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Abstract

:

Obesity is a fast-growing epidemic affecting more than 40% of the US population and leads to co-morbidities such as type 2 diabetes and cancer. More importantly, there is a rapid increase in childhood obesity associated with obesity in parents. Further, offspring are encoded with approximately half of their genetic information from the paternal side. Obesity in fathers at the preconceptional period likely influences the intergenerational development of obesity. This study focuses on the role of fish oil supplementation as a non-pharmacological intervention in fathers and its impact on childhood obesity using animal models. Male mice were fed a low-fat diet or high-fat diet with or without fish oil for 10 weeks and mated with female mice on a chow diet. Offspring were then continued on a chow diet until 8 or 16 weeks. In vivo insulin tolerance was tested to assess the metabolic health of offspring. Further, adipose tissue was harvested upon sacrifice, and genetic markers of inflammation and lipid metabolism in the tissue were analyzed. Offspring of males supplemented with fish oil showed lower body weight, improved insulin tolerance, and altered inflammatory markers. Markers of fatty acid oxidation were higher, while markers of fatty acid synthesis were lower in offspring of fathers fed fish oil. This supports fish oil as an accessible intervention to improve offspring metabolic health.
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1. Introduction


Obesity is a worldwide epidemic, and its incidence has doubled since 1980 to a current estimate of 42.5% in the US [1]. Obesity is characterized by an excess accumulation of fat in the white adipose tissue (WAT) that leads to inflammatory cytokinesis contributing to other co-morbidities such as fatty liver disease, type 2 diabetes, dyslipidemia, hypertension, cardiovascular diseases, and infertility [2]. Obesity is caused by various factors that include diet, environment, lifestyle, and genetics [2,3]. Parental body mass index (BMI) is highly correlated to offspring BMI; offspring born to obese parents have a greater risk of obesity and its associated metabolic diseases [4,5,6,7]. Further, parental BMI adversely affects offspring metabolic development [4,5,7,8,9]; however, it is not known to what degree this correlation is due to genetic components of obesity or shared lifestyles between parents and offspring.



Abundant evidence indicates that maternal obesity during pregnancy leads to increased adiposity and cardiovascular risk in offspring [10]. However, studies related to paternal obesity are scarce [7,8,11]. In addition, studying the exclusive effects of paternal obesity in humans is often difficult, as typically both parents are obese [4]. Considering fathers contribute half of genetic material, paternal health is identified to influence offspring health. Recent physiological studies have identified potential mechanisms that influence offspring obesity development due to paternal BMI, including decreased growth hormone causing excess lipid accumulation in adipose tissue [4] and altered glucose-insulin homeostasis due to beta-cell dysfunction [12,13]. However, complete understanding of genetic basis of these effects is still lacking.



Typical methods of obesity intervention include modifying dietary and exercise habits [9,14,15], while emerging research suggests enhancement of metabolic parameters via bioactive supplementation such as anthocyanins, catechins, beta-glucan, and fish oil (FO) [16]. We focused on FO, which contains the omega-3 polyunsaturated fatty acids (n-3 PUFAs), eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). FO is known to reduce body weight, triglycerides, and obesity risk at the molecular level due to its protective effects on pro-inflammatory markers and insulin sensitivity [17]. Intergenerationally, supplementation of FO to obese mothers reduces offspring adiposity by lowering inflammation and lipid synthesis [18,19,20]. Given the similar impacts of maternal and paternal obesity in offspring, we expect FO to have a comparable effect in obese fathers. Hence, we hypothesized that FO supplementation in obese male mice during the preconceptional period would improve metabolic health of the offspring, with a focus on effects in adipose tissue.




2. Methods


2.1. Animals and Diets


Male and female C57BL6 mice aged 4–5 weeks old were purchased from Jackson Laboratory (Bar Harbor, ME, USA) and acclimatized for one week. Mice were housed in isolator cages with wood bedding. Temperature was maintained at 22 °C with 12 h light/dark period to mimic a natural environment. Male sires (F0 generation; n = 30) were randomly assigned into three dietary intervention groups as shown in Figure 1 (each n = 10): low fat (LF; 13, 28 and 58% energy from fat, protein, and carbohydrate, respectively), high fat (HF; 45, 28 and 27% energy from fat, protein, and carbohydrate, respectively), and high fat with FO (HF-FO; 45, 28 and 27% energy from fat, protein, and carbohydrate along with 36 g/kg of FO). FO was gifted by DSM (Parsippany, NJ, USA). Fish oil at a dose of 36 g/kg of diet was mixed with the rodent diet and supplemented to the mice as hard pellets. Vitamin E was added to the diet to prevent oxidation and food. Diets were purchased from Research Diets (New Brunswick, NJ, USA), with more information provided [21]. The Syracuse University Institutional Animal Care and Use Committee approved all animal protocols.




2.2. Experimental Design


To induce paternal obesity, male mice (F0) were fed the respective diets for 10 weeks. Weekly body weight and food consumption were recorded. Male mice on a HF diet exhibited significantly greater body weight gain compared to those on a LF diet, starting from week 5 through week 11, with comparable body weight between fathers on the HF diet and those supplemented with FO as indicated in our previous manuscript [22].



After 10 weeks of dietary intervention, F0 males were mated with 10-week-old female mice fed chow diet (catalog no: 5L0D; Lab diets, Richmond, IN, USA). During mating, both male and female mice consumed chow diet. Female mice remained on chow diet during 3-week gestation period. Offspring (F1) were weaned at 3 weeks and randomized into two groups: short term (ST; sacrificed at 8 weeks) and long term (LT; sacrificed at 16 weeks). The number of mice in each group is provided in Table 1. All F1 mice were fed a chow diet until sacrifice. Body weight and food consumption were recorded weekly. Mice were sacrificed using isoflurane. Epididymal fat pad was harvested from both ST and LT groups and stored at −80 °C.




