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There is a growing body of evidence linking maternal overnutri-
tion to obesity and psychopathology that can be conserved across
multiple generations. Recently, we demonstrated in a maternal
high-fat diet (HFD; MHFD) mouse model that MHFD induced
enhanced hedonic behaviors and obesogenic phenotypes that
were conserved across three generations via the paternal lineage,
which was independent of sperm methylome changes. Here, we
show that sperm tRNA-derived small RNAs (tsRNAs) partly contrib-
ute to the transmission of such phenotypes. We observe increased
expression of sperm tsRNAs in the F1 male offspring born to HFD-
exposed dams. Microinjection of sperm tsRNAs from the F1-HFD
male into normal zygotes reproduces obesogenic phenotypes and
addictive-like behaviors, such as increased preference of palatable
foods and enhanced sensitivity to drugs of abuse in the resultant
offspring. The expression of several of the differentially expressed
sperm tsRNAs predicted targets such as CHRNA2 and GRIN3A, which
have been implicated in addiction pathology, are altered in the
mesolimbic reward brain regions of the F1-HFD father and the re-
sultant HFD-tsRNA offspring. Together, our findings demonstrate
that sperm tsRNA is a potential vector that contributes to the trans-
mission of MHFD-induced addictive-like behaviors and obesogenic
phenotypes across generations, thereby emphasizing its role in di-
verse pathological outcomes.
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In recent years, there has been increasing interest in how pa-
rental environmental insults can induce long-lasting physio-

logical and behavioral changes in the progeny, and specifically
how these acquired traits are transmitted from parents to sub-
sequent generations through nongenomic mechanisms (1, 2). A
better understanding of such ancestral effects may provide insight
into the etiology of obesity. In addition, this will enable new pre-
ventive and therapeutic measures for various noncommunicable
diseases, such as diabetes, cardiovascular, and neuropsychiatric
disorders (3, 4). Changes in epigenetic marks in sperm and oocytes
such as DNA methylation, histone modifications, and noncoding
RNAs have been implicated in the transgenerational transmission
of such heritable phenotypes (5–10).
The increasing prevalence of maternal obesity or overnutrition

is a major public health concern in the present millennium as a
result of long-term effects on the physiology and behavior of
offspring across generations (11). Recently published works from
our laboratory have shown that offspring born to 9-wk high-fat
diet (HFD)-exposed dams develop an obesogenic phenotype and
enhanced hedonic behaviors, such as overconsumption of pal-
atable foods and higher sensitivity to drugs of abuse. These traits
are transmitted up to the third generation (F3) via the paternal
lineage without any further exposure to HFD (12, 13). In addi-
tion, a sustained reduction in striatal dopamine levels is observed
across all three generations. This may imply that a hypodopaminergic
state of the mesolimbic reward system is partly responsible for the

altered hedonic and obesogenic phenotypes (12, 13). Similar to
other early nutritional animal models, we have observed only
moderate changes in CpG methylation in F1 (first-generation)
and F2 (second-generation) sperm between the offspring groups
(13–15). This suggests that sperm methylome might not constitute
the principal mode of transmission of these phenotypes.
Although changes in DNA methylation pattern and histone

modifications have been reported following a range of early-life
environmental exposures (14, 16–19), a causal link between the
germ cell epigenetic marks and the observed phenotypes in the
offspring still remains elusive. In this context, sperm RNAs have
gained wide attention recently because they can provide absolute
proof of the direct dissipation of information across generations
(8, 10, 20, 21). The role of sperm small noncoding RNAs
(sncRNAs) in the regulation of DNA methylation, histone
modifications, and mRNA transcription strongly suggests that
sperm sncRNAs can be a potential vector of the gene–environ-
ment interaction (22). As mature sperm harbors a diversity of
sncRNAs, such as miRNAs, PIWI-interacting RNAs (piRNAs),
and tRNA-derived small RNAs (tsRNAs) (23), sperm RNA re-
search in the context of transgenerational and intergenera-
tional epigenetic inheritance shifted its focus to identifying the
roles of specific subpopulations of sncRNAs (8, 10, 21, 24, 25).
More recently, a number of studies have shown that paternal low
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protein or HFD exposure could alter sperm tsRNAs levels across
generations (20, 26–28). These alterations in sperm tsRNAs
alone are capable of transmitting paternal HFD-induced im-
paired glucose-tolerance phenotype in the progeny (20, 29).
We have observed persistence obesogenic and addictive-like

phenotypes in offspring born to HFD-fed dams up until the third
generation that could not be explained by changes in sperm
methylome. Therefore, the present study aims to investigate
whether sperm RNAs play a role in the inheritance of obesogenic
and addictive-like traits and whether there are specific subpopula-
tions of sperm sncRNAs that are responsible for this transmission.

