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A B S T R A C T   

The activation of brown adipose tissue by cold exposure in paternal mice has been reported to improve the 
metabolic health of offspring. Notably, dietary components for activating BAT have drawn considerable attention 
owing to their high feasibility for human trials. Therefore, here the potential metabolic improving effects of 
dietary capsaicin intervention on diet-induced obese paternal mice and their offspring were measured. The re
sults support that paternal preconceptional capsaicin intervention not only elicited the anticipated enhancement 
of brown fat activity in obese paternal mice, but also improved the metabolic profiles in male offspring evidenced 
by their elevated resistance to high-fat diet challenge. Moreover, changes in sperm DNA methylation and small 
non-coding RNA profile were noted in paternal mice with capsaicin intervention, though additional investigation 
is needed to further delve into the mechanisms. In summary, paternal dietary intervention activating BAT could 
represent a promising strategy for enhancing the metabolic health of offspring.   

1. Introduction 

In recent years, the number of overweight and obese adults has 
increased rapidly (Chooi, Ding, & Magkos, 2019; Ma et al., 2021). 
Moreover, evidence also suggests overweight and obese parents increase 
the risk of obesity and metabolic disease of their offspring (Weihrauch- 
Blüher, Schwarz, & Klusmann, 2019). In a population-based study, 
Jääskeläinen, A. et al. showed that pre-pregnancy obesity and over
weight in parents increased genetic susceptibility to obesity of their 
offspring (Jääskeläinen et al., 2011). Furthermore, a number of studies 
have revealed the profound impact of maternal obesity on the offspring. 
The risk of early childhood obesity is significantly higher in the children 
of obese pregnancies than normal weight women (Adane, Dobson, 
Tooth, & Mishra, 2018; Hu et al., 2019; Josey, McCullough, Hoyo, & 
Williams-DeVane, 2019). A similar observation was reported in dietary- 
induced obesity (DIO) female mice (Kang, Kurti, Fair, & Fryer, 2014). 
Notably, although the influence of maternal obesity on offspring has 
drawn attention in recent decades, a growing number of studies have 

revealed the profound impact of paternal obesity. For instance, a meta- 
analysis performed by Campbell Jared M. et al. showed paternal obesity 
or overweight was significantly associated with augmented body weight 
growth of their children (Campbell & McPherson, 2019). Freeman E. 
et al. also reported offspring of obese fathers (with healthy mothers) had 
a higher obesity risk in a population-based study (Freeman et al., 2012). 
The animal study by Fullston Tod et al. also revealed that high-fat diet- 
induced obesity in paternal mice had a negative effect on the metabolic 
health of its F1 offspring, which even persisted in the subsequent F2 
generation (Fullston et al., 2013). Similarly, paternal Western-style 
high-fat and high-sugar diet was associated with striking intergenera
tional impacts on the offspring including higher body weights in the first 
three weeks, increased Actinobacteria abundance in the gut microbiota 
and a food preference for Western-style diet in C57BL/6J mice (Bodden 
et al., 2022). These findings further challenge the traditional idea that 
sperm only transfers genetic information of genomic DNA sequences to 
offspring. Epigenetic changes have become an important underlying 
mechanism to explain the paternal inheritance of obesity. For example, 
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Grandjean Valérie et al. showed that high-fat diet-induced obesity in 
paternal mice affected the metabolic phenotype (including increased 
body weight, altered glucose tolerance and impaired insulin sensitivity) 
in the offspring by RNA-mediated epigenetic changes (Grandjean et al., 
2015). Barbosa et al. also showed that a high-fat diet altered the DNA 
methylation profile and the expression pattern of small-noncoding RNA 
(sncRNA) in the paternal rat, inducing metabolic changes in the 
offspring (de Castro Barbosa et al., 2016). 

Curbing paternal pre-pregnancy obesity presents a promising strat
egy to improve metabolic phenotype in the offspring. Indeed, many 
trials have been performed and identified exercise (Krout et al., 2018; 
McPherson, Lane, Sandeman, Owens, & Fullston, 2017; Stanford et al., 
2018), and dietary intervention (McPherson, Owens, Fullston, & Lane, 
2015) before pregnancy could improve metabolic health of offspring of 
obese parents. Notably, recent research further revealed that pre- 
pregnancy cold exposure could enhance metabolic function via pro
moting fat browning in obese paternal mice and protected male 
offspring from diet-induced obesity, which was mediated by changing 
sperm DNA methylation pattern in paternal mice (Sun et al., 2018). 
However, although cold exposure could effectively activate brown adi
pose tissue and enhance white adipose tissue browning (Ng et al., 2017; 
Z. Xu et al., 2019), the practical limitations to the implementation of 
cold exposure in humans greatly hinder the applicability of this strategy 
(Fudge, Bennett, Simanis, & Roberts, 2015). Therefore, understanding 
whether dietary browning agents have similar alleviating effects on 
paternal inheritance of obesity as an alternative to cold exposure 
represent a key research need. 