2.3. Metabolic Tests


Insulin tolerance tests (ITTs) were performed during week 10 of dietary intervention. Following a 5 h fast, blood glucose was measured using a handheld glucometer (Abbott Laboratories, Alameda, CA, USA). Following basal blood measurement, 1 IU insulin/kg (Humulin; Abbott, Chicago, IL, USA) was injected and blood glucose was measured at 30, 45, 60, 90, and 120 min.




2.4. Histological Analysis


White adipose tissue (WAT) was separated and stored in Z-fix (Anatech Ltd., Battlecreek, MI, USA), embedded with paraffin, and stained with hematoxylin and eosin. Images were captured using 20× magnification from HistoWiz Corporation (Brooklyn, NY, USA).




2.5. RNA Isolation, cDNA and Gene Expression


RNA was isolated from WAT using a Zymo kit (Zymo Research, Irvine, CA, USA). RNA concentration was measured using Nanodrop (Waltham, MA, USA). Afterwards, RNA was reversed transcribed into complementary DNA (cDNA) using a High-Capacity cDNA Reverse Transcription Kit from Applied Biosciences (Thermo Fisher Scientific, Waltham, MA, USA). Gene expression of cDNA was carried out by quantitative PCR using QuantStudio™ 5 Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA) normalized to actin as housekeeping gene.




2.6. Statistical Analysis


Statistical analysis was performed using Graph Pad Prism version 9 with significance at p < 0.05. Results are presented as means ± SEM where applicable. Two-way ANOVA was used to measure diet and genotype interaction.





3. Results


3.1. Male and Female Offspring Body Weight


No significant difference was found in body weight between LF, HF, and FO male offspring from weeks 1 to 6 (Figure 2a). However, starting at week 7, offspring mice born to fathers supplemented with FO had significantly lower weight gain than offspring mice born to both LF and HF groups (Figure 2a). Female offspring showed no significant difference in weight gain from baseline between LF, HF, and FO groups over the study duration (Figure 2b). Overall, this highlights that FO supplementation showed significant improvements in male offspring than female counterparts in terms of their body weight.




3.2. Male and Female Offspring Insulin Tolerance Tests (ITTs)


No differences in blood glucose values were observed in both male and female offspring at baseline (Figure 3a,b). HF male offspring were insulin resistant as indicated by the significantly higher blood glucose levels after insulin injection at 15, 30, 45, 60 and90 min compared to the LF group (Figure 3a). However, FO attenuated these effects, suggesting improved insulin sensitivity, as the male FO group had significantly lower blood glucose levels compared to HF offspring. For females, blood glucose levels of the HF group were significantly higher at 60, 90, and 120 min after injection compared to the LF group. Similar to males, the FO group demonstrated improved insulin sensitivity with comparable levels of blood glucose to the LF group at these time points (Figure 3b).




3.3. Male and Female Offspring White Adipose Tissue Weight and Histology


To establish the effect of paternal obesity and FO supplementation on offspring, adipose tissue in offspring was investigated. Most of the fat is accumulated in adipose tissue, thus making analysis of this tissue a clear metric for the extent of obesity and its associated physiological changes. Adipose tissue weight was comparable between the LF and HF groups in 16-week males. The LF and FO groups were also not statistically significant as shown in Figure 4a. However, the FO group had significantly higher adipose tissue weight than the HF group (Figure 4a). There was no significant difference across groups for 16-week females (Figure 4b), 8-week males (Figure 4c), and 8-week females (Figure 4d). Histological analyses of adipose tissue aids in understanding the actions of insulin sensitivity, given that this tissue is a primary target of the hormone. As shown in Figure 4e, male HF offspring had larger adipocyte size compared to LF male offspring. FO reduced adipocyte size in males (Figure 4e). No differences were observed among all female groups, and all groups had smaller adipocytes than males (Figure 4e).



As we observed phenotypic alterations, genetic analyses were conducted at two different time points to investigate both the immediate (8-week) and prolonged (16-week) impacts of paternal FO supplementation in the offspring. Overall, effects were more pronounced at 16 weeks, with those results described first followed by 8-week data.




3.4. FA Oxidation and Synthesis Biomarkers


A predominant feature of obesity is dysregulation of fatty acid metabolism, specifically lower fatty acid oxidation and higher fatty acid synthesis. Hence, we measured fatty acid oxidation markers at gene levels of forkhead box protein 1 (Foxo-1), carnitine palmitoyl transferase-1 (Cpt-1), peroxisome proliferator-activated receptor-g (PPAR-γ), and carnitine palmitoyl transferase-2 (Cpt-2).



As shown in Figure 5, at 16 weeks, FO increased three out of the four markers in males, and increased all oxidation markers in females compared to HF groups. HF and LF was comparable for Foxo-1, Cpt-1 and Ppar-γ mRNA expression (Figure 5a–c). Further, FO significantly increased Foxo-1, Cpt-1 and Ppar-γ levels compared to the HF group in males (Figure 5a–c). Cpt-2 levels were not significantly different between the FO and HF group, yet both were significantly lower than the LF group (Figure 5d). Further, in females, mRNA expression levels of Foxo-1, Cpt-1, Ppar-γ, as well as Cpt-2, were increased via paternal FO supplementation compared to the HF group (Figure 5e–h). ANOVA analyses found significant associations in Foxo-1 levels for sex, diet, and sex–diet interaction: male offspring in all dietary groups had significantly higher levels of Foxo-1 compared to their respective females. Table 2 reveals further significant associations between Cpt-1 and Ppar-γ expression for sex and diet (i.e., male FO groups had significantly higher levels of Cpt-1 compared to their female counterparts, while all male groups had higher levels of Ppar-γ than females). There were significant associations for Cpt-2 expression for sex, diet, and their interaction as seen in Table 2.