Results
Hedonic and Metabolic Phenotypes in Sperm Total RNA-Injected
Offspring. We first generated sperm total RNA-injected off-
spring according to the scheme outlined in Fig. 1. This allowed us
to determine whether sperm RNAs could be a potential medi-
ator of the transgenerational transmission of altered phenotypes
following a maternal HFD (MHFD) challenge. F0 female mice
were exposed to HFD (60% energy from fat; Kliba 2127) or
regular chow diet [control (CTR); Kliba 3430] for 9 wk (3 wk
before mating, 6 wk during gestation and lactation). Subsequently,
F1 offspring from HFD and chow-fed (i.e., CTR) dams were ex-
posed to chow diet and water ad libitum throughout their life. We
isolated and purified total RNAs from sperm of F1-HFD and F1-
CTR offspring at postnatal day (PND) 70. The purified total
RNAs from both groups were injected separately into normal
fertilized mouse oocytes to generate HFD-total RNA and CTR-
total RNA offspring, respectively (RNA injection was normalized
to the amount of six sperm). Upon weaning at PND 21, the total
RNA-injected offspring were given ad libitum access to chow diet
and water unless otherwise indicated. All behavioral and meta-
bolic assessments commenced when the animal reached adult-
hood at PND 70.
HFD-total RNA offspring showed obesogenic phenotypes. As shown in
Fig. 2A, male and female HFD-total RNA offspring kept on
chow diet gained significantly more weight compared with the
CTR-total RNA offspring from postnatal weeks 5 to 9 (P <
0.0001). The increased weight gain was caused by an increased

fat mass as measured by CT scan (Fig. 2 C–G). Male and female
HFD-total RNA offspring displayed increased body fat content
(P < 0.002), greater fat depot in s.c. (P < 0.001), and increased
visceral fat (P < 0.03), as well as higher fat mass ratio (P < 0.02),
with no significant difference in lean mass (P = 0.07), compared
with their CTR littermates. Furthermore, HFD-total RNA off-
spring showed higher blood glucose levels (P < 0.03) than CTR
following a systemic insulin injection in the insulin-tolerance test
(Fig. 2B and SI Appendix, Fig. S2A). Notably, the impaired insulin
sensitivity was stronger in the male HFD-total RNA offspring
(P < 0.005) compared with the other groups. Consistent with these
findings, HFD-total RNA offspring also displayed elevated fasted
plasma insulin (P < 0.02), higher cholesterol (P < 0.009), and
lower free fatty acid (FFA) levels (P < 0.002) compared with their
CTR littermates (Fig. 2 H–J). No difference in plasma triglyceride
level was detected between the groups (P = 0.88; Fig. 2K). These
results indicate that HFD-total RNA offspring developed obesity
and the metabolic syndrome-like phenotypes.
Altered hedonic-like behaviors in the HFD-total RNA offspring. As we
have shown that HFD-total RNA offspring develop an obeso-
genic phenotype, we were interested to investigate whether this
disposition for obesity may be associated with an altered central
reward system. Therefore, we next characterized offspring be-
havior in response to natural rewards as well as drugs of abuse
(30). Consumption of appetitive stimuli has been used to index
the hedonic value attributed to those stimuli (31). Therefore, we
tested hedonic-like behaviors in response to natural rewards,
such as HFD and sucrose, in a free-choice paradigm (32). All
offspring groups consumed more HFD than chow diet (P <
0.0001), and females consumed significantly more HFD com-
pared with the males (P < 0.01), in the HFD preference test.
However, no difference was detected in HFD preference be-
tween the HFD-total RNA offspring compared with the CTR-
total RNA offspring (Fig. 3A). Similarly, when offspring were
given a free choice of water and sucrose solution, all offspring
groups preferred the sucrose solution at all concentrations vs.
water (P < 0.0001). However, no difference was observed in
sucrose preference between the groups (Fig. 3B). Next, we assessed
offspring’s hedonic response to drugs of abuse in an alcohol
preference test and in the amphetamine sensitivity test. In the al-
cohol preference test, when offspring were given free choice be-
tween alcohol solution and water, all offspring groups preferred
the alcohol solution at all concentrations to water (P < 0.0001).
Females consumed more alcohol than males (P < 0.0001). Nota-
bly, male and female HFD-total RNA offspring showed signifi-
cantly greater hedonic drinking of alcohol at higher concentrations
compared with their CTR littermates, indicating an increased
preference for alcohol in the HFD-total RNA offspring (P <
0.0001; Fig. 4A). Similarly, HFD-total RNA offspring show en-
hanced sensitivity to the acute drug stimulant effect of amphet-
amine. As depicted in Fig. 4B, there was no difference in baseline
spontaneous locomotor activity or in response to a saline solution
injection between the offspring groups. Amphetamine-induced
locomotor activity was significantly increased in male and female
HFD-total RNA offspring compared with their controls (P < 0.01).
Together, these findings may imply that total RNA from the F1-
HFD father sperm could lead to enhanced susceptibility to drug
abuse in the resultant HFD-total RNA offspring.

