in the VOC animals. Therefore, the
transgenerational disease phenotype was primarily transmitted
through the male germ line, but the increased prevalence of
disease when the vinclozolin generation female was used in a
treated cross suggests a potential contribution of the female
germ line. The influence of the female germ line now needs to
be investigated more thoroughly.

Discussion

The frequencies of the disease states or abnormalities ob-
served in the current study are consistent for four generations.
Although neoplasms, renal lesions, and prostate lesions are
observed in aged (24 months) rats (23, 24), none of these pa-
thologies were observed in the 6- to 14-month-old control rats.
As a comparison, the frequencies observed are similar to that

FIG. 7. Comparison of outcross disease states or abnormalities using
F1–F4 control and vinclozolin generation-treated cross compared with
VOC (F2 vinclozolin generation male and wild-type female) and a RVOC
(F2 vinclozolin generation female and wild-type male). The percentage
disease prevalence is presented for tumors, prostate disease, kidney
disease, testis abnormalities, and immune abnormalities. The absence
of a bar indicates zero in the population of animals. The total number of
animals for VOC and RVOC were n � 19 and 6, respectively. The VOC
was statistically different from control with P � 0.05.

TABLE 3. Blood chemistry and analysis

3 Months 12 Months

Control
(n � 5)

Vinclozolin
(n � 5)

Control
(n � 12)

Vinclozolin
(n � 19)

Glucose 157 � 9 192 � 25 124 � 4 131 � 9
Total protein 6.5 � 0.2 7.0 � 0.2 6.8 � 0.2 6.9 � 0.1
Abumin 3.6 � 0.1 3.7 � 0.1 3.3 � 0.1 3.2 � 0.1
Globulin 2.9 � 0.1 3.2 � 0.1 3.5 � 0.1 3.7 � 0.1
Calcium 10.2 � 0.1 10.6 � 0.2 10.5 � 0.3 10.8 � 0.2
Phosphorous 6.0 � 0.6 8.9 � 0.5 7.2 � 0.4 7.5 � 0.3
Magnesium 2.9 � 0.1 3.2 � 0.1 2.80 � 0.09 3.00 � 0.08a

Sodium 152 � 1 153 � 2 153 � 0.1 152 � 0.8
Potassium 7.7 � 0.5 7.5 � 0.4 7.0 � 0.2 7.4 � 0.2
Chloride 105 � 1 103 � 1 107.0 � 0.8 104.0 � 0.6a

a Statistical difference with P � 0.05 between control and vinclozolin generation animals. The number of F1–F4 generation animal combined
for the analysis (n value) is indicated.
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seen in the human population. Prostatic lesions occur in 50% of
men over the age of 50 yr, compared with the 51% observed in
the current study. The progression of human prostatic disease
has been suggested to involve an initial atrophy of epithelium
and glands followed by prostititis, as observed in the current
study (25). Renal lesions occur at frequencies in specific human
subpopulations (26, 27), similar to the 30% observed in the
current study. The abnormal kidney morphology observed cor-
responded to changes in serum BUN and creatinine levels, as
is seen in the human population. Testis abnormalities occur in
approximately 10–15% of the human male population (28)
compared with the 30% prevalence observed in the current
study. The morphological changes and spermatogenic cell de-
fects are similar to the reported human defects (28). The tumor
rates for breast cancer are approximately 15% in the human
population, but less than 1% in males (27, 29, 30). In contrast,
the male rats in the F1–F4 vinclozolin generations had approx-
imately a 10% frequency. As with human tumors, rat tumors
observed were primarily of epithelial cell origin with a low
frequency of metastasis. Overall, several similarities in fre-
quency and etiology were made with the abnormalities ob-
served in the current study with those found in humans. Future
studies are now required to allow a comparison of the rat
observations to human disease. This transgenerational pheno-
type provides a useful experimental animal model to help elu-
cidate the diseases of a variety of tissues with potential appli-
cation to human disease.

The ability of the endocrine disruptor vinclozolin to induce
an epigenetic transgenerational disease state or abnormality
suggests fetal exposure to environmental toxicants may be a
significant factor in the molecular basis of disease. Previously,
both the antiandrogenic compound vinclozolin and the estro-
genic compound methoxychlor were found to induce a trans-
generational phenotype (8). The concentration of vinclozolin
used in the current study is higher than anticipated in the
environment. For vinclozolin, the lowest observed adverse ef-
fect level recommended is 11 mg/kg�d, but doses at the 1 mg/
kg�d have biological effects (31). The environmental levels of
vinclozolin have not been rigorously determined, such that no
conclusions regarding the toxicology of this compound can
currently be made. Toxicology studies to determine whether
environmental levels of the compound can induce these disease
states are now needed. The mechanism of vinclozolin actions
could involve androgen receptor-mediated events and/or tox-
icity. The androgen receptor has been shown to be present in
the embryonic testis at the time of gonadal sex determination
in the germ cells, Sertoli cells, and precursor peritubular cells
(19, 20). Although the embryonic gonadal steroid production is
minimal at this time, androstenedione is produced by the fetal
adrenal. Therefore, endocrine disruptors have the capacity to
influence embryonic androgen receptor actions (32, 33). Alter-
natively, vinclozolin actions could involve toxicologic actions
on the developing gonad to subsequently influence germ cell
development (17, 34, 35). Further studies are needed to eluci-
date the endocrine vs. toxicologic actions of vinclozolin on the
embryonic testis.

Previous studies have shown that an embryonic exposure
during gonadal sex determination (E8–E14) can induce onset of
disease in the F1 generation, but later embryonic exposure
(E15–E20) had no effect (18, 21). The actual sex determination

event for the testis occurs from E10–E13.5, with cord formation
complete at E14 and initial transcriptional events likely at E8-
E10, such that E8–E14 covers the entire period. The primordial
germ cells undergo an erasure (i.e. demethylation) of DNA
methylation during migration down the genital ridge before
colonizing the gonad (36, 37). During sex determination, the
germ cells undergo a remethylation in a sex-specific manner
(38). Endocrine disruptor exposure during this period appears
to cause an epigenetic reprogramming of the germ line that is
permanent and is transferred transgenerationally to subsequent
generations (8). The male germ line is critical in the transmission
of the transgenerational disease phenotype; however, the fe-
male germ line appears to influence the phenotype and remains
to be investigated. The current study describes the ability of a
variety of disease states to be induced through this apparent
epigenetic transgenerational effect on the germ line. Correlation
of specific changes in DNA methylation of imprinted-like genes
(39) with specific tissue abnormalities will be important to elu-
cidate in the future and may identify valuable diagnostic and
therapeutic markers.