Capsaicin, as the main bioactive component of Capsicum annuum, is a 
natural alkaloid (S. K. Sharma, Vij, & Sharma, 2013). The anti-obesity 
activity of capsaicin has been well documented by previous studies. 
The underlying mechanisms of capsaicin action mainly include increases 
in fat oxidation and energy expenditure, decreases in lipogenesis and 
lipid accumulation, enhancement of lipid metabolism, as well as 
remodeling of the intestinal microbiome (Zheng, Zheng, Feng, Zhang, & 
Xiao, 2017). Moreover, capsaicin has been identified as the agonist of 
TRPV1, a key regulator of brown adipose tissue activation. Indeed, 
capsaicin has been suggested to induce the activation of brown adipose 
tissue via multiple mechanisms (eg. stimulation of sympathetic nerves; 
induction of brown preadipocyte differentiation; activation of mito
chondria biogenesis in adipocytes, etc.). For instance, Baskaran Pad
mamalini et al. showed that capsaicin treatment ranging from 0.399 to 
3.99 mg/kg body weight reduced high-fat-induced obesity and meta
bolic stress by enhancing the expression of thermogenic genes (SIRT1, 
UCP-1 and TRPV1) in mice, which were highly associated with fat 
browning (Baskaran et al., 2019). Furthermore, Yuan et al. showed that 
capsaicin intervention improved metabolic disorders in pregnant 
women with gestational diabetes mellitus and reduced the incidence of 
large-for-gestational-age newborns, which may further lower the risk of 
metabolic disease of offspring with maternal lipid metabolism disorder 
in adulthood (Schaefer-Graf et al., 2008; L.-J. Yuan et al., 2016). The 
evidence derived from these human clinical trials also highlights that 
capsaicin intervention holds promise as a strategy to enhance the 
metabolic phenotype of offspring due to its good safety profile (Schae
fer-Graf et al., 2008; L.-J. Yuan et al., 2016). Therefore, in the current 
study, the potential effects of pre-pregnancy capsaicin intervention on 
paternal inheritance of obesity as well as the possible underlying 
mechanisms were investigated. 

2. Materials and methods 

2.1. Materials and reagents 

Four-week-old specific pathogen-free (SPF) C57BL/6J male and fe
male mice were purchased from Wus Animal Center (Fujian, China). 
Capsaicin (≥95 %) was purchased from Shanghai Aladdin Bio-Chem 
Technology Co., LTD (Shanghai, China). H&E Staining Kit 

(Hematoxylin and Eosin), DAB Chromogenic Kit, Hematoxylin Solution, 
and normal rabbit serum were all purchased from Servicebio Technol
ogy Co., Ltd. (Hubei, China). The primary antibody used for immuno
histochemistry was as UCP-1 antibody (GB112174, 1:200) and the 
secondary antibody was as HRP conjugated Goat Anti-Rabbit IgG anti
body (GB 23303, 1:200), which were both purchased from Servicebio 
Technology Co., Ltd. (Hubei, China). The other chemical reagents used 
in experiments were all analytically pure grade. 

2.2. Animal experiments 

All mice were maintained in cages with wood-chips bedding, and the 
animal laboratory was controlled at 25 ± 1 ◦C temperature, 55 ± 5 % 
humidity, and 12/12 h light/dark cycle. After one week of acclimati
zation, the male mice in normal diet (NDp, n = 6) group and all female 
mice were fed with normal diet (12.11 kcal% fat, low fat). To establish 
the obese male mice model, the other male mice were fed with a high-fat 
diet (45.0 kcal% fat, high fat) for 4 weeks (Speakman, 2019). The diet- 
induced obesity model was considered to be established successfully 
when the body weight of mice with high-fat diet was over 20 % heavier 
than that with normal diet (C. Zhang et al., 2019). Then the obese male 
mice were randomly divided into high-fat diet group (HFDp, n = 6), 
capsaicin intervention group (CAPp, n = 6, HFD plus intragastrically 
administrated with 2.5 mg/kg/d capsaicin (Hosseini et al., 2020),(Bas
karan, Krishnan, Ren, & Thyagarajan, 2016)) and cold exposure group 
(CEp, n = 6, HFD plus 8 ◦C exposure for 8 h each day (Sun et al., 2018)). 
All male mice were measured for respiratory metabolism, oral glucose 
tolerance test and body surface temperature after 6 weeks of treatment. 
The body weight of paternal mice was recorded upon arrival (week 0), 
end of week 1 (after acclimatization), end of week 5 (after DIO model 
establishment), and end of week 11 (after intervention). Each male 
mouse was mated with two female mice in separate cages to ensure 
successful pregnancy. When the vaginal plug was observed, the female 
mice were assumed to be pregnant (Sugiyama et al., 2021) and then 
housed separately with normal diet until delivery. The paternal mice 
were sacrificed by cervical dislocation and collected blood, sperm, liver, 
subcutaneous white adipose tissue (sWAT) and interscapular brown 
adipose tissue (iBAT). 

To avoid differences in the nutritional acquisition of newborn 
offspring mice, two male and two female offspring mice (if possible) 
were raised by each maternal mice until weaning. The maternal mice 
were subsequently euthanized using the cervical dislocation method. 
The offspring mice were fed with normal diet until 8 weeks of age. After 
8 weeks of age, the offspring mice were further divided into NDo group 
(continued to be fed with normal diet) and HFDo group (challenged by 
high-fat diet), with n = 5 in each group. Oral glucose tolerance test and 
body surface temperature were measured at 30 weeks of age before the 
offspring were sacrificed by cervical dislocation to collect blood, sWAT 
and iBAT samples. 

All animal experiments were approved by the Animal Management 
and Use Committee of Fujian Agriculture and Forestry University (No. 
PZCASFAFU22037) and adhered to the National Institutes of Health 
Guide for the Care and Use of Laboratory Animals. 

2.3. Respiratory metabolic measurements 

After adaptation in the metabolism monitoring system for 12 h, 
carbon dioxide production and oxygen consumption of mice was 
measured in ZH-DX animal metabolism monitoring system (Anhui 
Zhenghua Biologic Apparatus Facilities Co., Ltd, China) by sampling 
every 30 s for 24 h (Liang et al., 2016). The mice had free access to food 
and water during the measurement at 25 ◦C with 12 h light/dark cycle. 
The data of carbon dioxide production and oxygen consumption was 
plotted with 1-h intervals and the respiratory exchange ratio (RER, 
VCO2/VO2) was calculated at each interval. 
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2.4. Oral glucose tolerance test (OGTT) 

Blood was taken from tail-end vein of mice and glucose was 
measured by OneTouch Ultra blood glucose meter (Sinocare Inc., 
China). All mice were fasted overnight and the fasting blood glucose (0 
min) was measured. Each mouse was administered orally with 10 % 
glucose solution at 10 µL/g⋅bw, and blood glucose was then measured at 
15, 30, 60 and 120 min (Z. Yuan, He, Cui, & Takeuchi, 1998). Then the 
glucose tolerance curve was created and the area under the curve was 
analyzed. 