Characterization of Hedonic and Metabolic Phenotypes in Offspring
Generated from Sperm RNA Fragment Injection. To further investi-
gate which subpopulations of sperm sncRNAs are responsible for
the transmission of these phenotype changes, we first collected
mature sperm from the cauda epididymis of F1 male mice born to
HFD- and chow-fed dams. The total RNA from the sperm sample
was extracted by using TRIzol-chloroform method according to the
manufacturer’s instructions. The total RNA was then run on 6%
Tris-borate-EDTA (TBE) gel, and the location of RNA fractions was
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Fig. 1. Breeding scheme to generate sperm sncRNA-injected offspring. Fe-
male mice (F0) were fed HFD or chow diet for 3 wk preconception and 6 wk
during gestation and lactation to obtain F1-HFD and F1-CTR offspring, re-
spectively. Mature sperm was isolated from F1-HFD and F1-CTR males at PND
70. Sperm total RNAs from F1-HFD and F1-CTR males were separated on a
6% TBE gel. Sperm total RNAs as well as isolated RNA fragments at sizes
∼70–90 nt, ∼40–45 nt, and ∼30–34 nt were purified and microinjected into
male pronuclei of normal fertilized eggs to generate total RNA, tRNA,
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CTR groups were on chow diet since weaning. HFD and CTR offspring groups
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Colors of the mice are matched with the color codes used for the groups in
subsequent graphs.
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determined by the position of standard small RNA markers by using
long-wave UV light illumination of the gel. We found three prom-
inent RNA fragments bands at sizes of ∼70–90 nt, ∼40–45 nt, and
∼30–34 nt in length. The majority of ∼70–90-nt RNAs are known to
contain tRNA, so we labeled this fraction as tRNA (33). The small
RNAs at the length of ∼30–34 nt in mature sperm have been
reported to be enriched with fragments derived from tRNA (20, 26,
29, 33–35). We termed these RNA fractions tsRNAs as described by
Chen et al. (35). The content of this fraction was later confirmed by
small RNA sequencing analysis (see Fig. 8A). The RNA content at
sizes of ∼40–45 nt is not known, and we therefore termed it as
T40RNA. Each band at 70–90 nt, 30–34 nt, and 40–45 nt was care-
fully excised together with gel slice, purified, eluted, and later
microinjected separately into normal fertilized oocytes at concentra-
tions similar to the injected total ncRNAs to generate tRNA, tsRNA,
and T40RNA offspring from HFD and CTR groups, respectively
(Fig. 1). The resultant offspring were kept on chow diet and water
unless otherwise specified.
Altered hedonic-like behaviors in the HFD-tsRNA offspring. We assessed
offspring’s hedonic response to natural rewards as well as drugs
of abuse in the same test paradigms to identify which subgroup
conserved the altered phenotypes similar to their ancestors. In
the HFD preference test, a greater intake of HFD than chow
diet was detected in all offspring groups (P < 0.0001). Notably,
HFD-tsRNA offspring showed an increased HFD consumption
compared with the CTR-tsRNA offspring (P < 0.02; Fig. 5A).
Furthermore, the male HFD-tsRNA offspring showed a stronger
preference to HFD compared with their CTR littermates (P <
0.03). In contrast, the offspring from HFD-tRNA (Fig. 5B) and
HFD-T40 RNA (Fig. 5C) groups did not differ in their preference
for HFD compared with the CTR littermates. In the sucrose

preference test, all offspring groups consumed more sucrose than
water (P < 0.0001). Females consumed more sucrose solution
than males, as supported by a significant main effect of sex (P <
0.0001; Fig. 5 D–F). HFD-tsRNA offspring displayed greater
consumption of sucrose solution compared with their controls
(P < 0.02; Fig. 5D). HFD males showed increased sucrose con-
sumption across all different concentrations compared with
their CTR littermates (0.5% sucrose, P < 0.0002; 1% sucrose,
P < 0.0005; 3% sucrose, P < 0.009). Neither HFD-tRNA nor
HFD-T40RNA offspring showed any difference in sucrose
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Fig. 2. Altered metabolic phenotypes in HFD-total RNA–injected offspring. (A) Body weight: HFD-total RNA offspring showed gradually increased body
weight compared with the CTR-total RNA offspring. CTR-total RNA, n = 19 (8 M, 11 F); HFD-total RNA, n = 18 (8 M, 10 F). (B) Insulin tolerance test: HFD-total
RNA offspring had higher blood glucose level than CTR-total RNA following an insulin injection. HFD-total RNA male offspring showed a stronger impairment
of insulin sensitivity. CTR-total RNA, n = 19 (8 M, 11 F); HFD-total RNA, n = 16 (8 M, 8 F). (C–G) Distribution of fat: HFD-total RNA offspring displayed a marked
increase in total fat, s.c. fat, visceral fat, and fat mass ratio, with no difference in lean mass. CTR-total RNA, n = 17 (7 M, 10 F); HFD-total RNA, n = 14 (6 M, 8 F).
(H–K) Plasma parameters: HFD-total RNA group showed higher fasted plasma insulin and cholesterol and lower FFA levels but no difference in plasma tri-
glyceride (TG) levels compared with CTR (n = 6 M/6 F per group). Data are presented as mean ± SEM (*P < 0.05, **P < 0.01, and ***P < 0.001). F, female;
M, male.
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consumption compared with their CTR littermates (Fig. 5 E
and F).
When offspring were given free access to water and alcohol, all