A previous report demonstrated that transient embryonic
exposure to vinclozolin at the time of gonadal sex determina-
tion induces an apparent epigenetic effect on the programming
of the male germ line (8). An epigenetic transgenerational phe-
notype is likely responsible for the disease states or abnormal-
ities observed in the current study. The frequency of the ab-
normal phenotypes observed ranges from 12–50%, as shown in
Fig. 1. The frequency of a hot spot DNA sequence mutational
event has been shown to be approximately 5% at its highest and
generally is less than 1% (22, 40). A genetic DNA sequence
mutation also involves segregation with reduced frequency in
subsequent generations. Therefore, the high frequency of the
disease states and absence of normal Mendelian transmission
observed in the current study suggests the transgenerational
nature of the phenotype appears to be epigenetic through the
germ line. The previous study demonstrated the presence of
two genes with altered methylation in the germ line (8), and
preliminary studies have revealed the presence of over 15 new
imprinted-like genes/DNA sequences with alterations in meth-
ylation involving reprogramming of the male germ line (39).
Therefore, the molecular basis for the transgenerational disease
states observed appears to be epigenetic and due in part to a
permanent reprogramming of the germ line.

The potential that an epigenetic (i.e. DNA methylation) trans-
generational background may influence disease susceptibility,
premature disease onset, and/or development of disease, is a
factor in disease etiology not previously appreciated (1). This
transgenerational phenomenon could explain how some sub-
populations may have differences in the frequency of disease.
Due to the ability of an environmental factor to alter this epi-
genetic transgenerational background, variability in environ-
mental exposures could explain alterations in disease preva-
lence in different populations and regions. The most sensitive
exposure period is at the time of gonadal sex determination,
which is early to midgestation in humans. Therefore, the fetal
basis of disease will likely in part involve the epigenetic trans-
generational mechanism described. The specific genes that have
altered methylation states and are transmitted through the
germ line (39) remain to be fully elucidated. These genes may
provide diagnostic and/or therapeutic markers to better un-
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derstand specific diseases. Risk assessment for environmental
toxicant exposure could consider the use of these genes as
biomarkers. The current study describes the phenomena that an
environmental compound, the endocrine disruptor vinclozolin,
can induce epigenetic transgenerational diseases. This is a novel
molecular mechanism to consider for disease etiology.
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Epigenetic Transgenerational Inheritance of
Obesity Susceptibility
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Highlights
The prevalence of obesity has increased
dramatically over the past 30 years, and
cannot be explained by genetics, diet,
and exercise alone.

A variety of early life and in utero
exposures to environmental insults can
changemetabolic outcomes through de-
velopmental epigenetic reprogramming.

Epigenetic transgenerational inheritance
of obesity has been observed following
ancestral exposure to a high-fat diet,
malnutrition, and several environmental
toxicants.
The prevalence of obesity and associated diseases has reached pandemic
levels. Obesity is often associated with overnutrition and a sedentary lifestyle,
but clearly other factors also increase the susceptibility of metabolic disease
states. Ancestral and direct exposures to environmental toxicants and altered
nutrition have been shown to increase susceptibility for obesity and metabolic
dysregulation. Environmental insults can reprogram the epigenome of the
germline (sperm and eggs), which transmits the susceptibility for disease to
future generations through epigenetic transgenerational inheritance. In this
review, we discuss current evidence and molecular mechanisms for epigenetic
transgenerational inheritance of obesity susceptibility. Understanding ancestral
environmental insults and epigenetic transgenerational impacts on future gener-
ations will be critical to fully understand the etiology of obesity and to develop
preventative therapy options.
Unique obesity-specific sperm epi-
mutation signatures have been identified
in the transgenerational F3 generation of
animals ancestrally exposed to environ-
mental toxicants.

Numerous genes modified by DNA
methylation in a variety of phenotypes
and ancestral exposures have been
found to be potential novel modulators
of adipocyte (fat cell) metabolism and
function.
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Origins of the Obesity Epidemic
Obesity is rapidly increasing in prevalence worldwide, and has become a public health crisis of
pandemic proportions. In 2016, 650 million adults over the age of 18 were considered to be
obese, with an overall prevalence of 13%i. Within the USA, almost 40% of adults and 18.5% of
children are obese [1]. The worldwide prevalence of obesity in adults tripled between 1975 and
2016, and the next generation of children are strongly affected. Global obesity rates in children
increased from under 1% in 1975 to 6% in girls, and 8% in boys for 2016i. Obesity is defined
as a body mass index (BMI) of ≥30 kg/m2, and is associated with several pathologies, including
type 2 diabetes, cardiovascular disease, osteoarthritis, nonalcoholic fatty liver disease, kidney
disease, and certain cancers [2]. Sixty five percent of the world lives in a country where obesity
has a higher mortality rate than malnutritionii. Elevated BMI contributed to 4 million deaths in
2015, and has an estimated global annual cost of US$2 trillioniii [3]. Each five-unit increase in
BMI above 25 kg/m2 also increases the overall mortality risk by 29% [4]. Given the public health
consequences of obesity, it is imperative to investigate the etiology and pathogenesis of the
disease.

There have been several proposed etiologies for the obesity pandemic. Traditionally, obesity has
been attributed to overnutrition and a sedentary lifestyle; however, over the past decade, it has
become clear that additional factors are involved [5]. Between 1998 and 2006, BMI increased
by 2.3 kg/m2 on average in the USA when controlling for dietary intake and exercise levels [6].
In addition, Brown et al. [6] found that leisure time spent on exercise in fact increased between
1988 and 2006, indicating that other causes should be investigated [6]. Other potential direct
causes of obesity proposed include changes in the gut microbiome [7], effects of air conditioning
on thermogenesis [8], chronic sleep deprivation [9], and certain pharmaceutical drugs inducing
weight gain [5]. Numerous genome-wide association studies (GWAS) have also been performed
to identify a genetically based increased susceptibility to obesity; however, obesity-related ge-
netic variants are limited in predictive power and only account for ~3% of BMI variance [10,11].
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Glossary
DNA methylation: addition of a methyl
group to a cytosine in a 5′-cytosine-
phosphate-guanine-3′ (CpG)
dinucleotide residue sequence to form
5-methylcytosine.
Epigenetic processes: DNA
methylation, histone modification,
ncRNAs, RNA methylation, and
chromatin structure.
Epigenetic transgenerational
inheritance: germline-mediated
inheritance of epigenetic information
between generations in the absence of
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In addition, while BMI is commonly used to assess obesity in population-wide studies, the accu-
racy of BMI in assessing metabolic and cardiovascular health has come into question [12], as
discussed further in Box 1.