At 8 weeks, FO significantly increased one fatty acid oxidation marker in males, and none in females compared to HF offspring (Figure 5i–p). FO increased Ppar-γ mRNA levels compared to the HF and LF groups in males (Figure 5k). FO significantly lowered Foxo-1 and Cpt-1 mRNA levels compared to HF in males (Figure 5i,j). Lastly, Cpt-2 had comparable mRNA levels in males (Figure 5l). None of the markers were altered in females (Figure 5m–p). Two-way ANOVA results showed a significant difference in sex and diet but no interaction for males and females regarding Foxo-1 and Cpt-1 levels (Table 3).



Related to fatty acid oxidation, markers of fatty acid synthesis were also analyzed: acetyl-CoA carboxylase alpha (Acaca), cluster of differention-36 (Cd-36), fatty acid synthase (Fasn), and sterol regulatory element-binding transcription factor-1 (Srebp-1c).



At 16 weeks, FO reduced two of the four markers of fatty acid synthesis in in males (Figure 6b,c) but none in 16-week females compared to HF offspring (Figure 6e–h). For Acaca, no difference was observed between the FO and HF group, though both groups showed significantly lower mRNA levels compared to the LF group (Figure 6a). HF and LF was comparable for Cd-36 and Fasn mRNA levels in male offspring, though FO significantly lowered Cd-36 and Fasn mRNA levels compared to both LF and HF male groups (Figure 6b,c). Lastly, no difference in Srebp-1c in males as shown in Figure 6d. ANOVA analysis showed significant association in Cd-36 levels for sex–diet interaction: specifically, LF male offspring had significantly higher Cd-36 expression compared to LF females (Table 2). Further, a sex–diet interaction was found for Srebp-1c (Table 2).



At 8 weeks, FO lowered all four markers in males and none in females compared to HF (Figure 6i–p). The male FO group has significantly lower mRNA expression of Acaca, Cd-36, Fasn, and Srepb-1c compared to the HF group (Figure 6i–l), while all female groups had similar expression for markers of fatty acid synthesis (Figure 6m–p). ANOVA analysis revealed a significant difference in sex, diet, and sex–diet interactions for Srepb-1c (Table 3). No other markers showed a significant association between sex, diet, or their interaction.




3.5. Inflammatory and Anti-Inflammatory Biomarkers


Obesity is known to be associated with chronic inflammation and the alteration of inflammatory markers can mediate impacts on offspring health. Thus, we measured the pro-inflammatory markers tumor necrosis factor-alpha (Tnf-α), interleukin-6 (Il-6), and toll-like receptor-4 (Tlr-4). At 16 weeks, two of three pro-inflammatory markers measured were altered with FO in male and female offspring compared to the HF group (Figure 7a–h). No significant differences in Tnf-α mRNA levels were observed between male offspring groups (Figure 7a). FO significantly lowered Il-6 and Tlr-4 mRNA levels compared to HF offspring (Figure 7b,c). Lastly, the anti-inflammatory marker Il-10 was comparable in males across LF, HF, and FO groups (Figure 7d). In females at 16 weeks, FO lowered mRNA levels of Tnf-α and Il-6 compared to HF (Figure 7e,f). However, female offspring showed no difference in Tlr-4 levels (Figure 7g). Lastly, FO significantly elevated Il-10 mRNA levels compared to HF in female offspring (Figure 7h). Two-way ANOVA revealed a significant diet association for Tnf-α (Table 2). Sex differences were found for Il-6 with females demonstrating significantly higher levels than males (Table 2). Sex, diet, and their interaction were observed for Tlr-4: LF male offspring had significantly higher Tlr-4 levels than female counterparts (Table 2). Interestingly, ANOVA analysis demonstrated a significant correlation in Il-10 expression with sex and diet, with LF and HF males showing significantly higher levels of this anti-inflammatory marker compared to counterpart females, which may suggest why there was a lack of significant difference observed among the male offspring.



At 8 weeks, FO lowered two of the three pro-inflammatory markers in males and females compared to HF offspring. HF diet significantly increased both Tnf-α and Il-6 in males, while FO significantly lowered Tnf-α and Il-6 mRNA levels compared to HF in males (Figure 7i,j). Tlr-4 levels were not altered by diet in 8-week males (Figure 7k). For anti-inflammatory response in offspring aged 8 weeks, FO significantly increased Il-10 mRNA levels compared to HF in males (Figure 7l). In females at 8 weeks, no difference was observed for Tnf-α mRNA expression (Figure 7m). LF and HF females at 8 weeks had comparable Il-6 mRNA levels, while FO significantly lowered mRNA levels of this marker compared to HF (Figure 7n). HF females had lower Tlr-4 mRNA levels compared to LF, with no difference between FO and HF (Figure 7o). There was a significant difference in Il-6 expression at 8 weeks for sex but not diet or sex–diet interaction (Table 3). Lastly, Il-10 was not altered by diet in 8-week females (Figure 7p). ANOVA further revealed diet and sex–diet interaction for Il-10 (Table 3).





 





Table 2. Diet and sex difference across groups in 16-week offspring.






Table 2. Diet and sex difference across groups in 16-week offspring.





	Gene
	Sex (S)
	Diet (D)
	Interactions (S × D)





	Acaca
	0.28
	0.70
	0.14



	Cd-36
	0.20
	0.16
	<0.05



	Cpt-1
	<0.05
	<0.05
	0.25



	Cpt-2
	<0.05
	<0.05
	<0.05



	Fasn
	0.47
	0.09
	0.59



	Foxo-1
	<0.05
	<0.05
	<0.05



	Il-6
	<0.05
	0.08
	0.48



	Il-10
	<0.05
	<0.05
	0.26



	Tlr-4
	<0.05
	<0.05
	<0.05



	Ppar-α
	<0.05
	0.78
	0.65



	Ppar-γ
	<0.05
	<0.05
	0.69



	Srebp-1c
	0.62
	0.56
	<0.05



	Tnf-α
	0.35
	<0.05
	0.16










 





Table 3. Diet and sex difference across groups in 8-week offspring.