2.5. Body surface temperature measurement 

The body surface temperature of mice was measured by infrared 
camera (FLIR ONE Pro LT, FLIR Systems UK, Kent, UK) and analyzed by 
FLIR Tools according to previous literature (Sun et al., 2018). 

2.6. Serum biochemical analysis 

Blood was collected by eyeball removal before cervical dislocation. 
After resting for 30 min, the serum was separated by centrifugation at 
3000 rpm for 10 min (Cao et al., 2014). The levels of triglycerides (TG), 
total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C) and 
low-density lipoprotein cholesterol (LDL-C) were measured by auto
matic biochemical analyzer (7080, Hitachi Co., Japan). 

2.7. Hematoxylin-eosin (H&E) and UCP-1 immunohistochemical staining 

Liver and adipose tissues were collected and fixed in 4 % para
formaldehyde, embedded in paraffin and cut into sections (~5 μm). For 
H&E staining, the tissue sections were stained with hematoxylin and 
eosin after dewaxing and rehydration, and then sealed with neutral gum. 
For immunohistochemical staining, antigen of the tissue sections was 
retrieved with citric acid (pH 6.0) after dewaxing and rehydration. After 
washing with PBS (pH 7.4), the tissue sections were incubated with 3 % 
hydrogen peroxide in darkness for 25 min. The tissue sections were then 
washed with PBS again and blocked with rabbit serum for 30 min. Then 
the tissues sections were incubated at 4 ◦C overnight with the UCP-1 
primary antibody followed by incubation with secondary antibody 
(HRP labeled) for 20 min at 37 ◦C. Enhanced DAB Chromogenic Kit 
(Servicebio, G1211) was used to visualize the localization of an HRP- 
conjugated antibody and the nuclei were counterstained with hema
toxylin. Finally, the adipose tissue sections were sealed with neutral 
gum. The images were observed with microscope (NIKON ECLIPSE 
E100) and analysis with imaging system (NIKON DS-U3). The NAFLD 
activity score was determined according to a previous report (Kleiner 
et al., 2005). To avoid the potential subjectivity inherent in the inter
pretation (such as the degree of inflammation or ballooning), the NAFLD 
activity scores underwent independent assessment by S. Lin and Z. Lin 
before the mean values were obtained. The IHC staining were quantified 
using Image J software and reported as a percentage for each individual 
image (X. Q. Li et al., 2015). The adipocytes areas were also quantified 
using Image J and the distribution of adipocyte area was presented as 
violin plots (Lin et al., 2019). 

2.8. qPCR 

Total RNA was extracted from brown adipose tissue using QIAGEN 
RNeasy Plus Universal Mini Kit (QIAGEN, Hilden, Germany). In brief, 
the brown adipose tissue was weighed (≤100 mg) before homogenized 
in QIAzol Lysis Reagent (QIAGEN, Hilden, Germany). After addition of 
gDNA Eliminator Solution and chloroform with a vigorous shake, the 
homogenate was then separated into aqueous and organic phases by 
centrifugation at 12,000 g for 15 min at 4 ◦C. The upper aqueous phase 
was transferred into a new centrifuge tube and mixed with equal volume 
of 70 % ethanol, which was further purified using RNeasy spin columns. 

The RNA was eluted from the column using RNase-free water (40 μL) 
and quantified by NanoDrop 2000 UV–Vis spectrophotometers (Thermo 
Scientific, Massachusetts, United States), before 1 µg of total RNA was 
reverse-transcribed into cDNA using RevertAid First strand cDNA Syn
thesis kit. Real Time-PCR was performed using the SYBR Green Abstract 
PCR Mix (Sanggon Biotech Co., Ltd., Shanghai, China) and run on 
LightCycler 480 II system (Roche, Basel, Switzerland). The mRNA levels 
of target genes were normalized to β-actin. Primer sequences used are as 
shown in Supplementary Table S1. 

2.9. Collection of sperm samples 

After the paternal mice were sacrificed, the epididymis and vas 
deferens were detached from each testis and minced into small pieces 
(1–2 mm) in a 35-mm culture dish containing pre-warmed PBS buffer 
and placed in 6 % CO2 and 5 % O2 at 37 ◦C for 15 min (McPherson, 
Shehadeh, Fullston, Zander-Fox, & Lane, 2019). After filtering out tissue 
fragments, the suspension was centrifuged at 1500 rpm for 5 min to 
collect sperm precipitation. 

2.10. DNA methylation analysis 

DNA methylation analysis was performed according to a previous 
study (Sai et al., 2020). In brief, genomic DNA of paternal mice sperm 
was extracted by the phenol–chloroform method and purified by ethanol 
precipitation. Extracted DNA was fragmented (to 100–500 bp) with 
Bioruptor (Diagenode) ultrasonication, end repaired, A tailed, and 
ligated to adapters by using NEBNext® Ultra™ DNA Library Prep Kit 
(NEB, USA). According to the standard manufacturer’s protocol (Active 
Motif, USA), methylated DNA immunoprecipitation (MeDIP) was per
formed with a monoclonal antibody against 5-methylcytosine, and 
MeDIP DNA libraries were quantified by using Quant-iT PicoGreen 
dsDNA Kits (Life Technologies, USA). Then samples were paired-end 
sequenced on Illumina NovaSeq 6000 sequencer to generated reads. 
Reads were quality controlled using Q30, with low quality reads filtered 
using cutadapt (v1.9.3) and high-quality reads aligned to the reference 
genome using bowtie2 (v2.2.4). Methylated peaks were called by using 
MACS software (v2.0). Differentially methylated regions (DMRs) were 
identified by diffReps software (v1.55.4) and annotated with the latest 
UCSC RefSeq database. The differentially methylated regions (DMRs) 
were identified with fold changes ≥ 2.0 and P-value ≤ 0.0001 in 
genome-wide methylation regions. Differentially methylated regions- 
associated genes were analyzed by Gene Ontology (GO, https://www. 
geneontology.org) and KEGG (https://www.genome.jp/kegg/) 
pathway. 