Epigenetics and the Developmental Origins of Health and Disease
Several recent studies have implicated that a variety of exposures in early life and in utero can
change metabolism. Barker and colleagues made observations of this phenomenon with several
epidemiological studies showing that infants born small for gestational age have an increased
susceptibility to cardiovascular disease and metabolic dysfunction [13,14]. The ‘thrifty phenotype
hypothesis’ was then proposed from observations of increased adiposity and decreased fat
mobilization following poor fetal nutrition [15]. Environmental insults during early development
can influence cellular plasticity, thereby increasing the risk of chronic diseases later in life,
continued direct environmental
influences that leads to phenotypic
variation.
Epigenetics: molecular factors and
processes around the DNA that regulate
genomic activity independent of DNA
sequence, and are mitotically stable.
Epimutations: mitotically stable
epigenetic alterations, such as an
environmentally induced DNA
methylation, at a specific CpG site.

Box 1. Challenges in the Assessment of Obesity and Disease Risk

According to the WHOi, obesity is defined as excess fat accumulation that may impact health. Therefore, it is imperative
that current methods of determining obesity accurately assess risk factors for cardiovascular andmetabolic comorbidities.
BMI is calculated by weight in kilograms divided by height in meters squared (Equation I) [2]:

BMI ¼ weight=height2 ½I�

Although a BMI of ≥30 kg/m2 is often used as a threshold to define obesity [2], there are potential weaknesses in exclu-
sively utilizing height and weight as anthropometric measurements. For example, BMI does not compensate for body
composition differences associated with age, sex, or ethnicity [124–126]. Specifically, the phenotype of individuals with
the same BMI is highly heterogeneous, with vast differences in the anatomical distribution of fat as well as cardiometabolic
health [127].

Recently, several attempts have been made to formulate novel anthropometric measures that more accurately predict
cardiovascular andmetabolic risk. The body adiposity index (BAI) attempts tomeasure the percentage of body fat by using
a modified ratio of hip circumference to height (Equation II) [128]:

BAI ¼ hip=height1:5 ½II�

The Clínica Universidad de Navarra-Body Adiposity Estimator (CUN-BAE) similarly attempts to estimate total body fat per-
centage by using amodified BMI equation that accounts for both age and sex as risk factors [129]. Both equations are built
on the principle that excess adiposity, as opposed to excess body weight, correlates better to cardiometabolic risk; how-
ever, thesemeasurements do not account for fat depot-specific risk.White adipose tissue is categorized as subcutaneous
or visceral adipose tissue [130]. Subcutaneous adipose tissue lays directly under the skin, while visceral adipose tissue
involves fat pads that lay deep in the abdomen and next to visceral organs [130]. Visceral adiposity has been linked to
increased risk of cardiovascular and metabolic diseases compared with subcutaneous adiposity [131]. Therefore, it is
important to consider visceral or abdominal adiposity as a measurement of cardiometabolic risk in a clinical setting.

Several cohorts have used waist circumference (WC) or waist-to-height ratio (WHtR) as alternative anthropometric mea-
sures for abdominal adiposity because they correlate significantly better with cardiovascular risk factors compared with
BMI [12,132]. To further refine these measurements, a body shape index (ABSI) was developed to adjust WC for height
and weight (Equation III) [133]:

ABSI ¼ WC=BMI2=3 height1=2 ½III�

ABSI predicted mortality risk in different age, sex, and weight using a population data set from the USA, although the mea-
surement had weaknesses in accuracy depending on ethnic group [133]. A recent review of 66 studies using 25 different
novel anthropometric parameters including a variety of ethnic and socioeconomic demographics found that these new
measurements were generally positively correlated with risk factors and disease outcomes [134]. The authors also cau-
tioned that specific cut-off values may not be applicable to all populations and further research is needed to determine
the accuracy of these measurements [134]. BMI should still be utilized in obesity studies due to ease of measurement
and historical use to determine trends in obesity data. However, future cohorts should consider including variousmeasure-
ments being used in these novel anthropometric formulas, such as thigh, waist, and hip circumference, to account for the
cardiometabolic risk associated with variance in fat deposition. Perhaps an epigenetic biomarker for obesity susceptibility
and/or obesity will be developed in the future.
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including obesity and its comorbidities [14,16–18]. The epigenetic mechanisms behind this devel-
opmental reprogramming are discussed in Box 2.

One of the most relevant examples of this phenomenon comes from a cohort of patients with
severe acute malnutrition between 1963 and 1993 at the University of the West Indies in Kingston,
Jamaica, a population used to study the potential origins of malnutrition phenotypes. Severe mal-
nutrition in childhood can lead to differing body composition comprising edematous (i.e., swollen
with excessive accumulation of fluid) (kwashiorkor or marasmic kwashiorkor phenotype) or
nonedematous (marasmus phenotype). In the Jamaican population, children who developed
kwashiorkor had increased birthweight compared with children with marasmus, which implies
that early developmental factors may contribute to the different phenotypes from the same nutri-
tional stressor [19]. The individuals in the study who experienced either marasmus or kwashiorkor
were followed into adulthood to determine any metabolic changes. Adult survivors of marasmus
had increased postchallenge glucose levels, reduced glucose sensitivity, andworsened β cell func-
tion compared with adult survivors of kwashiorkor [20]. A study of adult survivors of malnutrition
identified a reduction in BMI and bone mineral density in marasmus survivors compared with
kwashiorkor survivors. When admitted as infants, marasmus survivors were identified as having
a reduced gestational age at birth, birth weight, weight and height for age, neutrophil count, and
lymphocyte count compared with kwashiorkor survivors. DNAmethylation (see Glossary) analy-
sis was performed onmuscle biopsies from survivors of severe acutemalnutrition and identified dif-
ferential DNA methylation patterns associated with metabolic pathways, which may influence the
phenotypic origins of kwashiorkor and marasmus [21]. In summary, when faced with an extreme
Box 2. Epigenetics and the Developmental Origins of Health and Disease

A variety of exposures in early life and in utero can change metabolic outcomes in adulthood. In 1934, Kermack et al.
observed a significant drop in mortality rate within the UK and Sweden between 1751 and 1930, which the authors attrib-
uted to an improved early-life environment [135]. In 1960, Widdowson and McCance observed that rats born to small lit-
ters (n = 3) with greater maternal nutrition access grew more rapidly, reached sexual maturity earlier, and maintained a
larger body size into adulthood compared with rats from larger litters (n = 15–20) [136]. These results provided evidence
that there are critical windows of development susceptible to changes in nutrition that have long-lasting effects in adult-
hood. In 1962, J.V. Neel developed what is now known as the ‘thrifty genotype’ hypothesis from the observations that
babies born from women with diabetes often have macrosomia and develop diabetes in adulthood. Neel postulated that
this genotype is more efficient at energy intake and efficiency, evolutionarily gaining an energy reserve advantage during
famine conditions, which may be detrimental under nutritional surplus [137].