Table 3. Diet and sex difference across groups in 8-week offspring.











	
	Sex (S)
	Diet (D)
	Interactions (S × D)





	Acaca
	0.75
	0.29
	0.33



	Cd-36
	0.24
	0.72
	0.21



	Cpt-1
	<0.05
	<0.05
	0.09



	Cpt-2
	<0.05
	0.46
	0.32



	Fasn
	0.62
	0.50
	0.56



	Foxo-1
	<0.05
	<0.05
	0.11



	Il-6
	<0.05
	0.24
	0.07



	Il-10
	0.99
	<0.05
	<0.05



	Tlr-4
	0.69
	0.39
	0.32



	Ppar-α
	0.28
	0.06
	0.27



	Ppar-γ
	0.09
	0.80
	0.76



	Srebp-1c
	<0.05
	<0.05
	<0.05



	Tnf-α
	0.40
	0.48
	0.48










4. Discussion


Obesity, a state of increased body and adipose tissue mass, was found to be attenuated intergenerationally in the present study with FO supplementation. This study aimed to elucidate this effect on obesity development and metabolic dysregulation during early childhood, focusing on the link exclusively between father and offspring using mice models. Male offspring from FO-supplemented sires had lower body mass between weeks 9 and 16, in line with research that has repeatedly found genetic links between regular FO consumption and lower propensity for weight gain [23]. This is further corroborated by our histological analysis of male offspring, as FO reduced adipocyte size compared to high-fat group. Though body weight and histological differences were not observed in our study in females, this effect has been seen in other studies finding FO to increase fatty acid oxidation without a decrease in body weight [24]. Lastly, we observed increased adipose tissue mass in males with fish oil supplementation, which was unexpected. However, other studies have found improved metabolic outcomes with fish oil, despite increased adipose tissue mass [25,26]. This is consistent with our findings that FO reduced markers of fatty acid synthesis highlighting the significance of dietary fatty acid in determining metabolic outcomes independent of adipose tissue mass. Additionally, we measured adipose tissue mass at sacrifice, but assessing the body mass composition would have provided a more comprehensive analysis.



These phenotypic findings are illuminated further with genetic analysis of factors related to fatty acid metabolism. Because obesity develops in a state of imbalance between fatty acid synthesis and breakdown, genetic analysis of both metabolic pathways revealed significant effects of FO on obesity development. Fatty acids are used as fuel in the beta oxidation pathway; the present study found a significant association between paternal FO supplementation and elevated fatty acid utilization markers. FO significantly increased Foxo-1, Cpt-1, and Ppar-γ mRNA levels in males and females at 16 weeks. FO also increased Cpt-2 mRNA levels in females at 16 weeks. This corroborates with studies in which overweight adult male and female rats supplemented with 4–6 g/d of FO for 6–12 weeks showed reduced fat mass, which was attributed to reduced respiratory exchange ratio (RER) resulting in higher fatty acid oxidation [24,27,28]. Similarly, observational studies in humans show an association of increased levels of Cpt-1 and Ppar-γ with higher consumption of omega-3 fatty acids [18,29]. Further, an imbalance in fatty acid oxidation and synthesis could lead to insulin resistance, a condition highly associated with obesity. As shown by results of the insulin tolerance test, offspring of HF fathers expressed insulin resistance as evidenced by elevated levels of blood glucose over the test duration, while FO attenuated this response and had levels comparable to the LF group.



Likewise, analysis of fatty acid synthesis markers in adipose tissue unravels other metabolic aspects of FO as obesity is directly related to increased fatty acid production. Srebp-1c is crucial in lipogenic gene transcription and in turn regulates fatty acid synthesis markers including Fasn and Acaca [30]. In our study, Srebp-1c mRNA levels were increased in male offspring born to HF-fed fathers compared to offspring born to LF fathers, indicating higher fatty acid synthesis with HF diet. Interestingly, FO lowered fatty acid synthesis markers at both 8 weeks and 16 weeks in male offspring but not in females. This is in line with data where fatty acid synthesis was decreased in adult rodents when supplemented with EPA or DHA, indicating the beneficial effects of FO supplementation was transferred to the offspring [31,32].



Most beneficial effects of paternal FO supplementation were observed in male offspring in our study. This is corroborated by clinical studies in which higher consumption of polyunsaturated fatty acids (PUFAs; ≥0.6% of energy) reduced obesity only in men [33]. This could be attributed to the differential sex hormones that determine fat distribution [34,35]. Estrogen levels are inversely related to visceral adiposity [36]. Males store more abdominal fat with a higher risk of obesity, while female store their fat subcutaneously which reduces obesity risk [29]. Hence, we observed more reduction in obesity markers with FO in males compared to females as the latter are hormonally obesity-resistant and [36,37] and estrogen receptor-a (ER-a), found in adipose tissue, is the main ER responsible for energy homeostasis [36,37].



Obesity and fatty acid composition of diet is associated with chronic low-grade inflammation, which has negative effects on individual’s health [38,39]. High fat diet triggers adipose tissue to produce excess inflammatory cytokines such as Tnf-α and Il-6 [40]. Our results showed that offspring born to fathers fed HF had higher pro-inflammatory markers as measured by higher Il-6 and Tnf-α mRNA levels in male mice at 8 weeks and in females at 16 weeks. However, PUFAs are known to reduce inflammatory mediators and their downstream players [38]. The well-known anti-inflammatory benefits of FO were again observed in the present work, finding increased levels of the anti-inflammatory biomarker Il-10 at 8 weeks in males and 16 weeks in females. Further, past studies have also shown that a higher omega-6: omega-3 fatty acid ratio is linked to increased inflammation and obesity, while increasing omega-3 consumption mitigated those adverse effects. Taken together, such data in animal and human studies show that FO reduces inflammation.