2.11. Small-noncoding RNAs analysis 

Sequencing libraries of sncRNAs (including miRNA and piRNA) were 
prepared by using the total RNA. Briefly, after ligating the 3′- and 5′- 
adaptor, the synthesized cDNA was used for PCR amplification and ~ 
150 bp PCR amplicon was selected. The libraries were denatured as 
single-stranded DNA molecules, captured on Illumina flow cells, 
amplified in situ as clusters and finally sequenced for 50 cycles on Illu
mina Novaseq 6000 sequencer following the manufacturer’s 
instructions. 

The clean reads were generated by adaptor trimming (cutadapt 
software 1.9.3) and quality filtering. For miRNA and piRNA, clean reads 
were aligned to the merged Mouse pre-miRNA databases and merged 
Mouse piRNA databases using Novoalign software (v3.02.12) with at 
most one mismatch). The read counts were normalized by TPM (tag 
counts per million aligned miRNAs) approach. Differentially expressed 
miRNAs and piRNAs between two groups were filtered by fold change 
and p-value. 
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2.12. Statistical analysis 

The data are expressed as mean ± standard deviation (SD), and 
statistical analysis was performed using GraphPad Prism 9. The Shapiro- 
Wilk test was used to confirm the normality of the data. For normally 
distributed data, comparison of the means among groups was evaluated 
using one-way analysis of variance with Tukey’s post-hoc tests. A p- 
value < 0.05 was considered statistically significant. 

3. Results 

3.1. Capsaicin supplementation improved metabolic profiles and activated 
iBAT in paternal mice 

As shown in Table 1, the paternal mice in all groups had similar 
initial body weight at the beginning of experiments. After high-fat diet 
intervention for 4 weeks, the body weight of mice in HFDp, CAPp and 
CEp groups was higher (>20 %) than that of the NDp group. Notably, 
compared to HFDp group, the body weight of mice with capsaicin sup
plementation (CAPp) or cold exposure (CEp) was decreased by 16.96 % 
and 14.73 %, respectively (p < 0.05) before mating. In addition, 
consistent with a previous study (Nie, Yan, Yan, Xia, & Zhang, 2015), the 
mice in CAPp and CEp groups also showed decreased fasting blood 
glucose level and serum TG levels compared to the mice in HFDp group, 
though no significant changes in TC, HDL-C and LDL-C levels were 
achieved (p > 0.05) (Table 1). Furthermore, as shown in Fig. 1A, high-fat 
diet-induced obesity also led to significantly elevated NAFLD activity 
score and increased adipocyte size in paternal mice, which were effec
tively ameliorated by capsaicin treatment and cold exposure. 

Capsaicin is a well-documented browning agent that can also induce 
brown adipose tissue activation. Here, it was noted that capsaicin 
treatment significantly elevated the transcriptional levels of a brown 
adipogenic gene (PPARγ) and thermogenic gene (UCP-1) in iBAT as 
determined by real-time PCR (Fig. 1B), which was also supported by the 
results of immunohistochemical stain (Fig. 1C). In addition, the body 
surface temperature of mice photographed by thermal camera and the 
respiratory rate measurement also suggested an increased body surface 
temperature in the interscapular region (Fig. 1D) of the CAPp group and 
respiratory exchange ratio (RER) showed more similarity to the level of 
mice with normal diet (Fig. 1E). These findings may also suggest the 
enhanced iBAT activation upon capsaicin treatment. 

3.2. Paternal capsaicin supplementation improved metabolic phenotype in 
male offspring 

As shown in Fig. 2, upon normal diet feeding, both male and female 
offspring in all groups showed a similar trend on body weight gain. 
Interestingly, when the offspring were exposed to high-fat diet chal
lenge, paternal capsaicin supplementation and cold exposure marginally 
decelerated their body weight gain, especially in male offspring. In 
addition, the blood lipids analysis also revealed the potential beneficial 
effects of paternal capsaicin supplementation on male offspring 
(Compared with the male HFDp-HFDo group, a significant increase in 
HDL-C level was observed in male CAPp-HFDo groups) (Table 2), 
though we failed to observe significant changes in OGTT tests in 
offspring when fed with normal diet or upon high-fat diet challenge 
(Supplementary Fig. S1). Additionally, the H&E staining images also 
illustrated that significant improvements in high-fat diet-induced he
patic steatosis and adipocyte enlargement were observed in the F1 male 
mice of CAPp group (CAPp-HFDo) when compared to the offspring with 
paternal high-fat diet exposure only (HFDp-HFDo) (Fig. 3A). However, 
this beneficial effect was less pronounced in F1 female mice (Fig. 3B). 
Notably, it seems the male offspring with paternal diet-induced exposure 
exhibited more steatosis than their female counterparts. This disparity 
may be a reason why capsaicin has a more obvious beneficial effect on 
male offspring. 

Previous study showed activating paternal brown adipose tissue may 
influence thermogenic activity of brown adipose tissue in offspring (Sun 
et al., 2018). Therefore, to further elucidate the association between 
paternal capsaicin supplementation and changes in metabolic pheno
type in male offspring fed with high-fat diet, we next evaluated the 
thermogenic potential of offspring and quantified the expression levels 
of UCP1 in iBAT. As shown in Fig. 4A, the thermal images demonstrated 
that upon high-fat diet challenge, male offspring of obese paternal mice 
showed impaired thermogenesis at the interscapular region, while 
paternal capsaicin intervention resulted in offspring with higher tem
perature captured at the interscapular region. Real-time PCR and 
immunohistochemical stain also showed that key the thermogenic 
effector (UCP-1) in brown adipose tissue was elevated in high-fat diet 
fed offspring with paternal capsaicin supplementation (Fig. 4B and 4C). 
These findings suggest that paternal capsaicin intervention induces 
brown adipocyte function in male offspring. 