Later studies concluded that the timing of the critical window (i.e., the specific trimester or early childhood) in addition to
changes in environment in later life may change the phenotype. In 1976, Ravelli et al. investigated prenatal and postnatal
nutrition levels during the 1944–1945 Dutch famine and the potential for increased susceptibility to obesity. If individuals
experienced famine during the last trimester of pregnancy or within the first few months of life, the rates of obesity
significantly decreased. However, if individuals experienced famine during the first half of pregnancy, they had a signifi-
cantly increased rate of obesity [138]. In 1977, Forsdahl hypothesized that individuals born in poverty who experienced
affluence in later life had a reduced tolerance to a HFD, increasing the susceptibility to arteriosclerosis compared with
individuals who never experienced poverty [139]. In 1985, Wadsworth et al. identified a similar correlation between
cardiovascular disease and socioeconomic status [140]. Both men and women who came from families with the lowest
socioeconomic class had significantly higher mean systolic blood pressures compared with those from the highest socio-
economic status [140]. Interestingly, men who grew up in the lowest socioeconomic status but rose in socioeconomic
status had even higher mean systolic blood pressure compared with those that stayed within the same socioeconomic
class in adulthood [140]. Barker and colleaguesmade observations related to this phenomenon, with several epidemiolog-
ical studies showing that infants born small for gestational age had an increased susceptibility to cardiovascular disease
and metabolic dysfunction [13,14]. Derived from Neel’s ‘thrifty gene hypothesis’ [137], the ‘thrifty phenotype hypothesis’
was proposed from observations of increased adiposity and decreased fat mobilization following poor fetal nutrition [15].

Thus, the molecular mechanisms involved in developmental origins of health and disease phenomena will be affected
by environmental influences on the epigenome, with early-life developmental origins of epigenetic alterations generating
later-life impacts on health and disease.
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stressor such as severe acute malnutrition, individuals who had a low birth weight had a more be-
nign phenotype of marasmus compared with individuals with a higher birth weight who developed
the edematous kwashiorkor. However, while individuals who had a low birth weight and themaras-
mus phenotype fared better in famine conditions, they had adverse metabolic outcomes as adults
outside of famine conditions compared with kwashiorkor survivors. Therefore, environmental in-
sults during early development can influence the adaptive response to metabolic challenges and
increase the risk of metabolic disease in later life.

Epigenetic Developmental Reprogramming
Epigenetic developmental plasticity allows an organism to respond to the surrounding environ-
ment during cell differentiation, which changes the phenotype and gene expression without
modifying the genetic code [22]. Epigenetics involves molecular factors and processes around
the DNA that regulate genomic activity independent of the DNA sequence, and are mitotically
stable [23,24]. Epigenetic changes involve both DNA and chromatin molecular modifications
that change the expression of genes and genome activity [25,26]. Epigenetic modifications
include DNA methylation of CpG dinucleotide residues, histone modification, most noncoding
(nc)RNAs, RNA methylation, and chromatin structure [23] (Figure 1). DNA methylation of CpG
dinucleotides is one of the most well-characterized epigenetic marks, and is generally stable
and enduring in somatic cells [24]. However, during critical windows of development, the epige-
nome goes through cycles of methylation changes to accommodate for specific gene expression
patterns needed for embryogenesis and fetal development [27]. For example, reduced methyla-
tion state is required to obtain a pluripotent stem cell state during development. Changes in
environmental conditions during these critical windows of development, such as nutritional imbal-
ances and environmental toxicants, can disrupt these processes, and permanently alter the DNA
methylation patterns of the fetal and subsequent somatic cell epigenomes [27,28]. The history of
epigenetics and epigenetic inheritance is presented in Box 3.

Epigenetic Transgenerational Inheritance Mechanisms
Changes in methylation patterns in the germline due to environmental insults can induce a
transgenerational phenotype. Epigenetic transgenerational inheritance is the germline-
mediated inheritance of epigenetic information between generations in the absence of continued
direct environmental influences that leads to phenotypic variation [24,29]. There are two main ex-
posure mechanisms behind epigenetic transgenerational inheritance. Environmental exposures
can induce an altered cascade of epigenetic change, such as DNA methylation, in the fetus of
TrendsTrends inin EndocrinologyEndocrinology & MetabolismMetabolism

Figure 1. Epigenetic Processes and Marks. Modified from [149].
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Box 3. History and Mechanisms of Epigenetics and Epigenetic Inheritance

During the 1940s, Conrad Waddington coined the term ‘epigenetics’ in reference to environment–gene interactions that
could not be explained by classic Mendelian genetics [141]. Waddington found that heat shock could induce a change
in Drosophila wing structure phenotype that was heritable for 16 generations [40]. Three decades later, one of the first
epigenetic marks identified was DNA methylation, the addition of a methyl group to a CpG DNA residue [142–144]. Other
epigenetic processes were identified in the following decades. During the 1980s and 1990s, histone modifications were
found to be associated with changes in gene expression [145]. Eventually, ncRNA, chromatin structure, and RNA
modifications were identified as epigenetic factors [23]. As both the field and technology advances, it is likely that other
epigenetic molecular marks and factors will be identified.

Several historic observations have suggested the presence of non-Mendelian inheritance processes, including observa-
tions by Mendel with peas and by Krammerer during the early 1900s with the midwife toad [74]. These observations were
not generally accepted during the early 1900s due to the rediscovery of genetics. The first person to help establish the field
of epigenetics was Waddington [40,141] who coined the term and again observed non-Mendelian inheritance phenome-
non with Drosophila. Subsequent observations with paramutation in plants supported this process, but was suggested to
be a genetic phenomenon [146]. The first indirect observations of the link of epigenetics and inheritance came from
imprinted genes. Imprinted genes involve monoallelic gene expression, are transmitted in a parent-of-origin (maternal
or paternal) manner in the germline, and involve modifications of DNA methylation, histone modification, and ncRNA
expression [76,147,148]. The control and inheritance of genomic activity involves interdependent mechanisms of several
epigenetic and genetic processes.

One of the first studies associating changes in epigenetic marks and transgenerational inheritance correlated ancestral ex-
posure to vinclozolin with DNA methylation changes in the germline in 2005 [34]. Epigenetic transgenerational inheritance
requires the germline transmission of these imprinted-like epigenetic modifications by altering the epigenome of develop-
ing embryonic stem cells in the next generation [76]. Within 15 years, the field expanded rapidly and current research has
demonstrated that the phenomenon of epigenetic transgenerational inheritance can occur in a variety of species and an-
cestral exposures [76].