offspring groups preferred alcohol to water (P < 0.0001). Off-
spring from the HFD-tsRNA group showed a marked increase in
alcohol consumption compared with their controls (P < 0.02;
Fig. 6A). Furthermore, we found that the female HFD-tsRNA
offspring had stronger preference for alcohol at higher concen-
trations compared with the other groups (5% alcohol, P < 0.04;
8% alcohol, P < 0.007). On the contrary, alcohol consumption in
HFD-tRNA and HFD-T40RNA offspring was comparable to
that in CTR littermates (Fig. 6 B and C). In the amphetamine
sensitivity test, no difference was observed in spontaneous lo-
comotor activity and locomotor response after a saline solution
injection between the groups (Fig. 6 D–F). A significant increase
in locomotor activity following a systemic amphetamine injection
was found in male and female HFD-tsRNA offspring compared
with their CTR littermates (P < 0.009; Fig. 6D). Neither HFD-
tRNA nor HFD-T40RNA offspring showed any difference in
locomotor activity in response to the drug compared with their
respective control groups (Fig. 6 E and F). Together, these re-
sults indicate that injection of sperm 30–34-nt RNAs from F1
HFD males predispose offspring to develop an increased pref-
erence for palatable foods as well as enhanced sensitivity to
drugs of abuse similar to their fathers.
HFD-tsRNA offspring showed altered metabolic phenotypes in normal-fed
condition. We next evaluated the metabolic phenotypes of the
offspring born after different sperm RNA fragment injections.
Offspring were weaned and maintained on ad libitum chow diet
and water. Body weight was measured weekly from postnatal
weeks 3 to 12. HFD-tsRNA offspring gained significantly more
weight over the weeks compared with the CTR-tsRNA offspring
(P < 0.004; SI Appendix, Fig. S1A). Furthermore, weight gain was

more pronounced in male HFD-tsRNA offspring (P < 0.0001).
Consistent with these findings, HFD-tsRNA offspring displayed
higher blood glucose levels compared with their CTR littermates
following a systemic insulin challenge, indicating an impaired in-
sulin sensitivity in the HFD-tsRNA group (P < 0.05; SI Appendix,
Figs. S1D and S2B). The effect was stronger in male HFD-tsRNA
offspring compared with the other groups (P < 0.002). Offspring
from HFD-tRNA as well as HFD-T40RNA showed neither dif-
ferences in body weight nor alterations in blood glucose levels
following an insulin challenge compared with their respective
controls (SI Appendix, Fig. S1 B, C, E, and F). Together, these
findings indicate that the HFD-tsRNA group developed marked
weight gain associated with impaired insulin sensitivity. In-
terestingly, these metabolic phenotypes were stronger compared
with F1-HFD fathers but similar to the phenotype observed in the
HFD-total RNA offspring group.
HFD-tsRNA offspring showed altered metabolic phenotypes after chronic
junk food exposure.HFD-tsRNA offspring maintained on standard
chow diet gained significantly more weight and showed increased
preference for palatable foods, such as HFD and sucrose solution.
We next evaluated their feeding behavior as well as food prefer-
ence by giving the mice free access to palatable foods (HFD and
1% sucrose solution) and regular chow diet and water for 12 wk
(from postnatal week 5 to postnatal week 16) in their home cages
and characterized their metabolic phenotypes (Fig. 7A). In-
dependent control groups of HFD-tsRNA and CTR-tsRNA off-
spring were given ad libitum chow and water during this time
period. Body weight and food intake were measured weekly
during the experimental period. As depicted in Fig. 7B, at the
beginning of the chronic junk food exposure, no difference in body
weight was observed between the groups. After 5 wk of junk food
exposure, female HFD-tsRNA offspring showed a significant in-
crease in body weight compared with the CTR littermates, and the
difference progressively increased over the 12-wk junk food ex-
posure (P < 0.009). In the males, a significant body weight dif-
ference commenced after 9 wk of junk food exposure. Weight gain
was significantly stronger in the HFD-tsRNA group compared
with their controls (P < 0.004). At the end of the experiment, male
HFD-tsRNA offspring weighed 14.99% more than their CTR
littermates, which was associated with increased total fat content
(P < 0.004; SI Appendix, Fig. S3B), s.c. fat (P < 0.008; SI Appendix,
Fig. S3C), visceral fat depots (P < 0.002; SI Appendix, Fig. S3D),
and fat mass ratio (P < 0.01; SI Appendix, Fig. S3E), with no
difference in lean body mass (P = 0.08; SI Appendix, Fig. S3A).
However, no difference in fat mass distribution was detected
between the female HFD-tsRNA and CTR-tsRNA groups.
Furthermore, male HFD-tsRNA offspring developed impaired
insulin sensitivity at the end of the experiment (P < 0.008; Fig.
7C and SI Appendix, Fig. S2C). Consistent with these findings,
male HFD-tsRNA offspring showed elevated fasted plasma in-
sulin (P < 0.04; SI Appendix, Fig. S3F), plasma leptin (P < 0.002;
SI Appendix, Fig. S3H), and cholesterol levels (P < 0.01; SI
Appendix, Fig. S3G). The weekly food intake measurements in-
dicated that offspring exposed to junk food consumed more
HFD and drank more from the sucrose solution compared with
chow food and water, respectively (Fig. 7 D and E). No differ-
ence in chow food and water consumption was detected between
the groups. Notably, male and female HFD-tsRNA offspring
showed significantly higher HFD (P < 0.0001; Fig. 7D) and su-
crose consumption (P < 0.0001; Fig. 7E) compared with their
CTR littermates during the junk food choice period. In the
control group (chow/water-fed cohort), no difference was de-
tected in consumption of chow (mean, HFD-tsRNA = 25.33 ±
0.34; CTR-tsRNA = 24.51 ± 0.35) and water (mean, HFD-
tsRNA = 30.99 ± 0.59; CTR-tsRNA = 29.73 ± 0.48) between
HFD-tsRNA and CTR-tsRNA offspring (SI Appendix, Fig. S4 A
and B). We next measured their energy expenditure in the
metabolic cages. As shown in SI Appendix, Fig. S5 A–E, the junk
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food-exposed HFD-tsRNA offspring did not show any difference
in O2 consumption (P = 0.89), CO2 production (P = 0.68), heat
production (P = 0.86), respiratory exchange ratio (P = 0.11), or
general locomotor activity (P = 0.91) compared with the CTR-
tsRNA offspring. Together, these findings demonstrate that,
upon free choice of chronic junk food, the HFD-tsRNA off-
spring exhibited greater preference for palatable foods compared
with the CTR-tsRNA offspring. The long-term preference and
excessive consumption of palatable foods further exacerbated