3.3. Paternal capsaicin supplementation induced alterations in DNA 
methylation patterns in paternal sperm 

To further explore the possible mechanisms of paternal capsaicin 
intervention influencing offspring metabolic phenotypes upon high-fat 
diet challenge, global DNA methylation of sperm isolated from 
paternal mice was determined by MeDIP-5mC. The methylation peaks of 
sperm DNA of NDp, HFDp, CAPp and CEp groups were identified as 
approximately 6.93 × 104, 5.02 × 104, 3.42 × 104 and 6.79 × 104, 
respectively. Particularly, the major methylation regions of the peaks 
overlapping genomic annotations located in the intronic and intergenic 
regions in all tested groups (Fig. 5A). Pairwise comparation between 
groups further revealed that both cold exposure and capsaicin inter
vention in paternal obese mice resulted in widespread changes in DNA 
methylation on the genome, though the changing patterns displayed 
noticeable differences (Fig. 5B). 

As DNA methylation changes in promoter regions can dramatically 
alter the gene expression profiles, Gene Ontology (GO) and KEGG 
pathways analysis were used to further analyze the biological function 
of differentially methylated related-genes (DMGs) in the promoter re
gion (TSS − 2000 ~ TSS + 2000) between the CAPp and HFDp groups. 
Interestingly, the GO analysis results showed promoter-related DMGs 
were significantly enriched in metabolic energy regulation-related 
pathways, such as “glycogen biosynthetic process (GO:0005978)”, 
“negative regulation of lipid metabolic process (GO:0045833)” and 

Table 1 
Effects of capsaicin supplementation on metabolic profiles in paternal mice.  

Group NDp HFDp CAPp CEp 

Body 
weight 

B.W week 1 17.80 ±
1.03 

18.10 ±
1.21 

17.83 ±
1.01 

18.13 ±
0.60 

B.W week 5 24.88 ±
0.77* 

32.12 ±
1.29 

29.97 ±
0.73 

30.33 ±
0.46 

B.W week 
11 

26.55 ±
1.01* 

37.55 ±
1.24 

31.18 ±
0.88*, # 

32.02 ±
0.61*, # 

Blood 
glucose 

FBG 
(mmol/L) 

6.73 ±
0.62* 

7.88 ±
0.26 

6.57 ±
0.58* 

6.07 ±
0.83* 

Lipid 
profile 

TG (mmol/ 
L) 

0.98 ±
0.05* 

1.25 ±
0.14 

0.92 ±
0.20* 

0.74 ±
0.11* 

TC (mmol/ 
L) 

2.90 ±
0.34* 

4.96 ±
0.46 

4.88 ±
0.52 

4.99 ±
0.13 

HDL-C 
(mmol/L) 

1.59 ±
0.14* 

2.21 ±
0.36 

2.23 ±
0.24 

2.23 ±
0.05 

LDL-C 
(mmol/L) 

0.37 ±
0.05* 

0.78 ±
0.04 

0.71 ±
0.10 

0.76 ±
0.05 

All data in the table are shown as mean ± SD. *statistically significant difference 
(p < 0.05) obtained by Tukey post-hoc compared to HFDp group; # statistically 
significant difference (p < 0.05) obtained by Tukey post-hoc compared to NDp 
group. 
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“energy reserve metabolic process (GO:0006112)” etc.; other terms were 
strongly associated with fatty acid and lipid regulation, such as “fatty 
acid transport (GO:0015908)”, “medium-chain fatty acid metabolic 

process (GO:0051791)”, “negative regulation of lipid storage 
(GO:0010888)” and “regulation of lipid catabolic process 
(GO:0050994)” etc. (Supplementary Table S2). Similarly, KEGG 

Fig. 1. Effects of preconceptional capsaicin intervention on histological features of liver and adipose tissue and metabolic characteristics. (A) H&E staining of liver 
and sWAT tissues of paternal mice. (B) The transcriptional levels of brown adipogenic gene (PPARγ) and thermogenic gene (UCP-1) in iBAT tissue normalized to 
β-actin. (C) UCP-1 immunohistochemical stain of iBAT of paternal mice. (D) Infrared imaging of paternal mice surface body heat. (E) Respiratory metabolic mea
surements of paternal mice. Data are presented as mean ± SD. Different lowercase letter indicates significant difference, p < 0.05, (n = 6). 

Fig. 2. Effects of paternal capsaicin intervention on body weight gain in offspring. (A) Body weight curves of male offspring with ND diet (solid line) or HFD diet 
(dashed line); (B) body weight curves of female offspring with ND diet (solid line) or HFD diet (dashed line). Data are presented as mean ± SD, (n = 5). 
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pathway analysis also revealed 25 upregulated-methylated pathways 
and 17 downregulated-methylated pathways (Supplementary Table S3), 
of which a number of enriched pathways were found to be closely 
related to metabolism and obesity (Fig. 5C). For instance, enriched 
KEGG pathways including “Hedgehog signaling pathway (Gu et al., 
2021)”, “Hippo signaling pathway (Ardestani, Lupse, & Maedler, 
2018)”, “JAK-STAT signaling pathway (D. Xu, Yin, Wang, & Xiao, 
2013)” were closely associated with the lipid metabolism; while 
enriched KEGG pathways of “Parathyroid hormone synthesis, secretion 
and action (Rendina-Ruedy & Rosen, 2022)” and “cAMP signaling 
pathway (Ravnskjaer, Madiraju, & Montminy, 2016)” were reported to 
be associated with the white adipose tissue browning. 