The term ‘epigenetic inheritance’ refers to any epigenetic effect on subsequent generations, namely a combination of di-
rect multigenerational exposures and transgenerational exposures [29]. This is distinct from epigenetic transgenerational
inheritance, which requires the transmission of germline information between generations in the absence of any continued
direct exposure [76]. A distinction between multigenerational exposure or intergenerational epigenetic inheritance and epi-
genetic transgenerational inheritance is required due to the distinct mechanisms and biological impacts of the two pro-
cesses. Therefore, to distinguish the two, the term ‘epigenetic transgenerational inheritance’ is used as originally
proposed [34].
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gestating females during the developmental period of gonadal development and primordial germ
cell migration (Figure 2). Aberrant DNAmethylation of the germline can be heritable and is referred
to as germline epimutations [30]. The exposure of an F0 generation gestating female to an en-
vironmental insult also exposes the developing F1 generation embryo (Figure 3). In addition, alter-
ations of the epigenome in the developing germ cells within the F1 generation fetus can influence
the F2 generation. If the altered DNAmethylation patterns are heritable to the subsequent F3 gen-
eration, the transmission of these epimutations is considered epigenetic transgenerational inher-
itance [29,31]. Preconception exposure-mediated epigenetic transgenerational inheritance can
be induced by exposing the F0 generation male or female to an environmental insult that can af-
fect the epigenome of the germline. The germline, which eventually becomes the F1 generation,
has been directly exposed to the environmental exposure, and is not considered to be
transgenerational. Therefore, the F2 generation is considered to be the first nonexposed
transgenerational offspring in this preconception exposure instance [29] (Figure 3).

The altered germline epigenetics has the potential ability to change the transcriptome and epige-
netics of the totipotent cells in the early embryo. This can subsequently alter the epigenetics of all
somatic cell types derived from these stem cells. During cellular and tissue differentiation, a cas-
cade of gene expression changes occurs simultaneously with a cascade of epigenetic changes
(Figure 2). The early stages of development are more susceptible to environmental insults that
alter this cascade of epigenetic change. Therefore, the environmentally altered differential
482 Trends in Endocrinology & Metabolism, July 2020, Vol. 31, No. 7
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Figure 2. Epigenetic and Genetic Cascade of Events Involved in Development. Development and cellular
differentiation are dependent on the impacts of a cascade of genetic and epigenetic changes. Early life environmental
exposures have an increased impact on the transcriptome and physiology of an organism compared with exposures later
in development. In organisms that have finished development, most cells have already been fully differentiated. However,
early developmental exposures can affect stem cells and cell differentiation to increase the susceptibility to altered
transcriptomes and impact disease etiology and phenotypic variation. Modified from [24].
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epigenetic state can influence genome activity and the cell type-specific differentiated tran-
scriptome to subsequently increase susceptibility for diseases, such as obesity (Figure 2). The in-
tegrated genetic and epigenetic processes that occur through these developmental periods
TrendsTrends inin EndocrinologyEndocrinology & MetabolismMetabolism

Figure 3. Exposure Mechanisms of Environmentally Induced Epigenetic Transgenerational Inheritance. (A) The
exposure of an F0 generation gestating female to an environmental insult also exposes the developing F1 generation embryo
In addition, alterations of the epigenome in the developing germ cells can also influence the F2 generation if the altered
methylation patterns are heritable by the subsequent F3 generations. The transmission of these epimutations is considered
epigenetic transgenerational inheritance. (B) Preconception exposure-mediated epigenetic transgenerational inheritance can be
induced by exposing the F0 generation to an environmental insult that can affect the epigenome of the germline. The germline
which eventually becomes the F1 generation, has been directly exposed to the environmental toxicant and is not considered to
be transgenerational. Therefore, the F2 generation is considered to be the first transgenerational offspring.
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establish the physiology and susceptibility to disease in later life stages [23]. Therefore, the envi-
ronmentally induced epigenetic transgenerational inheritance of disease susceptibility, such as
lifestyle and diet, then promotes the susceptibility for diseases, such as obesity.

Evidence for Epigenetic Transgenerational Inheritance
Although non-Mendelian forms of inheritance have been observed over the past century, such as
Kammerer’s midwife toad [32] and Waddington’s heat-induced fly wing structure alteration [33],
the molecular mechanisms involved were unknown and observations were not considered
distinct from genetic inheritance. This was not demonstrated until recently, when more molecular
information was available regarding epigenetics (Box 3). One of the first observations of environ-
mentally induced epigenetic transgenerational inheritance was the exposure of gestating rats to
the agricultural fungicide vinclozolin, which was found to promote transgenerational male testis
disease and germline DNA methylation changes [34]. The number of examples of epigenetic
transgenerational inheritance has increased dramatically over the past few decades, and the
phenomenon has now been demonstrated in both plants and animals (Figure 4). In plants, partial
reprogramming of epigenetic marks in both male and female gametes occurs immediately after
fertilization in plants [35]. Both temperature and drought have been shown to promote epigenetic
transgenerational phenotypic changes in both flowering and growth characteristics [36,37].
A well-known plant example of epigenetic transgenerational inheritance involves a change in
symmetry in Linaria vulgaris flowers [38]. Increased DNA methylation in the promoter region of
the Lcyc locus changed the floral symmetry phenotype from bilateral to radial, and was
transgenerationally transmitted for N100 generations [39].

In non-mammalian animals, there are also a variety of species that have demonstrated the capac-
ity for epigenetic inheritance. The model insect Drosophila melanogaster has demonstrated
epigenetic transgenerational inheritance in many studies [40–42]. Other members of the phylum
Arthropoda, such as Artemia [43] and Daphnia magna [44], have also been shown to exhibit
TrendsTrends inin EndocrinologyEndocrinology & MetabolismMetabolism

Figure 4. Environmentally Induced Epigenetic Transgenerational Inheritance. The potential for epigenetic
transgenerational inheritance is induced by various environmental insults, including environmental toxicants. This
phenomenon has been observed in a variety of organisms, including plants and animals. Adapted from [19]
Abbreviations: BPA, bisphenol-A; DEET, diethyltoluamide; DDT, dichlorodiphenyltrichloroethane; TCDD, dioxin.
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epigenetic transgenerational inheritance. The nematode, Caenorhabditis elegans, has shown
transgenerational inheritance of both histone modification and DNA methylation [45,46]. Several
species of fish have also demonstrated epigenetic inheritance, such as the zebrafish [47–49] and
the pipefish Syngnathus typhle [50]. Birds, such as quail [51] and the Muscovy duck [52], have
also exhibited environmentally induced heritable changes. While most mammalian research is
performed on rodents [24], there have been other examples of epigenetic transgenerational inher-
itance occurring in domestic pigs [53] and the common marmoset [54]. Several epidemiological
studies, such as the Dutch and Swedish Famine Cohorts, have also identified transgenerational
inheritance in humans [55,56]. Therefore, epigenetic transgenerational inheritance appears to
be a highly conserved adaptive response among various species from plants to mammals
(Figure 4).