Temporal effects of intergenerational genetic factors were observed in the differing results of 8-week and 16-week cohorts. FO significantly increased most fatty acid oxidation markers in 16-week males and females, but only one fatty acid oxidation marker in males at 8 weeks and none in females. One probable reason for the higher fatty acid oxidation markers with FO in our 16 weeks mice could be due to this higher availability of substrate in older mice. Research has shown higher metabolic rate in younger mice due to greater uncoupled mitochondrial respiration [17]. Metabolism decreases with aging mice as shown by decreased mitochondrial activity [41,42]. This results in an increase in free fatty acids and decrease in acyl carnitine in older mice [41].



There is inconclusive evidence regarding the mechanisms of paternal obesity’s effects in offspring health. Although sparse, studies have shown a relationship between paternal obesity and offspring metabolic abnormalities such as hyperglycemia and increased risk of offspring obesity [43,44]. However, sperm is the main medium for the transfer of the epigenetic material [45]. One study identified that detrimental effects on metabolism were transmitted via dysregulation of epigenetic regulators such as microRNA in mature sperm on a HF diet [9]. However, other studies have not found microRNA dysregulation in sperm, even when presenting with impairments to metabolic and reproductive health due to obesity [46,47]. Other epigenetic mechanisms, such as altered methylation have been found in obese fathers’ sperm, providing an alternate mechanism of paternal influence offspring health [48]. These provide explanations for results found in our present study, although this research is emerging and necessitates further investigation.



FO has been previously found to be beneficial in mitigating the negative effect of obesity. This was strengthened by the results of the present study. An added benefit of this intervention is its accessibility and ability to be easily incorporated into diet making it very promising for the future of obesity research.




5. Conclusions


Our study found evidence to support the beneficial effects of FO supplementation in mitigating the effects of paternal obesity on offspring health. Offspring of males supplemented with FO had lower body weight, improved insulin tolerance, and smaller adipocytes than offspring of fathers on a HF diet without FO supplementation. FO was found to improve fatty acid oxidation markers, while decreasing inflammation and fatty acid synthesis markers. Differential impact based on the sex of offspring was found, and the effects also varied over time as we observed more significant and pronounced results in the long-term arm of our study. These data will be beneficial in further studies on this topic regarding preconceptual health.







Author Contributions


Conceptualization, L.R.; methodology, M.I.P.L., M.L.S. and A.S.; formal analysis, M.I.P.L., M.L.S. and A.S.; investigation, M.I.P.L., M.L.S. and A.S.; resources, L.R.; writing—original draft preparation, M.I.P.L.; writing—review and editing, L.R.; supervision, L.R.; project administration, L.R.; funding acquisition, L.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the American Heart Association, grant number 952161.




Institutional Animal Board Statement


The animal study protocol was approved by the Institutional Review Board of Syracuse University (Protocol number 20-010).




Data Availability Statement


Data is available upon request from the author.




Conflicts of Interest


The authors declare no conflicts of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Hales, C.M.; Carroll, M.D.; Fryar, C.D.; Ogden, C.L. Prevalence of Obesity and Severe Obesity among Adults: United States, 2017–2018; NCHS Data Brief; National Center for Health Statistics: Hyattsville, MD, USA, 2020; pp. 1–8.

	



Apovian, C.M. Obesity: Definition, comorbidities, causes, and burden. Am. J. Manag. Care 2016, 22 (Suppl. S7), s176–s185. [Google Scholar]

	



Wright, S.M.; Aronne, L.J. Causes of obesity. Abdom. Imaging 2012, 37, 730–732. [Google Scholar] [CrossRef]

	



Lecomte, V.; Maloney, C.A.; Wang, K.W.; Morris, M.J. Effects of paternal obesity on growth and adiposity of male rat offspring. Am. J. Physiol. Endocrinol. Metab. 2017, 312, E117–E125. [Google Scholar] [CrossRef] [PubMed]

	



Masuyama, H.; Mitsui, T.; Eguchi, T.; Tamada, S.; Hiramatsu, Y. The effects of paternal high-fat diet exposure on offspring metabolism with epigenetic changes in the mouse adiponectin and leptin gene promoters. Am. J. Physiol. Endocrinol. Metab. 2016, 311, E236–E245. [Google Scholar] [CrossRef]

	



Chambers, T.J.G.; Morgan, M.D.; Heger, A.H.; Sharpe, R.M.; Drake, A.J. High-fat diet disrupts metabolism in two generations of rats in a parent-of-origin specific manner. Sci. Rep. 2016, 6, 31857. [Google Scholar] [CrossRef] [PubMed]

	



Ornellas, F.; Souza-Mello, V.; Mandarim-de-Lacerda, C.A.; Aguila, M.B. Programming of obesity and comorbidities in the progeny: Lessons from a model of diet-induced obese parents. PLoS ONE 2015, 10, e0124737. [Google Scholar] [CrossRef] [PubMed]

	



Sanchez-Garrido, M.A.; Ruiz-Pino, F.; Velasco, I.; Barroso, A.; Fernandois, D.; Heras, V.; Manfredi-Lozano, M.; Vazquez, M.J.; Castellano, J.M.; Roa, J.; et al. Intergenerational Influence of Paternal Obesity on Metabolic and Reproductive Health Parameters of the Offspring: Male-Preferential Impact and Involvement of Kiss1-Mediated Pathways. Endocrinology 2018, 159, 1005–1018. [Google Scholar] [CrossRef] [PubMed]

	