3.4. Paternal capsaicin supplementation regulated the sncRNAs in 
paternal sperm 

sncRNAs (include microRNA (miRNA) and Piwi-interacting RNA 
(piRNA)) also play crucial roles in mediating paternal intergenerational 
epigenetic inheritance (Klastrup, Bak, & Nielsen, 2019). Therefore, we 
compared the profiles of miRNA and piRNA of sperm samples among the 
paternal mice with different treatments. Specifically, 47 up-regulated 
miRNAs and 41 down-regulated miRNAs, 157 up-regulated piRNAs 
and 139 down-regulated piRNAs were identified in the HFDp group 
compared to the NDp group (Supplementary Fig. 2). Meanwhile, 95 up- 
regulated miRNAs and 37 down-regulated miRNAs, 274 up-regulated 
piRNAs and 46 down-regulated piRNAs were identified in the CAP 
group compared to the HFDp group (Fig. 6). Similarly, 80 up-regulated 
miRNAs and 64 down-regulated miRNAs in the CEp group compared to 
the HFDp group; 242 up-regulated piRNAs and 68 down-regulated 
piRNAs in the CEp group compared to the HFDp group (Supplemen
tary Fig. 3, Supplementary Tables S4 and S5). The top 10 significantly 
differentially expressed miRNAs and piRNAs between samples from 
CAPp group and HFDp group are listed in Table 3. Among these top 10 
differentially expressed miRNAs, it is worthy of note that mmu-miR- 

378a-5p and mmu-miR-223-3p were significantly down-regulated in 
the CAPp group compared to the HFDp group. Studies have already 
highlighted that miR-378a is strongly associated with adipogenesis and 
lipid storage. miR-378a-5p (also identified as miR-378*) as a mature 
strand of miR-378a is an important regulator of metabolism (Machado, 
Teodoro, Palmeira, & Rolo, 2020),(Krist, Florczyk, Pietraszek- 
Gremplewicz, Józkowicz, & Dulak, 2015). Michele Carrer et al. 
showed that miR-378* knockout mice were resistant to high-fat diet- 
induced obesity, which exhibited smaller white adipocyte size and lower 
liver fat deposition than wild type mice (Carrer et al., 2012). This result 
was coincident with ours. Similarly, our results showed significant 
down-regulation of miR-378a-5p in paternal capsaicin-supplemented 
sperm. Indeed, miR-223-3p was also reported to play important roles 
in lipid metabolism, Julia Sánchez-Ceinos et al. unveiled that both pre
adipocytes and adipocytes are miR-223-3p secreting cells. miR-223-3p 
accumulation and over-expression in adipocytes would cause meta
bolic disturbances (Sánchez-Ceinos et al., 2021). Another study 
demonstrated that obesity up-regulated miR-223-3p in subcutaneous 
adipose tissue; while miR-223-3p was down-regulated in both omental 
and subcutaneous adipose tissues of patients after weight loss (Mac
artney-Coxson et al., 2020). This might also suggest that the regulation 
of paternal and offspring sWAT phenotypes after paternal capsaicin 
supplementation was associated with miR-223-3p. 

4. Discussion 

Obesity has become a worldwide health problem. In the last decades, 
numerous bioactive compounds in foods (such as caffeine, catechins, 
gallic acid, anthocyanins, ascorbic acid, polyphenols, oleuropein, 
quercetin, and capsaicin) have been well-documented for their contri
bution to the prevention of obesity and its-related metabolic disorders 
(Konstantinidi & Koutelidakis, 2019). For example, Li et al. (W. Li, Yang, 
& Lu, 2019) reported capsaicin reduced both serum TG and TC levels in 
high beef fat-fed mice. Similarly, Kawada Teruo et al. (Kawada, Hagi
hara, & Iwai, 1986) demonstrated the TG was significantly lowered by 
capsaicin supplementation in 30 % lard-fed rats. Furthermore, it is re
ported that capsaicin supplementation could reverse the high-fat diet- 
induced decrease in RER and improved the metabolic activity of the 
mice (Baskaran et al., 2017). Here, as expected, our results also 
demonstrated that capsaicin supplementation could reduce high-fat diet 
induced excessive body weight gain, dysglycaemia and dyslipidemia, 
adipocyte enlargement and hepatic lipid droplet accumulation in 
paternal mice. Furthermore, consistent with previous studies, as the 
agonist of transient receptor potential vanilloid 1, capsaicin was also 
capable to activate brown adipose tissue in paternal mice evidenced by 
enhanced UCP1 expression and increased energy consumption rates. 

Diet-induced paternal obesity had been reported to cause negative 
outcomes in the metabolism of offspring (McPherson, Fullston, Aitken, 
& Lane, 2014). Earlier studies revealed that preconceptional paternal 
obesity could increase the susceptibility to obesity in the offspring. Our 
study also found that the offspring of paternal mice with diet-induced 
obesity were more prone to developing an obese phenotype when 
exposed to a high-fat diet, including increased body weight, enlarged 
adipocyte size, and accumulated liver lipid droplets. 

Recent evidence supports that brown adipose tissue could serve as a 
potential therapeutic target for preventing the intergenerational trans
mission of obesity and related metabolic diseases. For instance, activa
tion of paternal brown adipose tissue by cold exposure alleviated 
susceptibility to metabolic challenge and enhanced the thermogenesis 
activity in male offspring (Sun et al., 2018). We found that paternal 
capsaicin supplementation could exert a similar beneficial effect to 
paternal cold exposure regarding the alleviation of metabolic disorders 
in obese paternal mice and improvement of metabolic phenotypes in 
their male offspring. 

It has been widely accepted that sperm cells carry not only DNA 
sequence information but also epigenetic information at fertilization, 

Table 2 
Effects of paternal capsaicin supplementation on blood lipids in offspring mice.  