Numerous environmental insults (Table 1) have been identified to induce epigenetic
transgenerational inheritance, including heat exposure [40,43,57,58], salt stress [57], drought
[59], stress and trauma [60–63], a high-fat diet (HFD) [64–66], nutritional deprivation [55,56], dia-
betes and/or prediabetes [67,68], folate [69], smoking [70,71], and alcohol [72,73] (Figure 4).
Table 1. Environmental Insults That Can Induce Epigenetic Transgenerational Inheritance

Exposure Effects Refs

Vinclozolin Testis disease, prostate disease, kidney disease, age of puberty, male
infertility, immune system abnormalities, tumor development

[29,34,76,89]

Methoxychlor Kidney disease, ovary disease, obesity, male infertility [34,82]

Permethrin/DEET Pubertal abnormalities, testis disease, ovary disease [81]

Dioxin Prostate disease, ovary disease, kidney disease, uterine disease, testis
disease, increased risk of preterm birth

[86,87,95]

BPA/phthalates Pubertal abnormalities, testis disease, obesity, ovarian disease [80]

BPA Heart disorders, reduced fertility, changes in social behavior [79,150,151]

Hydrocarbon mixture
(jet fuel)

Ovary disease, obesity [83]

DDT Obesity, testis disease, ovary disease, kidney disease [107]

Benzo[a]pyrene Behavioral changes, infertility, increased BMI [48,84]

Tributyltin Obesity [85,105,114]

Glyphosate Obesity, testis, kidney, ovary, and prostate disease [78]

Mercury Behavioral changes [47]

Caloric restriction Cardiovascular mortality, increased chronic disease, increased BMI [55,102,103]

High-fat diet Increased adiposity, mammary cancer, hyperglycemia [64–66]

Folate [69]

Stress Depressive-like behaviors, increased risk taking, and glucose
dysregulation; reduced anxiety and serum cortisol; reduced growth and
delayed behavioral development

[57,60–63]

Drought Changes in DNA methylation [36,59]

Heat/salt stress Accelerated flowering, increased tolerance [57]

Prediabetes/diabetes Impaired insulin sensitivity [67,68]

Smoking Abnormal pulmonary function, increased fat mass [70,71]

Alcohol Neurological defects [72,73]

Heat stress Increased tolerance to heat stress in plants; wing structure change in
Drosophila melanogaster

[43,58]
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Several studies have revealed that environmental toxicants, including the fungicide vinclozolin
[34,74–76]; the herbicides atrazine and glyphosate [77,78]; plasticizers, such as bisphenol A
[79,80] and phthalates [80]; the pesticides diethyltoluamide (DEET) with permethrin [81] and
methoxychlor [82]; the hydrocarbons jet fuel (JP8) [83] and benzo[a]pyrene [84]; the antifouling
agent tributyltin [85]; mercury [47]; and dioxins [86–88], promote increased rates of disease
and sperm epimutations. Ancestral exposure to environmental insults have been shown to induce
a variety of diseases and phenotypic abnormalities. Transgenerationally increased rates of
disease include testis abnormalities [80,89–94], prostate disease [86,89], ovarian disease
[80–83,86,92], uterine disease [87,95], kidney disease [82,86,89,96,97], immune system abnor-
malities [89], and tumor development [89]. More details regarding the history of epigenetics and
epigenetic transgenerational inheritance are provided in Box 3.

Epigenetic Transgenerational Inheritance of Susceptibility for Obesity and
Metabolic Dysfunction
Transgenerationally increased susceptibility to obesity and its comorbidities has been observed
following ancestral exposure to several environmental insults (Table 2). Most studies have inves-
tigated the potential for transgenerational inheritance of obesity and metabolic dysfunction
through exposure to a HFD and caloric restriction. Ancestral exposure to a maternal HFD was
shown to result in paternal transmission of increased body size in F3 generation female mice
[64]. The F2 generation male offspring of mice, ancestrally exposed to neonatal lactational over-
nutrition, developed glucose intolerance and fasting hyperglycemia [98]. Paternal HFD in the F0
generation of mice was associated with increased adiposity and with alterations in sperm
miRNA, with a reduction in total global germ cell methylation in F2 generation offspring [99]. In
another study, F2 generation offspring ancestrally exposed to a paternal HFD had reduced
birth weight and resistance to weight gain, with adult females developing glucose intolerance.
Additionally, the ancestral paternal HFD was also associated with differential expression of the
Table 2. Environmental Insults That Can Transgenerationally Increase the Susceptibility to Obesity and Its
Comorbidities

Exposure Effects Refs

Maternal HFD Increased body size in females [64]

Paternal HFD Increased adiposity and sperm miRNA changes; reduced birth
weight, resistance to weight gain with glucose intolerance;
increased adiposity and serum leptin

[99–101]

Paternal HFD and prediabetes Impaired insulin sensitivity and glucose intolerance [68]

Paternal overnutrition Glucose intolerance and fasting hyperglycemia in males [98]

Maternal famine Increased rate of chronic disease [102]

Paternal famine Increased BMI; increased incidence of cardiovascular disease and
diabetes

[55,103]

BPA/phthalates Increased adiposity and sperm methylation changes associated
with obesity genes

[80]

DDT Increased adiposity and sperm methylation changes associated
with obesity genes

[107]

Methoxychlor Increased adiposity [82]

Tributyltin Increased fat:lean tissue ratio, increased weight gain on a HFD,
decreased weight loss when fasting, changes in chromatin
structure and DNA methylation, increased expression of leptin

[85,114]

Glyphosate Increased adiposity and adipose size, obesity and sperm DNA
methylation

[78]
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let-7c miRNA in sperm, and subsequent expression in the adipose tissue of the offspring [100].
Paternal HFD also demonstrated an increase in adiposity and serum leptin in F2 generation
males [101]. Ancestral exposure to paternal HFD and streptozotocin induced prediabetes, and
also predisposed the F2 generation to impaired insulin sensitivity and glucose intolerance through
germline-mediated epigenetic transgenerational inheritance [68]. The daughters of women who
experienced the Dutch Hunger Winter of World War II in utero had 1.8 times more chronic dis-
eases as adults compared with nonexposed women [102]. The F2 generation grand-offspring
of fathers who experienced the Dutch Hunger Winter of World War II had significantly increased
BMI compared with exposed mothers or the unexposed population [55]. A preconception pater-
nal exposure transgenerational impact appears in the F2 generation (Figure 3). In Överkalix, an
isolated town in Northern Sweden, paternal ancestor nutrition appeared to significantly influence
the incidence of cardiovascular disease and diabetes in their grand-offspring [103]. These results
indicate that ancestral exposure to HFD and malnutrition (caloric restriction) can promote
germline epimutations that can induce a transgenerational obesity and metabolic dysregulation
phenotype in future generations.