McPherson, N.O.; Owens, J.A.; Fullston, T.; Lane, M. Preconception diet or exercise intervention in obese fathers normalizes sperm microRNA profile and metabolic syndrome in female offspring. Am. J. Physiol. Endocrinol. Metab. 2015, 308, E805–E821. [Google Scholar] [CrossRef] [PubMed]

	



Fraser, A.; Tilling, K.; Macdonald-Wallis, C.; Sattar, N.; Brion, M.J.; Benfield, L.; Ness, A.; Deanfield, J.; Hingorani, A.; Nelson, S.M.; et al. Association of maternal weight gain in pregnancy with offspring obesity and metabolic and vascular traits in childhood. Circulation 2010, 121, 2557–2564. [Google Scholar] [CrossRef]

	



Eberle, C.; Kirchner, M.F.; Herden, R.; Stichling, S. Paternal metabolic and cardiovascular programming of their offspring: A systematic scoping review. PLoS ONE 2020, 15, e0244826. [Google Scholar] [CrossRef]

	



Escalona, R.; Larque, C.; Cortes, D.; Vilchis, R.; Granados-Delgado, E.; Sanchez, A.; Sanchez-Bringas, G.; Lugo-Martinez, H. High-fat diet impairs glucose homeostasis by increased p16 beta-cell expression and alters glucose homeostasis of the progeny in a parental-sex dependent manner. Front. Endocrinol. 2023, 14, 1246194. [Google Scholar] [CrossRef] [PubMed]

	



Ng, S.F.; Lin, R.C.; Laybutt, D.R.; Barres, R.; Owens, J.A.; Morris, M.J. Chronic high-fat diet in fathers programs beta-cell dysfunction in female rat offspring. Nature 2010, 467, 963–966. [Google Scholar] [CrossRef] [PubMed]

	



Shrestha, A.; Prowak, M.; Berlandi-Short, V.M.; Garay, J.; Ramalingam, L. Maternal Obesity: A Focus on Maternal Interventions to Improve Health of Offspring. Front. Cardiovasc. Med. 2021, 8, 696812. [Google Scholar] [CrossRef] [PubMed]

	



de Sousa Neto, I.V.; Prestes, J.; Pereira, G.B.; Almeida, J.A.; Ramos, G.V.; de Souza, F.H.V.; de Souza, P.E.N.; Tibana, R.A.; Franco, O.L.; Durigan, J.L.Q.; et al. Protective role of intergenerational paternal resistance training on fibrosis, inflammatory profile, and redox status in the adipose tissue of rat offspring fed with a high-fat diet. Life Sci. 2022, 295, 120377. [Google Scholar] [CrossRef] [PubMed]

	



Bordoni, A.; Boesch, C.; Malpuech-Brugere, C.; Orfila, C.; Tomas-Cobos, L. The role of bioactives in energy metabolism and metabolic syndrome. Proc. Nutr. Soc. 2019, 78, 340–350. [Google Scholar] [CrossRef] [PubMed]

	



Azzu, V.; Valencak, T.G. Energy Metabolism and Ageing in the Mouse: A Mini-Review. Gerontology 2017, 63, 327–336. [Google Scholar] [CrossRef]

	



Calder, P.C. Omega-3 fatty acids and inflammatory processes: From molecules to man. Biochem. Soc. Trans. 2017, 45, 1105–1115. [Google Scholar] [CrossRef] [PubMed]

	



Ramalingam, L.; Menikdiwela, K.R.; Spainhour, S.; Eboh, T.; Moustaid-Moussa, N. Sex Differences in Early Programming by Maternal High Fat Diet Induced-Obesity and Fish Oil Supplementation in Mice. Nutrients 2021, 13, 3703. [Google Scholar] [CrossRef] [PubMed]

	



Ramalingam, L.; Menikdiwela, K.R.; Clevenger, S.; Eboh, T.; Allen, L.; Koboziev, I.; Scoggin, S.; Rashid, A.M.; Moussa, H.; Moustaid-Moussa, N. Maternal and Postnatal Supplementation of Fish Oil Improves Metabolic Health of Mouse Male Offspring. Obesity 2018, 26, 1740–1748. [Google Scholar] [CrossRef]

	



Shrestha, A.; Dellett, S.K.; Yang, J.; Sharma, U.; Ramalingam, L. Effects of Fish Oil Supplementation on Reducing the Effects of Paternal Obesity and Preventing Fatty Liver in Offspring. Nutrients 2023, 15, 38. [Google Scholar] [CrossRef]

	



Xiong, L.; Dorus, S.; Ramalingam, L. Role of Fish Oil in Preventing Paternal Obesity and Improving Offspring Skeletal Muscle Health. Biomedicines 2023, 11, 3120. [Google Scholar] [CrossRef]

	



Huang, T.; Wang, T.; Heianza, Y.; Zheng, Y.; Sun, D.; Kang, J.H.; Pasquale, L.R.; Rimm, E.B.; Manson, J.E.; Hu, F.B.; et al. Habitual consumption of long-chain n-3 PUFAs and fish attenuates genetically associated long-term weight gain. Am. J. Clin. Nutr. 2019, 109, 665–673. [Google Scholar] [CrossRef] [PubMed]

	



Couet, C.; Delarue, J.; Ritz, P.; Antoine, J.M.; Lamisse, F. Effect of dietary fish oil on body fat mass and basal fat oxidation in healthy adults. Int. J. Obes. Relat. Metab. Disord. 1997, 21, 637–643. [Google Scholar] [CrossRef]

	



Saraswathi, V.; Gao, L.; Morrow, J.D.; Chait, A.; Niswender, K.D.; Hasty, A.H. Fish Oil Increases Cholesterol Storage in White Adipose Tissue with Concomitant Decreases in Inflammation, Hepatic Steatosis, and Atherosclerosis in Mice12. J. Nutr. 2007, 137, 1776–1782. [Google Scholar] [CrossRef] [PubMed]

	