Group TG (mmol/ 
L) 

TC (mmol/ 
L) 

HDL-C (mmol/ 
L) 

LDL-C (mmol/ 
L) 

Male offspring mice 
NDp-NDo 0.94 ± 0.25 2.88 ± 0.52 1.52 ± 0.32 0.44 ± 0.06 
HFDp-NDo 0.76 ± 0.26 2.49 ± 0.55 1.52 ± 0.38 0.41 ± 0.04 
CAPp-NDo 0.86 ± 0.23 2.82 ± 0.30 1.63 ± 0.21 0.34 ± 0.03 
CEp-NDo 1.08 ± 0.14 2.64 ± 0.16 1.61 ± 0.11 0.35 ± 0.04 
NDp-HFDo 1.30 ± 0.27 4.63 ± 0.76 2.16 ± 0.34 1.00 ± 0.17 
HFDp- 

HFDo 
1.43 ± 0.10 5.30 ± 1.05 1.84 ± 0.38 1.15 ± 0.27 

CAPp- 
HFDo 

1.23 ± 0.25 5.12 ± 0.64 2.38 ± 0.09# 0.99 ± 0.07 

CEp-HFDo 1.10 ± 0.06 3.71 ±
0.57# 

2.27 ± 0.26 0.95 ± 0.34  

Female offspring mice 
NDp-NDo 0.93 ± 0.20 2.09 ±

0.15* 
1.32 ± 0.08* 0.33 ± 0.04 

HFDp-NDo 0.87 ± 0.19 2.37 ± 0.15 1.11 ± 0.19 0.29 ± 0.03 
CAPp-NDo 0.97 ± 0.16 2.00 ±

0.09* 
1.11 ± 0.09 0.28 ± 0.03 

CEp-NDo 0.89 ± 0.06 2.24 ± 0.19 1.29 ± 0.12 0.32 ± 0.03 
NDp-HFDo 1.10 ± 0.12 2.97 ± 0.43 1.41 ± 0.23 0.51 ± 0.04 
HFDp- 

HFDo 
1.32 ± 0.37 3.82 ± 0.52 1.66 ± 0.05 0.62 ± 0.09 

CAPp- 
HFDo 

1.42 ± 0.22 3.82 ± 0.71 1.67 ± 0.24 0.62 ± 0.12 

CEp-HFDo 1.03 ± 0.18 3.09 ± 0.75 1.46 ± 0.32 0.66 ± 0.09 

All data in the table are shown as mean ± SD. *statistically significant difference 
(p < 0.05) obtained by Tukey post-hoc compared to HFDp-NDo group; # sta
tistically significant difference (p < 0.05) obtained by Tukey post-hoc compared 
to HFDp-HFDo group. 
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Fig. 3. Effects of paternal capsaicin intervention on histological features of liver and adipose tissue in offspring. Representative H&E staining of liver, sWAT and iBAT 
of male offspring (A) and female offspring (B). Data are presented as mean ± SD. Different lowercase letter indicates significant difference, p < 0.05, (n = 5). 
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which could be influenced by environmental factors such as diet and 
stress (Güneş & Kulaç, 2013; Short et al., 2016). These epigenetic 
modifications have been recognized for their substantial impact on the 
lifelong health of offspring although the precise mechanisms remain 
largely unclear (Stuppia, Franzago, Ballerini, Gatta, & Antonucci, 2015; 
Y. Zhou, Wu, & Huang, 2018). For instance, a number of preconcep
tional interventions (such as diet or exercise interventions, etc.) have 
been demonstrated to improve the metabolic phenotype of offspring. 
Denham et al., found exercise training for 3 months could significantly 
improve sperm motility and morphology with changes in the overall and 
genome-wide DNA methylation in human (Denham, O’Brien, Harvey, & 
Charchar, 2015). Donkin et al. also reported that bariatric surgery- 
induced weight loss could remodel DNA methylation in sperm of 
morbidly obese men. Furthermore, among differentially methylated 
genes, a number of genes were identified to be associated with the 
regulation of appetite control (Donkin et al., 2016). Here, our study 
showed that paternal capsaicin treatment could alter the sperm DNA 
methylation, which may be involved in the alleviation of intergenera
tional transmission of obesity. Although it is widely acknowledged that 
sperm DNA methylation is of paramount importance for mammalian 
embryonic development, how the intricate mechanisms through which 
sperm DNA methylation influences the metabolic profiles of offspring 
are still exceedingly complex (R. Zhou et al., 2022). During the subse
quent stages of zygote formation, fetal development, and child devel
opment, DNA methylation patterns may undergo significant 
reprogramming. For instance, it has been found that a wave of global 
demethylation occurs in the zygote until it reaches the blastocyst stage. 
Therefore, it not possible to conclusively attribute the observed alter
ations in sperm DNA methylation patterns are causally linked to the 
phenotype improvement of offspring. However, the evidence still sug
gested that beneficial effects of paternal capsaicin intervention on 
offspring might be attributed to, at least partially, the changes in 
methylation in sperm DNA. 

Small RNAs are also associated with a broad range of epigenetic 

phenomena. Indeed, a number of sncRNAs (eg. miRNA, piRNA (Kleeman 
et al., 2024; Short et al., 2017; Tyebji, Hannan, & Tonkin, 2020), tRNA- 
derived small RNAs (Chen et al., 2016; U. Sharma et al., 2016; Zeng 
et al., 2022; Y. Zhang et al., 2021), and mitochondria-derived small RNA 
(Rompala et al., 2018) identified in mature sperm were found to regulate 
paternal transgenerational inheritance via non-genomic signals derived 
from the sperm. Evidence from human studies also suggest that sperm 
sncRNAs are involved in the paternal intergenerational metabolic re
sponses and profoundly influence offspring metabolic health (Daniel 
Nätt et al., 2019; D. Nätt & Öst, 2020). Therefore, the observed changes 
in sperm sncRNA profiles upon paternal capsaicin treatment may also 
contribute to the improvement of paternal intergenerational metabolic 
responses. 

Although capsaicin treatment and cold exposure, as two well-known 
approaches for activating brown adipose tissue, showed comparable 
beneficial influences on the metabolic profiles of offspring, discernible 
differences in sperm DNA methylation and sncRNAs profiles were 
observed. Such findings also underscored the complexity of intergen
erational inheritance from fathers to offspring. A previous human study 
uncovered a noteworthy observation that even short-term (6 weeks) 
dietary intervention has the potential to alter the sncRNA landscape in 
human sperm (Candida et al., 2021). This implies that the male germline 
can “rapidly” respond to physiological changes (such as dietary treat
ment, exercise, stress, etc) and alter epigenetic profiles accordingly. 