A recent study by Risal et al. [104] observed a fivefold increase in polycystic ovary syndrome
(PCOS) in daughters whose mothers also had PCOS. Daughters of women with PCOS had
increased free androgen levels as well as metabolic dysfunction-related symptoms, such as
increased BMI, waist circumference, and diastolic blood pressure. To determine whether
prenatal exposure to androgens can promote PCOS-like symptoms in the transgenerational F3
generation [104], F0 generation mice were exposed to either dihydrotestosterone, a high fat
and high sucrose diet, dihydrotestosterone plus a high fat and high sugar diet, or vehicle control.
F3 generation androgenized lineage females had increased weight and fat mass, and reduced
energy expenditure. PCOS-like reproductive and metabolic dysfunctions were observed in the
F3 generation of the androgen lineage, including increased weight, fat mass, adipocyte size,
liver triglyceride concentrations, and altered adipogenesis [104]. In the high fat, high sugar diet
lineage, metabolic dysfunction was observed in the F1 generation, but was less substantial in
the F2 and F3 generations. In the androgen plus high fat and high sugar diet lineage, the embry-
onic development of the F2 generation was detrimentally affected to the extent that only one
female survived and no F3 offspring were obtained [104]. These results indicate that androgen
exposure, as well as a high fat, high sugar diet, can promote metabolic dysfunction in the F3
generation. A combination of both exposures appears to be mostly fatal by the F2 generation
[104]. Interestingly, single cell RNA-seq identified transcriptomic alterations in the oocytes of F1
through F3 generations of both the obesity and androgen lineages, which may be a potential
mechanism for the inheritance of these phenotypes [104]. Further investigation is needed to
determine whether the altered transcriptome is associated with epigenetic alterations in the
germline required for epigenetic inheritance [23].

Environmental toxicants have also been indicated in the epigenetic transgenerational inheritance
of obesity susceptibility. In 2006, Grün and Blumberg developed the term ‘obesogen’ to refer to
environmental toxicants that can induce obesity [105]. Several environmental toxicants have
since been shown to induce a transgenerational obese phenotype in the F3 generation of rats
following ancestral prenatal exposure. A recent study showed that rats ancestrally exposed to
a cadmium and mercury mixture demonstrated increased abdominal adiposity and impaired
glucose tolerance through the F4 generation [106]. Ancestral exposure to a mixture of plastics
derived endocrine disruptors [bisphenol-A (BPA), bis(2-ethylhexyl)phthalate (DEHP), and dibutyl
phthalate (DBP)] increased the susceptibility to obesity in the F3 generation of male and female
rats [80]. Additionally, several differential DNA methylated regions (DMR) in the sperm of the F3
generation plastics lineage males were associated with genes previously shown to be relevant
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to obesity [80]. A transgenerational obese phenotype was observed in the F3 generation of males
and females ancestrally exposed to jet fuel hydrocarbons as well as to the pesticide methoxychlor
[82,83]. These studies identified germline epimutation signatures that contribute to the obesity
phenotype. However, further investigations into the molecular mechanisms behind the
transgenerational inheritance of obesity susceptibility are needed.

Ancestral exposure to the pesticide dichlorodiphenyltrichloroethane (DDT) was shown to dramat-
ically increase the susceptibility to obesity in F3 generation male and female rats [97,107]. DDT
was historically one of the most commonly used pesticides against insect vectors of disease,
with widespread use starting during the 1940s and 1950s [108]. In 1973, the compound was
banned in the USA following health and environmental concerns; however, the World Health
Organization (WHO) has continued to recommend indoor use to combat malariaiv. In 2013,
Skinner et al. identified a 50% incidence of obesity in rats ancestrally exposed to DDT, and several
F3 generation DDT sperm DMR were associated with known obesity genes [107]. A follow-up
study utilizing an expanded assessment of obesity identified similar patterns, as well as a unique
obesity-specific sperm epimutation signature [97]. F3 generation DDT lineage rats were bred to
the F4 generation with wild-type rats in a maternal outcross (MOC) and paternal outcross
(POC). The obesity phenotype present in the F3 DDT lineage generation females did not appear
in either F4 generation POC or MOC outcrossed females however, the F4 generation males had
significantly increased obesity in both outcross lineages [109]. The results indicate that the male
obesity phenotype may be inherited through either the male or female germline, whereas the
female obesity phenotypemay require inheritance of both paternal andmaternal alleles. Interestingly,
the great-grandchildren (F3 generation) of many of the F0 generation human females exposed
to DDT during pregnancy are adults today. Therefore, ancestral exposures to environmental toxi-
cants such as DDT should be considered a potential component of the current obesity epidemic
(Figure 5).
TrendsTrends inin EndocrinologyEndocrinology & MetabolismMetabolism

Figure 5. Environmentally [e.g., Dichlorodiphenyltrichloroethane (DDT)]-Induced Epigenetic Transgenerationa
Inheritance of Obesity. Obesity susceptibility epigenetically inherited from ancestral exposures. During the 1950s, the
entire North American population was exposed to high levels of the pesticide DDT, when the obesity rate was b5% of the
population. Three generations later, the obesity frequency in North America is now ~45% of the population.
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Another obesogen capable of inducing transgenerational obesity is tributyltin, an organotin anti-
fouling agent. Tributyltin acts as an agonist of peroxisome proliferator-activated receptor γ
(PPARγ) and retinoid X receptor (RXR), which are important activators of adipocyte differentiation
from mesenchymal stem cells [110–112]. Interestingly, in utero exposure of tributyltin increased
gonadal fat deposition, but did not increase overall body weight in the F1 generation, because
there was a change in the lean: fat mass ratio [113]. This effect was also transmitted to the F3
generation of mice ancestrally exposed to tributyltin, as evidenced by increased adipose tissue
deposition, adipocyte size, and adipocyte number without a change in body weight. Ancestral
tributyltin exposure transgenerationally reprogrammed F3 generation mesenchymal stem cells
to increase adipogenesis and attenuate the osteogenesis pathway [85]. A ‘thrifty phenotype’
appeared in F4 generation males ancestrally exposed to tributyltin, characterized by increased
potential for weight gain when fed a HFD, and decreased capacity to lose weight during fasting
compared with controls [114]. These metabolic alterations were coupled with changes in
chromatin structure and DNA methylation associated with increased expression of the leptin
gene in gonadal white adipose tissue [115]. These observations provide insights into the molec-
ular etiology of epigenetic transgenerational inheritance of obesity and, thus, further studies into
the molecular mechanisms of other obesogens are necessary.