the obesity state and other features of the metabolic syndrome in
the HFD-tsRNA group. This obesogenic phenotype was more
pronounced in male HFD-tsRNA offspring.

Sperm sncRNA Profiling of HFD and CTR F1 Father and Functional
Correlation. To confirm whether sperm tsRNA is the major medi-
ator of the altered hedonic and metabolic phenotypes in the prog-
eny, we next investigated the sperm sncRNA profiles (16–40 nt) of
the HFD and CTR F1 fathers by small RNA deep-sequencing
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analysis. Analysis of the sequencing data revealed that the size
distribution of sequencing reads is similar between the HFD and
CTR sperm (Fig. 8A). Principal component analysis of differen-
tially expressed small RNAs showed clear clustering of the sample
groups (Fig. 8B). In addition, sperm of both groups contain sig-
nificantly higher amounts of tsRNAs (∼28–34 nt) compared with
the other sncRNA population. Comparative analysis of sncRNAs
between HFD and CTR F1 sperm revealed significantly higher
amounts of tsRNAs in the HFD vs. their controls (P < 0.04; Fig.
8C), predominantly 5′ tRNA halves (SI Appendix, Fig. S6A). A
difference in the expression of several tRNA fragments was de-
tected between HFD and control sperm. The difference between
source tRNAs as a whole was statistically significant for 13 tRNAs
(Fig. 8D). Next, to understand how sperm tsRNAs could program
increased hedonic-like behaviors and metabolic abnormalities in
the HFD-tsRNA offspring, we screened for putative target tran-
scripts of the differentially expressed tsRNAs. We predicted 3,306
transcripts to be up-regulated and 2,711 transcripts to be down-
regulated in the HFD group compared with their controls by
assigning score values to each transcript based on the different
amount of targeting tsRNA molecules between both conditions
(SI Appendix, Fig. S7A). We then selected the top 50 predicted
targets from the up-regulated and down-regulated transcripts and
performed an intensive literature search to identify the most
promising candidates based on their implications in development,
epigenetic regulation, central dopamine signaling pathways, met-
abolic function, addiction pathology, obesity, and related meta-
bolic syndrome. We identified seven potential targets (CHRNA2,
VAV3, ZCCHC11, EEFA1, DHRS3, DAB2IP, GRIN3A) related
to neuronal development and addiction pathology and assessed

their expression levels in the dorsal striatum (dSTR), nucleus
accumbens (Nac), and ventral tegmental area (VTA) of F1 fathers
and tsRNA offspring. These brain structures were selected be-
cause of their role in initiation and maintenance of hedonic-driven
behaviors (36). One of the candidate genes, CHRNA2, which is
known to be involved in nicotine and alcohol addiction (37, 38),
was increased in the dSTR of F1-HFD fathers (P < 0.05) and
tsRNA-HFD offspring compared with the CTR groups (P < 0.03;
Fig. 8E). Similarly, the level of CHRNA2 was found to be higher in
the VTA of F1-HFD fathers (P < 0.05) and tsRNA-HFD off-
spring (P < 0.03; Fig. 8G) compared with their CTR littermates.
In contrast, the expression of CHRNA2 was significantly lower in
the Nac of F1-HFD (P < 0.05) and tsRNA-HFD offspring (P <
0.04; Fig. 8F) compared with the CTR groups. Further, another
potential target gene, GRIN3A, that has been implicated in
neuronal plasticity associated with drug addiction (39, 40), showed
altered expression in the dSTR of F1-HFD and tsRNA-HFD
offspring (SI Appendix, Fig. S7B). The level of GRIN3A was
higher in the F1-HFD males compared with the F1-CTR males
(P < 0.02), whereas the expression was lower in the HFD-tsRNA
offspring compared with their CTR littermates (P < 0.05). Several
other candidates (VAV3, EEFA1, ZCCHC11, DHRS3, and DAB2IP)
that play important roles in neurite growth and differentiation
during the early phase of development showed altered expression
patterns in the dSTR and Nac of F1-HFD fathers and HFD-
tsRNA offspring compared with CTR littermates (SI Appendix,
Fig. S8 A–D), with no changes in VTA (SI Appendix, Fig. S8 E and
F). Together, these findings suggest a possible functional associ-
ation between altered sperm tsRNAs levels in F1-HFD fathers
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and the observed altered hedonic phenotypes in the resulting
HFD-tsRNA offspring.