Therefore, additional research is imperative to gain a more 
comprehensive understanding of the underlying mechanisms including 
exploring the impact of time point and duration of dietary treatment 
around conception on the epigenetic profiles in the male germline. 

Compared to male offspring, our study revealed that the beneficial 
effects of paternal capsaicin supplementation were less obvious in fe
male offspring. This might be because female mice already had a relative 
strong resilience to diet-induced obesity, which may retard the devel
opment of the obese phenotype and metabolic disorders (Arcones, 
Cruces-Sande, Ramos, Mayor Jr, & Murga, 2019). Salinero, A.E. et al. 

Fig. 4. Effects of paternal capsaicin intervention on brown adipose tissue in male offspring mice with HFD feeding. (A) Infrared imaging of surface body heat of male 
offspring mice with HFD feeding. (B) The transcriptional levels thermogenic gene (UCP-1) in iBAT tissue of male offspring mice with HFD feeding normalized to 
β-actin. (C) UCP-1 immunohistochemical stain of iBAT of male offspring mice with HFD feeding. Data are presented as mean ± SD. Different lowercase letter in
dicates significant difference, p < 0.05, (n = 5). 
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Fig. 5. Effects of preconceptional capsaicin intervention on sperm DNA methylation in paternal mice. (A) Methylation peak classification, (B) Differentially 
methylated regions (DMRs) distribution on genome. (C) The significant KEGG pathway of upregulated-methylated and down-methylated related-genes between 
HFDp group and CAPp group, (n = 3). 
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showed the effects of diet induced obesity (DIO) had significant sex 
differences. The juvenile males were more susceptible to obesity and 
worse glucose homeostasis of the high-fat diet than females (Salinero, 
Anderson, & Zuloaga, 2018). The experimental results from Hwang et al. 
also showed that compared to female mice, male mice were more sus
ceptible to long-term high-fat diet-induced metabolic alterations such as 
high bodyweight, hyperglycemia, hyperinsulinemia, hypercholester
olemia, and hyperleptinemia (Hwang et al., 2010). This might be the 
reason for the limited effects on female offspring in our study. Indeed, 
similar findings were also reported by a number of studies where 
paternal intervention showed more obvious beneficial effects on male 
offspring. For example, Batista R.O. et al. reported that paternal exercise 

could reduce weight gain, improve lipid metabolism in liver and adipose 
tissue, and relieve hepatic steatosis in the male offspring upon high-fat 
diet feeding, but no significant improvements were observed in the fe
male offspring (Batista et al., 2020). Similarly, Sun et al., also showed 
paternal cold exposure resulted in more obvious protective effects on 
intergenerational transmission of obesity in male offspring (Sun et al., 
2018). 

5. Conclusion 

In summary, our study demonstrated that preconceptional capsaicin 
intervention in paternal high-fat diet-induced obesity could significantly 
improve the metabolic disorders and induce the activation of brown 
adipose tissue. Furthermore, the preconceptional capsaicin intervention 
was also found to alleviate the high-fat diet-induced intergenerational 
inheritance of acquired obesity in male offspring. The changes in sperm 
DNA methylation and sncRNA profiles may contribute to these obser
vations although additional research is warranted to further delve into 
the mechanisms. In conclusion, this study showed that preconceptional 
diet intervention targeting brown adipose tissue represents a promising 
strategy to improve offspring metabolic health. 
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Table 3 
Differentially expressed sncRNAs in paternal sperm from CAP group compared 
to HFD group (excluding the novel sncRNAs).  

miRNA piRNA 

Mature name Fold change Name Fold change 

Up-regulated 
mmu-miR-152-5p  7.33 mmu-piR-008241  16.67 
mmu-miR-27a-3p  7.00 mmu-piR-011324  6.00 
mmu-miR-466c-5p  6.67 mmu-piR-009081  5.14 
mmu-miR-704  6.00 mmu-piR-025682  5.00 
mmu-miR-466b-3p  5.33 mmu-piR-001570  4.73 
mmu-miR-466c-3p  5.33 mmu-piR-005879  4.20 
mmu-miR-466p-3p  5.33 mmu-piR-021290  4.00 
mmu-miR-92a-3p  4.33 mmu-piR-006982  3.67 
mmu-miR-465a-3p  4.00 mmu-piR-011336  3.67 
mmu-miR-465b-3p  4.00 mmu-piR-012086  3.67 
Down-regulated 
mmu-miR-5114  − 9.33 mmu-piR-032847  − 4.67 
mmu-miR-378a-5p  − 7.33 mmu-piR-014579  − 4.33 
mmu-miR-1843a-3p  − 6.70 mmu-piR-011546  − 4.00 
mmu-miR-223-3p  − 5.70 mmu-piR-013448  − 4.00 
mmu-miR-598-3p  − 2.88 mmu-piR-010111  − 3.67 
mmu-miR-434-5p  − 2.52 mmu-piR-013627  − 3.67 
mmu-miR-128-3p  − 2.07 mmu-piR-021967  − 3.67 
mmu-miR-195a-3p  − 2.05 mmu-piR-037073  − 3.67 
mmu-miR-203-3p  − 1.96 mmu-piR-000604  − 3.33 
mmu-miR-1a-3p  − 1.95 mmu-piR-019151  − 3.33  
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Grandjean, V., Fourré, S., De Abreu, D. A. F., Derieppe, M.-A., Remy, J.-J., & 
Rassoulzadegan, M. (2015). RNA-mediated paternal heredity of diet-induced obesity 
and metabolic disorders. Scientific reports, 5(1), 18193. 

Gu, Y., Liu, X., Liao, L., Gao, Y., Shi, Y., Ni, J., & He, G. (2021). Relationship between 
lipid metabolism and hedgehog signaling pathway. The Journal of Steroid 
Biochemistry and Molecular Biology, 209, Article 105825. 
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