Rossi, A.S.; Lombardo, Y.B.; Lacorte, J.-M.; Chicco, A.G.; Rouault, C.; Slama, G.; Rizkalla, S.W. Dietary fish oil positively regulates plasma leptin and adiponectin levels in sucrose-fed, insulin-resistant rats. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2005, 289, R486–R494. [Google Scholar] [CrossRef] [PubMed]

	



Albar, S.A. Dietary Omega-6/Omega-3 Polyunsaturated Fatty Acid (PUFA) and Omega-3 Are Associated With General and Abdominal Obesity in Adults: UK National Diet and Nutritional Survey. Cureus 2022, 14, e30209. [Google Scholar] [CrossRef] [PubMed]

	



Noreen, E.E.; Sass, M.J.; Crowe, M.L.; Pabon, V.A.; Brandauer, J.; Averill, L.K. Effects of supplemental fish oil on resting metabolic rate, body composition, and salivary cortisol in healthy adults. J. Int. Soc. Sports Nutr. 2010, 7, 31. [Google Scholar] [CrossRef] [PubMed]

	



Lemieux, S.; Prud’homme, D.; Bouchard, C.; Tremblay, A.; Despres, J.P. Sex differences in the relation of visceral adipose tissue accumulation to total body fatness. Am. J. Clin. Nutr. 1993, 58, 463–467. [Google Scholar] [CrossRef]

	



Zhao, Q.; Lin, X.; Wang, G. Targeting SREBP-1-Mediated Lipogenesis as Potential Strategies for Cancer. Front. Oncol. 2022, 12, 952371. [Google Scholar] [CrossRef]

	



Howell, G., 3rd; Deng, X.; Yellaturu, C.; Park, E.A.; Wilcox, H.G.; Raghow, R.; Elam, M.B. N-3 polyunsaturated fatty acids suppress insulin-induced SREBP-1c transcription via reduced trans-activating capacity of LXRalpha. Biochim. Biophys. Acta 2009, 1791, 1190–1196. [Google Scholar] [CrossRef]

	



Sekiya, M.; Yahagi, N.; Matsuzaka, T.; Najima, Y.; Nakakuki, M.; Nagai, R.; Ishibashi, S.; Osuga, J.; Yamada, N.; Shimano, H. Polyunsaturated fatty acids ameliorate hepatic steatosis in obese mice by SREBP-1 suppression. Hepatology 2003, 38, 1529–1539. [Google Scholar] [CrossRef] [PubMed]

	



Rafiee, M.; Sotoudeh, G.; Djalali, M.; Alvandi, E.; Eshraghian, M.; Sojoudi, F.; Koohdani, F. Dietary omega-3 polyunsaturated fatty acid intake modulates impact of Insertion/Deletion polymorphism of ApoB gene on obesity risk in type 2 diabetic patients. Nutrition 2016, 32, 1110–1115. [Google Scholar] [CrossRef] [PubMed]

	



Blaak, E. Gender differences in fat metabolism. Curr. Opin. Clin. Nutr. Metab. Care 2001, 4, 499–502. [Google Scholar] [CrossRef]

	



Chang, E.; Varghese, M.; Singer, K. Gender and Sex Differences in Adipose Tissue. Curr. Diabetes Rep. 2018, 18, 69. [Google Scholar] [CrossRef] [PubMed]

	



Brown, L.M.; Clegg, D.J. Central effects of estradiol in the regulation of food intake, body weight, and adiposity. J. Steroid Biochem. Mol. Biol. 2010, 122, 65–73. [Google Scholar] [CrossRef]

	



Rubinow, K.B. Estrogens and Body Weight Regulation in Men. Adv. Exp. Med. Biol. 2017, 1043, 285–313. [Google Scholar] [PubMed]

	



Calder, P.C. Omega-3 fatty acids and inflammatory processes. Nutrients 2010, 2, 355–374. [Google Scholar] [CrossRef] [PubMed]

	



Calder, P.C. Fatty acids and inflammation: The cutting edge between food and pharma. Eur. J. Pharmacol. 2011, 668 (Suppl. S1), S50–S58. [Google Scholar] [CrossRef]

	



Boden, G. Obesity and free fatty acids. Endocrinol. Metab. Clin. N. Am. 2008, 37, 635–646. [Google Scholar] [CrossRef]

	



Houtkooper, R.H.; Argmann, C.; Houten, S.M.; Canto, C.; Jeninga, E.H.; Andreux, P.A.; Thomas, C.; Doenlen, R.; Schoonjans, K.; Auwerx, J. The metabolic footprint of aging in mice. Sci. Rep. 2011, 1, 134. [Google Scholar] [CrossRef]

	



Brand, M.D. Uncoupling to survive? The role of mitochondrial inefficiency in ageing. Exp. Gerontol. 2000, 35, 811–820. [Google Scholar] [CrossRef] [PubMed]

	



Shi, X.; Li, X.; Hou, Y.; Cao, X.; Zhang, Y.; Wang, H.; Wang, H.; Peng, C.; Li, J.; Li, Q.; et al. Paternal hyperglycemia in rats exacerbates the development of obesity in offspring. J. Endocrinol. 2017, 234, 175–186. [Google Scholar] [CrossRef] [PubMed]

	



Harasymowicz, N.S.; Choi, Y.R.; Wu, C.L.; Iannucci, L.; Tang, R.H.; Guilak, F. Intergenerational Transmission of Diet-Induced Obesity, Metabolic Imbalance, and Osteoarthritis in Mice. Arthritis Rheumatol. 2020, 72, 632–644. [Google Scholar] [CrossRef] [PubMed]

	



Rando, O.J. Daddy issues: Paternal effects on phenotype. Cell 2012, 151, 702–708. [Google Scholar] [CrossRef] [PubMed]

	