Discussion
The present study provides evidence that obesogenic and he-
donic phenotypes in the progeny following MHFD exposure are
mediated through sperm tsRNAs. Among different subgroups of
sperm sncRNAs, microinjection of sperm tsRNAs from F1 HFD
male into the naïve zygote could induce obesogenic phenotypes
and addictive-like behaviors, such as increased preference for
palatable foods and enhanced sensitivity to drugs of abuse in the

resulting offspring. These findings indicate that sperm tsRNAs are
essential for the transmission of such acquired traits to subsequent
generations. Furthermore, deep-sequencing analysis of sperm
sncRNAs of F1 HFD and CTR fathers revealed that the HFD
sperm had a larger proportion of sperm tsRNAs, predominantly
5′ tRNA halves, compared with CTR sperm. Together, these results
provide a direct link between sperm tsRNAs and the inheritance
of MHFD-induced hedonic and metabolic traits in the progeny.

Sperm tsRNA Mediated Transmission of Altered Hedonic Phenotypes.
The present study shows that microinjection of total RNAs or
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tsRNAs from F1-HFD male sperm into naïve-fertilized oocytes
could induce an increased response to drugs of abuse in the
resultant offspring. We observed an increased sensitivity to am-
phetamine in male and female HFD-total RNA as well as HFD-
tsRNA offspring, similar to the F1-HFD (12, 41, 42) and the F2-
HFD offspring (13) conceived through conventional means. In
addition, male and female HFD-total RNA as well as HFD-
tsRNA offspring showed an increased preference for alcohol
compared with the CTR littermates, similar to their ancestors
(12, 41, 42). Conversely, HFD-total RNA offspring did not show
any difference in response to natural rewards, such as HFD and
sucrose, compared with their CTR littermates, unlike the phe-
notypes observed in HFD-F1 ancestors (12, 43, 44). Injection of
isolated tsRNA from the HFD-F1 sperm could recapitulate the
enhanced preference for natural rewards in male HFD-tsRNA
offspring. A similar pattern of phenotypic variation across gen-
erations was reported in several other models of parental diet-
induced metabolic abnormalities (21, 35, 45). In a paternal
Western diet (WD), the immediate offspring derived from the
microinjection of sperm miR19 of WD father did not develop
obesity, whereas the subsequent descendant showed the com-
plete obesogenic phenotype (21). There may be several possible
explanations for these phenotypic variations among the progeny.
First is the involvement of other regulatory machineries such as
amplification of RNAi reactions, RNA-dependent RNA poly-
merases, or other sncRNAs that can silence or induce target
mRNA expression in different tissues (46). Second is the
“rheostat effect” for imprinted genes, which defines the in-
terindividual variability of gene expression with respect to epi-
genetic alterations (47).

Sperm tsRNA Mediated Transmission of Altered Metabolic Phenotypes.
There is a growing body of evidence that long-term paternal
dietary insult such as low-protein diet (26), HFD (29, 35), or WD
(21) exposure can induce sperm sncRNA-mediated transmission
of metabolic phenotypes in the offspring. However, very little is
known about whether maternal overnutrition affects offspring
sperm RNA profile and its association with acquired phenotypes.
We believe this is the first work that shows that sperm total
RNA- and tsRNA-mediated transmission of MHFD induced a
strong metabolic phenotype in the progeny. Similar to other
parental nutrition models (21, 35), variation in metabolic phe-
notypic inheritance was also evident in offspring generated
through injection of sperm RNAs from F1-HFD males. Notably,
here, the obesogenic phenotype, including marked adiposity,
insulin insensitivity, and altered circulating metabolic parame-
ters, was more pronounced in the HFD-total RNA and HFD-
tsRNA offspring reared on chow diet compared with the mild
phenotype observed in the HFD-F1 offspring (12). Human daily
food choice and consumption is challenged by the selection of
energy-dense, highly palatable, heavily processed junk foods over
a healthy, balanced diet. The easy availability and increased
preference for palatable foods aggravate the risk of obesity and
the metabolic syndrome in some individuals. We and others have
shown that a free-preference choice of a calorie-dense diet could
induce overconsumption of palatable foods that facilitated the
development of obesity and diabetes in the offspring (12, 48, 49).
To simulate human daily food preference and consumption in
the tsRNA offspring group, we enabled free access to highly
palatable foods (HFD and sucrose solution) as well as to a
healthy diet (chow and water) for a prolonged period. This led to
increased consumption of palatable foods in male and female
HFD-tsRNA compared with the CTR-tsRNA offspring. Inter-
estingly, male HFD-tsRNA offspring were more prone to de-
velop an obese trait than their female littermates. Similar pattern
of sex-specific phenotypic inheritance has been noticed in several
recent models of MHFD (7, 13, 50, 51), but the contribution of
sex in different phenotypic outcomes remains elusive (50).