To build on previous transgenerational obesity research, King et al. used a purified cell population
of mature white adipocytes for epigenetic analysis rather than adipose tissue [116]. Epigenetic
modifications regulate gene expression in a cell-specific manner, and individual cell types have
their own differential epigenetic pattern [117–119]. Adipose tissue has many varying cell types,
and the cell composition is highly plastic [120]. Mature adipocytes comprise one-third of the
cell population, while other cells include preadipocytes, endothelial precursor cells, mesenchymal
stem cells, and immune cells at varying population levels [121]. Therefore, investigating an individ-
ual cell type, such as mature white adipocytes or preadipocytes, may provide a more metaboli-
cally relevant epigenome. Optimally, analysis of epimutations in a purified cell population such
as white adipocytes, brown adipocytes, preadipocytes, and/or mesenchymal stem cells, as
well as the germline, are needed to provide insight into potential epigenetic changes associated
with obesity etiology. Elucidation of the impacts of ancestral exposures on metabolically relevant
cells, such as adipocytes, will help elucidate the molecular etiology of obesity.

In the 2019 study by King et al., adipocytes were isolated from the gonadal fat pad of lean,
normal, and obese rats ancestrally exposed to the herbicide atrazine (lean phenotype) [122],
the pesticide DDT (obese phenotype) [123], or vehicle control [116]. DNA methylation analysis
identified unique adipocyte DMR patterns specific to control lineage obesity and DDT lineage
obesity, indicating the potential for a unique molecular etiology to environmental toxicant-
mediated obesity. Additionally, there were unique adipocyte DMR patterns identified between
the F3 generation DDT lineage males and females, which suggests a potential sex-specific effect.
Interestingly, a comparison of epigenetic alterations at a reduced stringency identified an exten-
sive set of common potential genes and pathways affected by changes in DNA methylation
between the lean and obese phenotypes. The overlapping DMR identified were associated
with genes previously correlated with obesity, type 2 diabetes, and metabolic syndrome. The
most commonly identified genes included Caln1, Ikzf1, Iqsec3, Kcnma1, Ksr2, Mycbp2,
Myo16, Negr1, Nr1h5, Rbms3, and Tmem236. These genes, commonly modulated by DNA
methylation in adipocytes, should be further investigated with transcriptomic analysis to deter-
mine whether there are gene expression changes associated with their methylation. This study
also only examined DNA methylation, and subsequent analysis of other epigenetic marks, such
as ncRNA and histone modifications, would be valuable. Additionally, further studies are needed
to determine whether similar epigenetic mechanisms are present in the visceral adipocytes of lean
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Outstanding Questions
Few environmental insults have been
assessed for the effects of ancestral
exposure. What other environmental
insults have the capacity to induce
the transgenerational inheritance of
obesity?

How does the epigenetic profile related
to obesity in sperm influence the
physiology of adipose tissue? How
do other epigenetic marks, such as
histone retention and ncRNA, in
the sperm come into play in obesity
phenotypes?

How is the development of adipose
tissue affected in the epigenetic
transgenerational inheritance of obesity?
Are there effects on brown (thermogenic)
adipose tissue?

Are there epigenetic changes in
adipocyte precursor cell types, such
as preadipocytes and mesenchymal
stem cells?

Given that obesity and metabolic
disorders are multifaceted and likely
have multiple causes, are other
somatic tissues involved in these
transgenerational obesity phenotypes?
Many of the animals in these studies
are fed ad lib. Could there be
transgenerational neurological changes,
such as hyperphasia and changes in
satiation, related to these phenotypes?
Could transgenerational inheritance
of endocrine changes, such as
hypothyroidism, be involved?
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and obese humans, which may identify potential therapeutic targets for metabolic pathologies
[116]. The regulatory impacts of these genes should be further investigated as novel modulators
of adipocyte metabolism and function. Epigenetic transgenerational inheritance is a novel mech-
anism to consider in the etiology of obesity, and further research and eventual human studiesmay
provide insight into potential therapeutics for metabolic diseases.

Concluding Remarks and Future Directions
Obesity has become a worldwide public health crisis, with a rapid increase in prevalence over the
past 30 years. Although poor diet and an increasingly sedentary lifestyle have been traditionally
indicated as the cause for this increase in obesity, it is clear that other factors also increase
susceptibility to obesity. Various environmental insults have been shown to modify the germline
epigenome and induce a transgenerational phenotype in future generations in the absence of
continued exposure. Epigenetic transgenerational inheritance is a highly conserved mechanism
for adaptive response to the environment, and has been identified in a variety of both plant and
animal species. Several ancestral environmental exposures can transgenerationally increase
the susceptibility to obesity and adult onset diseases. A number of different studies have investi-
gated heritable epigenomic changes in the male germline [80,82,97,99,100,107] and, recently, a
study attempted to identify a potential obesity-specific epigenetic signature in sperm [97]. This
research should be developed further to determine the plausibility of a preconception biomarker
of increased susceptibility to obesity in offspring. Identification of biomarkers in the spermmay aid
in early development interventions to prevent adverse metabolic outcomes.

Unfortunately, little is known about the transgenerational effects in the female germline. Although
molecular analysis of oocytes has proven challenging due to the inability to collect adequate
numbers of cells [123], there have been attempts to identify female-germline specific disease
phenotype inheritance through parent-of-origin allelic transmission [82,107,109]. Maternal and
paternal outcrosses of DDT and vinclozolin lineage rats identified transgenerational disease pheno-
types that may require both male and female germline-mediated changes [109]. Recent advance-
ments in single cell or low cell count sequencing technologies are under development and have
started to be applied to recent transgenerational studies [104,123]. Applying single cell sequencing
technology to transgenerational studies will not only give a more accurate understanding of the
molecular etiology of the inheritance of obesity, but also has the potential to identify novel mecha-
nisms of epigenetic inheritance.

Many studies are attempting to identify the germline-mediated mechanisms behind the
transgenerational inheritance of obesity; however, few focus on identifying the molecular changes
at the tissue or somatic cell level. Previous studies have shown that epigenetic transgenerational
inheritance of obesity following ancestral exposure can modify adipocyte differentiation and the epi-
genome of adipose tissue and adipocytes [85,114,116]. These studies have identified epigenetic
modifications of certain genes and pathways that have the potential to be used as pharmaceutical
targets. Further studies are needed to investigate whether similar epigenetic changes are present
in humans (see Outstanding Questions).
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