Fullston, T.; Ohlsson-Teague, E.M.; Print, C.G.; Sandeman, L.Y.; Lane, M. Sperm microRNA Content Is Altered in a Mouse Model of Male Obesity, but the Same Suite of microRNAs Are Not Altered in Offspring’s Sperm. PLoS ONE 2016, 11, e0166076. [Google Scholar] [CrossRef] [PubMed]

	



Fullston, T.; Ohlsson Teague, E.M.; Palmer, N.O.; DeBlasio, M.J.; Mitchell, M.; Corbett, M.; Print, C.G.; Owens, J.A.; Lane, M. Paternal obesity initiates metabolic disturbances in two generations of mice with incomplete penetrance to the F2 generation and alters the transcriptional profile of testis and sperm microRNA content. FASEB J. 2013, 27, 4226–4243. [Google Scholar] [CrossRef]

	



Soubry, A.; Guo, L.S.; Huang, Z.Q.; Hoyo, C.; Romanus, S.; Price, T.; Murphy, S.K. Obesity-related DNA methylation at imprinted genes in human sperm: Results from the TIEGER study. Clin. Epigenetics 2016, 8, 51. [Google Scholar] [CrossRef]








[image: Biomolecules 14 00418 g001] 





Figure 1. Experimental design for the dietary groups. 
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Figure 2. Male and female offspring body weight: differences in offspring body weight from 1 to 13 weeks post weaning, male (a) and female (b). Data presented as mean ± SEM (n = 8–12), (p < 0.05). Common letters on the error bars indicate no significance. 
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Figure 3. Male and female offspring insulin tolerance tests (ITTs): Blood glucose levels at 10 weeks after insulin injection for LF, HF, and FO groups over a 90 min period, males (a) and females (b). Data presented as mean ± SEM (n = 8–12), p < 0.05. Common letters on the error bars indicate no significance. 
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Figure 4. Male and female offspring white adipose tissue weights and histology: Adipose tissue weights for 16-week males (a) and females (b), and 8-week males (c), and females (d). Male and female histology for all groups (e). Data presented as mean ± SEM (n = 8–12), (p < 0.05). Common letters on the error bars indicate no significance. 
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Figure 5. Fatty acid oxidation biomarkers in male and female offspring at both 16 and 8 weeks in white adipose tissue. (a–d) mRNA expression of fatty acid oxidation biomarkers in 16-week males: (a) forkhead box protein 01 (Foxo-1); (b) carnitine palmitoyltransferase-1 (Cpt-1); (c) peroxisome proliferator-activated receptor-gamma (Ppar-γ); (d) carnitine palmitoyltransferase-2 (Cpt-2). (e–h) mRNA expression of fatty acid oxidation biomarkers in 16-week females: (e) Foxo-1; (f) Cpt-1; (g) Ppar-γ; (h) Cpt-2. (i–l) mRNA expression of fatty acid oxidation biomarkers in 8-week males: (i) Foxo-1; (j) Cpt-1; (k) Ppar-γ; (l) Cpt-2. (m–p) mRNA expression of fatty acid oxidation biomarkers in 8-week females: (m) Foxo-1; (n) Cpt-1; (o) Ppar-γ; (p) Cpt-2. Data presented as means ± SEM. Groups with the same letter indicate no statistical significance, and groups with different letters indicate significance at p value < 0.05. 
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Figure 6. Fatty acid synthesis biomarkers in male and female offspring at both 16 and 8 weeks in white adipose tissue. (a–d) mRNA expression of fatty acid synthesis biomarkers in 16-week males: (a) acetyl-CoA carboxylase alpha (Acaca); (b) cluster of differentiation 36 (Cd-36); (c) fatty acid synthase (Fasn); (d) sterol regulatory element-binding transcription factor-1 (Srebp-1c). (e–h) mRNA expression of fatty acid synthesis biomarkers in 16-week females: (e) Acaca; (f) Cd-36; (g) Fasn; (h) Srebp-1c. (i–l) mRNA expression of fatty acid synthesis biomarkers in 8-week males: (i) Acaca; (j) Cd-36; (k) Fasn; (l) Srebp-1c. (m–p) mRNA expression of fatty acid synthesis biomarkers in 8-week females: (m) Acaca; (n) Cd-36; (o) Fasn; (p) Srebp-1c. Data presented as means ± SEM. Groups with the same letter indicate no statistical significance, and groups with different letters indicate significance at p value < 0.05. 
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Figure 7. Inflammatory and anti-Inflammatory biomarkers in male and female Offspring at both 16 and 8 weeks in white adipose tissue. (a–d) mRNA expression of inflammatory markers in 16-week males: (a) tumor necrosis factor-alpha (Tnf- α); (b) interleukin-6 (Il-6); (c) toll-like receptor-4 (Tlr-4); (d) interleukin-10 (Il-10). (e–h) mRNA expression of inflammatory markers in 16-week females in white adipose tissue: (e) Tnf-α; (f) Il-6; (g) Tlr-4; (h) Il-10. mRNA expression of inflammatory markers in 8-week males: (i) Tnf-α; (j) Il-6; (k) Tlr-4; Il-10 (l). mRNA expression of inflammatory markers in 8-week females: (m) Tnf-α; (n) Il-6; (o) Tlr-4; (p) Il-10. Data presented as means ± SEM. Groups with the same letter indicate no statistical significance, and groups with different letters indicate significance at p value < 0.05. 
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Table 1. Offspring born to all dams sorted based on paternal diet (LF, HF, and FO) and randomly sorted into 8 weeks (short term; ST) or 16 weeks (long term; LT).
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	ST Male
	ST Female
	LT Male
	LT Female





	LF
	n = 8
	n = 10
	n = 8
	n = 10



	HF
	n = 10
	n = 8
	n = 14
	n = 13



	FO
	n = 10
	n = 10
	n = 14
	n = 13
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