Altered Sperm tsRNA Content of F1 Fathers and Functional Association
with the Observed Phenotypes. Among different subpopulations of
sperm RNAs, tsRNAs have been reported to constitute the major
portion of sncRNAs (34). Although the biological function is still
not clear, a potential link between higher sperm tsRNA levels and
obesity has been observed in human and animal studies. A recent
human study reported greater abundance of several tRNA frag-
ments in the sperm of obese men compared with healthy lean
subjects (52). Similarly, increased levels of tsRNAs were also
observed in adult rodents following long-term HFD or low protein
exposure (26, 29, 35). In one study, Chen et al. (35) reported that
a subset of tsRNAs showed an altered expression profile and
RNA modifications in HFD-fed mice. Moreover, the authors
showed altered gene expression of metabolic pathways in early
embryo and islets of the resultant offspring (35). Sharma et al.
(26) showed that protein restriction in male mice affects the
tsRNAs of mature sperm, particularly 5′ fragments of glycine-
tRNA. These affected tsRNAs could repress the genes associ-
ated with the endogenous retroelements (MERVL) in the early
embryo that might underlie the emergence of obesogenic phe-
notypes during adulthood (26). Consistent with their observations,
we also found a significantly higher tsRNA content in F1 HFD
sperm, with the predominance of 5′-tRNA halves, compared with
F1 CTR. Further, injection of tsRNAs from HFD-F1 males in-
duced obesogenic and addictive-like phenotypes in the resultant
offspring, similar to their fathers. Notably, in the paternal HFD
and protein-restricted models, the adult male mice (F0) were
exposed to the dietary insults for a period of 6 wk to 6 mo and the
metabolic effects were observed in the immediate offspring (F1)
(26, 29, 35). Taken together, the added significance of our findings
is threefold. (i) F1 male sperm were exposed to HFD exclusively
during the early stages of development, which encompasses the
intrauterine and early postnatal weeks. Even such a short HFD
exposure could induce significant alterations in the tsRNA con-
tent. (ii) The altered sperm tsRNAs were able to transfer MHFD-
induced abnormal phenotypes in subsequent generations (F2),
indicating a transgenerational inheritance. (iii) In addition to the
inheritance of metabolic traits, we have shown here that sperm
tsRNAs from F1-HFD males could also mediate addictive-like
phenotypes in the resultant offspring.
Our study further identified predicted target transcripts of the

differentially expressed tsRNAs between F1-HFD and F1-CTR
sperm. Seven of these candidate genes, CHRNA2, GRIN3A,
VAV3, ZCCHC11, EEFA1, DHRS3, and DAB2IP, were func-
tionally related to neuronal growth, differentiation, axonal
guidance, dendritic spine formation, and maturation in the de-
veloping brain (53–59). These genes showed altered expressions
in the Nac, dSTR, and VTA of the F1-HFD and tsRNA-HFD
offspring. Notably, expression of CHRNA2 and GRIN3A is
known to be highly regulated during the early postnatal period
(PND 3–21), indicating a critical window for early-life insults (53,
54, 60). In addition, a mutation in CHRNA2 (also known as
nicotine acetylcholine receptor-α subunit 2; nAChrs-α) in humans
has been reported to increase the risk of nicotine and alcohol
addiction (61, 62). Global KO of CHRNA2 in mice was shown
to potentiate nicotine self-administration, food-reinforcement be-
haviors, and withdrawal symptoms via the alteration of GABA,
glutamate, and dopamine signaling in the interpedencular nucleus,
habenula, and mesoaccumbal pathways (37, 63, 64). The persistent
alteration of CHRNA2 expression observed in the dSTR, Nac, and
VTA of F1-HFD fathers and HFD-tsRNA offspring could cause
similar circuit-level adaptations in the dopaminergic and gluta-
matergic pathways. This, in turn, can lead to the manifestation of
addictive-like behaviors. In parallel, we also observed altered ex-
pression of GRIN3A in the dSTR of F1-HFD and HFD-tsRNA
offspring. GRIN3A is highly enriched in the glutamatergic projec-
tions of mesocorticolimbic dopaminergic circuits in the adult brain
(65). The protein encoded by GRIN3A, i.e., NMDA receptor subtype
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2, is known to modulate dopamine signaling in drug addiction (65,
66). Up- or down-regulation of the GRIN3A subunit of the
NMDA receptors in the dopamine circuits have been reported in
rodents to alter the glutamatergic tone and stimulate drug-
induced synaptic plasticity. This was shown to trigger behavioral
sensitization, self-administration, and drug-seeking behavior in
advanced stages of cocaine and methamphetamine addiction (39,
40, 67). This suggests that altered GRIN3A expression might also
contribute to the addictive phenotypes developed in our model.
Given that tsRNA alters gene expression via posttranscriptional
modifications (68), it may imply that MHFD exposure induced
increased sperm tsRNA levels. Thus, we could hypothesize that
alterations of these genes’ expression during early development
may have had an impact on neuronal development as well as
central circuit-level function. These changes led to the predispo-
sition of hedonic-like behaviors in the offspring. Although recent
evidence suggests significant contributions of brain miRNAs and
long noncoding RNAs (lncRNAs) in drug addiction (69), the role
of tsRNA in the brain is currently unknown. Our findings can only
provide a possible functional association of altered sperm tsRNAs
and addictive-like behaviors in the offspring. However, more studies
are still needed to address the complex mechanisms through which
sperm tsRNAs induce such phenotypes.
An important observation of the present study is that the

obesogenic traits and hedonic behaviors observed in the tsRNA-
HFD offspring are quite subtle compared with the strong effects
detected in HFD-total RNA-injected offspring. This clearly
suggests that a single epimutation (i.e., altered sperm tsRNAs) is
highly unlikely to be responsible for the inheritance of the whole
phenotypes; rather, a complex interaction between sperm
ncRNAs, DNA methylation, histone modifications, and chro-
matin remodeling might play a role in the transmission of the
whole phenotype (70). Some potential targets in the total RNA
pool can be miRNAs, piRNAs, and lncRNAs. For instance, al-
terations in sperm miRNA profiles have been reported in re-
sponse to various environmental insults such as early-life stress (8,
24) and dietary perturbations (21, 27, 28). Considering the in-
volvement of miRNA families (miR-let 7, miR-10, miR19) in the
regulation of metabolic homeostasis and sperm miRNA-mediated
transmission of paternal WD-induced obesogenic traits in the
offspring, miRNAs could also contribute to the acquired traits
observed in our MHFD model (21, 28, 71). piRNAs are known to
regulate transposon silencing and rearrangement of transposon
elements in the gametic genome (72) and therefore can also play
a role in intergenerational and transgenerational epigenetic
inheritance. Studies in invertebrate species have described piRNA-
mediated transmission of RNAi memory across multiple genera-
tions (73, 74), suggesting that they might be involved in the in-
heritance of metabolic state. Similar to piRNAs, lncRNAs are also
involved in genomic imprinting and early embryonic development,
and may therefore play a critical role in transmission (75). It has
recently been reported in a mouse model of postnatal stress that

microinjection of sperm lncRNAs or sncRNAs from male mice
exposed to postnatal stress could recapitulate some of the risk-
taking behaviors and metabolic alterations similar to the pheno-
types observed in natural offspring of posttraumatic fathers (10).
However, it is necessary to combine sperm lncRNAs and sncRNAs
by injecting total RNAs to reproduce all phenotypes in adulthood,
suggesting a synergistic action of different sperm RNA fractions.
Similar cross-talk between sperm microRNAs and chromatin
remodeling during early embryogenesis has been demonstrated in a
transgenerational mouse model of gigantism (21). The microinjec-
tion of miR-124 into fertilized oocytes led to accelerated growth of
the progeny across three generations. However, the maintenance of
the giant phenotype in the progeny depended on the increased re-
pressive histone marks (H3K9me2 and H3K9me3) at sox-9 locus in
F0 and F1 embryos following initial miR-124 exposure, suggesting
sperm RNA-mediated chromatin remodeling during embryogenesis.
Therefore, we could speculate that a complex interaction between
different sperm RNA fractions and other epigenetic factors such as
DNA methylation, histone modifications, and chromatin remodel-
ing might exist for the inheritance of such complex phenotypes in
our model.
In conclusion, our findings demonstrate that sperm tsRNA is a

potential vector that partly contributes to the transmission of
MHFD-induced addictive-like and obesogenic phenotypes
across generations, thereby emphasizing its role in diverse
pathological outcomes. However, how and at which stages of
sperm development this epigenetic mark is affected by MHFD
exposure, and how it could carry the information of metabolic
and hedonic traits to the next generation, remain to be eluci-
dated. In a recent report, Zhang et al. (29) showed that DNMT2
(DNA methyltransferase 2)-mediated elevated RNA modifica-
tions (m5C and m2G) could increase the level of sperm tsRNA
following long-term paternal HFD exposure and thereby con-
tribute to the transmission of paternal metabolic traits in the
offspring. It will therefore be of great interest to examine
whether such RNA modification machinery or other regulatory
pathways, such as interplay between sperm tsRNA and other
epigenetic marks (76), are involved in MHFD-induced alter-
ations of sperm tsRNA profile and maintenance of such epige-
netic memory in the subsequent generations.

Materials and Methods
Animals, feeding and breeding design, sperm collection, RNA extraction,
small RNA isolation and sperm RNA microinjection, experimental design,
small RNA library preparation, sequencing analysis and tsRNA target pre-
diction, gene-expression analysis, Western blot, behavioral and metabolic
tests, and statistical analyses are described in the SI Appendix. All animal
experiments and procedures were approved by the Zurich Cantonal Veteri-
narian’s Office, Switzerland.
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